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ABSTRACT

Faithful conversion of quantum signals between microwave and optical frequencies is
crucial for building quantum networks based on superconducting circuits and for detection
of weak microwave signals. A promising route towards this task uses transducers based on
mechanical oscillators, which interact with light via radiation pressure and with microwave
fields by electrostatic forces. Existing theoretical proposals and experimental efforts
focus on two avenues towards optomechanical transduction: time-independent schemes
for conversion of propagating fields or state transfer via adiabatic passage. The former
approach results in simple experimental setups but its applicability is limited by narrow
conversion bandwidth. The latter strategy avoids this problem; nevertheless, this gain
requires complex time-dependent control schemes and strong opto- and electromechanical
coupling, which is out of reach for current systems. In an ideal optomechanical transducer,
we would like to combine the advantages of both strategies, namely large bandwidth and
simple, time-independent control.

In this dissertation, I tackle this challenge and develop two schemes for quantum
networking of superconducting circuits based on two different tactics. In the first case,
the transducer is optimized for a specific task: generation of entanglement between two
superconducting qubits. I show how two established experimental techniques—parity
measurements on superconducting qubits and optomechanical force sensing—can be
combined to create a conceptually simple device, in which entanglement between the
qubits is generated by measurement and postselection. Second, I demonstrate that an
array of optomechanical transducers is capable of converting arbitrary input signals within
a large bandwidth. The conversion process is based on adiabatic passage but, unlike
existing proposals, uses spatial (and not temporal) variation of the system parameters. This
approach does not require strong coupling and significantly reduces added noise. Together,
these two protocols pave the way to future quantum networks with superconducting
systems. The scheme for entanglement generation can be implemented with current
experimental technology and is well suited for proof of principle experiments. Large
quantum networks with many nodes will, on the other hand, require transducers capable
of reaching high communication rates. This goal can be achieved with the large bandwidth
of optoelectromechanical arrays.

Keywords: Optomechanics, hybrid quantum systems, frequency conversion



Z USAMMENFASSUNG

Effiziente Umwandlung von Quantensignalen zwischen Mikrowellen- und optischen
Frequenzen ist erforderlich fiir den Aufbau von Quantennetzwerken supraleitender Schalt-
kreise und zur Messung schwacher Mikrowellensignale. Einen vielversprechenden Weg
zur Losung dieser Aufgabe bieten Transducer auf Basis mechanischer Oszillatoren, die mit
Licht durch Strahlungsdruck und mit Mikrowellenfeldern durch elektrostatische Krifte
wechselwirken. Bestehende theoretische und experimentelle Arbeiten konzentrieren
sich auf zwei Vorgehensweisen zur optomechanischen Transduktion: zeitunabhingige
Protokolle zur Umwandlung propagierender Felder sowie Zustandsiibertragung durch
adiabatischen Ubergang. Ersteres fiihrt zu einfachen experimentellen Aufbauten, deren
Anwendbarkeit jedoch durch eine schmale Bandbreite begrenzt ist. Letzteres vermeidet
dieses Problem, aber erfordert komplexe zeitabhingige Regelschemata und starke opto-
und elektromechanische Kopplung, die mit heutigen Systemen nicht erreichbar ist. In
einem idealen optomechanischen Transducer mochten wir die Vorteile beider Strategien,
nimlich grofle Bandbreite und einfache, zeitunabhingige Steuerung, kombinieren.

In dieser Dissertation stelle ich mich dieser Herausforderung und entwickle zwei
Schemata fiir die Vernetzung supraleitender Schaltkreise. Im ersten Falle ist der Trans-
ducer fiir eine bestimmte Aufgabe optimiert: Erzeugung von Verschrinkung zwischen
zwel supraleitenden Qubits. Ich zeige, wie zwei etablierte experimentelle Methoden -
Paritdtsmessungen auf supraleitenden Qubits und optomechanische Kraftmessung - kom-
biniert werden konnen, um ein konzeptionell einfaches Gerit zu schaffen, in dem die Ver-
schrinkung zwischen den Qubits durch Messung und Postselektion erzeugt wird. Zweitens
zeige ich, dass beliebige Quantensignale innerhalb einer groflen Bandbreite in einem Array
optomechanischer Transducer konvertiert werden konnen. Der Prozess basiert auf adia-
batischem Ubergang, verwendet aber im Gegensatz zu bestehenden Strategien riumliche
(und nicht zeitliche) Variation der Systemparameter. Diese Methode erfordert keine starke
Kopplung und reduziert erheblich das zusitzliche Rauschen. Gemeinsam weisen diese
beiden Protokolle den Weg zu zukiinftigen Quantennetzwerken mit supraleitenden Syste-
men. Das Schema fiir die Verschrinkungserzeugung kann mit aktueller experimenteller
Technologie umgesetzt werden. Andererseits werden grofle Quantennetzwerke mit vielen
Knoten Transducer benétigen, die hohe Kommunikationsraten erreichen kénnen. Dieses
Ziel kann mit der groflen Bandbreite optoelektromechanischer Arrays erreicht werden.

Schlagworter: Optomechanik, hybride Quantensysteme, Frequenzkonversion
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SHRNUTI]

Supravodivé elektronické obvody patii mezi nejslibnéjsi kandidaty pro systémy umoznujict
kvantové zpracovani informace. S vyuzitim Josephsonovych prechodd je moZné vytvaret
nelinearni obvody, které se chovaji podobné jako jednotlivé atomy a mohou tak byt vyuzity
jako kvantové bity v kvantovych pocitacich. Kvantové poéitade pak umozuji efektivné
fesit problémy, které jsou nefesitelné na pocitalich klasickych, a mély by nam tak mimo
jiné pomoci s hlub$im porozuménim mnoha problém@ moderni fyziky, chemie a biologie.
Supravodivé obvody je s velkou presnosti mozné kontrolovat pomoci mikrovinnych
signald, coz ale predstavuje zasadni problém pfi tvorbé kvantovych komunikaénich siti,
nebot efektivni kvantova komunikace vyzaduje signaly o optickych frekvencich, které, na
rozdil od signalt mikrovlnnych, nejsou pti pokojové teploté vystaveny termalnimu sumu.

Vyzkum v oblasti kvantového zpracovani informace se v poslednich letech zamétuje na
problematiku hybridnich kvantovych systém, ve kterych jsou odlisné kvantové systémy
zkombinovany tak, aby vysledné zatizeni vyuzivalo vyhody jednotlivych podsystéma.
Pozornosti tak neunikla ani otazka prevodu elektromagnetickych kvantovych signalt
mezi jednotlivymi frekvencnimi oblastmi, obzvlast mezi mikrovlnami a svétlem. Jako
nejperspektivnéjsi systémy pro frekvenini konverzi se v souasnosti jevi mechanické
oscilatory, které interaguji se svétlem diky tlaku zafeni a s mikrovlnnymi poli pomoci
elektrostatickych sil. Teoretické i experimentalni prace se zaméruji bud na ¢asové nezavislé
protokoly zaloZené na optomechanicky indukované transparenci, které vsak operuji pouze
v silné omezené $ifce pasma, nebo strategie vyuzivajici adiabaticky prechod, jez sice mohou
dosdhnout vyrazné vétsi Sitky pasma, ale vyzaduji slozita Casové proménna kontrolni
schémata a silnou optomechanickou a elektromechanickou interakei; experimentalni
realizace téchto systému je tak podstatné slozitéjsi nez u protokoll vyuzivajicich ¢asové
nezavislé interakce. V idedlnim konvertoru bychom pfitom chtéli zkombinovat vyhody
obou pfistupt: velkou sitku pasma a Casové nezavislé kontrolni schéma.

V ramci této disertaci se vénuji tomuto problému a predstavuji dva nové protokoly pro
stavbu kvantovych komunikacnich siti se supravodivymi Cipy zalozené na Casové nezavislé
kontrole. Prvni schéma vyuziva optomechanicky konvertor, ktery je optimalizovany
pro jeden konkrétni Glel - generaci kvantové provazanosti (entanglementu) mezi dvéma
supravodivymi kvantovymi bity. Ukazuji, jak je mozné zkombinovat dvé etablované
experimentalni techniky - méfeni parity dvou supravodivych kvantovych bitt a optome-
chanickou detekei slabych sil - a vytvorit tak konceptualné jednoduchy systém, v némz
je kvantova provazanost generovana pomoci méreni a postselekce. Entanglement je pak
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mozno vyuzit pro teleportaci kvantovych stavii nebo pro kvantové zpracovani informace
distribuované pies nékolik izolovanych kvantovych procesort. V druhém ptipadé se
vénuji problematice konverze libovolnych signalti a ukazuji, ze je mozné zlepsit sirku
pasma konverze v jednorozmérné radé optomechanickych konvertort. Tento proces je
zaloZen na adiabatické konverzi signalu, vyuziva vsak, na rozdil od standardnich protokold,
prostorové (a nikoli ¢asové) proménné parametry. Adiabaticita tohoto systému soucasné
pomaha vyrazné redukovat Sum, ktery vstupuje do systému z termalnich rezervoart
mechanickych oscilatora. Frekvencni konverzi libovolnych kvantovych signalt 1ze pouzit
pro kvantovou komunikaci a distribuci kvantové provazanosti mezi jednotlivymi uzly
kvantové sité.

Spolecné oba protokoly ukazuji cestu k tvorbé siti pro kvantovou komunikaci se
supravodivymi obvody. Prvni zminény protokol pro tvorbu entanglementu mezi dvéma
supravodivymi kvantovymi bity je mozné implementovat se soucasnou technologii a je
tak vhodny pro tvorbu prvnich kvantovych siti. V del$im ¢asovém horizontu bude vsak
treba vyvinout protokoly umoznujici rychlou a efektivni komunikaci mezi mnoha uzly.
Tohoto cile je mozné dosahnout s frekvenénim multiplexovanim, podobné jako u siti pro
klasickou komunikaci. Prevodniky pro tyto systémy tedy budou muset pracovat ve velké
§irce pasma; tato podminka je splnéna u druhého zmirovaného projektu - konverotru na
bazi jednorozmérnych optoelektromechanickych fad.



ACKNOWLEDGEMENTS

A dissertation is, by its very definition, a single-author publication but doctoral research is
by no means a solitary endeavour. Many people helped me on my path in various ways,
from explaining important physics concepts, to discussing physics and academic life in
general, to providing emotional support in times of need. Without all these contributions,
this dissertation would be very different, would have taken much longer to finish, or
would not have been written at all.

First and foremost, my gratitude goes to my supervisor Klemens Hammerer. Especially
at the beginning, when I was new to optomechanics and continuous measurements,
Klemens always had time to explain things I did not understand and later, as my knowledge
of the field deepened, to discuss and help me develop the ideas I had. He also made sure I
attended my share of conferences and summer schools to discuss my work with others,
learn from them, and make myself known; and he never forced me to work late into the
night or during the weekends but let me have a life outside of research which, 'm led to
believe, is not the case with many supervisors.

I also must not forget my teachers and mentors from my alma mater in Olomouc,
particularly Jaromir FiuraSek and Radim Filip. They not only provided me with the
necessary mathematical and physical background for graduate studies but also awoke
my interest in the weird, fascinating world of quantum physics and its applications in
information processing. Finally, Jaromir’s and Radim’s support was an important factor
in my decision to pursue a doctorate abroad and in choosing Hannover as my new home.

I would also like to thank my colleagues from the group for creating a friendly
atmosphere to work in. I am especially grateful to Denis Vasilyev for discussions on
continuous measurements in Gaussian systems and for helping me to get started with
numerical simulations in Python, Emil Zeuthen for discussions about optomechanical
transduction, and Sahand Mahmoodian for insights into transfer matrix formalism. I also
thank our secretary Birgit Gemmeke for helping me to navigate through the labyrinth of
German bureaucracy and making my interaction with university administration as easy as
possible.

I met many more wonderful physicists at conferences, summer schools, other univer-
sities, or when they visited Hannover. Many of them became my friends just like my
colleagues in Hannover did and I am truly looking forward to all the discussions that are
yet to come, about both physics and life in general. I am particularly thankful to Sebastian
Hofer and Ralf Riedinger for discussions about generation of nonclassical mechanical

1X



X ACKNOWLEDGEMENTS

states, Johannes Fink for discussions about experimental aspects of optomechanical trans-
duction, as well as to Florian Marquardt and Claudiu Genes for their hospitality during
my visits in Erlangen.

The final step of my studies would not be possible without examiners and a dissertation
committee to evaluate my work. I would therefore like to express my thanks to Klemens
Hammerer, Luis Santos, and Claudiu Genes for taking the time to referee my dissertation
and to Michele Heurs for chairing the committee.

A lot of moral support came from one surprising place—Twitter. When I joined this
social network during the first year of my PhD, I did not expect to find such a charming
and supportive community of fellow graduate students, early career researchers, and
post-academics. With all of you, I could grow both academically and as a person and stay
motivated during hard times.

Last but not least, I am grateful for the support of my friends and family before, during,
and—I hope—after my PhD studies. Thank you all for always being there for me.

I would also like to thank the cluster system team at the Leibniz University Hannover
for their support in the production of this work and the European Commission for funding.
Nothing shows the global nature of research and the importance of international funding
programmes as a Czech completing a dissertation in Germany under the supervision of an
Austrian.



CONTENTS

INTRODUCTION

1 HYBRID QUANTUM SYSTEMS

1.1

1.2

1.3

1.4
1.5

Cavity optomechanics . . . . . ... . L L Lo

1.1.1
1.1.2

1.1.3
1.1.4

Optomechanical interaction . . . . ... ... .. ... ......
Experimental platforms . . . . ... ... .o L L.
Optomechanical force sensing . . . . . ... ... .........
Backactionevasion . . . ... ... Lo L.

Frequency conversion between light and microwaves . . . . . ... .. ..

Circuit quantum electrodynamics . . . . . . ... ... ...

1.3.1
1.3.2
1.3.3

Elements of superconducting systems . . . . . .. ... ......
Quantization of electrical circuits . . . . . . . . . .. .. ... ..

Artificial atoms and microwave resonators . . . . . . . . .. ...

Coupling artificial atoms to mechanical oscillators . . . . . ... ... ..

Other hybridsystems . . . . . .. ... ... .. . .. .. .. ...

2 CONTINUOUS MEASUREMENTS ON HYBRID QUANTUM SYSTEMS

2.1

2.3
2.4

2.5

Principles of continuous measurements . . . . . ... ... ...

2.1.1

2.1.2

Quantum-optical master equation . . . . . ... ... ... ...
Stochastic unravellings . . . . ... ... ... . oL

Quantum measurements on physical systems . . . . ... ... ...

Gaussian dynamics . . . . . . oo e e e

Adiabatic elimination of Gaussian subsystems . . . . . . ... ... ....

2.4.1  Effective equation of motion for quantum nondemolition measure-
0
2.4.2  Effective equation of motion for oscillating system-transducer
INTEraCtiON . . . v v v v vt i et e e
Examples . . . . .. .
2.5.1  Quantum nondemolition readout of aqubit . . . ... ... ...
2.5.2  Two-qubit entanglement in presence of thermal noise . . . . . ..
2.5.3  Single-qubit measurement using Jaynes-Cummings interaction

X1

11
13
15
16
19
19

24
25
27
29
30
30
32
35
37
40

42

45

47
48
53
55



xii CONTENTS
2.5.4  Qubit readout with a two-oscillator transducer . . . . .. ... .. 57

2.6 SUMMATY . . . . o v vttt e e e e 59
2.A Properties of Gaussian characteristic functions . . . . .. ... ... ... 60
2.B DPositive-semidefinitenessof decay . . . . .. ... L oL oL 61
2.C Hierarchy of dynamical equations for transducer cumulants . . . . . . .. 62
3 QUANTUM FORCE SENSING WITH OPTOMECHANICAL TRANSDUCERS 65
3.1 Generation of entanglement between two superconducting qubits . . . . . 66
3.1.1  Measuring qubit-state-dependent forces . . . . ... ... ... .. 66

3.1.2  Equationofmotion . ... ... ... ... L oL 68

3.2  Experimental realizations . . . . ... ... ... .. oL L oL 70
3.2 Transmonqubits . . . . ... .. L. Lo 70

322 Fluxqubits . .. ... .. L 75

3.2.3  NItrogen-vacancy Centres . . . . . . . .o v v e v v v v v oo v .. 75

3.3 Alternativeschemes . . . . . .. ... . L L L o 77
3.3.1  Quantum nondemolition interaction . . . . ... ... ... ... 77

3.3.2  Coupling via a microwave cavity . . . . . . . ..ot .. 79

3.3.3 Combining microwave cavity and modulated coupling . . . . . . . 80

3.4 Derivation of effective equations of motion . . . . .. ... ... ..... 81
3.4.1  Single-qubitreadout . .. ... ... ... Lo oL 81

3.4.2 Two-qubit measurement . . . . ... .. ... .. ......... 82

3.5 Analysis of stochastic master equations . . . . ... ... ... ... ... 84
3.6 Photocounting with optomechanical transducers . . . . . ... ... ... 88
3.6.1  Measurement strategy . . . . ... e e e e 89

3.6.2  Quantum Zeno effect and the standard quantum limit . . . . . .. o1

3.6.3 Fundamental limits on measurement precision . . . . ... .. .. 92

3.7 SUMMATY . . .ottt e e e 94
4 SPATIALLY ADIABATIC FREQUENCY CONVERSION IN TRANSDUCER ARRAYS 95
4.1 Single optomechanical transducer . . . ... ... Lo oL 97
411 Transduction of itinerant fields . . . . ... ... ... ...... 97

4.1.2  Frequency conversion by adiabatic passage . . . . ... ...... 99

4.2 Transducerarray . ... ... .. ... ... 100
4.2 Transfer matrix formalism . . . .. ... ... ... .. ... ... 101

4.2.2 Conversionbandwidth . . . ... ... ... ............ 102

4.2.3 Numerical simulations . . . . . ... ... .. ........... 104

43 Lossesandnoise. . . . . . . ..o i 105
431  Mechanicalnoise . . . .. ... L L L 106

4.3.2  Optical and microwave losses . . . . ... ... ... ... ..., 108

4.4 DISCUSSION . . . v o o e e e e e e 111



il

CONCLUSION
REFERENCES

CURRICULUM VITAE

113
115

135






INTRODUCTION

Quantum physics is set to revolutionize the way we collect, process, and transfer in-
formation. Using nonclassical states, we can make measurements with unprecedented
precision, quantum parallelism promises an exponential speedup for calculations, and the
impossibility of cloning of quantum states enables unconditionally secure communica-
tion. Hundred years after the birth of quantum mechanics, we are witnessing the second
quantum revolution [1]—we not only understand how microscopic systems behave but we
can also use this behaviour to encode and process information.

The field of quantum information matures fast and many commercial applications
are already available (or will be in the near future) [2-4]. This progress goes hand in
hand with increased national [5, 6] and international funding [7-10] into both basic
and applied research of quantum physics and quantum information. The emerging
quantum technologies can be divided into the following four categories: quantum sensing
[11, 12], quantum communication [13, 14], quantum simulation [15, 16], and quantum
computing [17].

One of the best platforms for quantum measurements are mechanical oscillators. Pre-
paration of nonclassical mechanical states for quantum metrology is extremely challenging
but this drawback is compensated by the large susceptibility of mechanical motion to
various external forces. Additionally, mechanical oscillations can be actuated and read
out using optical and microwave fields, enabling highly sensitive measurements of their
position [18]. The most striking example of such a measurement is the recent detection of
gravitation waves where mechanical displacement of 1072 metre has been detected with
massive, 40-kilogram mirrors [19]. But mechanical oscillators are not the only system
suitable for quantum limited measurements. Another possibility for quantum sensing lies
in using solid-state spins, such as nitrogen-vacancy centres [20, 21]. These systems are well
isolated from their environment and can be addressed optically.

Light is the only medium suitable for quantum communication owing to its high
propagation speed, low loss, and negligible thermal noise. Both discrete- [22] and
continuous-variable [23, 24] degrees of freedom (such as polarization or time-bin en-
coded pulses for the former and amplitude and phase quadratures for the latter) can be
used to encode and transmit information. These systems have been successtully used for
quantum key distribution with increasing distance [25-27] or to distribute entanglement
to two distant parties, enabling quantum teleportation [28-30] or violation of Bell inequal-



2 INTRODUCTION

ities [31-34]. Light can also be used to construct networks of other quantum systems such
as atoms and solid-state spins [35-38].

Quantum simulation enables us to study problems that cannot be simulated on clas-
sical computers. Simulators can thus bring increased understanding of various models in
condensed-matter physics, lattice gauge theories, or chemical reactions. In the two com-
mon approaches, one can either create a quantum system whose dynamics closely mimic
the system one wants to understand (analog quantum simulation) or encode the simulation
into gates applied to quantum bits (digital quantum simulation); particularly the latter
approach can be seen as an important step towards building a universal quantum computer.
Among the most interesting platforms for quantum simulation are neutral atoms in optical
lattices that closely resemble crystalline structure of solid-state systems, superconducting
circuits [39, 40] and trapped ions [41] owing to their suitability for quantum comput-
ing (discussed below), and light where the difficulty of implementing photon-photon
interactions is compensated by low losses and easy manipulation of individual qubits [42].

Finally, the most promising approaches to quantum computing rely on two-level
systems, similar to classical computers. Quantum bits formed by trapped ions can be
controlled by light and microwave fields [43, 44]. Nevertheless, larger systems require
sophisticated trap designs, possibly with the ions being shuffled around between storage and
interaction regions [ 45, 46]. Recently, superconducting circuits emerged as the workhorse
of quantum computing [47-49]; in these systems, Josephson tunnel junctions can be used
to build qubits, owing to their strongly nonlinear response to electric fields. Fabrication of
these systems is well mastered and they can reach strong coupling to microwave fields that
are used to control them. Experiments in recent years demonstrated quantum gates with
several superconducting qubits [50-53], basic quantum algorithms [54-56], and quantum
error correction [57-60].

This short overview reveals a problem with future quantum technologies: differ-
ent quantum systems are suitable for different tasks. Quantum states of light can be
well transmitted over macroscopic distances thanks to fast propagation, low noise, and
weak interactions with the surrounding environment. Yet, it is precisely this lack of
coupling that makes it virtually impossible to use light for processing of quantum informa-
tion. On the other hand, superconducting circuits are extremely suitable candidates for
quantum processors but their coupling to microwave fields prohibits their coupling to
room-temperature quantum channels for communication across macroscopic distances

(although short-distance communication is possible at microwave frequencies [61, 62]).

As a result, research in the past years started to focus on combining various quantum
systems into larger, hybrid devices that combine the advantages of their subsystems [63-
65]. An interface between a superconducting circuit and light, for instance, offers the
possibility of fast quantum information processing and its transmission over macroscopic
distances. The link between microwave and optical frequencies can be provided by atomic,
molecular, and solid-state impurity spins [66-73], magnons in ferromagnetic materials
[74], electrooptic modulators [75-77], or mechanical oscillators [78-87].



Of all these hybrid devices, optomechanical transducers are the most developed. In
these systems, an optical cavity and a microwave resonator couple to the same mechanical
oscillator; radiation pressure and electrostatic force result in dispersive interaction in
which the position of the mechanical oscillator determines the resonance frequency of the
electromagnetic resonator [18]. This nonlinear interaction is typically weak but can be
enhanced by a strong classical driving field. A large steady-state amplitude of the cavity
field leads to linearized interaction where Stokes and anti-Stokes scattering of the pump on
phonons results in creation of photon-phonon pairs or exchange of excitations between
the cavity field and the mechanical motion. The relative weight of the two processes can
be changed by driving the system on one of the mechanical sidebands; driving on the
lower mechanical sideband results in an effective beam splitter-like interaction between
the mechanical motion and cavity field. Quantum states can be transmitted between two
cavity fields coupled to the same mechanical oscillator by a sequence of m-pulses [88]
or using adiabatic passage with a mechanically dark mode [79, 80]; practical application
of these strategies requires first storing the signal in one of the cavities, which can be
technically challenging.

This problem can be avoided by using the mechanically dark mode for conversion of
propagating fields using interference effects similar to optomechanically induced transpar-
ency [79, 80, 82]. The bandwidth of this conversion process, however, is limited to the
optomechanically broadened mechanical linewidth which is, in any practical application,
just a small fraction of the linewidth of the electromagnetic resonator. For applications
in quantum information processing, the issue of storage can also be partially avoided
by coupling a superconducting qubit directly to the mechanical oscillator [78]. In this
situation, we do not need to transmit the microwave signals from the qubit to a resonator,
simplifying the system and relaxing our requirements on experimental parameters. Ex-
isting schemes for coupling superconducting qubits to light—either directly [78] or via
microwave resonators [89, go]—assume adiabatic state transfer between the superconduct-
ing and optical systems. Such strategies are robust against small imperfections in pulse
shapes but require limiting decoherence to levels unthinkable with current technology.

The aim of this dissertation is to address these limitations of optomechanical transduc-
tion and to develop new strategies for frequency conversion in hybrid optoelectromechan-
ical systems. To this end, I follow two complementary approaches: optimizing transduc-
tion for a specific task and designing new devices for general-purpose frequency conversion.
When we abandon the idea of a universal transducer and focus on a single application, we
can find novel, surprisingly efficient strategies by combining well-known experimental
techniques. I will show that entanglement between two superconducting qubits can be
generated when we combine parity measurements [91, 92] with optomechanical force
sensing [93, 94]. For efficient entanglement generation, only optomechanical cooperativ-
ity moderately larger than unity and sufficient qubit lifetimes are necessary [95]; both
requirements can be fulfilled with current technology. On the other hand, new strategy for
frequency conversion of propagating electromagnetic fields can be inspired by combining
adiabatic state transfer with approach based on optomechanically induced transparency.
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The resulting device enables adiabatic conversion of propagating fields in an array of
optomechanical transducers. Admittedly, such a device is challenging to implement but
this disadvantage is outweighed by the conversion bandwidth that grows with the array
size, which also helps to suppress the added noise [96].

Outline of the dissertation The main prerequisite to developing hybrid quantum
devices is a deep understanding of their individual constituents and the ways they can
be coupled to each other. I therefore introduce the systems I will use throughout the
dissertation in chapter 1. I start by reviewing cavity optomechanics and electromechanics
and showing how these platforms can be combined to build a frequency converter between
microwaves and light. The second important field I will work with is circuit quantum
electrodynamics. I show how superconducting electrical circuits can be quantized and
how Josephson junctions can be used to build effective two-level systems. I then discuss
approaches to coupling superconducting circuits with mechanical oscillators—both with
coupling to light and without it. The former can be used to build an interface between
superconducting qubits and light; the latter allows for measurements and control of
superconducting qubits using mechanical oscillators or using superconducting qubits as
nonlinear controllers of mechanical motion. Finally, I also briefly discuss main research
eflorts with other kinds of hybrid systems, in which, for instance, superconducting qubits
are interfaced to light using solid-state spins or where mechanical motion is coupled to
electron spins. This chapter thus does not present any new results but merely reviews
current state of the field.

Chapter 2 introduces the mathematical tools needed to describe hybrid quantum
systems under continuous measurements. I start by developing the formalism of stochastic
master equations (following the approach of Wiseman and Milburn [97]) and review
applications of continuous measurements in optomechanics and circuit quantum electro-
dynamics. Next, I consider the special case of linear quantum dynamics, for which the
description can be greatly simplified; instead of describing the system using its density
matrix, the dynamics can be characterized by the first and second statistical moments
of the canonical operators. I then use these results to adiabatically eliminate Gaussian
dynamics from conditional quantum dynamics of systems containing both Gaussian and
non-Gaussian elements. This chapter is largely (apart from the introduction of the formal-
ism) based on reference [98] where I contributed the main analytical and numerical results;
the general idea was developed together with Denis Vasilyev, who also contributed to the
description of continuous measurements on Gaussian systems.

I apply these results on optomechanical force sensors in chapter 3. Force measurements
to date focus on detecting classical forces through their action on the mechanical oscillator
whose position is monitored using a cavity field. If the force is exerted by a quantum
system, richer physics can be expected due to coherence of such objects and interference
effects when measuring more such systems simultaneously. On the particular case of two
superconducting qubits coupled capacitively to two mechanical oscillators, I show that a
joint measurement can be used to generate entanglement between the qubits [95]. Each
qubit exerts a state-dependent force on the oscillator; joint measurement of the oscillators’



motion reveals the total spin of the qubits, which leads to conditional generation of
entanglement; this setup thus enables us to build quantum networks with superconducting
systems. In the second part of this chapter, I consider another example, namely quantum
nondemolition detection of single photons. The cavity mode, in which the photon
number is measured, couples nonlinearly to a mechanical oscillator so that the resulting
force depends on the number of photons. I show that such a measurement results in
quantum Zeno effect if the photons arrive into the cavity from an external source and
discuss fundamental detection limits for systems where the incoupling of photons into the
detector can be improved by controlling their pulse shape. This chapter presents the results
of reference [95] where I contributed the main analytical and numerical results; moreover,
it contains alternative schemes for qubit readout and analysis of quantum nondemolition
counting of photons that are not discussed in the publication [95].

Finally, I discuss frequency conversion with an array of optomechanical transducers
in chapter 4. In this system, two waveguides—one for light and one for microwaves—
couple to a one-dimensional array of transducers; at each site, an optical cavity and a
microwave resonator couple to a common mechanical oscillator. Varying the opto- and
electromechanical coupling from site to site, we can achieve efficient adiabatic frequency
conversion between the propagating fields. Remarkably, the conversion bandwidth is
limited only by the adiabatic condition and the error resulting from its discretization;
the conversion bandwidth can be increased by using a larger array. This chapter is based
on reference [96] to which I provided the main analytical and numerical results; Sahand
Mahmoodian contributed to the calculation of conversion bandwidth in a transducer array.
In contrast, the chapter contains an extended discussion of previously proposed schemes
for optomechanical transduction.

A few words on notation Throughout the dissertation, I use hats to distinguish quantum
operators from classical numbers. For instance, x can refer to the expectation value of the
position operator (or to classical position) but never represents the operator itself; that is
denoted by x. Vectors and matrices are denoted using bold roman font with small letters
usually (though not always) used for vectors and capital letters denoting matrices. The vec-
tor of canonical operators is thus written as t (with elements 7;) and the covariance matrix
as I (which is easy to distinguish from a general decoherence rate I'). The identity matrix
is denoted I,, (with the subscript giving the dimensionality) and the identity operator is 1.

Time derivatives of classical numbers are denoted by a dot, x. Since such notation
would clash with the hats worn by quantum operators, those have the derivative written
out either using the standard full notation in displayed equations,

dp

TS
or using the shorthand notation d; p when used in line. Finally, the differential d, the
imaginary unit i, and the Euler’s number e are set in roman (and not in cursive) to
distinguish them from the variables d and 7 and from the elementary charge e. Throughout
the dissertation, I work in the natural units with % = 1 unless otherwise noted.






CHAPTER 1

HYBRID QUANTUM SYSTEMS

Development of hybrid quantum systems demands a thorough understanding of their
individual constituents. Without understanding how the individual quantum systems
operate, one cannot expect to find practical ways how to combine them in larger devices.
This necessity goes deeper than knowing how to couple these systems; if one does not
understand their internal workings, one cannot be aware of the systems’ main advantages
and limitations. This knowledge is crucial: one can not only find efficient ways to couple
disparate quantum systems but also ensure that the resulting hybrid system will have
interesting applications.

I therefore start my dissertation by giving an overview of the basic building blocks
of systems for quantum networking of superconducting circuits. I start by reviewing
opto- and electromechanical systems in section 1.1; in these devices, a mechanical oscillator
interacts with an electromagnetic field of either optical frequency via radiation pressure or
microwave frequency via electrostatic forces. Although the underlying coupling mechan-
ism is different in both kinds of systems, the mathematical description is identical; in both
cases, the mechanical position linearly shifts the resonance frequency of an electromag-
netic resonator. With a strong driving field, this interaction can be linearized and result
in—depending on the driving frequency—beam splitter-like, quantum nondemolition, or
two-mode squeezing interaction.

In section 1.2, I show how an opto- and electromechanical system can be combined to
build a frequency converter between microwaves and light. I outline existing theoretical
proposals [79, 80, 99]; in this effort, I focus on the most practical approach [79, 80, 82]
in which propagating optical and microwave fields can be bidirectionally converted with
high efliciency and low added noise. I show the main limitations of this approach and
briefly discuss how they can be alleviated in an array of such transducers.

I change topics in section 1.3 by discussing the working principles of superconducting
circuits for quantum information processing. I explain how the strong nonlinearity of
Josephson tunnel junctions can be used to build effective two-level systems and how such
circuits can be described using quantum mechanics.

I then discuss how superconducting qubits can be coupled to mechanical motion in
section 1.4. The mechanism is the same as for electromechanical systems—the mechanical
oscillator forms one electrode of a parallel-plate capacitor—but, owing to the nonlinearity
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Figure 1.1: Schematic representation of an optomechanical system. The field inside a Fabry-Perot
cavity exhibits radiation pressure on its mechanically compliant end mirror (shown in yellow).

of the Josephson junctions, richer dynamics can be realized. I also show how such interac-
tions can be used to couple superconducting qubits to light and what the requirements on
such systems are.

Finally, I give a brief overview of other hybrid systems for frequency conversion and
for other applications in section 1.5. Together with the previous sections, this discussion
shows the rich possibilities that hybrid quantum systems offer not only for applications in
quantum information processing but also for investigations of fundamental physics.

1.1 CAVITY OPTOMECHANICS

1.1.1  Optomechanical interaction

We start by considering a Fabry-Perot cavity with an end mirror that is free to move;
see figure 1.1. The position of the mechanical oscillator determines the length of the
cavity and thus the resonance frequency for light. The light intensity, on the other hand,
determines the force with which the oscillator is pushed out of its equilibrium position.
As the mechanical oscillator changes position, the resonance condition for light changes.
This shift results in a new light intensity inside the Fabry-Perot resonator which, in turn,
changes the force acting on the mechanical oscillator and the mechanical displacement.
Mathematically, the interaction is described by the Hamiltonian

H= hiwe(x)a' d + i + 1ma)lznxz +1E (delrttid _ jiemiont=ioy (1.1)
2m 2
The first term describes the cavity field with annihilation operator 4 and resonance
frequency determined by the (classical) mechanical position x. The second and third
term describe the harmonic motion of the mechanical oscillator of mass 7 and resonance
frequency wp. The last term in the Hamiltonian describes driving of the cavity with a
classical field E.
Next, we use the relation between cavity length and its resonance frequency,

c
L+x

: (1.2)

we(x) =
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where L is the equilibrium cavity length. Since the mechanical motion is typically much
smaller than the cavity length, x < L, we can expand the expression (1.2) to first order in
the mechanical displacement,

we(x) = %(1—%) (1.3)

If we now quantize the mechanical motion and introduce the annihilation operator
A
b=x+ iﬁ/mwm)/ZxZPf with Xypf = VI/2mwp, we can rewrite the Hamiltonian (1.1) as

H =hwd's+ hwmbATl; - hgoﬁu(lg + bAT) +1E (QelwLttid _ jfe-iwrt-iy (1.4)
with the optomechanical coupling rate
X zpf
g0 = wc%; (15)

by w¢, we denote the equilibrium resonance frequency.

For typical micro- and nanomechanical oscillators, the zero-point motion is extremely
small: for a mechanical frequency of the order of 1 MHz and effective mass of 10 ng, the
zero-point fluctuation is about 0.1 fm. With cavity length L = 10 mm and frequency
wc ~ 10Ps71 the coupling strength is g0 ~ 10 Hz. Such coupling can be larger than the
mechanical decay rate (mechanical oscillators can reach quality factors of several million),
but optical decay by far remains the dominating process in the system.

To enhance the optomechanical coupling, we can use the classical driving of the
cavity mode 4 at frequency wy . First, we move to the rotating frame with respect to the
Hamiltonian %iwy 474 which gets rid of the time-dependence of the driving term in the
Hamiltonian (1.4),

B = 1AGT4 + hwmb'h — hgodta(b + by +1E(4% - aTe %) (1.6)

with A = wp, — w. Rigorous treatment of the cavity drive now requires us to write the
classical equations of motion for the cavity field and the mechanical oscillator [apart from
the dynamics described by the Hamiltonian (1.6), the cavity field decays at a rate « and
the mechanical motion at a rate y] and find the new steady state [100].

In this dissertation, however, we will be interested only in the linearized optomechan-
ical interaction that is the result of this strong driving. To understand this effect, we can
follow this simplified argument: the driving results in a strong, coherent field inside the
cavity with small quantum fluctuations on top of the classical field, @ = @ + 64. We now

have
+

*

a'd= (@ +6aNa+6d) =|al? +a*64 +asa’ +8a64, (1.7)
which, upon plugging into (1.6), gives rise to three kinds of terms: the first type, propor-
tional to |@|? > 1 is a classical shift of the zero-point energy of the Hamiltonian Ala|?
and of the mechanical equilibrium. The cross terms combining the classical amplitude
and quantum fluctuations give a linearized interaction between the cavity field and the

mechanical motion, —Ago(a*§a + aéﬁ*)(é + ZQT). The last term can be dropped from
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the interaction since it is smaller than the linearized interaction. We thus obtain the
Hamiltonian

B = hA64764 + hwmb b — hg(54e7¢ + 547e) (b + b1 (1.8)
with the coupling enhanced by the strong coherent component, 4 = gole|, and the
interaction phase ¢ set by the phase of the cavity field @ = |ale'¥. The phase generally
depends on the phase of the driving field and the field’s detuning from cavity resonance
and can be found by solving the classical equation of motion for the mean field, @ = (a);
in the following, I put ¢ = 0 for simplicity. I will also use 4 (and not §4) to denote the
quantum fluctuations of the cavity field.

The classical driving of the Fabry-Perot resonator that results in the linearized Hamilto-
nian (1.8) provides ample control over the system. Time-dependent driving amplitude
can be used to modulate the optomechanical coupling, which can be used for quantum
nondemolition measurement of the mechanical displacement [101] or for generation of
squeezing [102, 103]. Detuning of the driving field from cavity resonance can lead to
cooling of the mechanical oscillator or to amplification of the mechanical motion.

In the frame rotating with respect to the free evolution of the two oscillators, H, =

hAGT 4 + hwmb b, the interaction Hamiltonian becomes
Him — hq(ﬁeim " é\#e—iAt)(beiwmt 4 bTe—iwmt)
= hg (ﬁbATei(A_‘“"‘)t + l;fe_im_‘“"‘)t) +hyg (ﬁlgei(A“"m)t + ﬁTbATe_i(A“"‘“)I) . (1.9)

Proper choice of the detuning A enables three relevant regimes: By driving the cavity
on the lower mechanical sideband, A = wy,, we bring the first term in equation (1.9) on
resonance. The cavity field and mechanical oscillator exchange excitations; the second
term, describing generation and annihilation of quanta in pairs can be neglected in the
rotating wave approximation (which is valid provided the mechanical sidebands can be
resolved by the cavity, wm > k). The resulting coupling,
A Ae A

Hys = hg(ab" + ba"), (1.10)
describes beam splitter-like interaction between the two systems. Since the cavity is
coupled to a zero-temperature bath while the mechanical oscillator is in contact with
a thermal reservoir, this coupling can be used to cool the mechanical oscillator into its
ground state [104-107]. The interaction also allows state transfer between the cavity field
and the mechanical oscillator, which is crucial for optomechanical transduction.

If we drive the cavity on the upper sideband, A = —w,, the second term in the
Hamiltonian (1.9) becomes resonant and the first term can be neglected in the rotating
wave approximation. The resulting Hamiltonian

[‘AITMS = hq(ﬁé + fbAT) (1.11)

describes two-mode squeezing interaction between the field and the oscillator. This
coupling can be used to generate entanglement [108], amplify the mechanical motion
[109, 110], or to drive the mechanical oscillator into a limit cycle [111, 112].
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Figure 1.2: Overview of optomechanical platforms. (a) Fabry-Perot cavity with a movable end

mirror. (b) Fabry-Perot resonator with a vibrating membrane in the middle. The motion of the
membrane changes the optical path inside the cavity and thus affects the cavity resonance frequency.
(c) An optomechanical crystal. In this nanoscale structure, even small variation of the cavity field or
mechanical displacement affects the other mode, giving rise to strong optomechanical interaction.
(d,e) Whispering gallery resonators. The cavity field can interact with a flexural mode of the
microdisk (d) or its evanescent field couples to a nearby nanobeam via gradient force (e). (f) An Lc
resonator with a mechanically compliant capacitor. The mechanical motion shifts the capacitance,
leading to electromechanical coupling with the microwave field stored in the resonator.

Finally, if the system is driven on resonance, A = 0, we are left with the full linearized
Hamiltonian (1.8). In this situation, the mechanical position quadrature (bA + l;T)/ V2 gets
imprinted onto the phase quadrature of the cavity field, i(2" — 2) V2. Homodyne detection
of the output field can thus be used to infer the mechanical displacement [113]. In this
regime, sideband resolution is not necessary; on the contrary, large cavity decay enables
fast readout of the mechanical position.

1.1.2 Experimental platforms

The coupling between mechanical motion and light can be realized in a variety of systems;
a Fabry-Perot cavity with a movable end mirror [figure 1.2(a)] is just one example. In most
of these devices, the interaction is described by the Hamiltonian (1.4); this picture is valid
as long as the mechanical oscillations change the optical path of light in a resonator and
the leading-order correction to the resonance frequency is linear. With more complicated
setups, however, other forms of coupling can be achieved; in some systems, the motion of
the end mirrors results in position-dependent decay of the optical field [114].

One of the most versatile optomechanical platforms is a vibrating membrane in the
middle of an optical cavity with fixed length [115]; see figure 1.2(b). The field propagating
through the membrane feels a refractive index that is different from the rest of the cavity;
the motion through the standing wave in the cavity changes the effective refractive index
of the cavity and thus also the resonance frequency. Placing the membrane in the middle
between a minimum and maximum of the standing wave results in the usual linear

interaction whereas membrane placed at the minimum or maximum leads, due to mirror
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symmetry of the field around the extremum, to quadratic coupling [116],
ﬁint = hﬂoﬂwﬁ(é + bAT)Z- (1.12)

Moreover, with a highly reflecting membrane, two optical modes (with annihilation
operators dg 1) can form in the right and left half of the cavity; the mechanical oscillator
is subject to radiation pressure from both modes,

Him = hqo(ﬁ;{dAR - Zt{dAL)(b + bT) (1.13)

(The minus sign is due to the opposite directions of the radiation pressure from the two
modes.) For normal modes of the cavities 4. = (4R + 41)/V2, the interaction results in
mechanically mediated photon hopping,
A Aoa

Hip = hgo(dta_ + 4 a0 (b +bh). (1.14)
In this setting, it is possible to reach strong nonlinear coupling if the mechanical frequency
matches the detuning between the cavity fields [117] or to perform quantum nondemoli-
tion measurements of the phonon number [118]. These different forms of coupling that
can be achieved with a vibrating membrane offer interesting possibilities for many experi-
mental applications and illustrate the large variability of optomechanical systems; they
are, however, not directly relevant for the rest of this dissertation where I focus on the
linearized optomechanical interaction.

With cavity implementations of optomechanics, the bare optomechanical coupling is
limited; much stronger coupling can be achieved with nanostructures where the field is
strongly confined. The strongest optomechanical coupling to date has been achieved in
optomechanical crystals. These suspended systems [shown schematically in figure 1.2(c)]
have a periodic structure of holes drilled into the material, creating a band structure
for photons and phonons. By creating a continuous defect in the structure (by slowly
changing the shape and spacing of the holes), it is possible to trap a photonic and a
phononic mode. Owing to strong confinement of both fields and changes in the effective
refractive index caused by the mechanical motion, strong optomechanical coupling can be
realized [119, 120].

Similar coupling rates can be achieved with microdisk optical resonators supporting
whispering gallery modes of light. These structures can either support mechanical modes
themselves [121]—as shown in figure 1.2(d)—or whose cavity modes are coupled to nan-
obeams via evanescent fields [122]; cf. figure 1.2(e). With the micrometer size of these
optomechanical systems, even a small variation of the optical path length strongly affects
the resonance frequency and thus gives rise to strong coupling.

Finally, optomechanical interactions are not limited to electromagnetic fields at optical
frequencies. Using a superconducting microwave LC circuit with mechanically compliant
capacitor [figure 1.2(f)], one can realize the same interaction. With a parallel-plate capacitor
with one electrode formed by a suspended membrane, the capacitance (and thus the
resonance frequency of the circuit) depends on the mechanical position. To leading order,
this dependence is linear and we recover the optomechanical Hamiltonian (1.4) [113, 123].
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1.1.3 Optomechanical force sensing

Mechanical oscillators are susceptible to external forces; they respond to gravitational
fields and can react strongly to an electric or magnetic field if made from a conducting or
magnetic material. Light can be used for precise measurements of mechanical position using
interference. Combining both systems in an optomechanical device thus enables extremely
sensitive measurements of external forces. Owing to the quantum mechanical nature of the
interaction, the sensitivity is limited by an effect akin to Heisenberg uncertainty relation
[11, 18]. Detailed understanding of the measurement sensitivity that these devices can
achieve is critical for many applications, including the scheme for generating entanglement
between two superconducting qubits in chapter 3.

We start by writing the Heisenberg-Langevin equations for the optomechanical system,

dAm A

% = WmPms (1.152)

dPAm A A AT A o]

o —WmGm — \/Eg(a +a') —ypm + F, (1.15b)
O e iVEg S VRl (1.15¢)

The mechanical oscillator is described by its quadrature operators g, = (bA + bH/V2,
Pm = —i(bA - bAT) /N2, has a linewidth vy, and is subject to a force having a deterministic part
Fy that we are trying to estimate and an unwanted stochastic part fAth, F=Fy+ f:h' The
optical field is described using its annihilation operator 4 and decay rate « and is driven
by quantum fluctuations 4y, with correlations (ﬁ;n(t)ﬁ;fn(t'» =6(t —t’). In addition, we
have the following input-output relation for the cavity field:

dout = VKA — dyy. (1.16)

To analyse the sensitivity of this optomechanical position measurement, we write the
equations (1.15) in frequency domain,

—1WGm — WmpPm =0, (1.17a)
(Y = i0)pm + Omm + V292 +47) = F, (1.17b)
(g - iw) A +1V2g4m = VKéain; (1.17¢)

here, I use the convention é(w) = (1/V2n) f dte_i“"é(t) for the Fourier transform.
Using the first two equations, we obtain an expression for the position quadrature
A A 4 W A
gm(w) = ¥m(w) [F(a)) - q—-f]in(w) ; (1.18)
K — 2w
where ym(w) = wm/(w3, — w? — iyw) is the mechanical susceptibility and ;,(w) =
(ﬁin(w) + [y (w)]T) /V2 is the amplitude quadrature of the fluctuations driving the cavity.
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Figure 1.3: Added optical noise S(Z)Pt = Si =S t2h in optomechanical displacement measurement.
(a) Optical noise as a function of frequency for different driving powers [from dark to light 4 =
(0.002,0.01,0.5,2)wm]. For small frequencies, w < wm, the sensitivity is limited by backaction
noise; sensitivity at large frequencies is limited by shot noise. The dashed line is the optimum
sensitivity (1.22). (b) Added noise on mechanical resonance versus driving power. For small powers,
the measurement is limited by imprecision noise (dashed green line); backaction noise (dot-dashed
red line) limits sensitivity at high driving powers. The total added noise (solid blue line) is given by
the sum of these two quantities and is minimized when the imprecision and backaction noise are
equal.

The result (1.18) can be used to find the cavity and output field. For the phase
quadrature of the output signal, we get

aout(w) Out(w)
\2
K+ 21w ,

:K—Z. m( )+

Pout (O)) -

ALE
Diaw)|.

\/_ Xm(w) [F(a)) -
The spectrum of the output phase quadrature, S;out (w) = % f dt([Pour (), Pour (0) ]+ Yel,
is given by the expression

164%k 164%k

Spo (@) = 83, (@) + === LYm(@)? [52 () + $5,) + =55, <w)] (1.20)

here, §2 is the spectrum of the signal Fy and §% = y(@n + 1) of the thermal mechanical

fluctuations fth. The signal on the detector has four components: the signal §7 and three
noise contributions coming from the thermal mechanical bath and the amplitude and
phase of the input field. The measurement sensitivity is given by the noise added to the
measured signal,

1692 @)+ K +40? 1
+ 42 qm 16q K |Xm(w)|2 Pm

S:dd(w) = Stzh(w) + (w). (1.21)

The thermal noise can be reduced by working at low temperatures but the optical noise
is more difficult to combat. While the shot noise (coming from the phase uncertainty
associated with Slz,in) can be reduced by increasing the coupling rate 4, this simultaneously
increases the backaction noise [second term in equation (1.21)]. Moreover, the amplitude
and phase noise of the input field are bound by the Heisenberg uncertainty relation,
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S ;in 5127;11 > 1 (assuming no correlations between the two). The noise is minimized when
the contributions from imprecision and backaction noise are equal; the required coupling
strength is qut = (k% + 4w?*) /16k| ym(w)| and depends on the frequency component w are

optimizing for. The added noise then simplifies to

2
s? J(w) = 2 (w) + ———. (1.22)
P th [ xm(w)l
For forces acting on mechanical resonance, @ = wp, the susceptibility simplifies to
Xm(wm) = (=1y)~; the measurement sensitivity reaches the standard quantum limit and

the added noise is SéQL = §2 +2y. These relations are illustrated in figure 1.3.

1.1.4 Backaction evasion

The noise in amplitude and phase quadratures of light are bound by Heisenberg uncer-
tainty; we cannot reduce one without increasing the other. Each of these noise sources
affects a different mechanical quadrature: the uncertainty in phase limits the precision of
the position measurement while the noisy amplitude quadrature disturbs the mechanical
momentum. This momentum noise affects future evolution of the position [cf. equations
(1.15)], reducing our knowledge of the external force.

The solution that can improve the displacement sensitivity is to measure an operator
that is a constant of motion. The backaction noise will still be present but if it does
not drive the measured operator, it will not disturb the measurement and reduce its
sensitivity. This task can be achieved with an optomechanical cavity driven equally on
both mechanical sidebands [101, 124, 125]. This driving results in modulation of the
optomechanical coupling rate at the mechanical frequency,

H = hwmbATbA + 2hg cos(wmt) (4 + ﬁ*)(l; + bAT). (1.23)

. . . . . A N A
In the rotating frame with respect to the free mechanical oscillations, Hy = fiwmb'b, we
can drop the fast oscillating terms in the interaction (provided the cavity operates in the
resolved-sideband regime, k < wn,) and obtain the quantum nondemolition interaction

B =hg@a+aY b+ b, (1.24)

This measurement is different from the measurement of the mechanical position in
that we are measuring the operator b+bt= V2%, in the rotating frame. From the nature
of the interaction, it is clear that the measurement backaction (connected with the noise in
the amplitude quadrature of the light, 4 +4") affects the orthogonal mechanical quadrature,
—i(h - b*). Since the position quadrature is a constant of motion, the backaction does not
affect its evolution and the measurement sensitivity is not bound by the standard quantum
limit.

Driving the cavity on both sidebands is not the only possibility to beat the standard
quantum limit. Improved sensitivity can also be achieved with squeezed light. The phase
quadrature is squeezed (reducing the shot noise responsible for measurement insensitivity)
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and sensitivity at the level of the standard quantum limit can be reached with smaller
pump power [126, 127]. The strategy thus allows us to use a weaker driving field to achieve
the same sensitivity; this approach can be beneficial for limiting absorption heating of the
mechanical oscillator.

Another possibility is to measure a different quadrature than the phase quadrature of
the output field; this strategy is known as variational measurement [128, 129]. Such an
approach does not extract the maximum information about the mechanical position; this
drawback is compensated by extracting information about the measurement backaction.

Finally, the standard quantum limit can be surpassed with entanglement [130-133].
In this setting, a second harmonic oscillator (an auxiliary optical cavity or an atomic
cloud) is used as a reference for the measurement. This second oscillator is coupled
to the probe field in the same way but has an effective negative mass; consequently, it
experiences backaction force of equal size but opposite direction. Since both oscillators are
measured simultaneously, the measurement backaction does not affect the joint readout
and sensitivity below the standard quantum limit is possible.

1.2 FREQUENCY CONVERSION BETWEEN LIGHT AND MICROWAVES

By combining an opto- and electromechanical system in a single device, we obtain a system
in which the mechanical oscillator mediates interactions between an optical cavity field
and a microwave resonator; see figure 1.4(a,b). This device can serve as a link between the
two frequency regimes, opening a whole plethora of applications. The linearized dynamics
of such a system are given by the Hamiltonian

H = 10aTa) + homb b+ 1gdldy + g1 (31 + 81 (b + b7+ hga(aa + 85 (b +b7); (1.25)

here, 412, b are the annihilation operators for the microwave and optical cavity and the
mechanical oscillator. The most straightforward approach is to drive both cavities on the
red sideband, Ay = Ay = wm, which leads to state transfer from the optical cavity to the
microwave resonator via the mechanical oscillator (or vice versa),

H = hg1(85b + b7 4y) + hga(85b + b7 4y). (1.26)

We can understand the dynamics best using the state space model [80, 82]; we start by
writing the Heisenberg-Langevin equations and the input-output relations in the vector

form
% = Aa+Ba,, (1.27a)
Aou = Ca + D3y, (1.27b)

A
with the vector 4 = (41, b,4,)" (with similar vectors for the input and output fields).
Fourier transforming the operators, we can write the relation between the input and
output fields using the scattering matrix,

Aout () = S(W)Aj, (w) = [D — C(A + iwl3) 'Blaj, (w). (1.28)
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Figure 1.4: (a) Basic optomechanical transducer formed by connecting an optical cavity and a

microwave resonator to a common mechanical oscillator. (b) Schematic representation of the
transducer including waveguides for input and output fields. (c) Transducer array for spatially
adiabatic frequency conversion.

We can find the matrix A from the Hamiltonian and decay,

K1

-3 q$ 0
A= —iq1 —E —iqz 5 (1‘29)
. K
0 —1g2 —?2

we further have B = C = diag(~y/k1, /¥, Vk2) and D = —I5. We then obtain the scattering
matrix

th n1 ¢
Sw)=| n1 m ny (1.30)
c ny b

with coeflicients that are, close to cavity resonance, w ~ 0, given by

b= -C; +Ci@1 +1 (1 1a)
! C1+C2+1 ’ 3

2{C1C
c = —m, (131b)
mo_C1tC—1 (1.310)
C1 + Cz +1 )
2iy/C;

Gt G+t (1:31d)

n;, =

where we defined the classical cooperativity C; = 447 /k;y and @ denotes addition mod-
ulo2 (e, 1®1=2,201=1).

High conversion efliciency is achieved if |c| ~ 1; this requires that the opto- and
electromechanical cavities be impedance matched, C; = C, > 1. Furthermore, the noise
added during conversion has to be small compared to the signal. Thermal noise is limited
if |n;| < |c| which can be achieved in the strong-cooperativity regime, C= 47;'2 /kiyn > 1.
Additionally, heating through the counterrotating terms is negligible in the resolved-
sideband limit, «; < wy. Under these conditions, interference prevents any signal that
enters the transducer to leave through the port where it entered and the signal is effectively
decoupled from the noisy mechanical motion. The conversion bandwidth is given by
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the optomechanically broadened mechanical line, Aw = y(C; + C; + 1) [134]. I provide
more detailed discussion and derivations of the conversion bandwidth and added noise
in chapter 4 where I compare this basic scheme to frequency conversion in an array of
optomechanical transducers.

Intracavity fields can be efficiently converted using adiabatic state transfer [79, 80]. In
the strong-coupling regime, 4; > k;, the dynamics can be diagonalized, resulting in three
normal modes

3 1 A A 1 )

dy = ————(q141 + p2d2) + —=D, (1.32a)
2(g7 +93) 2

7 1 A A 1 »

d- = ————=(q1d1 + p2d2) - —Zb, (1.32b)

J2g2 + g3)
dz = —(—qsz1 + q1dA2). (1.32C)

1
NV

The mode a?z is a dark mode of the mechanical motion and is thus insensitive to thermal
mechanical noise. Frequency conversion with the dark mode uses adiabatic passage: start-
ing with a signal in the microwave resonator and optomechanical interaction switched on,
g1 < g2, we gradually lower the optomechanical coupling while turning the electromech-
anical coupling on. At the end of the process, the optomechanical coupling is completely
turned off and the electromechanical coupling is switched on; we thus changed the dark
mode from microwave to optical, c?z(t =0)=4d; — ciz(T) = —as.

Advantages of the two approaches—conversion of propagating fields and large band-
width of adiabatic state transfer—can be combined in a single system; see figure 1.4(c).
A one-dimensional array of optomechanical transducers supports a mechanically dark
mode of the two propagating fields. If we slowly vary parameters from one transducer
to the next (e.g., by varying the single-photon coupling of the optical and microwave
cavities), the nature of the normal mode gradually changes, similar to adiabatic conversion
of intracavity fields. I describe this scheme in detail in chapter 4.

When one of the systems is driven on the blue sideband, entanglement between the
two cavity fields can be generated. The Hamiltonian in the rotating frame becomes

N AN, Ao,

H =hgi(a1b + a}b") + hga(alh + b7 ay). (1.33)
The blue-detuned interaction between the microwave resonator field and the mechanical
oscillator generates a two-mode squeezed state of the two modes; the red-detuned interac-
tion of the mechanical oscillator and the optical cavity transfers the mechanical state onto
the microwave field. It is important to keep the red-detuned interaction stronger 4, > 41
for stability; the mechanical excitations have to be transferred from the system faster
than they are being created. The generated entanglement can be used to transmit signals
between the two frequency domains by quantum teleportation [99], to entangle distant
microwave modes by entanglement swapping [135], or for quantum illumination [136].
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Once we established a link between optical and microwave domains, a window of
opportunities opens. We can use the transducer to network distant superconducting chips
[89, 90] or for routing of microwave and optical photons [137]. The transducer can also
be used to improve detection of weak microwave signals [83, 138], including detection of
individual microwave photons [139].

1.3 CIrcult QUANTUM ELECTRODYNAMICS

1.3.1 Elements of superconducting systems

Linearly coupled quantum harmonic oscillators—like optical cavities, microwave reson-
ators, or mechanical oscillators—are quantum systems that can be well understood and
controlled. Their main limitation, however, is that they work in the quantum-classical
correspondence regime and cannot be used for universal quantum computing [140]; one
can find a classical description that will give rise to the observed quantum behaviour. To
truly embrace the possibilities of quantum mechanics and open all opportunities it offers,
we need to include at least one nonlinear element.

The ultimate nonlinear device is a two-level system. Such systems can take a broad
range of forms from fermionic spin-1 systems to atoms with complicated level structures;
the latter can be considered two-level systems owing to the possibility of addressing a single
transition. Particularly atoms and ions are interesting for many quantum experiments
since they can be controlled by electromagnetic fields, giving rise to the field of cavity
quantum electrodynamics [141]. The coupling in such systems is then limited by the mode
volume of the field (limited, in a cavity, to the cube of the wavelength) and the dipole
moment of the atom.

The coupling can be enhanced in artificial solid-state structures. In a conductor
(or a superconductor), the field can be confined well below its wavelength. Artificially
created atoms are mesoscopic structures and thus have largely enhanced dipole moments.
Working with gigahertz-frequency fields and transitions, we can achieve coupling that is
much stronger than that observed in cavity quantum electrodynamics. The nonlinearity
can be provided by Josephson tunnel junctions that, together with linear inductors
and capacitors, form the basic building blocks of superconducting circuits. Working
at cryogenic temperatures not only enables the Josephson effect but also ensures that the
circuit does not suffer from losses associated with electrical resistance and from thermal
noise.

A Josephson junction is built from two superconducting electrodes sandwiching a thin
layer of insulator; see figure 1.5(a,b). The superconducting layers are characterized by
their respective order parameters, i; = A;e'%i. Two additional parameters of the junction
are the critical current Iy (above which the quantum transition to normal metal occurs)
and the capacitance Cj. These two parameters define the energy scale of the junction,
characterized by the Josephson and charging energy [142],

_ Nl _ (2e)?
T 2e’ c ZCJ'

Ej (1.34)
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(@) (b)
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Figure 1.5: (a) Josephson junction formed by a small insulating island between two superconducting
electrodes. (b) Schematic depiction of a Josephson junction. (c¢) A pC sQuiD formed by two
Josephson junctions connected in parallel.

The potential energy of the Josephson junction can be expressed in terms of the gauge-
invariant phase ¢ = @1 — @2 [49],

V = -Ejcos . (1.35)

More intricate dynamics can be found in a Dc sQuID, which is a circuit formed by two
parallel Josephson junctions; see figure 1.5(c). In such a circuit, the total inductive energy
is given by the sum of the inductive energies of the two junctions,

V = —Ejcos o1 — Ejp cos ¢;. (1.36)

(Here, the quantities ¢; refer to the phase difference across the ith Josephson junction.)
The two phases are not independent but related through the magnetic flux threading
through the loop, ¢1 = @ex/Po — @2, where @y = i/2e is the flux quantum. The potential
energy of the DC sQUID can thus be recast as

® Eyp - Ejp\? @
V=-(En+E A1+ | —— 2=
(Ep + JZ)COS(Z(D())\/ +(E]1+EJ2) tan (ZCDO cos ¢

= _E](q)ext) Cos ¢ (1.37)

with ¢ = 1(p1 + ). Effectively, we get the same potential as for a single Josephson
junction; the important distinction is that in a DC sQUID, the Josephson energy Ej(®ey) is
tuneable by the external magnetic flux.

1.3.2  Quantization of electrical circuits

An electric circuit is fully characterized by the voltage v, (¢) across and current 7, (t)
through every branch; equivalently, we can specify the branch flux and charge,

t t
Dy (2) =f dro,(m),  Qu(1) =f dr2,(7). (1.38)
The fluxes forming a loop and charges meeting at a node follow the Kirchhofl’s laws

Z Dy = @y, Z Qp = Qs (1.39)

beloop benode



1.3 CIrculT QUANTUM ELECTRODYNAMICS 21

Figure 1.6: A superconducting Lc circuit. Its capacitive and inductive subnetworks are formed
by the branch containing the capacitor and the inductor, respectively. The circuit has two nodes
(denoted by dots), both of which are active; the node at the bottom of the circuit is the ground.

therefore, not each branch gives rise to a pair of degrees of freedom.

To find the degrees of freedom—and thus the Hamiltonian—of the circuit, we follow
the approach of Vool and Devoret [49]: we divide the circuit into its capacitive and
inductive subnetworks and focus on the former. We now turn our attention to nodes,
which we divide into active and passive—at an active node, both capacitive and inductive
elements meet; passive nodes connect only capacitive (or only inductive) elements.

Although it is possible to formulate the method of nodes in full generality, I focus
less on the formal aspects and more on practical applications; see reference [49] for more
details. We can start with the simplest example: an Lc oscillator. The circuit (shown in
figure 1.6) has two active nodes; one of them—the ground—serves as a reference point and
the node charge and flux are determined with respect to this node.

The electrostatic energy now plays the role of the kinetic energy and the magnetic
energy corresponds to the potential energy. Owing to the linearity of the capacitor, we can
express the electrostatic energy in terms of voltage (the time derivative of flux), T = 1Co4?.
(The inductance in an Lc circuit is, of course, also linear but this is no longer true for
circuits containing Josephson junctions.) Together with the potential V = ¢?/2Lo, the
kinetic energy gives the Lagrangian L = V — T'; the circuit obeys the Euler-Lagrange

equation
d oL L 1 .,
—— -7 =0, L=—"——--Cop~. .
dt 9 99 2L, 2% (1-40)
We can use the Lagrangian to find the generalized momentum conjugate to the node
flux,
oL .
= — = Coo. 1.41
1= %4 o (1.41)
Next, we apply the Legendre transformation and find the Hamiltonian
. 1
H=¢g-L=—q*+—¢° :
ba-L= 300+ 51 (142
The equations of motion of the circuit are equivalent to the Hamilton’s equations,
. O0H . oH
¢ = q==—7 (1.43)

Za ¢
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(a) 2 1 (b)
|
L. ! €L
3 L() C‘U Cl} * *
L

Figure 1.7: (a) Transmon qubit (right part of the circuit, formed by the bc sQuip shunted by the
capacitance Cp) connected to an LC resonator (middle) and a voltage source (left). The coupling
between the qubit and the resonator is provided by the capacitor Cg while the voltage is connected
via the input capacitor C;,. The circuit has one passive three active nodes; three of these are
numbered and described by the node fluxes ¢;. The fourth node serves as the ground. (b) Voltage
source V; replaced by a capacitor Coo with a large charge g,.

and the Poisson bracket for branch flux and charge is

00,0Q, _ 9Q, 00,

{®@. Qp} = 96 g 9% 0q

==+1. (1.44)
The sign of the Poisson bracket depends on the nature of the branch; we get +1 for a
capacitive branch and —1 for an inductive one.

Quantum mechanical variant of the Hamiltonian can be obtained by treating the flux
and charge as operators and imposing the commutation relation

[6.4] = if. (1.45)

If we now introduce the annihilation and creation operators via the relations

$= b +aD) G =—iqupd—ah), (1.46)

we recover the Hamiltonian of a quantum harmonic oscillator,
A At A 1
H =hwola'a+ ) (1.47)

Here, we introduced the resonance frequency wo = 1/4/LoCo and the zero-point fluctu-
ations ¢t = \VIZo/2, gt = /220 with circuit impedance Zo = 4/Lo/Co.

We can also consider more complicated circuits, such as the one shown in figure 1.7(a);
see also reference [143]. Here, a DC sQuID shunted by a capacitor serves as a qubit. It is
capacitively coupled to an Lc resonator and the circuit is driven by an external voltage V.
Before formulating the Hamiltonian, we have to understand how we can treat the voltage
source. We can adopt the following approach [figure 1.7(b)]: we replace the source by
a capacitor Ce on which a large charge g, is stored. We treat the source as a node of its
own and find the Hamiltonian of the system. In the end, we take the limit Co, — oo while
requiring that the ratio g;/Ceo — V.



1.3 CIRCUIT QUANTUM ELECTRODYNAMICS 23

The capacitive branches give the total kinetic energy of the circuit,
T L e O (PR
T= §CB¢1 + 5C0¢2 + §C°°¢3 + ECg(¢1 —¢2)" + ECm(q?z - $3)". (1.48)

The first three terms come from the branches connecting the nodes with the ground; the
remaining terms stem from branches connecting the numbered nodes with each other and
therefore depend on the difference of the node voltages. The magnetic potential energy
has two terms,
V = —Ejcos (ﬁ) + Lqﬁz. (1.49)
hl 2L,
This result is the consequence of the inductive branches connecting nodes only with the
ground but not with each other.
We can now formulate the Lagrangian, L = V —T', and find the generalized momenta ¢;.

Writing the kinetic energy in the matrix form 7' = 3¢ C¢ with the capacitance matrix

Cg + CB —Cg 0
C= —Cg Co+ Cin + Cg _Cin , (1.50)
0 _Cin Cin + Co

we have q = C. The Hamiltonian of the circuit can be expressed as H = 3q7C™'q + V;
taking the limit Coo — 0, ¢3/Ceo = V; and imposing the commutation relation [, q;1=
ih6;;, we get the quantum mechanical Hamiltonian

A Cin+CO+Cg,\ (£1 CB"'Cg,\ A
H= —ZC*Z qZ - E; cos( A + 2C? % ¢§
G, . GCnVy
Cquqz +— 2 E[Cyd1 + (Cp + Cy)dal, (1.51)

where C2 CBC + CBCm +C Cm + CpCo + C Co

As the next step, we assume that the capacitance forming the Lc circuit is larger
than any other capacitance in the circuit, Co > C,, Cg, C;,. Moreover, we express the
nonlinear part of the circuit in the number basis [143]: we introduce the number and phase
operators 71 = §1/2e, ¢ = <£1 /h for the qubit. Together with an annihilation operator
a= (qg + iZoc})/m for the Lc resonator, this gives the Hamiltonian

H= 4E (7 — ng) — Eycos ¢ + Tiwod 4 + 2BeVimshi(d + a"). (1.52)

Here, we have the charging energy E. = ¢?/2Cs with Cs = C; + Cp, ny = C;Vi/2e is the
energy offset induced by the voltage, 8 = C,/Cs gives the ratio of the gate capacitance to
the total qubit capacitance, and Vis = 4/liwo/2Cs is the root-mean-square voltage of the
Lc oscillator.

Finally, we diagonalize the internal transmon dynamics and—since we are dealing with
a nonlinear circuit—focus on the first two levels only. We thus obtain the Hamiltonian

A a)q A Af A A A AT
H = h70'2 +hwoa'a +hgo(a+a'), (1.53)
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which describes the dipole interaction between a transmon qubit and a harmonic oscil-
lator. The coupling rate is given by fig = V2e 8 VrmS(EJ/SI:"C)l/4 and the qubit transition

frequency is fiwg = /8L E..

1.3.3 Artificial atoms and microwave resonators

The fundamental interaction between a microwave resonator and a transmon qubit is the
dipole coupling, H;y, = hgdx(a + a'). If both systems are on resonance, wq = wo, we can
apply the rotating-wave approximation and arrive at the Jaynes-Cummings Hamiltonian

A KR w &
Hjc = hwod'a + thé'z +hg(Gea+a'6). (1.54)

These circuits can reach the strong-coupling regime where the coupling rate 4 is stronger
than the cavity decay and qubit relaxation [144, 145], enabling the observation of various
quantum optical effects such as nonlinearity of the Rabi oscillations with cavity field
intensity [146-148], observation of collapse and revival of a coherent state [149], or
generation of nonclassical states of microwave fields [150-153].

With novel circuit designs, it is possible to reach a situation where the coupling rate
is a considerable fraction of the resonance frequency [154-156]. In this regime, the qubit
and resonator hybridize and can no longer be considered as separate entities. Theoretical
description of circuits in the ultrastrong regime becomes problematic since one has to take
into account the full Rabi model [equation (1.53)] and the number of excitations is no
longer preserved. This effect can lead to situations where the ground state of the cavity
field is a Schrodinger cat state [157].

If the qubit and resonator are non-resonant, they enter the dispersive regime of the
Jaynes-Cummings interaction. We start from the Jaynes—-Cummings Hamiltonian I-AI]C
and transform it using the unitary transformation

U= exp %(6@& -4’60, (1.55)
where A = wq—wo is the detuning between the qubit and the resonator. We can expand the
resulting Hamiltonian to second order in the parameter 4/A < 1 and obtain the dispersive
Hamiltonian

hX? (156)

N =

A A A A At A 1 A A AT A
H = UHJCUT = hwoaTd + Eh(u)q + x)o, —hyo,a'a—

where y = 4%/A.

The interaction does not lead to exchange of excitations between the qubit and the
resonator since they are off-resonant. Now, the systems experience a phase shift that
depends on the state of the other subsystem: measuring the phase of the qubit can provide
information on the photon number inside the resonator [158]; alternatively, phase shift
of light leaving the cavity can be used to infer the state of the qubit. In circuit quantum
electrodynamics, the interaction is often used for quantum nondemolition measurement
of the qubit state [159-161], including joint measurement of several qubits [92, 162]; I
discuss these measurements in more detail in chapter 2.
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The main drawback of the dispersive coupling is its perturbative character. The
quantum nondemolition interaction described by Hamiltonian (1.56) is a first order
expansion in the small parameter 4/A and is thus significantly weaker than the resonant
interaction. Moreover, the underlying Hamiltonian does not commute with the free
qubit Hamiltonian; the dispersive readout can be considered a quantum nondemolition
measurement only in the perturbative sense and generally leads to Purcell decay.

The solution to this problem lies in using longitudinal coupling between the qubit and
the resonator [163, 164],

A a) T A A A AT
H= thé'z +hwod & + BAG, (4 + 4T). (1.57)

Such interaction can be achieved in a transmon qubit coupled to an LC resonator via mutual
inductance. [The transversal coupling (1.53) is achieved with the qubit and resonator
coupled capacitively; cf. figure 1.7.] Initially, such interaction was proposed as a platform
for quantum computing in superconducting circuits but it can also be used for qubit
measurements. Fast quantum nondemolition readout of the qubit state is possible when
the coupling rate is modulated at the frequency of the resonator, 2 = 19+41 cos(wot) [165];
in a frame rotating with the free qubit and resonator evolution, Ho = %hwq&z + hwod' 4,
the interaction is resonantly enhanced, I-Alim = %h/llé'z (a+ah.

Two qubits can be coupled either via a microwave resonator serving as a bus [50, 51]
or directly by mutual capacitance [53, 166]. In circuits containing more qubits, basic
primitives for quantum information processing can be implemented. Quantum teleporta-
tion [167, 168], basic quantum gates [50-53] and algorithms [54-56], quantum simulation
[39, 40], and quantum error correction [57-60] are among the tasks that have been
demonstrated in superconducting circuits.

1.4 COUPLING ARTIFICIAL ATOMS TO MECHANICAL OSCILLATORS

Nonlinear superconducting circuits can interact with mechanical oscillators in similar way
as linear Lc circuits. In most cases, these systems use mechanically compliant capacitors;
the displacement of the mechanical oscillator determines electric properties of the circuit.
Depending on the type of the circuit, both transversal [169] and longitudinal coupling
[170] between a superconducting qubit and a mechanical oscillator can be realized.

Mechanically compliant capacitors are typically built as parallel-plate capacitors. One
of the electrodes can be formed by a membrane [171, 172] or a nanobridge [173], which
typically results in mechanical frequencies in the megahertz range. Alternatively, the
capacitor can be made from a piezoelectric material so that the electric field between the
electrodes induces a change of the mechanical position [81, 169]. The mechanical frequency
of these oscillators depends on the thickness of the piezoelectric material and can reach
several gigahertz.

For concreteness, let us consider the circuit depicted in figure 1.8; see also reference
[172]. Here, a transmon qubit is built with mechanically compliant gate capacitor. The
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Figure 1.8: Transmon qubit with a mechanically compliant gate capacitor Cg.

Hamiltonian for the system is
H = hwmbATlg +4E[7n - ng(ae)]z — Ej(Dexr) cOS @5 (1.58)

here, the gate charge introduced by the voltage source depends on the gate capacitance
and thus on the mechanical displacement. (The charging energy E. is also affected by
the mechanical motion but its effect on the qubit dynamics is much smaller and can be
neglected.) The Josephson energy of the DC sQUID can be controlled using an external flux
Dy, as described by equation (1.37).

Next, we linearize the gate charge,

ng(x) ~ 92) = 10 + Ny X, (159)

G Ve, Vo 1 dGg
dx 2e T 2e

- Moy

x=0

where now 79 and 7, are independent of the mechanical position. We can now expand
the Hamiltonian (1.58) to leading order in the mechanical displacement, which gives us
the Hamiltonian

H = 4E.(H — ng)* — Ej(®)cos ¢ + hwmbATbA +hy(no — ﬁ)(bA + bAT). (1.60)

The coupling rate is, for a parallel-plate capacitor, given by

Cg Ve Xapf
e d’

hy = 2E. (1.61)
here, d is the capacitor gap, that is, the distance between the static and mechanically
compliant electrode. Finally, we focus only on the first two levels of the transmon; in the
charge basis, we obtain the Hamiltonian

H = hwnb'h + 2E.6, + Eyory + hye(b + b1, (1.62)

Hybrid nonlinear electromechanical circuits represent an interesting platform for
investigating quantum optics in a solid-state system. Basic quantum optical phenomena,
such as Rabi oscillations, Stark shift, or hybridization of a phonon mode and a supercon-
ducting qubit, have been observed in a transmon qubit coupled to a membrane [172]. Such
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coupling can also be used to control the qubit dynamics by the mechanical oscillator or
vice versa. Particularly the latter offers interesting possibilities of generating nonclassical
mechanical states. It is possible to use a superconducting qubit to prepare mechanical Fock
states [174, 175], squeezing [176, 177], Schrodinger-cat states [171, 178], or entanglement of
two mechanical oscillators [179].

A superconducting qubit can also be used to enhance the nonlinear interaction between
a mechanical oscillator and microwave resonator [173, 180-182]. In such a setup, the qubit
(typically a Cooper-pair box) mediates the interaction of the two resonators. The qubit
serves as a charge-dependent inductance of the microwave resonator; the gate charge
controlling the Josephson inductance has a component that depends on the mechanical
position. Combination of the qubit nonlinearity and large gate voltage results in an en-
hanced single-photon electromechanical coupling enabling us to reach the strong-coupling
regime [173].

Finally, superconducting circuits coupled to mechanical oscillators can be used to
realize quantum networks. In the conceptually simplest scenario, a qubit is coupled to
light via an optomechanical transducer as discussed in section 1.2: the qubit is placed in a
microwave cavity that interacts with a mechanical oscillator. The mechanical oscillator
also interacts with an optical cavity field, enabling conversion of quantum signals between
the two cavities. Existing proposals [89, 90] then suggest to use adiabatic state transfer
between the qubit and the optical cavity for sending signals from one superconducting
chip to another.

In these devices, the microwave resonator can be skipped and the qubit can couple
directly to the mechanical oscillator. This interaction will, in practice, reduce the qubit
lifetime but also eliminate decoherence due to the decay of the microwave cavity. Such a
scheme can, again, be used for adiabatic state transfer between the qubit and a propagating
light field [78, 183, 184] or for measurement-induced generation of entanglement between
two qubits [95]. Particularly the latter approach (discussed in detail in chapter 3) is
attractive for experimental implementations; by focusing on a single primitive in quantum
communication, we can highly optimize the device operation. This optimization results
in requirements on the system parameters that are achievable with current technology.

1.5 OTHER HYBRID SYSTEMS

Optoelectromechanical systems are not the only platform that enables efficient conversion
between microwaves and light. Theoretical proposals suggest also the use of single spins
[66, 67, 71, 185] (recently, the first transduction between microwaves and light using a
nitrogen-vacancy centre has been reported [73]) or spin ensembles [68-70]; experimental
efforts have also focused on using surface acoustic waves [84, 86], electrooptic modulators
[75-77], and magnonic systems [74]. Of all these technologies, frequency conversion using
localized mechanical oscillations is certainly the most mature.

Many more hybrid systems can be realized. Effective interactions between mechanical
oscillators and atomic ensembles [186, 187] can be used for cooling of mechanical resonat-
ors [188, 189] or backaction-evading measurements of mechanical position [131, 133, 190].
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Mechanical oscillators coupled to nitrogen-vacancy centres enable direct measurement
of magnetic fields at the level of a single spin [93] or of mechanical motion [191, 192],
observation of interesting effects known from quantum optics [193], or quantum informa-
tion processing [194]; in these systems, the interaction is provided either by a magnetic
field [195, 196] or strain [197, 198]. Surface acoustic waves can be used to couple to
various systems: light and microwave signals [84, 199], to electron spins in trapped ions,
nitrogen-vacancy centres, or quantum dots [200, 201], as well as to superconducting
circuits [202, 203].

All in all, optoelectromechanical systems are just a small subset of hybrid quantum
systems; nevertheless, already at this level, there is a broad range of interesting processes
and applications. In the rest of this dissertation, I focus on a single task: improving op-
tomechanical transduction. I consider two approaches to this problem: in the first strategy,
the transducer is optimized for a specific task—generation of entanglement between two
superconducting qubits. The resulting transducer is less general than in the experiment of
Andrews et al. [82], which allows us to relax requirements on the experimental parameters.
Nevertheless, in the context of quantum networks with superconducting circuits, long-
distance entanglement between qubits is suflicient for transmitting quantum information
and performing quantum gates between nodes via teleportation [204]. The other approach
involves a new design for a general-purpose optomechanical transducer. By building an
array of optoelectromechanical systems, we can greatly enhance the conversion bandwidth.
Before diving into these topics, however, we need one more tool: an effective description
of hybrid quantum systems subject to continuous homodyne measurement, which is
presented in the next chapter.



CHAPTER 2

CONTINUOUS MEASUREMENTS ON HYBRID QUANTUM SYSTEMS

Quantum systems interact with their environment; the larger the system, the more
pronounced this effect is. For a large part, this process is unwanted—it leads to decoherence
and classical behaviour. Nonetheless, the interaction enables us to measure the dynamics
of the system. For example, the photons leaving an optomechanical cavity can give us
information about the state of a mechanical oscillator inside the cavity. The interplay of
unitary dynamics, decoherence, and measurements requires advanced mathematical tools
to describe the resulting stochastic dynamics.

In this chapter, I discuss stochastic master equations that describe dynamics of density
matrices under continuous measurements. I start by developing the necessary formalism
(following the approach of Wiseman and Milburn [97]) in section 2.1 before moving to its
applications in circuit quantum electrodynamics and cavity optomechanics in section 2.2.
In these systems, individual quantum trajectories can be observed [205] or the measure-
ment can be used to steer the system towards a desired state with measurement-based
feedback [97, 206].

Applying stochastic master equations to hybrid quantum systems requires more care.
Although one can, of course, write an equation of motion for an optoelectromechanical
system, numerical simulations of such systems are problematic. Hybrid systems consist of
several subsystems evolving on different timescales and coupled to different environments.
This problem is particularly apparent for an optomechanical transducer that is used to
read out the state of a superconducting qubit (situation I discuss in detail in chapter 3): the
qubit is coupled to an optomechanical system that, on its own, obeys Gaussian dynamics.
Numerical simulations of such a device require truncation of its infinite-dimensional
Hilbert space; the low frequency of mechanical oscillations (and correspondingly large
thermal occupation) results in cutoff at extremely large Fock numbers. The size of the
Hilbert space needed for efficient numerical simulations leads to memory requirements
beyond current technological possibilities.

To solve this issue, I show how one can obtain an effective equation of motion for
the system of interest (the superconducting qubit) by adiabatically eliminating Gaussian
systems (the transducer) from conditional quantum dynamics. The precise dynamics
of the transducer are irrelevant for our purposes; by deriving an effective equation of
motion for the qubit, we significantly simplify the problem without discarding any crucial

29
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information about its dynamics. Although various methods exist to adiabatically eliminate
subsystems from quantum dynamics [91, 207-213], none is capable of treating thermally
driven systems under continuous measurements. Here, I solve this problem and show
that thermally driven systems can be adiabatically eliminated from stochastic quantum
evolution if they obey Gaussian dynamics [98].

I start by considering Gaussian systems alone in section 2.3. These systems have
Hamiltonians that are quadratic in the canonical operators and jump operators that are
linear; moreover, they are measured using homodyne detection. Consequently, these
systems possess Gaussian Wigner function and can be fully described by the first and
second statistical moments of the quasi-probability density. The stochastic master equation
can be used to derive equations of motion for these moments.

In section 2.4, I show how one can adiabatically eliminate Gaussian subsystems from
stochastic dynamics containing both Gaussian and non-Gaussian systems. The approach
uses a hybrid description where the non-Gaussian system is described by its density matrix
and the Gaussian system using its statistical moments. This strategy allows straightforward
elimination of systems suffering from thermal noise or consisting of several modes; these
features are the main advantage compared to other adiabatic elimination methods in
stochastic quantum dynamics.

I then use this approach on several examples in section 2.5. I take the model systems
from circuit quantum dynamics and compare the method to the full dynamics and elim-
ination for low-temperature thermal bath (with average number of excitations 7 < 2).
Already on this level, the new approach clearly outperforms existing methods and I ar-
gue that it can be used also for larger thermal occupations (such as those seen in cavity
optomechanics).

2.1 PRINCIPLES OF CONTINUOUS MEASUREMENTS

2.1.1  Quantum-optical master equation

Consider an optical cavity. The cavity field will leak out owing to imperfect reflection on
mirrors and finite mode overlap with the field outside the cavity. The field is described by
the annihilation operator 4 and the modes of the bath by the annihilation operators ng;
in full generality, & is a multi-index describing the wavenumber and polarization of the
mode. The dynamics of the combined state psg are given by the free Hamiltonian of the
cavity field and the environment and their mutual interaction,

A

d" . A AL A s D R .
g:E = —i|wd'd+ ;wkblzbk + ; g (a'by, + bgﬂ), PSE| - (2.1)

The master equation that describes the evolution of the state of the cavity field,
A n . .. ) . ) . M
p = trg{psg}, is best derived in the interaction picture with respect to the free Hamiltonian

Hy = wd'd + Y, wy bgbk. The density matrix and the interaction Hamiltonian in the



2.1 PRINCIPLES OF CONTINUOUS MEASUREMENTS 31

interaction picture are

AP iHot A —‘hAlt
pgg = €7 pspe™ (2.2a)

IP _ iHot —iHot AT Hwp—w)t | 1T A —i(wp-w)t

Hlnt el f. emito ng (aTb/ee‘(“’e Wiy byae (=) ) (2.2b)
k

For the density operator in the interaction picture, we can write the solution generally as

Ao = o =i [ dn [0, ). (23)

We can substitute this solution back to the equation of motion for A¢ and obtain

ﬁg;j(t) 1P AIP iy iy AIP
L~ S [AR 0, 0] - f de [AR @ [AR 0. AR @] G4

Now, we trace out the environment degrees of freedom and arrive at an effective equation
of motion for the system.
To enable tracing out the environment explicitly, we make the following assumptionS'
first, at the initial time, ¢ = 0, the system and environment are uncorrelated, p WO
pTO0)® pg). Next, we presume that the interaction Hamiltonian has no diagonal elements
in the eigenbasis of the environment Hamiltonian, trg {H}P (%) %I;Z(O)} 0. The equation
for the system density matrix now becomes

AP
dp (t) f deyerg {[BE o), [H2 (), pB ]|} (2:5)

The last step invokes the Born-Markov approximation. The Born approximation replaces
the joint state by a product state. Furthermore, the state of the environment is—owing to
its large size—unaffected by the coupling, pSE(t) =P ® g’ The Markov approxima-
tion assumes that the integrand in equation (2.5) is sharply peaked around ¢; = #, which
enables us to replace the lower integration limit by —co and the state I (¢1) by p7 (2).
The Born-Markov master equation then takes the form

AP
dp (f) f deyeeg {[AZ (), [AE (21, % (1) © AT ]} (2.6)

nt

With the interaction Hamiltonian (2.2b) and the commutation relation [, b;] = Oy,
the Born-Markov master equation for the cavity field becomes

"IP
f dET(t = 1) @aTP® — 45747 — 4T P4 + pP4T2) + Hee  (2.72)

I't—t1)= Z qkeﬂ(wrw)(t—m). (2.7b)
k

The cavity field couples to a continuum of modes outside the cavity; we can replace the
sum in equation (2.7b) by the integral,

It 1)) = f dQ(Q) g2 (Q)e (@)1, (28)
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where 0(Q) is the density of states. The product o(Q)4%(Q) is a slowly varying function
of frequency and we assume it to be constant around the cavity frequency, Q ~ w. We can
then write the master equation in the Lindblad form

dp™® - AMAIP L —ayr AT ATP

e k(m+1D)D[alp” +«nD[a']lp". (2.9)
Here, 77 = [exp(hw/kpT) — 1]7! is the mean thermal photon number of the external field
at frequency w, k ~ 27 o(w)g*(w) is the cavity decay rate, and

A A A A A 1 A A A A As A
D[A)p = APpAT - z(ATA,O + pATA). (2.10)

Equation (2.9) is expressed in the rotating frame. Moving back to the laboratory frame,
we just need to include a term describing the free cavity evolution, —i[ Hs, 0. In fact, we
can include other unitary dynamics, such as driving or nonlinearity of the cavity medium,
in the same manner. The full Lindblad master equation for a cavity field in the laboratory
frame is .

dp R SN AT A
i —1[H, p]+ «D[a]p. (2.11)

Here I used the fact that at optical frequencies, the thermal population number 7z = 0 at
room temperature.

I derived the master equation (2.11) for a cavity field but the same approach can be
applied to other systems as well [97, 214]. Mechanical oscillators obey the same dynamics
with Lindblad terms describing phonon loss and gain. Decay of two-level systems is
described by the term D[d_]p and pure dephasing by D[5,]p. Hence, the Lindblad
master equation is a powerful tool in quantum optics enabling efficient treatment of all
kinds of systems.

2.1.2  Stochastic unravellings

Measurement of the field leaking out of a cavity can provide useful information about the
system inside the cavity. Mathematical description of such dynamics needs to go beyond
the master equation approach and include the stochastic contribution of the random
measurement outcomes. Such a dynamical equation can be obtained from the master
equation by its stochastic unravelling. This process is not unique for a given equation;
first, I will show how detecting leaked photons leads to stochastic dynamics with discrete
quantum jumps. Afterwards, I will show how combining the photons leaking from
the cavity with a strong laser field leads to a diffusive state evolution under homodyne
detection.
We start from the master equation for a cavity field,

j—’; = —i[H, p] + «D[4]P. (2.12)
Continuous monitoring of the cavity output implies that at every time infinitesimal dz
we will detect either zero or one photon; since dr — 0, we can neglect the probability of
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detecting more photons during a single time step. The density matrix is then given by
summing over the two measurement outcomes,

1
ple+de) = Mj(dz)ﬁ(z)M]T(dt) (2.13)
j=0

with measurement operators

Mo(dt) -1- (gﬁw + 1[-AI) de, AA41(dt) = Vkdta. (2.14)

. . . . A .
To first order in the infinitesimal dz, the operators Mo (dz) are valid measurement operat-
. A o A A .
ors since . ; Mj' (dt)M;(dt) = I. Moreover, from the measurement operators acting on the
density matrix, we obtain the master equation,

Pt +dt) = Zﬁj(dt),s(twj(dz) = p(t) —i[H, p(t)]dt + kD[a1p(t)de.  (2.15)
j

The probability of detecting a photon in the cavity output is
pi(de) = te{M(d0) pM] (de)} = «er{atdpyde. (2.16)

For almost all time intervals, we have the measurement result j = O since po(dt) =
1-p1(dt) = 1-0O(dt). During these time intervals, the state evolves according to AAlo(dt)—
infinitesimally but non-unitarily. When the outcome j = 1 occurs, the state changes
abruptly according to My(dt); we call such events quantum jumps. A single quantum
trajectory is then given by a series of the continuous evolutions and quantum jumps.

The number and timing of photodetections are encoded in a function N (¢) which
gives the number of detections from time ¢ = 0 to time ¢. For the stochastic increment
dN (1), we then have

dN2(1) =dN (), (AN (1)) = (M (de) M, (dD)). (2.17)

Assuming a pure state |(2)), we can divide the evolution into two processes: when
dN () = 0, no quantum jump took place and the system evolves according to Mo(dt). On
the other hand, we observe a quantum jump if dN (¢) = 1; then, the system evolves accord-
ing to M, (dt). These two contributions can be combined in the stochastic Schrodinger

equation
d|w<t>>:dN(t)( =B —1)|w(t)>+dr[1—dN<t>] 5wty -aa -ift| ey
{(a"a
_ ﬂ,\ K At A AT A I .
= dN(6) | — 1] () + de [—((a B -4 a)—lH] W (0)); (2.18)
(aTa) 2

in the second line, we used the fact that dN (¢)dt = O(dt3/?).
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The stochastic Schrédinger equation can be turned into an equation for the density
operator by defining the projector p(t) = | (£))¥(¢)| and using the Ito rule d(XY') =
dX)Y + XdY + (dX)(dY),

dp(t) = [dy@ONW @] + [ (O)AW (D)) + (dlg ()N (dw(@))
— [iﬁl + gﬂ] A(t)dt + kG[A1p(£)AN (1); (2.19)

here, I defined the superoperators

. APAT R
GlAlp = ApA - TP (2.20a)
tr{ApAT}
HIALp = (A—(ANp + p(A — (A)). (2.20b)

The stochastic master equation (2.19) describes the stochastic evolution of an arbitrary
quantum state under photodetection. One can easily check that averaging over the

. . . A . A A
ensemble reduces the stochastic master equation to the master equation d, p = —i[H, p] +
kD[a]p. Finally, to fully describe the stochastic dynamics, we have to specify also the
photocount function N (¢) or, more usually, the photocurrent

I(t) = N(¢). (2.21)

The stochastic dynamics is fully described by both equations (2.19) and (2.21).

Homodyne detection is realized by mixing the output field with a strong coherent field.
To derive a conditional master equation for homodyning, we start by the observation that
the master equation d; p = ~i[H, 0]+ kD[4]p is invariant under the transformation

A ALK
a—ad+a, H—- H- 15(0*4A —adh), (2.22)

which corresponds to displacing the origin of the phase space. The new measurement
operators are (assuming for simplicity that « is real)

Mo(dt) = 1-[ifr + ga(ﬁ —-ahH+ g(ﬁT +a)(d+a)|dt, (2.233)
Ml(dt) = Vidt(a + ) (2.23b)

and, for the photodetection rate, we have
AN (£)) = (M (de) My (db)) = xer{[? + (4 + &%) + 4T41p(0)}de. (2.24)

If the classical pump is much stronger than the output field, this expression simplifies to a
strong classical field with a term proportional to 4 + 47. The number of photodetections
approaches infinity but the effect of each photodetection becomes infinitesimal because
most detections come from the classical field.

During a small time window d¢ with a large number of detections, dN ~ a?dt, the
Poissonian statistics of the pump field will be approximately Gaussian. The mean and
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variance of the Gaussian-distributed photocounts are

u=«ktr{[@® + (@ +a") + 4 4)1p()}dr ~ k[a® + a(d + 4')]de, (2.25a)

o? = ka?de. (2.25b)

We can thus write
dN = k[e? + a(d + a"y]dr + VekadW; (2.26)

here, dW is Wiener increment with mean (dW) = 0 and variance dW? = ds.

If we use these results—the displaced frame (2.22) and the Gaussian-distributed photo-
counts (2.26)—in the stochastic master equation (2.19), we obtain the stochastic master
equation for homodyne detection,

dp(t) = —i[H, p(t)]dt + kD[A1p(t)dt + VEH[41p()dW (1), (2.272)
DIANS = ApAT - %(/M,s + pATA), (2.27b)
HIALP = (A (A)p + PAT - (AT)). (2.27¢)

Additionally, the equation for photocurrent becomes

I(t)dr = V(a + a"de +dW. (2.28)

2.2 UANTUM MEASUREMENTS ON PHYSICAL SYSTEMS

Originally, quantum trajectories have been introduced as an interesting and efficient
method to solve master equations numerically [215]. At that time it was difficult to
imagine that control of individual quantum systems would reach such a level where their
monitoring in real time would become possible. Nowadays—only 25 years later—quantum
trajectories are routinely observed in laboratories the world over and continuous meas-
urements and measurement-based feedback are important tools for control of quantum
systems.

Probably the most famous example of observation of quantum trajectories are the
experiments with microwave cavities and Rydberg atoms performed by the group of
Serge Haroche [216-218]. In these experiments, the atoms are used to perform Ramsey
interferometry on the cavity field; the atoms are sent individually through the cavity and
their dispersive interaction with the cavity field encodes the field intensity in the phase the
atomic state acquires. Measurement of the atomic state after the interaction thus reveals
the photon population in the cavity and enables observation of its jumps between different
photon numbers.

In circuit quantum electrodynamics, individual quantum trajectories have also been
observed [159, 219]. In the simplest scenario, a single superconducting qubit dispersively
interacts with a cavity mode,

Hiy = xd'aé,, (2.29)
which is followed by a measurement of the phase quadrature of the output field. Through
the interaction, the field acquires a phase shift that depends on the qubit state. If the
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measurement is weak, the qubit state slowly drifts towards one of the pointer states; with
a strong measurement, the qubit jumps between the ground and excited states.

With more intricate circuits, more complex dynamics can be studied. For instance,
simultaneous measurement and Rabi drive can result in quantum Zeno effect [209, 220];
the measurement process counteracts the driving and the transitions between the two
qubit states are suppressed. Other interesting concepts studied in circuit quantum electro-
dynamics include simultaneous measurements of non-commuting observables [221] and
continuous measurement of the transverse component of the qubit state [222].

Continuous measurements also open new possibilities for state manipulation, especially
when followed by postselection. In such a scenario, the measurement signal is used to
determine whether the system reached a desired state; if that is not the case, the protocol
is repeated. It is possible to use postselection to initialize the state of a superconducting
qubit [160, 223]. Here, the dispersive interaction and homodyne detection are used to
determine whether the qubit is in the ground or excited state; if it is found in the excited
state, a single w-pulse can be applied to bring it to the ground state.

One can also generate entanglement between two superconducting qubits by measuring
their total spin [91, 92]. For this task, dispersive coupling of a cavity mode to two qubits
1s used,

A A T

AT AN A A2
Hiy = x1a'ac, + x2a z

ao (2.30)
If the coupling to both qubits is equally strong, x1 = x2, the phase quadrature carries
information about the total spin of the two qubits, 6! + 6-2. For qubits initially prepared
in the state o) = %(IO) + [1)(I0) + |1)), the qubits collapse onto the Bell state |¥,) =
(101) + 10))/V2 with probability of 50 %. The greatest advantage of this approach is that
the qubits do not have to be placed in the same cavity; the scheme works also when the
qubits are in separate cavities and the output of one cavity is fed into the second one.

Even more applications are possible when continuous measurements are accompanied
by measurement-based feedback [97, 206]. In such a scenario, the measurement signal
is used to apply a feedback operation on the system. This approach is experimentally
more demanding since it requires instantaneous correction of the dynamics based on the
measurement outcome in each time step; it enables, however, deterministic entanglement
generation [162]. Feedback can also be used to counteract backaction of the measurement
[224, 225], thus stabilizing quantum trajectories [161, 226-228]. State stabilization is also
possible using stroboscopic measurements and feedback [229]. Here, a strong projective
measurement is applied periodically at times when the system is assumed to be in a specific
eigenstate of the measurement; if it is not, feedback is used to bring it to this state.

In optomechanics, measurement feedback can be used to cool a mechanical oscillator
to its ground state [126, 230-232]. Homodyne detection of light provides information
about the position of the mechanical oscillator; a second laser uses this information to
counteract the thermal fluctuations and confine the mechanical motion to a small region
around its equilibrium position.

Another interesting approach to feedback control in optomechanics involves systems
driven on the blue sideband [233]. The blue-detuned optomechanical interaction generates
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entanglement between the mechanical oscillator and the light field and can be combined
with time-continuous Bell measurements [234]. With these tools, it is possible to teleport
an arbitrary quantum state onto the mechanical oscillator or to entangle two mechanical
oscillators.

2.3 GAUSSIAN DYNAMICS

Stochastic master equations are a crucial tool for describing quantum dynamics under con-
tinuous measurements; their weakness lies in the difficulty of their simulation. One needs
to generate many quantum trajectories to be able to understand the statistical properties
of the physical processes. In addition, when not all decay channels are monitored, one
usually has to work with density matrix—and not the wavefunction—which significantly
limits the size of problems that can be simulated numerically.

One can avoid the necessity of generating many trajectories for Gaussian systems, that
is, systems characterized by a Gaussian quasi-probability distribution in phase space [235].
Such systems can be fully described using the first and second statistical moments of the
quasi-probability distribution, for which algebraic equations of motion can be derived. A
Gaussian system is described by continuous-variable operators with linear dynamics; the ca-
nonical operators can be collected in a vector £ = (41, p1s - - -» 4N, ﬁN)T with commutation
relations defining the symplectic matrix

[7:, 7] = ioy;, o= _Ol ; &...® _Ol é . (2.31)

In terms of the canonical vector t, the unitary dynamics is bilinear and jump and measure-
ment operators are linear,

dp = —i[H, plde + )" DIj,1pde + > H[ A, 15dW,, (2.322)
H= %ATRF, R =R" e R?N xR¥, (2.32b)
]An = E.ZIA‘, E-n € CZN, (2.32C)
A = (Cpp + im,y) T £, Cpomm,, € RZV. (2.32d)

[In equation (2.32b), we do not include linear terms to the Hamiltonian, which would
only result in a displacement with respect to the origin of the phase space.] Since the
system is Gaussian, it is fully described by the first and second statistical moments of the
canonical operators,

x = (t) = tr{pt}, L = ([7i.7;14) — 2xix;. (2.33)
In the following, I show how to derive equations governing the dynamics of the statistical

moments which fully characterise the evolution of the Gaussian system.
We start by considering the master equation

A

d N A A A
£=wﬁm+;ﬂmm (2.34)
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from which we first derive the equation of motion for the mean vector x. For the ith
mean value, we have

X; =tr d—ﬁf-
2 dt 2
= —ite{[H, p1} + ) tr{DI]a 1573}
. Al A A Al AT A A l A A A
= —{plri, HI} + g o\ 1nifn = 5Unin Tile | (5 (2.35)

in the last line and in the following, I use the Einstein summation convention. The

commutator in the ﬁrst term can be rewritten as
A N 1 A A A 1 A A A A A A . A
(7, H] = ERj/e[ri,er/e] = ER]'/e([ri,rj]Vle +7;[75, 7% ]) = 103 Rjp 7, (2:36)

where I used the fact that the Hamiltonian matrix is symmetric, R = R”. For the Lindblad

terms, we have
A A A * A A A A 1 A A A
t{D[julp7i} = Enj&, e p | TR7i7) — E[ﬁe”/, an
1 * A A A A A A A
= 5&n& P (el7i 7] = [7i 7 1)}
i * *
= =508, 6k = Enj€ ) Xk (2.37)
Combining everything, we can write
. i . .
X; = iR jpxp = 20361 Enk = Enj€ ) Xk (2.38)
or, in the matrix form,

x=Ax, A= oR—%o;(a;a,{—ana;). (2.39)

For the covariance matrix, we need to evaluate the expression

d/)\ A A . .
I =tr{a[ri,r]-]+ = 2(%;x; + x;%;). (2.40)
We start with the coherent evolution. The commutator
A A A 1 A A A A A A A A A A A A A A A A
[rivy H1 = SRy (ril7), 717y + 7 [73, 71175 + 175 7 17571 + 77375, 71 ), (2.41)
which, combined with [7;7;, H ], gives

(7510 H ] = (o Rp 7 711 — [Fis P11 Ripog)- (2.42)
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For the decay terms, we have

A A 1 wn s
D []n] _]nrlr]]n []l]n,rifjh

Enknt (P 710 + Tl 77 71 1)
= %é::;/efnl (01T 7i + TPt = T Tif = T 771, (2.43)
where we used
[fﬁj, ;/e] = 7”\1‘[7’\]', TAk] + [VAZ', ;k]f]' = iO']'/eTAl' + io—i/e;j- (2.44)
Combined with D[, 17;7; and summed over 7, this expression gives

Z D1l #1e = [Br(ojal i #11e + ol F). F114) = 2ap,0 55075, (2.45)

n

where ) )
@y = z(fzké'nz +ERE)),  Bu = %(fn/eff,; =& EnD). (2.46)

Plugging everything into (2.40), using x;x; = A;,x,x;, and writing the resulting expres-
g81ng ything 4 g XiX; ikXkX] g g eXp
sion in matrix form, we get the Lyapunov equation

I'= Al +TAT +2N, (2.47)

where A is given in equation (2.39) and
_ 1 w T TNl
N=o En (&2el + 8,8 )07 (2.48)

When the dynamics are described by the conditional master equation

= LA, p1de+ 3 Dlalpde + ) HLAn 5V, (2.49)

. . A
we also need to evaluate the contributions from the measurement terms H[A,,]0. We
start by splitting the measurement operator in its Hermitian and anti-Hermitian part,
/l = (¢, + 1mm) £ =4 (Coup + 172,,1) 75, SO We can write

H(An1p = [, (F—x), pls +i[mLE, p]. (2:50)
For the mean values, this gives the contribution

tr{;zw[im]lé}dWm = tr{cmkp,\([;i, ;/e]+ - zxk 7,'\1) + imm/ep/\[;i’ ;k]}dWm
= (TikComk = T3 M) AW, (2.51)

The mean vector thus obeys the equation

dx = Axdt + Z(ch - om,,)dW,,. (2.52)
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For the covariance matrix, we need to evaluate the term
er{[ 75, 7 1eH [ A 103dWy, — 2[(dx)x; + x;(dxj) + (dx;) (dx)],

where we used the Ito rule for the mean values. In the following, we concentrate on
the stochastic contribution in the increments dx; [second term on the right-hand side of
equation (2.52)] as the deterministic contribution is the same as in equation (2.47). We
start by considering

26, (Cipxj + Tjpx;) = 2mp (x;0jp + xj0731). (2.53)

In the first sum on the right hand side, we used the identity
(076,07, 71 1o = 2(Tijcg + T + Tpix; + 2x;xx) (2.54)
which I prove in appendix 2.A. We further use

d(xlx]) = (dxl)x] + x,(dx]) + (dxl)(dx])
Xi(TipCmp = OjeMpp) AW + X (TigConp = 03 M )dWin

+ (T = Tip M) (L1 Copp = 0y, )dE . (2:55)

Combined together, the stochastic contributions to the covariance matrix cancel out,
and we are left with the term —2(I'c,, — om,,)(T'c,, — om,,)” dz. The dynamics of the
covariance matrix are thus given by the Riccati equation

I=ATr +TA” +2N -2 Z(ch - om,,)(Tc,, — om,y,).. (2.56)

Remarkably, the covariance matrix of the conditional state obeys a deterministic equation.
This result further accentuates the significance of the statistical moments for stochastic
quantum dynamics of Gaussian systems; the mean vector is often irrelevant and the
covariance matrix carries all important information about the state.

2.4 ADIABATIC ELIMINATION OF (GAUSSIAN SUBSYSTEMS

The description of Gaussian systems using the statistical moments of their canonical
operators is practical not only for standalone systems but also when they are coupled to
other, non-Gaussian systems. Such a scenario is common to many measurement settings:
a system of interest (e.g., a superconducting qubit, see figure 2.1) is coupled to an auxiliary
system; measurement on the second, readout system gives information about the state of
the first system. In many situations, the second system is a harmonic oscillator (or consists
of several harmonic oscillators), is subject to homodyne measurement, and hence obeys
Gaussian evolution. Since the exact dynamics of the transducer is irrelevant, we would
like to eliminate its evolution from the conditional master equation that describes the
measurement. Describing the Gaussian transducer using its statistical moments enables its
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(a) (b)

[ System HTransducer i ‘ s D@

Figure 2.1: (a) Schematic of the considered setup: a quantum system is monitored by an ancillary

system—a transducer—whose continuously emitted light field is detected. The simplest example
of such a setup—a qubit coupled to a cavity mode with monitored output—is shown in (b). The
transducer can also be a much more complex device, such as an optomechanical transducer for
frequency conversion of electromagnetic fields.

elimination, provided the coupling between the system and the transducer is weak and
the transducer quickly reaches a Gaussian steady state. We thus reduce the dimension
of the problem and overcome the memory requirements of Monte Carlo simulations in
stochastic dynamics.

In the measurement, the system of interest (e.g., a qubit) couples to the transducer (e.g.,
a cavity mode) whose output fields are continuously measured in a homodyne detection.
The conditional dynamics of the overall system, including losses, noise, and the effect of
the continuous diffusive measurement, are described by the stochastic master equation

d:é = LSf;dt + LTﬁdt + Lint.édt + Z W[/im]PAdWm (2.57)

Here, Ls is the system Liouvillian that contains, in general, coherent dynamics given by a

. . A . . . . . .
system Hamiltonian Hs and Lindblad operators describing decoherence. The Liouvillian
for the transducer is

Lrp ==ilHr. 1+ ) DIjalp (2:58)

A A A A . .
with Hy = 1#'Rt and j, = £7'}. Furthermore, we assume the interaction between system
and transducer linear in the transducer operators

L = —ie[Hin, 1, Hi =871, (2.59)

where § is a 2N -dimensional vector of Hermitian operators acting on the system S. We
use the small parameter € to remind us that the interaction is weak and can be treated
perturbatively. Finally, the measurement terms correspond to a homodyne detection, that
is, the measurement operators /im = (¢, + im,,;)T £. The measurements also give rise to
classical measurement currents that take the form

Lydt = (A, + A5 )dt + dW,. (2.60)

To zeroth order in the coupling parameter €, the transducer dynamics are Gaussian
and can be fully described using the first and second statistical moments of the canonical
operators, now defined with respect to the reduced state of the transducer, p1 = trs{p}.
The covariance matrix of the conditional state I'® obeys the Riccati equation (2.56); the
dynamics of the covariance matrix of the unconditional state I'" (obtained by averaging
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over the measurement result) are governed by the Lyapunov equation (2.47). (I use the
superscripts ¢, u to distinguish the covariance matrices describing the conditional and
unconditional state.)

Our goal is to derive a closed, effective equation of motion for the conditional state of
the system ps = trp{p} which is correct to leading order of € based on the assumption
that transducer dynamics L is fast on the time scale of the system-transducer interaction
H,,,. Under this condition, the state of the system will be given by p = ps ® pt + O(e).
The strategy now is to determine equations of motion for the order-€ correction to this
approximation, solve them formally, and substitute the solution into the equation of
motion for ps. In this way, we arrive at a closed, effective equation of motion for ps,
which will be of second order in € in the deterministic and of first order in the stochastic
part.

So far, I have left the system dynamics Ls unspecified. For the adiabatic elimination,
we will have to make an assumption regarding Lg relative to H,, and L. We will
consider two main regimes: in the first case (section 2.4.1), the system dynamics are trivial,
Ls = 0. Such a situation arises in an interaction picture when the system operators §; in
H,, are constants of motion and covers, in particular, the important case of a quantum
nondemolition measurement. Otherwise, Ls = 0 can be fulfilled approximately if the
time scales of L are much slower than those of [—Alim. When the interaction and system
Hamiltonians do not commute, moving to the interaction picture with respect to the
system Liouvillian Lg results in a time-dependent interaction. In the simplest and most
common case, the system operators oscillate at a particular frequency +w; this situation is
described in section 2.4.2.

2.4.1 Effective equation of motion for quantum nondemolition measurement

We start the adiabatic elimination by tracing out the transducer dynamics from the
stochastic master equation (2.57),

dps = trr{dp} = —i€e[$;,0;1dt + 2¢,i f1;dW, (2.61)

where we defined
i = ter{7ip}, Qi =1; — x;Ps. (2.62)

In view of the definition fi; = trr{7;(p — ps ® p)}, we can give a simple physical meaning
to the quantities f1;: they measure the deviation of the exact state ¢ from the tensor
product state ps ® o1 with respect to the first order moments of the transducer’s canonical
variables 7;. Accordingly, for the tensor product state p = ps ® pr, we have fi; = 0, and,
as we will see, the fi; are of first order in €. Next, we derive equations governing the
evolution of 7; and f;, solve them formally to first order in €, and plug the solutions into
equation (2.61).
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To obtain an equation for 7;, we need to evaluate the expression

dij; = ter{7;dp}
= trp{7; Lrp}Ydt —ieter{7;[5;7;, p1}dt + cppjtrr{7;[7; — x}, p 14 3dW,,
+impjtep{7;[ 7}, p1}dW,,
A i AA 1 AA
= Al‘]‘f]]'dt - Ee(l"fj + 2xix]')[5]', pg]dt + EEO',']'[S]', p5]+dt
+Cm]'(UZ']' +2xiﬁ]-)dWm —O'i]'mm]'/)\dem. (2.63)
Here, the first term on the right hand side of the above equation is analogous to terms

appearing in the equation of motion for the mean values of the canonical operators (2.39),
and is therefore equal to A;j7;. For the other deterministic part, we used

A A 1 A A A A 1 .
(rirj) = 575 7j)e + (7377 1) = 5 (T + 22x + i07yj), (2.64)

and p = ps ® pr to Oth order in €. Finally, we defined [A],-]- = trp{[7; — x;,7j — x;14+p}. To
solve equation (2.63), we also need an equation of motion for x;x; fs; since this quantity
is a first order correction to 77; (which is a first order term in the equation for the reduced
density matrix ps), it is sufficient to consider its deterministic part to Oth order in e—the
stochastic part would give rise to a stochastic contribution of second order for ps.

Using the It6 product rule, we have

dx; = trs{dn;}
= Al‘]‘x]'dt + EO'i]‘<§/‘>dt + (Fl‘cj‘cmj - O'l']'mm]‘)dWm, (2.65&)
d(x;ps) = (dx;)ps + x;dps + dx;dps
= Ai]‘xl',oAsdt + EO’i]'<§]’>ﬁ5dt + (Fl'cjcmj - Ui/mmi)(Zkaﬁkdt + pAdem)
- ix,'E[f]', ﬁj]dt + incm]ﬁ]'dWm, (2.65b)
d(x;xjps) = Ajpxpx;psdt + xixkﬁsz‘lgjdt
+ (rl'ckcm/e - O-i/emmk)(r]“:lcml - O—jlmml),ant
A A 1 A
= Aikx/ex]-psdt + xixkpsAzjdt + E(Al-kl"zl. + l"kazj + 2Ni]')p5dt, (2.65¢)
where we used the Riccati equation (2.56) in the last equation; moreover, we used fi; =

n; — xips = O(€). Equation (2.65¢) is a Lyapunov equation; generally, the steady-state
solution of a Lyapunov equation AX + XA’ + B = 0 can be written as

[ee)
T
X = f dreA'BeA' (2.66)
0
A straightforward calculation shows that, in this case, this amounts to

A 1 u A
XiX;jpPs = E(FZ] - Ff])ps (2.67)



44 CONTINUOUS MEASUREMENTS ON HYBRID QUANTUM SYSTEMS

This result can be plugged into equation (2.63), which gets the form

1 A A
zfﬂij[sj',pshdt

+ (Flcjcm; - O-ijmmj)ﬁSdWm; (268)

A A i A A
dr]i = A,‘]‘T]]'dt - EEFZ[S]', ps]dt +

here we used p = ps ® pr + O(e) which gives, in leading order, trr{[7;, 7,1+ 0} — 27;x; =
I ps. We formally solve this equation; the solution is

A 1 _ A A —_ dW
EAZJ T3 Bk s = 5€A7 o8 fs ] - A T = i) s~ (2:69)

We can already see that the unconditional part of the reduced equation will not depend on
the conditional state, as expected; since f1; enters equation (2.61) only in the stochastic term,
the unconditional part of equation (2.69) gives the only contribution to the unconditional
dynamics of the system density operator ps.

We proceed similarly to obtain an equation of motion for fi;. Combining equations
(2.63) and (2.65b) and keeping terms to first order in €, we have

dj; = dn; — d(x;ps)

1 A A A
Seo[5; = (s;), ps]ade

= Aujftjdt = 2T Cp = Tikmmp)EmjfljdE + 3

€T5,[3), As1de + iy dW,, (2.70)

where f),-]- = Ui,- - l"l?]. ps. The quantities fZi/ can be interpreted in a similar way as the
f; in equation (2.62): f),-]- measure the deviation of the exact state p from the tensor
product state ps ® o with respect to the second moments of the transducer’s canonical
variables 7;. The equation of motion for §A21] can be derived in a similar way as for f;, and
shows that it is a second order quantity, Q;; = O(e?); refer to Appendix 2.C for more
information about this quantity and the general structure of the equations of motion for
the deviations of the exact and tensor states with respect to the statistical moments of
the transducer. Since the deviations f)i]— are of second order, the stochastic term can be
dropped in equation (2.70), and the solution is

A 1 —_ A A A /\ A
fii = =5 €Q o[k = (o). fs) + éQljlrc Sk> s (2.712)
Q=A-2(I%,, - om,,)cl. (2.71b)

Plugging the results (2.69) and (2.71a) into the equation of motion for the system
density operator, equation (2.61), we recover the effective equation

A 1 —_— A A A i —_— A A A . A A
dps = EAijlr}’k[Si, [Sk» ps]11dt + EAil'la'jk[Sia [Sks Ps]+1dt + H[1A;i5;10sdWrn,  (2.72)
where we have the measurement term

=(T° - i(r)Q_Tcm + A (I, - om,,). (2.73)
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As expected, the deterministic part of the stochastic master equation [first two terms
in equation (2.72)] depends only on the unconditional state of the transducer through
its covariance matrix I'%; the stochastic term, however, does depend on the conditional
state I'“.

The effective equation of motion (2.72) is not manifestly in Lindblad form. In order
to bring it into the Lindblad form, we rewrite it as

A 7y A A A A 1 AA A A A A . AA
dps = —ilH, ps]de + Pij | 5is3) = 55j8is + Psd3) | e + H{iApi3i10sdWon, - (2.74)
where
ja %gT[A—l(r“ +i0) - IV —ieHATJ, (2.752)
| P u o TNA-T
P=—-[ATII" ~io) + (" +ic)A™T]. (2.75b)

The individual jump operators and corresponding decay rates are given by eigenvectors
v; and eigenvalues w; > 0 of the matrix P, 3; wiD[viT§]ﬁ5. The decay matrix P is
indeed positive semidefinite, as shown in appendix 2.B. Finally, the eflective equation of
motion has to be appended with an equation relating the measured photocurrent to the
system observables §; after elimination of the transducer degrees of freedom [replacing
equation (2.60)],

Lydt = GATS — 8T A2 Yt + dW,. (2.76)

2.4.2 Effective equation of motion for oscillating system-transducer interaction

When moving to the rotating frame with respect to the system Hamiltonian, the interaction
stays time independent only for special cases. Generally, the system operators will become
time-dependent. To go beyond the model presented in section 2.4.1, we now consider the
simplest case of time-dependent operators—those oscillating at frequency +w. We write
the interaction Hamiltonian as I—Alim(t) = §7(¢)t, where §(¢) = §,€" + §_e ! and the
operators §. are time independent and Hermitian conjugate of each other, (§+)Z.T = (5_);.
Although this is not a completely general form of system-transducer coupling, together
with the time-independent case, it can cover a large range of scenarios, including arbitrary
qubit dynamics.

Since the system operators now oscillate at frequency w, the essential part of the signal
will be transmitted by the sidebands and not in the carrier frequency. To recover this signal,
we perform the measurements with local oscillators that are detuned from the standard
reference frame. Denoting the frequency of the standard reference frame (corresponding,
e.g., to the frequency of the laser light used to drive the system) as wg and the frequency
of the local oscillator as w,,, we can use the following description [233]: the adjustment
results in time-dependent measurement operators A, (t) = (¢ + im,,) T £(2), where we

have
d"ieﬂAmt + ﬂ’\jelAmt . (,QZ.CIA”’[ _ é\ie—lAmt

A

qi = 7 . pi 5 (2.77)
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with A, = wg — w,,. Alternatively, we can rewrite the measurement operators so that
the time-dependence enters through the coefficients, /im (t) = [Cm(t) +im,, (£)]T (with
the canonical operators t time-independent), which will prove useful when adiabatically
eliminating the transducer dynamics. Overall, the stochastic master equation takes the

form

dp = —ie[8T ()E, p1dt + Lppde + Z H[ A, (£)]pdW,, (2.78)

where we explicitly write the time dependence of the interaction Hamiltonian and the
measurement operators.

Before proceeding with the adiabatic elimination, we have to pay attention to the
conditional steady state of the Gaussian system. Since the measurement terms are now
time-dependent, the Riccati equation (2.56) for this system is ill-defined. To circumvent
this problem, we perform rotating wave approximation in the measurement terms by
introducing the coarse-grained Wiener increments

dWy;, = f\/icos(Amt)dWm, dW;, = f\/isin(Amt)dWm. (2.79)

For integration intervals long on the time scale of A}! but short on all other time scales,
this produces two independent Wiener increments, dW,;’,deb = Omnl,pdt; a,b € {c,s},
effectively turning every measurement into two,

1

V2

1

ﬁW[ﬁ;]ﬁdW,;, (2.80)

H[ A (1)1pdW,, — —HLAS,1pdWS +

where 12, = (¢, +im%)7t and

Cn () = ¢, cos(Apt) + ¢, sin(Ap, £), (2.81a)

m,, (t) = mj, cos(Ay,t) + m, sin(A,,t). (2.81b)

These measurement operators are time-independent and thus give rise to a valid Riccati
equation

I°=Ar°+I°A” + 2N - Z Z (I°c?, — om%)(Ic?, — om?)’. (2.82)
m a€c{cs}

We treat the matrix Q [equation (2.71b)], which now also becomes time-dependent, in a
similar manner; it becomes

Q=A-) >\, - omf)(ch) (2.83)

With these adjustments, we are now ready to adiabatically eliminate the transducer dynam-
ics and obtain an effective equation of motion for the system density matrix ps.

Since we made no assumptions about time-dependence of the system operators in
deriving equations of motion for ps, 7;, x;x; ps, and f1; in equations (2.61), (2.63), (2.65¢),
(2.70), these equations stay valid also in the present case. It is only their formal solution
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where the time-dependence of the system and measurement operators starts to play a role.
The solution is, nevertheless, analogous to the time-independent case, only with additional
oscillation terms, e**. Solving the equations of motion for x;x;ps, 7;, i1; formally and

performing the rotating wave approximation, we arrive at the equation

dps = Lpsdt + H[A,1PsdW,, (2.84a)
Lydt = (A + ALYt + dW,. (2.84b)

Here, the deterministic part is given by
A 1 . _ u A A A . A A A
Lps=5(A+ 1w)l«]~1{1"]-,€[(5+)i,[(S—)k,Ps]] +10 [ (51)in [ g P14 13+
1 . A A A . A A A
+5A- 1w){]~1{1"fk[(5—)zs [k Ps1T + 107 [(52)i, [(S+)s ps 1413 (2.85)

and the particular form of the measurement term depends on the choice of local oscillator
detuning, for which one has to distinguish two relevant cases A, = *w,

Ap =iOL8, +iZL8., A, = -w, (2.862)
Ay =iZl8, +iO®L8., A, =w, (2.86b)
®,, = T —io)(Q +iA,D)7ct, + (A —iA, )™ (Tc}, — om}), (2.86¢)
Z, = T —i0)(Q - iA, D) Tc;, + (A +iA,D) " (Tc;, — omy), (2.86d)

~1Ant and mZ, are defined similarly.

where we denote c,, (t) = ¢, et + ¢, e

To bring the deterministic part of this equation to Lindblad form, we can proceed
similarly to the time-independent case. Since now the system operators (5.); are non-
Hermitian, we first need to express them using some Hermitian basis (in the case of qubits,
for instance, that would be the set of the Pauli operators and the identity). We can then
recover the Hamiltonian part and the dissipative part, the diagonalization of which reveals

the individual decay channels.

2.5 ExAMPLES

In this section, I illustrate the use of the adiabatic elimination method presented in section
2.4 on a few simple examples. The model scenarios are taken from circuit quantum
electrodynamics where small amounts of thermal noise—typically unaccounted for by
other adiabatic elimination methods—can be present even in cryogenically cooled systems.
I show that the adiabatic elimination of Gaussian systems (which I henceforth refer to as
Gaussian adiabatic elimination) can provide significantly increased accuracy for thermal
noise at the level of few quanta.

The examples are shown in figure 2.2. In section 2.5.1, I consider dispersive readout of
a qubit using a cavity that is coupled to a thermal reservoir; see figure 2.2(a). I compare
Gaussian adiabatic elimination with results obtained by density operator expansion (dis-
cussed in detail below) and show that significant qualitative and quantitative improvements
can be achieved with the former method. I extend this system in section 2.5.2 [figure
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Figure 2.2: Schematic illustrations of the setups to exemplify Gaussian adiabatic elimination. In
sections 2.5.1, 2.5.3, we analyse dynamics of a qubit coupled to a thermal cavity via dispersive and
Jaynes-Cummings interaction, respectively, shown in (a). (b) Setup for entanglement generation
by measurement as discussed in section 2.5.2. Here, two qubits interact dispersively with the same
cavity but not with each other. With a suitable initial state and using the information obtained from
the measurement record, it is then possible to postselect an entangled state of the two qubits. Finally,
in section 2.5.4, I study a qubit coupled to the two-oscillator transducer shown in (c), where the first
oscillator couples to a thermal bath; the second oscillator—which is used to read out the state of the
first oscillator—is effectively at zero temperature.

2.2(b)] where I study the effect of thermal noise on generating two-qubit entanglement
by measurement, following the approach of Hutchison et al. [91]. Next, I illustrate the
use of Gaussian adiabatic elimination with time-dependent interaction in section 2.5.3
where I consider a single qubit coupled to a cavity field via Jaynes—-Cummings Hamilto-
nian. Finally, in section 2.5.4, I consider the system shown in figure 2.2(c): a transducer
consisting of two coupled oscillators, one of which is coupled to a thermal bath. This
setup differs from all other scenarios considered here by having a different unconditional
and conditional steady state of the transducer, and I show how the Gaussian adiabatic
elimination fares in this case. All numerical calculations in this section are done in PYTHON

using QUTIP [236-238].

2.5.1 Quantum nondemolition readout of a qubit

We consider the system shown in figure 2.2(a), where a qubit couples in a quantum
nondemolition interaction to a cavity mode whose output field is subject to continuous
homodyne detection. In such a system the cavity itself serves just as a transducer, and
can be adiabatically eliminated if the cavity decay rate is sufficiently large (faster than the
coupling). We start with the qubit-cavity Hamiltonian of the form

H = % b, +ATE + 4T A6, +1E (46 + 4Te™?). (2.87)
We move to the interaction picture with respect to the free qubit evolution, cancelling the
first term. The second term shows the free cavity dynamics; we choose to drive the cavity
mode at the centre frequency, A = 0, maximising the measurement efliciency. The third
term gives the standard dispersive interaction, and the last term describes the cavity drive.
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To obtain interaction that is linear in the cavity quadrature operators, we hnearlze
the Hamiltonian by moving to the displaced frame, p — Df (@) pD(a/), where D(a)
exp(aa’ — a*4) is the displacement operator and @ = 2Ee™ ¢/« (with cavity decay rate
k) is the steady state cavity field. (The linearization also makes it possible to eliminate
the cavity field using density operator expansion approach later.) This procedure brings
the interaction Hamiltonian to the form I-Almt =g(@*d +ad" )b, + ga'dd,. If the driving
field is strong enough, we can drop the second term, getting the interaction Hamiltonian
Hlnt = x740,, where 74 = (4e® + 4Te™)/V2 and y = V2g]a|. The phase ¢ is set by the
field E driving the cavity.

Since the cavity field couples to a thermal bath (with average number of excitations
7), the measurement term takes the form /x/(27 + D)H[ (7 + 1)@ — 74’ 1p [97]. The full
dynamics of the qubit—cavity system is thus described by the equation

dp = —ix[6,7p, p1dt + k{7 + )D[a] + 7 D[4 1} pdt

- H[(7 + 1 —7nd' |pdw. (2.88)
n+1
Here, we assume that the cavity leaks only through its output port at rate « and the
homodyne detector has unit efficiency; numerical simulations indicate that additional decay
has little effect on the accuracy of the adiabatic elimination methods. The measurement
signal has the form Idt = \2«/(27 + 1){g)dt + dW.
Following the recipe from section 2.4.1, we have the transducer Hamiltonian Hr =
0, jump operators j; = Vk(#@+1)4, /» = Vkna', and measurement operator 1 =

Vi/Qn + D[(m + 1)d —na'], or

R=0, (2.89a)

[k(m+ 1 1 n| 1
& = @( : )’ & = %( _i ), (289b)
~ X 1 _ [k@r+1) [0 g
““Vagmn\o) ™ N2 \1) (2.890)

It then follows that A = —%KIQ, N=m+ %)Iz and both the unconditional and conditional
steady states are the thermal state ' = I'® = (277 + 1)I,. Furthermore, from the interaction
Hamiltonian, we can read off § = y&,(cos ¢, —sin )7 . After plugging everything into
equation (2.72), a straightforward calculation reveals the effective equation

2 , ¥2
dps = 2%(2ﬁ+ DD[6,]psdt + ﬁﬂ[ 127 cos ¢ + €7)6,1psdW, (2.90a)

8x2 . "
Idt = —\|—=——sin ¢{0,)dt + dW. (2.90b)

k2n+1)
Obviously, the optimal phase for an efficient readout of the qubit state is ¢ = /2, which is
.. . . . . A
not surprising—this phase choice corresponds to an interaction of the from Hy, = x&,p
accompanied by a ¢ measurement.
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Figure 2.3: Determination of the average trace distance. Starting from a single quantum trajectory
[expectation values of the Pauli matrices shown in plots (a—c)], we calculate the trace distance
between the full model [dotted blue line, equation (2.88)], and the result obtained by Gaussian
adiabatic elimination [full green line, equation (2.90)], or using the density operator expansion [dot-
dashed red line, equation (2.92)]. The resulting trace distances are shown in (d). We further average
using 500 quantum trajectories in (e) to obtain an average trace distance. Using time averaging on this
result, we further obtain a single figure of merit that determines quality of the two approaches. For
the results shown here with 77 = 2, y = 0.1«, ¢ = 7/2 and initial qubit state [yo) = (|0) + 11)/v2,
we have the average trace distance D ~ 0.05 for Gaussian adiabatic elimination and D ~ 0.22 for
density operator expansion (cf. figure 2.4).

I contrast the Gaussian adiabatic elimination with a more common approach based
on expanding the density operator in the Fock basis of the cavity around its vacuum state
assuming no thermal excitations in the cavity [91, 207],

p = Pool0XOl + 1ol O] + Por0X1] + purl 1] + ..., (2.91)

where the elements p;; are operators acting on the Hilbert space of the qubit, and are
of the order 7 + j in the small coupling parameter €. Expanding up to second order, the
reduced state of the qubit is given by ps = trp{p} = poo + P11, and the elements poo, P11
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depend on p;; with z + j < 2. The qubit equation of motion takes the form

2 2 .

dps = 2%(2% DD[&,1psdr + \/2%7{[6_‘("5”/2)6'2];35(1\?(/, (2.92a)
8y2 . A

Ide = - = sin #{0,)dr + dW. (2.92b)

Here we took into account the effect of thermal noise in the deterministic part (first
term), which can be easily done using, for example, projection operator method [214].
The only difference between equations (2.90) and (2.92) is thus in the measurement term.
Qualitatively speaking, the density operator expansion overestimates the effective strength
of the measurement by a factor of 1/V7%. The actual rate at which information about
the qubit state is transferred to the output field does not depend on the temperature of
the cavity (it is proportional to y?/«) but, since the noise level increases with increasing
temperature, the signal-to-noise ratio decreases, leading to a decrease of the effective
measurement rate. For a zero temperature bath, both methods give the same results; in
the presence of thermal excitations, however, this difference quickly starts to play a role.
To quantify the difference between the full model given by equation (2.88) and the
effective qubit equation (2.90) or (2.92), we calculate the trace distance between the
corresponding qubit states (I use p1 to denote state obtained from the exact dynamics and

A . . A A A A . A )3 )3 .

02 for the approximation methods), D(p1, 02) = %tr|p1 — p2| with | X| = { XTX. Since

the density matrices describe the state of a single qubit, the trace distance can be expressed
. . . . A ] A A

using the expectation values of the Pauli matrices (0) =tr{p;0;} as

A A 1 A A
D(prp =5 | D, (&H—@)2. (2.93)

ie{x,y,z}

To obtain an average trace distance between the full model and the reduced dynamics,
we generate a large number of quantum trajectories. We are thus able to study how the
average trace distance changes in time; in addition, upon time averaging, we obtain a single
figure of merit quantifying the discrepancy between the full and reduced dynamics; the
averaging process is illustrated in figure 2.3.

The results of the numerical investigations are shown in figure 2.4. In panel (a), I plot
the average trace distance as a function of the interaction phase ¢ for Gaussian adiabatic
elimination (green squares) and density operator expansion (black stars). Both methods
provide best results for ¢ = /2, corresponding to an interaction of the form Hy = XPOs.
This feature is particularly beneficial since, as discussed before, this phase choice is optimal
for nondemolition readout of the qubit state.

In panel (b) of figure 2.4, I plot the average trace distance versus thermal occupation
number. While the average trace distance with Gaussian adiabatic elimination (green
squares for ¢ = /2, blue circles for ¢ = 0) eventually saturates (with the phase ¢ = 0 this
happens at 77 ~ 3, which is not shown in the plot), the error with density operator expan-
sion (black stars for ¢ = 7/2, red crosses for ¢ = 0) grows with increasing temperature.
Moreover, the Gaussian adiabatic elimination performs a factor of about 2 better than
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Figure 2.4: Average trace distance for Gaussian adiabatic elimination and density operator expansion
as compared to the full model. (a) Trace distance as a function of the measurement phase with
green squares showing results for the Gaussian adiabatic elimination and black stars for density
operator expansion. The bottom panels show the trace distance versus thermal occupation number
(b) and the overall measurement time (c) for two choices of phase: ¢ = 7/2 (green squares for
Gaussian adiabatic elimination, black stars for density operator expansion), and ¢ = 0 (blue circles
for Gaussian adiabatic elimination, red crosses for density operator expansion). The parameters used
for the simulations are y = 0.1«, 77 = 2 [for (a,c)], measurement time 7" = 50 [(a,b)], and initial
qubit state [g) = (|0) + [1))/¥2. The Fock space of the cavity field for the full model is cut off at
Ninax = 20.

density operator expansion already for half a thermal excitation present in the bath; with
the phase choice ¢ = /2, which corresponds to the optimal qubit readout, the difference
between the two methods quickly grows.

Finally, in figure 2.4(c), I investigate how the measurement time affects the accuracy of
the two methods. Gaussian adiabatic elimination remains unaffected by the length of the
measurement (¢ = 0) or even slightly improves with time (¢ = 7/2), whereas accuracy of
the density operator expansion method slowly deteriorates over time. This feature can
be seen already from the time-dependence of the trace distance [cf. figure 2.3(e)], where
the trace distance with Gaussian adiabatic elimination reaches a maximum shortly after
the begin of the evolution (¢ ~ 5¢7!) and then settles at a smaller steady state value, while
the trace distance with density operator expansion continues to grow throughout the
evolution.

The choice of a single initial qubit state [yo) = (|0) + [1))/V2 does not affect the
completeness of our analysis. Since the evolution for eigenstates of the -, operator is
trivial, the dynamics starting on the equator of the Bloch sphere is the most interesting
from the point of view of solution accuracy. As there is no preferred phase for the qubit,
the adiabatic elimination methods perform equally for all these states.

Additionally, generating quantum trajectories with the approximation methods is, due
to smaller size of the Hilbert space, about four times faster than with the full model; in



2.5 EXAMPLES 33

0 0
-6-4-20 2 4 6 —-60-40-20 0 20 40 60
Integrated current (units of x'/?) Integrated current (units of x~'/?)

T T T T T

Probability

Time (units of k1)

Figure 2.5: Example histograms of the integrated current at the beginning of the readout [7 = 5«71,
(a)] and at a later time [7" = 100«~1, (b)]. In panel (c), I plot the probability of the two qubits to
be in the state |00) (dot-dashed green line), |11) (dotted red line), and |¥4) (full blue line) for an
example quantum trajectory. The simulations were run with the parameters y = 0.1, 7 = 0, and
1000 trajectories were used for generating the histograms.

systems with larger thermal noise, this effect will be even larger. Moreover, as the qubit
dynamics happen on a slower time scale than the evolution of the cavity field, it is possible

to use larger time steps in the numerical solution, speeding the numerics up even more.

2.5.2 Two-qubit entanglement in presence of thermal noise

Extending the system presented in the previous section, we now consider two qubits

dispersively coupled to a common cavity field, H.,, = 3 : 740", where &, acts on the
P y p Yy int i XiT¢0 2 z

7th qubit. Such a system is of particular interest as the joint measurement of the two qubits
can generate entanglement between them [91, 92]. Indeed, a straightforward generalization
of equation (2.90) (with ¢ = —7/2) gives the effective dynamics

A 2 — A A A 2 A A A
dps = =(2n + DD x16; + x2621psdt + | ————H[ 16} + x2621psdW,
K k2n+1)
(2.942)
_ 8 Al A2
Idt = 4/ @D {(x10, + x20;)dt + dW. (2.94b)

We thus get an effective measurement of the total spin of the two qubits. If we prepare
the qubits in the state |yg) = %(IO) + 1)) ® (|0) + |1)), engineer the interaction so
that y; = x2 = yx, and postselect only those trajectories with measurement outcome
(6} + &2) = 0, the two-qubit state takes the form |¥,) = (|01) + [10))/V?2 since there is
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Figure 2.6: Logarithmic negativity (full blue line) and success probability (dashed green line) versus
the postselection threshold v for 7 = 0 (a) and 7 = 2 (c). The measurement time is 7 = 100~}
in (a) and 7' = 250«~! in (c); moreover, in the insets, I plot the logarithmic negativity and success
probability for T = 751 (left) and 7' = 150« 1 (right) for both (a) and (c). In addition, in panels
(b,d), histograms of the integrated currents corresponding to the results in (a,c) are shown. I use the
coupling x = 0.1k and average over 1000 quantum trajectories.

one excitation in the system but we have no information on which of the two qubits is
excited. Moreover, this state is also a dark state of the Lindblad term D[4} + 52195 so it
is a conditional steady state of the stochastic master equation (2.94).

In more detail, the entanglement is generated using the following protocol: first, the
qubits interact with the cavity mode and the output field is measured, which is described
by equation (2.94). After time 7', we have accumulated the signal

T
J(T) = fo de1(0); (2.95)

if the integrated current is close to zero, the expectation value (&} + &2) = 0 and the
qubits are in the state |V, ). The whole measurement is illustrated in figure 2.5. At an early
time in the evolution [panel (a)], the distribution of the integrated current is Gaussian
but at a later time [panel (b)] three distinct peaks form with the centre one corresponding
to the qubits in the state |¥.). Quantitatively, the postselection is performed by using a
threshold v and keeping the state if and only if || < v. A small threshold thus results in a
pure entangled state, albeit with a small success probability; increasing the threshold value,
in turn, results in a mixed state with reduced amount of entanglement.

I plot the results of the numerical simulations in figure 2.6. I analyse the logarithmic
negativity [239] of the resulting postselected state (full blue line) and the corresponding
success probability (dashed green line) for cavity coupled to a vacuum bath [panel (a)]
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and a bath with 77 = 2 [panel (¢)]. Generally, in the presence of thermal photons, longer
measurement times are needed to reach a maximally entangled state—I use the measurement
times 7' = 100k~ for zero temperature bath and 7' = 250«~! in presence of thermal noise.
This effect is due to the reduced signal-to-noise ratio, cf. figure 2.6(b,d). In the histograms,
one can see that the local minima between peaks are slightly less pronounced for 7 = 2
even with a measurement that is longer by a factor of 2.5.

These observations are further accentuated in the insets of figure 2.6(a,c), where I
plot the logarithmic negativity and success probability for 7 = 75«71 (left inset) and
T = 150«7! (right). With thermal photons present, the logarithmic negativity does
not reach unity in the limit v — 0 for the shorter time; at this point, a plateau of unit
entanglement starts to form with vacuum bath. For the latter time, we reach a large
plateau of success probability of 0.5 with zero temperature, making it possible to generate
the |V, ) Bell state in half the cases; a similar plateau with the thermal bath starts to form
only around 7' = 250«~!. In any practical setting, this will present a problem since other
decoherence mechanisms—such as intrinsic relaxation and dephasing of the qubits—will
start to play a role.

2.5.3 Single-qubit measurement using Jaynes—-Cummings interaction

To illustrate adiabatic elimination with oscillating system operators, I now consider an
example of a single qubit coupled to a cavity mode via Jaynes-Cummings Hamiltonian,

A 1 A AT A AN 1 AT A —1
H = zwaz +AdT4+ g(aO'+e‘¢ +alo_e™?). (2.96)

In the rotating frame of the qubit, this interaction gives rise to the stochastic master
equation

dp = _i[g(éfnei(w“@ +ato_e @0y L ARTA, p1dt + k{7 + )D[4] + n D[4 1} pdr

2_ ‘H[(n + Dae ™ — 7470 pdW (2.97)

with homodyne detection performed with detuning §. To obtain a full model without
oscillating measurement operators, we choose the detunings A = w = —§. Equation (2.97)
simplifies to (in rotating frame with respect to the cavity Hamiltonian Ag'4)

= —ig[4b e + aT6_e7, p1dt + k(7 + ) D[21pdt + kn D[4 1 pde+

1/ ‘H[(n +1)d—7n4a'1pdW, (2.98a)

Ide = 2% (@)t +dW. (2.98b)

In the following, I use equation (2.98) for comparison with the adiabatic elimination
methods; it is equation (2.97), however, that I use as a starting point for the elimination
of the cavity dynamics. This choice enables us, in principle, to go beyond the scenario
with A = w = —§ in the adiabatic approximation; using the Gaussian adiabatic elimination
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method, it is possible, for instance, to describe dynamics with measurement performed at
the other sideband, § = w.
The transducer dynamics are given by the Hamiltonian Hy = A4'4, jump operat-

— — A A — —
ors j1 = Vk(m+1)a, j» = Vkn 4", and measurement operator A = \k/(2n + D[(n +
1)de ¥ —747e!], so we have R = Al,, &1, the same as for the dispersive readout in
equations (2.89b), and the measurement operator

A K . _ ) .
1= \ m[cos(&t} —1(27 + 1) sin(6t)]g
i \/2(2ﬁk+ Ty Lsin(08) +i(27 + 1) cos(61)1p. (2.992)
c_ K 1 e [k@rn+1) [0
CTy 2(2z+1)( 0 ) m' == ( 1 ) (2.99b)
s_ [k [0O s [k@r+D) [ 0 ( :
““Namip\1 ] VT2 | ) 2.99¢
T N SR . [k@r+D (i
€ 8(2%+1)( -i ) m ‘\/T_( 1 ) (2.99d)

withc¢™ = (¢")*, m™ = (m*)*. We thus have A = —%K12+A0', N = (E+%)Iz, and the cavity
steady state (both unconditional and conditional) is the thermal state I = T = (27 + 1)1,.
Together with the system operators

A_i_i¢/\ 1 /\:ii(ﬁ/\ 1
S— \/ze 0'_( —i ), S+ \/Ee el ) (2.100)

and the choice of frequencies A = w = -6, this gives the effective equation

A 4 2 —_— A —_— A A
dps = %{m + )D& ]+ 7D[6 ]} psdt

2g

+—2 H[@ + DF_e D _ 55 0D fdW (2.1012)
Vk@r + 1) '
2
Idt = —g(é'y cos ¢ — by sin ¢)dt + dW. (2.101b)

V@7 + 1)
With density operator expansion (and a correction for thermal noise in the Lindblad
terms), the qubit dynamics are described by the equation

442 2 .
dps = %{(ﬁ L D)D[6_ ]+ D[54 ]} psde + v—q_ﬂ[&_e“("’”/z)]ﬁde, (2.102a)
K

Ide = %(&y cos¢ — 0y sin ¢)dt + dW. (2.102b)

Both adiabatic elimination methods, equations (2.101), (2.102), give identical results for
zero-temperature cavity bath.

The average trace distance for Gaussian adiabatic elimination and density operator
expansion is analysed, in complete analogy with the dispersive readout, in figure 2.7. The
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Figure 2.7: (a) Average trace distance for Gaussian adiabatic elimination (green squares) and density
operator expansion (black stars) as a function of the interaction phase ¢. In the bottom panels, I plot
the average trace distance versus thermal occupation (b) and measurement time (c) for the choice
of phase ¢ = 0 (blue circles showing Gaussian adiabatic elimination and red crosses for density
operator expansion) and ¢ = 7/2 (Gaussian adiabatic elimination shown in green squares, density
operator expansion in black stars). The parameters used to run the simulations are 4 = 0.1x, 77 = 2
[for panels (a,c)], measurement time 7" = 50 [for (a,b)], and initial qubit state |¢q) = (|0) + 11))/V2.
The cavity field for the full model has been cut off at the Fock number Nyax = 20.

error is minimised for phase ¢ = 0 [panel (a)], which corresponds to a &, measurement;
for a 0, measurement (phase ¢ = 7/2), the average trace distance reaches its maximum.
The error with the Jaynes-Cummings readout is, however, much less phase-sensitive than
with the dispersive measurement. Performance of the Gaussian adiabatic elimination does
not depend on the thermal occupation [panel (b)] while the average trace distance with
the density operator expansion increases with temperature. Finally, for long measurement
times [panel (c)], the average trace distance for both methods gradually decreases as
the measurement approaches a projective readout and the qubit approaches one of its
conditional steady states.

2.5.4 Qubit readout with a two-oscillator transducer

All examples considered so far had one special property in common: the unconditional
and conditional steady states of the transducer were equal. To show how Gaussian
adiabatic elimination can be applied to systems where this is not the case, I now consider
the following example [see figure 2.2(c)]: A qubit, our system of interest, couples to a
harmonic oscillator by means of a quantum nondemolition interaction, similar to the
example in section 2.5.1. This oscillator decays into a thermal bath and, at the same time,
couples to another oscillator of much higher frequency so its reservoir is effectively in the
ground state. Finally, we measure the output of the second oscillator.



58 CONTINUOUS MEASUREMENTS ON HYBRID QUANTUM SYSTEMS

8 0.03} (@ | 0.03[ (®)

% N . ’ 2 1 "lvnv. My M
5002 © ¥ { 0.02}

© ]

g 0.01|® { o0.01

* 0.00

L L L L L 000 L L L L
0.0 05 1.0 15 20 0 10 20 30 40 50
Thermal occupation Time (units of k')
Figure 2.8: (a) Average trace distance as a function of thermal occupation for three regimes: weak
coupling (4 = 0.2, green squares), intermediate coupling (4 = 0.5«, blue circles), and strong
coupling (4 = «, black stars). In (b), I show the average trace distance versus time for 7 = 2,

g = k. Other parameters used in the simulations are y = 0.2k, w = 5k, y = 0.1k, initial qubit state
[Yo) = (J0) + 11))/V2, and we averaged over 100 quantum trajectories.

The conditional master equation of the overall system has the form

dp = —ilx 0,7y + w1d74 + wab'h + g41dp. p1dt + {7 + DD[4] + D[4} pde+
+ KD[bA]ﬁdt + \/Zﬂ[lgei‘p]ﬁdw/, (2.103a)
Idt = \/;(bAei‘p + lgTe_i‘p)dt +dW. (2.103b)

Here, 4 describes the first (i.e., thermal) oscillator, b is used for the second, readout
oscillator, and 7y = (4e® + a%e?)/V2 denotes a general quadrature operator of the
thermal oscillator. Such a system can be realised by coupling superconducting qubit to
a mechanical oscillator [173, 184] and reading out the signal in the mechanical oscillator
optically. The oscillator coupling has the form of standard linearized optomechanical
interaction [18], Ho = 74142, and I consider the scenario where the optomechanical
system is driven on the red sideband, w; = w; = w; in this case, the states of the mechanical
oscillator and the optical cavity field are swapped. The readout efficiency can further be
maximized by letting the qubit couple to the phase quadrature of the thermal oscillator and
measuring the phase quadrature of the readout oscillator. The stochastic master equation
then takes the form

dp = —ilxb.p1 + w(@'a + bTb) + 94142 p1dt + y{(7 + 1)D[4] + nD[4T ]} pde+
+ kD[b1pdt + VEH[ib1pdW . (2.104)

As the transducer dynamics are more complex than for the simple transducers con-
sidered in the previous sections, I perform the whole adiabatic elimination numerically;
see the simulation files [238] for details. The results of the numerical simulations are
shown in figure 2.8. In panel (a), I investigate how the bath temperature for the thermal
oscillator affects the average trace distance in three distinct regimes: for weak (4 = 0.2«,
green squares), intermediate (¢4 = 0.5k, blue circles), and strong (¢ = «, black stars)
coupling. As the strength of the coupling between the two oscillators grows, the trace
distance becomes less temperature sensitive. This effect is a natural consequence of the
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optomechanical coupling which effectively cools the mechanical oscillator so that its steady
state occupation is lower for stronger coupling. The error of the adiabatic elimination
is, however, for all three values of coupling an order of magnitude smaller than for the
readout using simple transducer in sections 2.5.1, 2.5.3. In figure 2.8(b), I plot an example
trace distance as a function of time. This plot illustrates that the time dependence has
features similar to simpler transducers considered in the previous sections: after a short
initial transient time, the trace distance saturates and stays constant for the rest of the
evolution.

These small errors in accuracy come with drastically reduced computational require-
ments. With only two thermal excitations in the heat bath, the full model needs 700
times longer time to be simulated compared to the adiabatic elimination; this difference
can be further increased by using larger time steps for the approximate dynamics since
the qubit evolution happens at longer time scales. The main limitation in the numerical
analysis, however, are the memory requirements. With two thermal excitations (and
corresponding Fock space cutoffs at 20 and 10 excitations for the thermal and readout
oscillator, respectively), the storing of the full density matrix for the whole time evolution
requires several gigabytes of working memory. Since the cutoff energy grows superlinearly
with increasing temperature and the size of the density matrix grows quadratically with
the cutoff, it is not possible to perform reliable numerical simulations for larger bath
temperatures. Nevertheless, the results presented in this section strongly suggest that
Gaussian adiabatic elimination can be used for systems with tens or hundreds thermal

excitations present.

2.6 SUMMARY

In this chapter, I showed how the unavoidable interaction of quantum systems with their
environment can be used to measure and control them and how such dynamics can be
described. Afterwards, I discussed how the description using a stochastic master equation
can be simplified for Gaussian systems and for systems consisting of both Gaussian and
non-Gaussian elements.

Gaussian systems can be efficiently described using the statistical moments of their
quasi-probability distribution; equations of motion for the mean vector and the covariance
matrix can be derived from the stochastic master equation. Remarkably, the covariance
matrix obeys a deterministic Riccati equation, which can be efliciently solved. Since the
exact mean value is often irrelevant, this approach represents a very powerful tool for
describing Gaussian systems under continuous measurements.

This description of Gaussian systems enables their eflicient adiabatic elimination from
dynamics containing both Gaussian and non-Gaussian elements. Adopting the formalism
of the covariance matrix, we are able to treat Gaussian transducers coupled to thermal
bath or consisting of multiple bosonic modes. While eliminating several modes using the
approach based on density operator expansion or polaron transformation quickly becomes
tedious, this method requires only basic linear-algebraic tools and can be easily applied
numerically.
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Since the procedure relies on the fact that the system of interest itself has no free
evolution, I did not present a completely general treatment; instead, I focused on the most
relevant scenarios. In the first case, moving to the rotating frame with respect to the system
Hamiltonian leaves its interaction with the transducer time independent, corresponding,
in particular, to a quantum nondemolition interaction. Second, I considered a scenario,
where the interaction has terms oscillating at the frequency +w. Adapting the method for
other forms of coupling is straightforward.

Further improvements can be achieved with ideas borrowed from adiabatic elimination
using polaron transformation; for strong coupling between the system and the transducer,
one has to consider different steady states of the transducer for individual states of the
system and perform adiabatic elimination with respect to these conditional states. Using
similar tools, it should be possible to eliminate any Gaussian transducer with respect
to several conditional steady states. In addition, one should be able to generalize the
method for system-transducer coupling that is quadratic in the canonical transducer
operators; one could, for instance, use such a result to analyse a full dispersive readout of a
superconducting qubit, described by the Hamiltonian Hiy, = g6, 47 4.

The results can find applications in circuit quantum electrodynamics and cavity op-
tomechanics. Compared to the method of expanding the density operator around the
vacuum state of the readout cavity, the new method provides significantly better results
already for a few thermal excitations present and is thus relevant to qubit readout in su-
perconducting systems. Typical frequencies of mechanical oscillations, on the other hand,
correspond to thermal noise of a few hundred quanta even with cryogenic cooling. Such
systems cannot be eliminated from stochastic master equations using present methods; the
toy model in the last example shows how similar tasks can be achieved.

2.A PROPERTIES OF GAUSSIAN CHARACTERISTIC FUNCTIONS
The characteristic function of an arbitrary state ¢ is defined as
A
A
x(z) =tr{D(z)p}; (2.105)

here, z € R?N and b(z) = exp(—iz! of) (with the symplectic matrix ¢ and vector of
canonical operators t) is the displacement operator. For a single-mode system (N = 1), we
have £ = (4, )T and the displacement operator can be expressed using the following two

expressions:
b(z) = exp (—121222) exp(iz29) exp(—iz1p) (2.106a)
p (121222) exp(—iz1p) exp(iz24). (2.106b)

From these formulas, it follows that the derivative of the displacement operator can be
expressed as

A .

0D(z) 1

oz, = 3l7i"iD@ + Do) (2.107)
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With the definition (2.105) and identity (2.107), we can evaluate the first, second, and third
derivative of the characteristic function,

dx(z) {af)(z) } o
T =tr o =10 {7, (2.108a)
0z; |, 0z1 |, A
9’ x(2) 1 \
=500 .108
aZ,‘(()Z]' o zo—zka—]l<[rk, 71]+)s (2.108b)
63 Z i A A A
521'6)256)216 o = Zo'ilo'/mo'knqu’ [Fms Tnle ]4)- (2.108¢)

The characteristic function of a general Gaussian state can be written as
T, _ L7
x(2z) =exp|—1z' p- 72 Vz (2.109)

with some mean vector pt and covariance matrix V = V. We can evaluate the derivatives
also for this Gaussian characteristic function,

83(—2(?) . = (—i/h‘ - %szz/) x(z) i = —i;, (2.1102)
gzz)l(a(;) T —%sz - il (2.110b)
% . = %(ﬂi‘/jk + 1 Vi e Vi + 20 4 e ) (2.110¢)
by direct comparison with equations (2.108), we identify
u = ox, V=-olo! =-0'To. (2.111)
Equations (2.108¢) and (2.110c) now yield
(7617 Te 1o 1e) = 2(Tipxp + Tipx; + Dpjxj + 2x5xx), (2.112)

which is the identity (2.54) that we used in section 2.3.

2.B  POSITIVE-SEMIDEFINITENESS OF DECAY

In order to give rise to valid Markovian dynamics, the decay rates in a quantum-optical
master equation have to be positive. For the effective dynamics after adiabatic elimination
of the transducer, this means that the eigenvalues of the decay matrix P [equation (2.75b)]
have all to be non-negative. Using its definition, equation (2.75b), together with the
Lyapunov equation (2.47), and the definitions given in equations (2.39) and (2.48), we can

write
P=A"1|N+ %(AU - GTAT)] AT=Alo Z elerol AT, (2.113)

The decay matrix P is thus positive semidefinite and gives rise to a valid master equation.
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Next, each measurement channel in the stochastic master equation has to have a
corresponding decay process. Quantitatively, matrix P in equation (2.75b) describing all
decay terms needs to be larger than the matrix ¥, A,, A}, characterizing all measurement
channels; the matrix

P'=P- Z AL (2.114)

has to be positive semidefinite. In words, all information we obtain from the measurement
comes from the system and not its environment. I did not prove this statement in the
general case but checked it for all of the cases treated in section 2.5.

2.C HIERARCHY OF DYNAMICAL EQUATIONS FOR TRANSDUCER CUMULANTS

To understand the adiabatic elimination [in particular, deriving equation (2.71a)], we
need to understand the hierarchy of equations of motion for deviations of the exact and
tensor-product state with respect to the cumulants of the transducer and their general
structure. (In the following, I will, for simplicity, refer to these quantities as cumulants.) I
use the term cumulant here since, as we will see, the cumulants are more fundamental for
the expansion than statistical moments. The distinction is, nevertheless, important only
for higher order cumulants and moments—the first cumulant is equal to the mean value,
and the second and third cumulant are equal to the second and third central moment,
respectively.

We start by writing the equation of motion for the second cumulant !Alij = trr{[7; -
x;i,7j = x;1+(p — Ps ® pr)}, which can be derived in complete analogy with section 2.4.1,

dQj = €(oip[Sp = S 11+ + TjlSp = S f1:10)dE + (A€ + Ajp)dt
+Vijk Conk AW, (2.115)

where
Vije = ter{{[Fi — xir 7 = %1, P = xp 1o Py = 2005, fige + T3 f1i + T 1)) (2.116)

is the third cumulant. We can now see from the deterministic part of the equation that
the second cumulant éi]- is of second order in € since it couples to the first cumulant
d; = trp{7:(p — ps ® pr)} (which is a first order quantity) via €. I further conjecture that
the third cumulant is of higher order, v;;; = O(€?). In the rest of this section, I justify
this assumption by presenting the expected hierarchy of the cumulants.

We start by defining the deviation of the exact state from the tensor-product state

@ =p=ps® pr- (2.117)

The equation of motion for the reduced state now describes the evolution of the reduced
deviation &g = trr{d}; note that the tensor-product state (a zero-order quantity) does
not evolve since there is no free evolution of ps and the equilibration of pr is effectively
instantaneous. The reduced deviation &g can then be viewed as the zero-order cumulant.
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With this observation, we can now rewrite the equations of motion for the zeroth, first,
and second cumulant,

das = —i€[8;,7;1dt + 2¢,,; f1;dW,,, (2.1182)
A A 1 A A A i C A A A
dii; = Q;;jajde + 560',‘]‘[5]‘ —{$j), pslydt - EEFl—]—[S]‘, psldt + Q;ic,,;jdW,,,  (2.118b)
A0y = e(oirlSe = o) fj1e + o 8h = Gudv i ))de + (A + Ajpy)dr
+ Vi Cpe AW (2.118¢)

moreover, the cumulants can be written as

ws = trr{®}, (2.1192)
a; = trr{7;0}, (2.119b)
Q;j = tp{{[75 71+ = 2(xi7; + x;7:) }&}, (2.119¢)

Vijk = trT{{[[;’\i, 7ile e le = 20 (7). 7o s + X[ 78 73 ) + 2 [76,7714)

—2(\/i]'7¢/€ + ij;i + V/ei;j) + 8(961‘36]';/e + x]'xkf’i + xkxifj)}tf)}, (2.119d)

where Vj; = tep{[#;,7;]+ pr} is the second raw moment of the transducer.
The cumulants are now clearly generalizations of regular cumulants that include the
effect of the partial trace, such as x;x; = x;trp{7;@} + x jtrp{7;®}, etc. Furthermore, the
. . A (n)
equations of motion have a clear structure; for the #th cumulant, denoted k'™, we can
symbolically write

dk™ = RWRMdr + eSPR"Vdr + €7 WM™V dr + VDRV aw, (2.120)

with M® denoting nth central moment of the transducer and some superoperators R,
S, 7™ Y In words, the #th cumulant (apart from its own free evolution) couples
to the (7 — 1)th cumulant via € in the deterministic part and to the (7 + 1)th cumulant in
the stochastic part. In addition, there is also coupling to a higher order central moment of
the transducer which is, nevertheless, present only for the first order deviation because the
transducer is Gaussian so that M = 0 for » > 2. Finally, the deterministic part of the
equation of motion for the zeroth cumulant &g has a somewhat different structure since it
cannot couple to a lower order cumulant; as a result, there is coupling to 7j; = trp{7;p}
instead of the first moment of the transducer. The moments appear for p = ps ® p which
is correct to leading order only for the first cumulant; as there is no —1st cumulant in the
equation for the zeroth cumulant, this approximation is not valid for .

The hierarchy (constructed explicitly for » < 2 and conjectured for # > 2) is related
to the cumulant expansion method of van Kampen [240-242]. With this method, the
effect of a bath is expressed via a series of cumulants of the bath operators in which the
nth cumulant is of the order €” in the system-bath coupling. For Markovian systems, it is
sufficient to consider the first and second cumulants (i.e., the mean and the covariance);
for a general non-Markovian bath, represented by coloured noise, higher orders have to be
considered [243]. In our treatment, the role of the bath is played by the transducer which
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can, in the most general case, act as a non-Markovian medium. For a short correlation
time, which corresponds to a quickly decaying transducer and is thus relevant to adiabatic
elimination methods, the Markovian approximation is valid and only the first and second
cumulants play a role. Since we are interested in the deviation of the exact and tensor
product state, which is a small quantity already, ® = p — ps ® p1 = O(e), it is sufficient
to consider the contributions of the first cumulant £i; in the effective equation of motion
for the system density matrix.



CHAPTER 3

%’\NTUM FORCE SENSING WITH OPTOMECHANICAL TRANSDUCERS

Optomechanical force sensing is a well-established measurement technique that can reach
remarkable precision. The core of the setup is a mechanical oscillator which serves
to translate an external force into mechanical motion. The main advantage of mech-
anical oscillators in this context lies in their large susceptibility to external influences:
micromechanical oscillators quickly and strongly respond to electric and magnetic fields,
and to mechanical effects. Radiation pressure interaction is then used to transfer the
information about the force onto the phase of a light field, which can be measured with
high precision using interferometric techniques.

Such measurements are subject to the standard quantum limit as discussed in chapter 1:
if the optomechanical interaction is too weak, we cannot successtully resolve the resulting
phase shift; a strong coupling leads to measurement backaction since the fluctuations of the
light beam strongly affect the mechanical motion. With an intermediate coupling strength,
the measurement sensitivity is maximized. The sensitivity can be further increased if we
use—instead of a coherent state, for which the standard quantum limit is formulated—an
entangled state of light or more sophisticated readout schemes where the measurement
backaction can be avoided [101, 124, 133, 244]. Quantum physics can thus be used to
improve the measurement sensitivity.

The opposite situation—where the force acting on the mechanical oscillator is quantum-
mechanical—received no attention so far. After all, such a scenario is of little or no
interested for most applications. Whether the force is exerted by a quantum object or
not, the force estimate will be a single figure; if the source of the force was in a quantum
superposition at the beginning, it will have collapsed into one particular eigenstate of the

measurement.

Quantum coherence of the source starts to play a role when several such systems are
read out using a single beam of light. Owing to interference effects, different states of the
system can give rise to the same measurement outcome. For example, in a measurement
of the spin of two qubits, the information about which qubit is excited can be erased
when they are measured with a single probe. Several question then arises: Can quantum
coherence of the force source survive the optomechanical measurement? And can it be
used for interesting applications?

65
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In this chapter, I answer both questions in the affirmative. I consider a scheme where
an optomechanical system is used to read out the state of a superconducting transmon
qubit; cascading two such systems results in the measurement of the total spin of the
two qubits (see figure 3.1) [95]. Generation of entanglement by spin measurement has
been demonstrated in a purely microwave system [91, 92, 245]; here, I show that such a
measurement is possible with optomechanical transducers under realistic conditions. The
advantage of using light instead of microwaves for the measurement lies in the possibility
of bridging room-temperature environment between the qubits; the approach can thus
be used to generate entanglement between distant superconducting qubits, thus solving a
long-standing open problem of building quantum networks with superconducting circuits.

I describe the system theoretically in section 3.1 and consider possible experimental
implementations in section 3.2; the latter include transmon qubits, flux qubits, and
magnetic sublevels of nitrogen-vacancy centres. In section 3.3, I consider two extensions
of the scheme: quantum nondemolition measurements to measure one quadrature of
the force and the use of a microwave cavity, which serves as a filter for the qubit-state-
dependent force. Technical details—derivation of the effective equations of motion and
their analysis—are delegated to sections 3.4 and 3.5.

In section 3.6, I apply the effective equation of motion on quantum nondemolition
detection of the photon number [117, 246, 247]. Instead of the state of a superconducting
qubit, the force felt by the mechanical oscillator is coming from a nonlinearly coupled
cavity and thus depends on the number of photons in this cavity. If the photons arrive into
the cavity from an external source, the measurement performance is limited by quantum
Zeno effect [209, 220, 246], which gives rise to a variant of the standard quantum limit.
I then briefly discuss a few strategies that can be used to combat the quantum Zeno
effect and, finally, address fundamental limits on photon counting with optomechanical
transducers.

3.1 (GGENERATION OF ENTANGLEMENT BETWEEN TWO SUPERCONDUCTING QUBITS

3.1.1  Measuring qubit-state-dependent forces

To get a simple, intuitive understanding of the system shown in figure 3.1, we start
by considering a single node of the system. Here, a superconducting qubit interacts
capacitively with a mechanical oscillator so that the position of the oscillator determines
the transition frequency of the qubit, I—A[;m =hyo, (bA + bAT), as shown, for example, in
references [172, 173]. The qubit thus exerts a state-dependent force F = +hiy/ «/szpf

on the oscillator with position operator x = \/ixzpf(bA + ZQT) and zero-point fluctuation
Xzpf = m

In order to determine the force (and thus the state of the qubit), we measure the
mechanical position using a resonantly driven optical cavity. Via the optomechanical
interaction Hom = hg(a + o?T)(bA + l;T), the mechanical position determines a phase
shift on the light field which can be measured with homodyne detection. Assuming the
measurement is shot-noise limited, the sensitivity of the readout at Fourier frequency w is
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Figure 3.1: Schematic depiction of the setup for generation of entanglement between two supercon-
ducting qubits. Each of two superconducting transmon qubits (shown as black circuits) interacts
with a mechanical oscillator (here in the form of nanobeams, shown in yellow). The position of the
oscillators is read out optically using microdisk resonators supporting whispering-gallery modes
(shown in blue). The two systems are unidirectionally coupled using an optical fibre; homodyne

measurement at the output provides information about the joint state of the qubits, making it
possible to postselect an entangled state.

given by the spectral density of the added noise

zpf

S$2(w) = ———,
g 842 2 (w)

(3.1)
where ym(w) = [m (w2 — w?) —imyw] ! is the mechanical susceptibility and «, y are the
optical and mechanical linewidth.

The force sensitivity of the optomechanical system and the qubit force together
determine the measurement time needed to successfully distinguish the qubit states |0),
|1), namely, ,

e = L K G2)

F2 16 242

Here, we used the fact that the qubit force is quasi-static so the Fourier frequencies we are
interested in are smaller than the mechanical frequency, w <« wp, and the susceptibility
can be approximated as ym(w) = 1/mw?,. For an efficient readout, the measurement
time Tpmeas has to be shorter than the lifetime of the qubit which is characterised by its
intrinsic decoherence (quantified by the intrinsic relaxation and dephasing lifetimes 7 ,)
and decoherence due to the interaction with the transducer.

For the intrinsic decoherence, we consider a superconducting transmon qubit with
T1, =~ 20 ps and coupling x /27 = 5 MHz to the mechanical oscillator [172, 173]. The
required force sensitivity is then Sf = F/Tmess ~ 0.5 fN/VHz which can be achieved
with state-of-the-art optomechanical systems. To compare the measurement time with the
decoherence due to the interaction with the transducer, we analyse the force the oscillator
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exerts on the qubit, f(u)) = X?e(a))/\/szpf; here, X (w) = )(m(a))fth(a)) is the noisy
mechanical position driven by the thermal force f/ih with spectrum Sy, (w) = 2ymhwmn
and 77 ~ kpT /fiwy, is the mean occupation number of the oscillator at temperature 7.
This random, thermal force results in dephasing of the qubit at a rate that is given by the

spectral density of the force f (w) for w < W,

2
Tinech = ("-)) _yn (33)

Comparing the dephasing time Tpeeh, = 1/Tmech With the measurement time Tpeas, We see
that the former is longer than the latter for strong optomechanical cooperativity,
1

C = 44% |kyn > 3 (3-4)

3.1.2 Equation of motion

With a clear picture for the action of the protocol, we now turn to the full system
comprising two nodes connected by a unidirectional optical link as shown in figure 3.1. To
rigorously include all decoherence channels and to accommodate for the finite duration of
the measurement, we describe the system using the stochastic master equation (with 71 = 1
in the following)

2
dp = ~i[H, pldt + Lopde + )" y{( + DDIb;]+ 7D[b] 1} pde

j=1
+ kD[ 41 — 421pdt + VEH[ (41 — d2)e 1pdW . (3:5)

The Hamiltonian describes the coherent evolution of the system,

2 .
o A AN S NS S K nnt o oAt
H = Z:‘[)(O'Z(b] + Zo].) + wmb/. bi +g(a; + a;.)(b] + 19]. )] + 3(4142 —-axa,), (3.6)
j=

with terms corresponding (from left to right) to the interaction between the qubits and the
mechanical oscillators, the free mechanical evolution, and the optomechanical coupling.
The last term in the Hamiltonian (3.6) together with the Lindblad term «D[4; — 42]p

describes the joint decay of the cascaded optical cavities [214]. Next, the Liouvillian

2
A 1 Aj 1 A ]' A
Lyp = ]E; (71@[0-_1 + DL (37)
describes the intrinsic decoherence of the qubits, characterised by their relaxation and
dephasing lifetimes 77,. The Lindblad terms on the first line of equation (3.5) describe the
thermal noise of the mechanical oscillators and the last term on the second line describes

the effect of homodyne measurement of the - outgoing hght field. To remind the reader,
D[01) = 040~ L(O70p + pOT0), H[Op = (O —(ONp + H(OT —(O7), and dW
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is Wiener increment with mean value (dW) = 0 and variance (dW?) = dt. Finally, the
measurement gives rise to a classical measurement signal that obeys the equation

Idt = V(41 — 42)e? + H.c.)dt + dW. (3-8)

The conditional master equation (3.5) is too complicated to be integrated analytically
or numerically. Simulating the dynamics using Monte Carlo trajectories would need to
take into account the thermal baths of the mechanical oscillators, which can easily contain
several hundreds or thousands of phonons on average. Instead, since the dynamics of
the transducer is Gaussian, we adiabatically eliminate the optical and mechanical degrees
of freedom following the approach presented in chapter 2. If we assume that the qubit
coupling rate y is smaller than the rate of the transducer dynamics (in the examples
considered in the next section, this timescale is of the order of the cavity decay rate «), the
effective equation for the state of the two qubits g is

dpq - ‘quth + Z Cinech D07 ]quf + l—‘meaSZ)[a'Z1 + &ﬁ]ﬁth
j=1

+ VTmeasH[ 6} + 671pdW; (3.9)
see section 3.4 for detailed derivation. The measurement and dephasing rates are given by

2

2.2
X XY A—

Tmes = 1652 Topen = 2L 27+ 1), (3.10)
KW Wi

in perfect agreement with the argument of force sensing presented in the previous sec-
tion. Finally, the classical measurement signal corresponding to the conditional master
equation (3.9) is given by

Idt = 2‘/l:meas(0' + 0'2>dt +dW. (3.11)

So far, we assumed that all light leaving the cavities arrives at the detector. In any
practical realization of the measurement, however, part of the light will necessarily be
lost via absorption in optical fibres, transmission through imperfect mirrors, or other
processes. All these effects can be modelled by adding a beam splitter into an otherwise
perfect system. First, we characterize the losses between the two nodes by transmissivity 7;
we modify the dynamics of the cascaded optical cavities as follows [214]:

K .
Lmﬁ=—%@—@ﬂﬁhwﬂw—hm

K«/_

— ——[21d) - da], p]+ k(1 - T)D[411p + kD[V7a1 - 421p. (3.12)

Second, optical loss after the second node results in a limited detection efficiency 17 € (0, 1).
Thus, it does not directly introduce additional decoherence but necessitates the use of
longer measurement times during which other decoherence processes degrade the state.
Before we discuss the resulting effective equation governing the dynamics of the two
qubits, we have to address one more point: the protocol for entanglement generation relies
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on equal measurement rates for both qubits which guarantee that the states |01), |10) give
rise to the same signal and are thus indistinguishable. Since part of the signal from the first
qubit is lost due to the limited transmission between the systems, its effective measurement
rate is reduced. We compensate this effect by reducing the coupling rate of the second
qubit with respect to the coupling of the first qubit, y2 = V7 x1; see section 3.4 for an
in-depth discussion. With this adjustment, the effective conditional master equation reads

dpq = LqPqdt + [(1 = DTmess + Tmech D6 10qdt + TTnecn D67 1Hqd1
+ e D[] + &g]ﬁth + AT meas H G} + &g]ﬁqu (3.13)

with Tipeas and Tpeen given in equation (3.10) and the measurement signal

Idt = 23/t Tpeas(S ) + 52)dt + dW. (3.14)

We see that optical loss between the two systems presents an additional dephasing channel
for the first qubit and losses after the second system limit the detection efficiency.

3.2 EXPERIMENTAL REALIZATIONS

The discussion so far was completely general and did not assume any specific experimental
realization. In this section, we consider several possible implementations as shown in
figure 3.2: the most promising platform is provided by superconducting transmon qubits
coupled to mechanical motion using a mechanically compliant gate capacitor [172, 180].
We further consider flux qubits where, following the proposal by Xue et al. [170], the
mechanical oscillator forms a part of the qubit loop and experiences a qubit-state-dependent
Lorentz force. Finally, solid-state spin qubits—such as magnetic levels of nitrogen-vacancy
centres—can interact with mechanical oscillators via magnetic fields [192, 194, 248, 249].
Experimental parameters of the systems are summarized in table 3.1.

3.2.1 Transmon qubits

The first implementation uses superconducting transmon qubits that interact with mech-
anical oscillators via mechanically compliant gate capacitors, C; = Cg(f) [171, 172, 180];
see also chapter 1. The Hamiltonian for the qubit-mechanical system,

H = wnb b +4E. (7 — n0)? — Ej(®ex) cos $ — E_ (Do) sin ¢+ x (A — n0) (b + b7, (3.15)

has a nonzero transversal interaction in the diagonal basis of the qubit. To see how we can
limit its contribution, we can rewrite the Josephson energy using the sum and difference
of the Josephson energies of the two junctions Ej; the Josephson energy is controlled
using an external flux @cy,

Dy . Dy
Ej(®ex) = (Ey1 + E2) cos (ﬂ (I:ot)’ E_(Qext) = (Ej1 — Ep2) sin (ﬂﬁot) (3.16)
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(a)

(b)

Figure 3.2: Illustrations of possible experimental realizations of the proposed scheme for entangle-
ment generation. Transmon qubits can interact with mechanical oscillators via position-dependent
gate capacitance; the mechanical oscillator can take the form of a nanobeam, which interacts with the
near field of a toroidal optical resonator (a), or a membrane, which forms one end of a Fabry-Perot
cavity or is placed in the middle of an optical cavity (b). Mechanical oscillators can further be
integrated into the circuit of a flux qubit and, at the same time, form an end mirror of an optical
cavity (c). The setups are not limited to superconducting systems; the qubit can also be formed by
magnetic sublevels of a nitrogen-vacancy centre that interacts with the magnetic field of a cantilever
with a magnetic tip (d). Superconducting circuits are indicated in black, nitrogen-vacancy centre in
red, mechanical oscillators in yellow, and optical modes in blue.

where @ is the flux quantum. For flux @ = ®o/2 and equal Josephson energies
Ej1 = Ej, the potential energy of the qubit in the Hamiltonian (3.15) is identically zero
and the qubit Hamiltonian has only the longitudinal component,

(/_)qA AT/\ A /\_‘_ A
H-= - 0z +twnb'b+ x(b+5b")o,. (3.17)

Small discrepancies between the Josephson energies do not pose a problem; the resulting
transversal coupling is weak and can be neglected in the rotating wave approximation.

The mechanical oscillator can take the form of a nanobeam interacting with an
evanescent field of a microtoroidal cavity [122, 232]; see figure 3.2(a). In such a system, the
opto- and electromechanical parts of the system are well spatially separated and photon
absorption will not heat up the superconducting circuit. Alternatively, the mechanical
oscillator can be a membrane forming an end of a Fabry-Perot cavity or placed in the
middle of such an optical resonator as has been used in recent experimental demonstrations
of microwave-to-optical conversion [82, 83]; cf. figure 3.2(b). Particularly the system of
Andrews et al. [82], which uses a second harmonic mode of a membrane-in-the-middle
setup with optical and microwave field interacting with different antinodes of motion,
is well suited for the interface since it minimises optical heating of the superconducting
circuit.



Transmon qubit

Quantity Symbol Nanobeam Membrane Flux qubit NV centre
Qubit-mechanical coupling x/2n 5.8 MHz 3.7 MHz 2.4 MHz 50 kHz
Mechanical frequency Wm /27 8.7 MHz 1.0 MHz 2.3 MHz 2.0 MHz
Effective mass m 3.8 pg 30 ng 10 pg 25 pg
Mechanical quality factor Qm 5 x 10* 5x 10 10° 10*
Mechanical linewidth v/[2n 170 Hz 2 Hz 22 Hz 200 Hz
Thermal occupation n 48 420 185 210

Optical quality factor Qopt 5x 10° 107 10’ 2x 108
Optical decay rate K/2m 39 MHz 19 MHz 19 MHz 1 MHz
Single-photon optomechanical coupling go/2m 300 Hz 25Hz 65 Hz 20 Hz
Linearized optomechanical coupling g/2n 900 kHz 140 kHz 450 kHz 300 kHz
Driving optical power P 138 pW 300 pW 370 pW 90 pW
Optomechanical cooperativity C 10 5 10 8.5
Measurement rate [meas/2m 150 kHz 230 kHz 190 kHz 900 Hz
Measurement time 1/T meas 1.1 ps 0.7 ps 0.8 ps 177 ps
Force sensitivity Sk 130 aN/VHz 1.9 aN/VHz 38 aN/VHz 18 aN/VHz
Displacement sensitivity S 11 am/VHz 1.6 am/VHz 18 am/VHz 4.1 am/VHz
Schematic figure 3.2(a) 3.2(b) 3.2(c) 3.2(d)

Table 3.1: Suggested experimental parameters for systems realizing the measurement of the total spin of two qubits. I consider transmon qubits (section 3.2.1)

coupled to either nanobeams or vibrating membranes, flux qubits (section 3.2.2), and nitrogen-vacancy centres (section 3.2.3). For the thermal occupation of the

mechanical bath, I assume that each system is cooled to 20 mK temperature. All setups are schematically depicted in figure 3.2.

(74

SYIONASNVIL TVOINVHOIWOLIO HLIA ONISNAS 30404 WHLN%



3.2 EXPERIMENTAL REALIZATIONS 73

Nanobeam mechanical oscillators We consider a silicon nitride beam of length / =
70 pm that is w = 400 nm wide and ¢ = 100 nm thick. The gate capacitor and the
microtoroid are placed so that they both lie at the antinode of the second harmonic mode
of frequency wn /27 ~ 8.7 MHz with effective mass 7 = 3.8 pg and zero-point motion
X,pf = 16 fm. If one third of the beam is covered by a superconductor, the gate capacitance
C, = 275 aF for a beam-circuit distance dq = 75 nm. Considering typical charging
energy E. = 5 GHz and gate voltage V; = 10 V, the qubit coupling x /27 ~ 5.8 MHz.
Our values of qubit coupling and mechanical frequency are somewhat lower than in a
recent experiment by Pirkkalainen et al. [173] since our mechanical oscillator is smaller;
reaching a coupling rate comparable with the mechanical frequency has, nevertheless, been
demonstrated in their system.

The bare optomechanical coupling between an oscillating nanobeam and a toroidal
optical cavity can reach values up to go/27 = 20 kHz [232]. Here, we consider a beam-
toroid distance of dop = 50 nm and a toroid with radius » = 30 pm supporting optical
resonance for the wavelength A4 = 1550 nm. These parameters result in moderate coupling
of about ¢9/27 ~ 300 Hz. Driving the optical resonator with the power

2

p= %hZ’TTCK (i) ~ 138 pW (3.18)
for linewidth «/27 = 39 MHz (toroidal whispering gallery resonators can reach decay
rates an order of magnitude smaller [122]), we can reach the optomechanical coupling
rate g/2n ~ 900 kHz and a measurement rate [yess/27 ~ 150 kHz, corresponding
to a measurement time of about 1 ps. Such a measurement is strong enough to be
performed within the coherence time of transmon qubits, which is typically around 10 ps
to 20 ps [92, 162].

Entanglement generation with nanobeam oscillators We study entanglement gener-
ation with the nanobeam mechanical oscillators in figure 3.3. To this end, we consider
the following protocol for entanglement generation: measuring for time 7', we accumu-
late the total signal J(T) = foT dt I(t). We then compare this signal with a predefined
postselection cutoff v and keep the state if and only if |J(T)| < v. Two parameters are of
interest to us—the entanglement of the resulting state and the success probability, that is,
the probability of the signal being smaller than the cutoff. I discuss the protocol in more
detail in section 3.5 and derive a simplified model that enables us to find the resulting state
analytically without generating quantum trajectories.

In figure 3.3(a), I plot the concurrence [250] of the final state as a function of time:
at early times, ¢ < Tmeas/2, the entanglement is limited by indistinguishability of the
measurement outcomes resulting in an inconclusive measurement and a strongly mixed
postselected state of the qubits. Next, the concurrence reaches its maximum around
¢ ~ Tmeas and then steadily decays owing to dephasing and relaxation of the qubits. In the
following, I consider the optimum value as a figure of merit characterizing the system.

In panel (b), I analyse how optical losses affect the concurrence. I consider the
transmission losses between the two nodes (horizontal axis), as well as finite detection
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Figure 3.3: Entanglement generation with the nanobeam optomechanical transducer of figure 3.2(a).
In panel (a), I show the time dependence of the concurrence for success probability Psyec = 0.1
(solid blue line) and Pgyec = 0.5 (dashed green line). In the bottom panels, I plot the concurrence
(optimized over the measurement time) versus optical transmission 7 between the two nodes; in (b),
the concurrence is shown for various detection efficiencies [ = 1 (solid blue line), = 0.8 (dashed
green line), n = 0.6 (dotted red line), n = 0.4 (dot-dashed magenta line), and = 0.2 (thin black
line)]; in (c), the plotted curves represent different success probabilities [ Psyec = 0.1 (solid blue
line), Psyec = 0.3 (dashed green line), and Psyec = 0.5 (dotted red line)]. I consider the qubit
coupling x/2r = 5.8 MHz, mechanical frequency wm/27 = 8.7 MHz and quality Qp = 5 x 104,
optical decay rate k/2n = 39 MHz, optomechanical coupling 4/27 = 900 kHz, and temperature
20 mK (corresponding to thermal occupation 7z = 48); I further assume the intrinsic relaxation
and coherence lifetimes of the qubits 7 = 20 ps. Finally, I use the values T = = 1 for panel (a),
Psycc = 0.1 for (b), and n = 1 for (c).

efficiency (individual curves in the plot, see figure caption for more details). Remarkably,
entanglement can be generated with up to 80 % transmission loss; with increased qubit
lifetime and optomechanical cooperativity, it is possible to generate entanglement with
even higher losses. Finally, in figure 3.3(c), the effect of transmission losses is investigated in
combination with success probability of the postselection. While larger success probability
generally leads to a smaller concurrence, it has little effect on the transmission loss for
which the concurrence reaches zero.

Oscillating membranes For a system using a vibrating membrane, we consider a
membrane-in-the-middle optomechanical system, similar to the recent experiment by
Andrews et al. [82] with membrane dimensions 1 mm X 1 mm and second harmonic
frequency of wm/2n = 1 MHz placed dg = 500 nm from the gate capacitor with capacit-
ance Cy = 60 {F. In such a system, qubit-mechanical coupling x /27 = 3.7 MHz can be
achieved. (A similar value has been obtained in a recent experiment with significantly
smaller oscillator [172].) With optomechanical coupling ¢/27 = 140 kHz and decay rate
k/2m = 19 MHz, the effective measurement rate can reach value of 230 kHz.
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3.2.2 Flux qubits

For measurements with flux qubits, we consider the magnetomechanical qubit coupling
proposed by Xue et al. [170]; see figure 3.2(c). The mechanical oscillator forms a part of
the qubit loop and its fundamental out-of-plane mode is excited by applying an external
magnetic field Bo. The current in the qubit loop results in a Lorentz force in the suspended
part of the loop (i.e., the mechanical oscillator); the direction of the force depends on the
direction in which the current is running. The coupling rate is given by

X = Bolplegx (3-19)

where I, is the persistent current in the qubit loop (typically 500 nA) and /g is the
effective length of the mechanical oscillator.

We consider a 12 pm-long bridge resulting in mechanical frequency wn, /27 = 2.3 MHz,
effective mass m = 10 pg, and coupling rate y /27 = 2.3 MHz, which is somewhat smaller
than in the proposal of Xue et al. [170]. The bridge can form one end of a Fabry-Perot
cavity; with coupling rate 4/27 = 450 kHz and optical decay rate x/27r = 19 MHz, the
effective measurement rate is I'meas/27 = 190 kHz. Since lifetimes of flux qubits are shorter
than those of transmons (typically around 5 ps), weaker entanglement will be generated
with such a system. Moreover, due to the integration of the mechanical oscillator into
the superconducting circuit as well as the optomechanical Fabry-Perot cavity, optical
absorption will lead to unwanted heating of the circuit.

3.2.3 Nitrogen-vacancy centres

The protocol for entanglement generation is not limited to superconducting systems. Here,
we consider entanglement of the magnetic sublevels of electron spins in nitrogen-vacancy
centres using the transducer schematically depicted in figure 3.2(d). Each qubit interacts
with a cantilever with a magnetic tip and, at the same time, the cantilever works as an end
mirror in a Fabry-Perot optical cavity.

In such a system, magnetomechanical coupling x /27 = 50 kHz can be reached [194, 248].
For mechanical frequency wm, /27 = 2 MHz, optomechanical coupling ¢/27 = 300 kHz,
and optical linewidth /27 = 1 MHz (thus requiring extremely high-quality Fabry-Perot
resonator), the effective measurement rate is about I'yeas/27 = 0.9 kHz, requiring qubit
lifetime on the order of milliseconds; such values of the magnetomechanical coupling, cav-
ity decay rate, and nitrogen-vacancy centre dephasing time put very strong requirements
on the fabrication of the system.

Alternatively, other kinds of solid-state spins can be used. For instance, the coherence
lifetime of phosphorus donors in silicon can reach several seconds [251]. With such
systems, the requirements on the magnetomechanical coupling and the optical decay
can be somewhat relaxed. If we consider the values y/2m = 10 kHz, «/2n = 10 MHz
(with other parameters same as before), the qubit measurement rate I'e,s/27 = 3 Hz,
corresponding to a measurement time of about 50 ms.



Strategy Measurement rate Dephasing rate Conditions for efficient readout
2 2 2 42 1
Basic approach 16X qz X—](Zﬁ +1) L_ =
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Modulated coupling 16% X—(Zﬁ +1) —7 -
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ulated coupling K2y2K, Ka 2 key2u+1) ~ 4 kgy key 16

Table 3.2: A summary of the measurement rates, dephasing rates, and conditions for eflicient readout for the various strategies for entanglement generation.

I compare the basic scheme (described in section 3.1) with the approach using modulated coupling (section 3.3.1), protocol where the coupling between the qubit

and the mechanical oscillator is mediated by a microwave resonator (section 3.3.2), and a strategy that combines modulated coupling and the use of a microwave

cavity (section 3.3.3). On top of the conditions listed here, the measurement rate has to exceed the intrinsic qubit lifetime for each of the strategies.
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3.3 ALTERNATIVE SCHEMES

Coupling superconducting qubits directly to mechanical oscillators comes with a significant
disadvantage: the readout is slow because the quasi-static force the qubit exerts on the
mechanical oscillator is not resonant with the natural frequency of the mechanical motion.
This problem can be alleviated by modulating the coupling at the mechanical frequency.
In the rotating frame of the mechanical oscillator, such modulation results in a resonant
interaction between the qubit, mechanical oscillator, and cavity field; this modification
greatly enhances the speed of the qubit readout.

Second, placing the qubit in free space—thus coupling it to a continuum of electromag-
netic modes—significantly decreases its lifetime. If the qubit were placed in a cavity with a
different resonance frequency, the lifetime would be enhanced by the Purcell effect. The
output of the microwave resonator will, however, serve as an additional dephasing channel
for the qubit. An important question arises whether efficient entanglement generation is
possible in this case.

I analyse these alternative schemes in this section. I start by the scheme where the
coupling is modulated at the mechanical frequency, leading to quantum nondemolition
coupling. Next, I analyse the strategy where the qubit is first coupled to a microwave
resonator which then interacts with the mechanical oscillator and show that qubit dephas-
ing associated with the decay of the microwave cavity dominates the dynamics. Finally,
to avoid the resonantly enhanced dephasing of the qubit through the microwave output,
I consider an approach where the coupling is modulated to achieve a quantum nondemoli-
tion interaction between the qubit, microwave resonator, mechanical oscillator, and optical
cavity. The main parameters of the protocols (i.e., the measurement rates, dephasing rates,
and conditions for eflicient optical readout of the qubit state) are summarized in table 3.2.

3.3.1 Quantum nondemolition interaction

We start with a scheme where the coupling of the optical cavity and the qubit to the
mechanical oscillator is modulated at the mechanical frequency. In an optomechanical
system, such modulation can be introduced by driving the cavity (which is in the resolved-
sideband regime, wy, > «) at both mechanical sidebands. If the sidebands are driven with
the same amplitude, backaction-evading measurement of a single mechanical quadrature
can be performed [101, 124, 125]; the use of unequal driving amplitudes leads to squeezing
of the light field [103] or of the mechanical oscillator [102, 252]. Additionally, modulation
of the qubit coupling is achieved by driving the qubit with time-dependent gate voltage
[176].

When the optical cavity is driven on both sidebands with equal amplitudes, the linear-
ized optomechanical coupling rate in the laboratory frame is given by 4 (¢) = =24 sin(wmt).
Similarly, modulating the gate voltage of the qubit, V;(t) = Vo + Vi cos(wmt), results in
qubit-mechanical coupling

x (1) = 2E, B d + 2L e 4

cos(wmt) = xo + x cos(wmt). (3.20)
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The overall Hamiltonian for a single system is
= 7‘1&2 +wmbth + x ()6, + b1 + g(0)(6 + 4V (b + b, (3.21)

. . . . . A n A
Moving to the rotating frame with respect to the free Hamiltonian Ho = Jwq6, + wmb'b
and applying the rotating wave approximation, we get the interaction-picture Hamiltonian

H = 26,(b+ b ~iga+ahb - . (3.22)

Here, the relative phase between the optical drives and the voltage modulation is chosen
such that the qubit and cavity field couple to orthogonal mechanical quadratures. The
information about the qubit state is thus imprinted on the momentum quadrature of the
mechanical oscillator which is then read out optically; homodyne detection of the output
phase quadrature reveals this state.

We can adiabatically eliminate the mechanical and optical degrees of freedom in analogy
with the previous case; the resulting two-qubit equation reads

2
dpq = Lopydt + X7(2ﬁ+ D{D[&!] + DIG21}pqdt

2]pth + ‘, ‘H[o- +0 ]pqu (3-23)

The measurement and dephasing rates differ from the previous case by a factor of Q2.

+1

The measurement is thus significantly faster while keeping the dephasing induced by
the mechanical bath low; the measurement rate dominates over the dephasing for strong
optomechanical cooperativity, 44%/[ky (27 + 1)] > 41.

When the mechanical sidebands of the cavity are not driven with the same amplitude,
the cavity field couples, in the rotating frame, to both mechanical quadratures,

Hom = —g1(a + a0 + b7y + g - a1 (b - b"). (3.24)

The coupling rates depend on the coupling of the sidebands; we have 41 = ¢4+ + 4-,
72 = g — g+, where, g_ (g.) is the coupling of the lower (upper) motional sideband to the
mechanical oscillator and we assume g_ > ¢, to ensure stability. Furthermore, we assume
712 > 0 without loss of generality. Such interaction can be used to squeeze the mechanical
motion [102]; it is natural to expect that if the qubit couples to the squeezed mechanical
quadratures, its readout will be improved compared to the unsqueezed motion.

To check this expectation, we write the Hamiltonian for a single system,

H = —Z&Z(b bT) g1(a + aT)(b + bT) + (4 - dT)(b bT) (3-25)
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and adiabatically eliminate the optomechanical transducer. The resulting stochastic master
equation reads

2
dpq = Lopedt + X7 (1 - 32%) 27 + D{D[&2] + DIG2]} podt

X273
¥k

22
X q A A A
+ 167’(1@[0' + o-z]pth +14/16 H[&) + o-ﬁ]pqu. (3.26)
The optomechanical interaction described by the Hamiltonian (3.24) indeed reduces noise
in the mechanical momentum quadrature which, in turn, reduces dephasing of the qubits;
the measurement rate is not affected by the squeezing since it depends on the first term
in equation (3.24) only. Equation (3.26) is valid only for weak optomechanical coupling,

7192 < vk, which can be fulfilled since ¢, is given by the difference of the coupling rates
of the sidebands.

3.3.2 Coupling via a microwave cavity

When the coupling between the qubit and mechanical oscillator is mediated by a microwave
resonator, the Hamiltonian takes the form

H = x6,00+ 69 —iga@ = Db + 6N + wmb b + g (6 + EH B + b, (3.27)

now, 4 is the annihilation operator for the microwave field and the annihilation operator
for the optical cavity is denoted by ¢. Interaction of the qubit and the mechanical oscillator
with orthogonal microwave quadratures can be achieved if the qubit couples longitudinally
to the microwave resonator in the laboratory frame, Hy = xb,(4 + 49 [163, 164]. If
we now strongly drive the cavity and move to the displaced frame, 4 — @ + 4, the
coupling is unchanged since the drive results merely in a constant energy offset for the
qubit, wq = x (@ + a*). The microwave quadrature which interacts with the mechanical
oscillator, on the other hand, is determined by the phase of the driving field; it is thus
possible for the qubit and the mechanical oscillator to couple to orthogonal microwave
quadratures. Finally, the longitudinal interaction between the qubit and microwave field
can be made resonant in the rotating frame if suitable modulation of the coupling rate is
used [165].

After adiabatic elimination of the optomechanical transducers (now consisting of the
microwave, optical, and mechanical modes; we also assume that each microwave resonator
couples to a vacuum bath), the effective equation of motion for the qubits reads

2

dpq = Lopedt + 4—+256)‘39; 16 an @7+ 1) [ {D[6]+ D621} pdt
Kﬂwm ﬂwm

2.2 2 2.2 2
+256 X749 gl 1+ 671 pode + ,/256)‘2 199 5L + 52pgdW.  (3.28)
Kﬂwmkc KaWmKc

The presence of the microwave cavity results in two additional dephasing channels for the
qubit (described by the first two terms in the square bracket): the first dephasing process
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corresponds to the signal from the qubit leaving directly through the microwave output
port; the second channel describes the signal reflected by the mechanical oscillator. It
travels to the mechanical oscillator where it is converted back to microwaves, which then
decay to the microwave bath.

The latter process can be suppressed if the mechanical oscillator couples more strongly
to the optical output than to the microwave output, 42/, > 42/k,. The former channel
presents a more considerable challenge—it is the only dephasing process that is resonant
(i.e., independent of the mechanical frequency). If the measurement is to dominate over
this dephasing, the condition

4_73 4_702 > le
Kay Ky m
has to be satisfied. With current experimental technology, this condition is virtually

(3-29)

impossible to fulfil.

3.3.3 Combining microwave cavity and modulated coupling

Finally, we can combine the two approaches discussed above in a single system—the
qubit interacts with a microwave cavity which is driven on both sidebands to realize
nondemolition coupling to the mechanical oscillator. The optical cavity is driven the same
way so we obtain a quantum nondemolition interaction of the qubit, microwave resonator,
mechanical oscillator, and optical cavity. In the ideal case (i.e., within validity of the
rotating wave approximation, K, < wp), the interaction is described by the Hamiltonian

H = Yo, (a+a’) - 1gﬂ(ﬁ—aT)(b+bT)—1qc(c+ )(b bT) (3.30)

Adiabatic elimination of the microwave, optical, and mechanical degrees of freedom
results in the stochastic master equation

2

dpq = Lwﬂm—%—+ﬂxﬂ

a

(272 + 1) [{D[6}] + D[57]} Pqdt

fﬁﬁﬂ

K2y2kc

X %zgc
7 K¢

+ 1024 (6] + o'z]pth +4[1024 =222 H[ 5L 4 o'z]pqu (3.31)
There is now one dephasing channel less than in the previous case, equation (3.28), since
the signal that enters the mechanical oscillator leaves through either the mechanical
bath or the optical cavity and cannot be reflected back to the microwave resonator.
The dephasing through the measurement channel dominates over the mechanical and
microwave dephasing if
4q2 1 492 497 1
+ > —, ﬁi > . (332)
keyQn+1) 4 Kgy key 16
Additionally, the measurement rate also has to be larger than the intrinsic relaxation
and dephasing rates of the qubits; this condition can be fulfilled more easily since the
measurement rate is increased by a factor of Q2 compared to the case of non-resonant

qubit and mechanical oscillator.
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3.4 DERIVATION OF EFFECTIVE EQUATIONS OF MOTION

In this section, I derive the effective equation (3.13) governing the dynamics of two qubits
under continuous measurement by optomechanical transducers. To this end, I start by
considering a single node and show how to adiabatically eliminate the mechanical and
optical degrees of freedom. Then, I discuss the case of two such systems connected by a
directional optical link; after treating the case of an ideal system without optical losses,
I analyse the role of imperfections, specifically the presence of optical loss and asymmetry
in the parameters of the two transducers.

3.4.1 Single-qubit readout

To derive an effective equation of motion for a single qubit, we start from the stochastic
master equation for the qubit coupled to a transducer,
dp = —i[H, p1dt + Lopdt +y{(@ + 1)D[b] +7D[b 1} pdt + kD[4]pdt
+ VkH[4e'1pdW (3:33)
with the Hamiltonian B = )((bA + bAT)é'Z + wmbATbA +g(a+ ﬁT)(lg + 127). To adiabatic-
ally eliminate the mechanical and optical degrees of freedom, we consider the equation
governing the dynamics of the transducer
dpr = —ilwmb'h + g4 + 37 (b + b, pr1dt + y{(@ + DD[b] + nD[b' 1} prdt
+ kD[21prdt + VKH[4e? ] prdW, (3:34)
where I use the subscript T to remind us that the density matrix g describes the state of

the transducer. Since the dynamics are linear, the state is fully described by the first and
second statistical moments of the canonical operators which we collect in the vector

. %[ﬁ +at—id = ah b+ bt b - b7 (3.35)

The covariance matrix of the conditional state of the transducer obeys the Riccati equation

I = AT + T°A7 + 2N - 2(I'°c — om)(Ic — om)’, (3.36a)
K
—-— 0 0 0
2
0 -= -2 0
A= y , (3.36b)
0 0 -~ Wm
2 Y
-29 0 -—wpy -3
. K K _ 1 _ 1
_ kX ! - 36
N dlag[z,z,y(n+2),y(7’l+2) , (3-36¢)
c= L(cos¢ —sin¢,0,0) (3.36d)
vz 9 9 9 b
K . T
m = —(sin ¢, cos ¢,0,0)" ; (3.36€)

V2
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see also chapter 2. On the other hand, the unconditional state of the transducer follows
the deterministic master equation
Au
dpk.

= = —i[wnbh + (3 + &) (b + b, pr1+ v + VDIb] + 7D} AL

+ kD[a]py; (337)
the corresponding covariance matrix obeys the Lyapunov equation
I = AT" + TVA7 +2N. (3.38)

The Riccati and Lyapunov equations, (3.36a), (3.38), can be solved analytically in the
limit of weak optomechanical coupling, g < «, but I omit the resulting expressions since
they are too cumbersome. The solution, together with the general expression for the
effective equation presented in chapter 2 gives the equation

dpq = LgPqdt + Timeas + Tinech) D072 19qdt + VlmeasH [0 10qdW, (3.39)

where the measurement and dephasing rates I'meas, [imech are given by equations (3.10).

3.4.2 Two-qubit measurement

When two such systems are cascaded, the dynamics are described by the equation

2
dp = —ilH, p1dt + Lopde + Y y{( + DDLb] + 7 D[b] 1} pde
j=1

+ kD[d1 — 42]pdt + VkH[ (41 — d2)e]pdW (3.40)

with the Hamiltonian

2 .
A= Z[Xa-;(é/- + é;) + wméjéj + g4+ ﬁ;)(éj + 13].*)] + %(ﬁlé; — 428D, ()
=1
Apart from the local dynamics of the two nodes—given by the square bracket in the
Hamiltonian (3.41) and by the dissipation of the qubits and the mechanical oscillators—
there is the unidirectional coupling of the optical cavities. This effect appears in the form
of the last term in the Hamiltonian (3.41) and in the Lindblad and measurement terms
which now describe the joint decay and measurement of the two cavity modes [214]. (The
minus sign in the Lindblad and measurement terms is due to our choice of the relative
phase between the two cavity fields; see the discussion below.) For the moment, we assume
that the two qubit-oscillator-cavity systems are identical and can be described by the same
frequencies, coupling constants, and decoherence rates.
After adiabatically eliminating the mechanical and optical degrees of freedom (in
complete analogy with the single-qubit readout), the effective two-qubit equation takes the

form
dpq = Lahqdt + Treen { D[]+ D671} fgdt + Limeas D&, + 57 15qd1
+ VlmeasH[6) + 67 1pqdW . (3-42)
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Here, the relative phase between the two qubits in the measurement and two-qubit
dephasing terms is set by the phase between the two cavities in the Hamiltonian Hepe =
%ik(ﬁléz - ﬁzﬁj) and the Lindblad term D[4; — 42]p; this phase can be controlled by
applying an additional phase shift to the light field between the cavities. The relevant
choices are & + &2 [Which can be used to generate the entangled state [¥,) = (|01) +
[10))/V2] and & o) — 62 [with which the state |®,) = (]00) + [11))/V2 can be prepared];
the latter measurement can be obtained from the former one by applying a 7 phase shift
between the cavities, 2 — —d4,. Any other phase results in the signals from the two qubits
appearing in different quadratures.

With optical losses in the channel between the cavities and limited detection efliciency,
the overall dynamics are described by the equation

2
dp = —i[H, p1dt + Lopde + Yy {7 + DD+ 7 D(b] }pdt

j=1
+ k(1 - T)D[dA1],OAdt + D[\/KlTﬂAl - \/K_zﬂ/l\z]ﬁdt
+ NTH[(V&1Td1 — VK2d2)e 1 pdW (3-43)

where the Hamiltonian takes the form

2 : A A A A A A
H = Z;[X]&Q (b] + b;) + a)m,]‘b;b]‘ + q]'(;t\]‘ + dA]T)(b] + b;)]
]=

i AT A AT A
- z\/K1K2T(d{ﬂ2 - azlal). (3-44)

Here, 7 € (0,1] is the transmittance of the channel between the two cavities (including
optical losses in the first cavity) and € (0,1] is the detection efficiency (it includes
any optical losses in and after the second cavity). Furthermore, I now assume different
parameters for the two qubits, mechanical oscillators, and optical cavities. The effective
two-qubit equation of motion takes the form

2 Xf?’;(mj +1)

dpq = Lqpgdt +16(1 — 1) —51 ”1 1)[ 1Pqdt + - D[&i]ﬁth
K1a) — .
J=1 m,;
2.2
+DN1er Lath &l Jm)ﬁqz 52| pade
2 2 q
K1a) Ky
2 2 22
9, (X272
+\/—7{[ X171 1y 22 52| pgdW (3-45)
K1(x)m Ky_a)m2

For a total- spin measurement, we require that both qubits be measured at the same rate,
Txigt/KiwE | = x3g3/Kaw? 2+ For most implementations, the easiest way to fulfil this
condition is to tune the coupling (the qubit-mechanical coupling can usually be tuned
using external fields, similar to the optomechanical coupling). I consider tuning the
coupling of the second qubit, x2 = V7 x1, since enhancing any of the coupling strengths
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in the first node would increase the dephasing rate of the first qubit; furthermore, the
reduction of the qubit coupling (compared to reducing the optomechanical coupling) also
reduces the dephasing of the second qubit. The resulting equation of motion is

16(1 - 1)

X9 xv@n+1)
+
2 wz

O‘)In m

D[6}1pqdt

dpq = Lqpqdt +
2 ga—

2n+1

+Txy(n )

wﬁl

+ 4 flé‘rr] (H[a' + O’z]pqu

= Lqp,\th + [(1 = T)lmeas + rmech]@[a-l]ﬁth + Trmech@[&z]p,\th
+ Tlneas DO + o-z]pth + T Tineas H[ 0L + o-z]pqu (3.46)

D[62]pdt + 167 72 D6} + 62]pdt
wm

where the mechanical coupling rate of the first and second qubit is y, V7 x, respectively,
and [ieas, Iimech are given in equations (3.10). Finally, individual tuning of the coupling
rates (both y and #) can also be used to compensate other differences between the systems
arising during manufacture, such as the difference in optical decay rates or mechanical
frequencies.

3.5 ANALYSIS OF STOCHASTIC MASTER EQUATIONS

Conditional master equations are usually solved using Monte Carlo techniques. When used
with postselection, however, stochastic dynamics can be approximated using an analytical
approach. This treatment is possible since we are interested only in the final state and
not the precise evolution during the measurement. We start from the conditional master

equation which we write as

dp = y {D[61+ D[&* P pde + yiD[G1pde + 92 D652 pde
+TD[&) + 621pde + I TH[ &L + 621pdW, (3.47)
Idt = 24T¢E L + 62)de + dW. (3.48)

We assume that both qubits relax at the same rate y_ while their dephasing rates y;,
can, in principle, differ. (This situation describes two identical qubits coupled to light
via optomechanical transducers with optical losses between them.) Now, we prepare the
qubits in the state |¢o) = %(|O) + 1)) ® (]0) + |1)) and measure for time 7', accumulating
the signal

T
J(T) = fo Idt. (3-49)

Clearly, if J(T) ~ 0, the expectation value (5} +62) = 0 and the qubits are in the entangled
state |¥,) = (|01) + |10))/V2 2 (assuming all decoherence channels are negligible compared
with the measurement) while for J(7T') < 0 they are in the state |11) [|00) for J(T") > 0].
Choosing a suitable postselection cutoff v, we keep the state if |J(7)| < v and discard it
otherwise.
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To get a deeper understanding of the system dynamics, we can adopt the following
simplified approach: first, we assume that the system evolves according to the unconditional
master equation

Ccilf =y AD[611+ DIE2NP +y1DIE;1P + 12 DI1p + D6, + 6716 (3:50)
from time ¢t = 0 to time ¢t = T. Afterwards, a fast, strong measurement is applied,
returning the result J(7'). Finally, using the cutoff v, we either keep or discard the state;
we are interested in the entanglement of the state we keep. This approach is generally
not valid since nonlinearity in the measurement term H[&! + 62]p = (&} + 62)p -
tr{(6} + 62)p}p + H.c. mixes the subspaces corresponding to the three measurement
outcomes, (&} + &2) = 2 (spanned by the state |00)), (&} + 62) = O (spanned by |01),
[10)), and (&} + 62) = -2 (spanned by |11)), which can be considered independent in
the unconditional dynamics under weak relaxation, y_ < y12,I'. Nevertheless, if the
measurement is strong enough (so that the inter-subspace coherences quickly decay), this
treatment is a good approximation of the true stochastic dynamics which can otherwise
be studied only using quantum trajectories.

Formally, we start by solving the deterministic master equation (3.50) with the initial
condition p(t = 0) = |[¢o)ol; although this equation can be solved analytically, T omit the
solution for brevity. The qubits then interact with the measurement apparatus (initially in
the vacuum state), which we then project on an eigenstate of the measurement operator,
resulting in the unnormalized state

= (x| exp(=iu$,$)p(T) ® (00| exp(ius, p)lx). (3-51)

Here, §, = 161+ 0'2) p is the phase quadrature of the measurement apparatus, and
1 is the measurement strength which can be evaluated from the classical signal (3.49):
each of the projections ($,)=0,+1 gives rise to normally distributed signals J(7') with
mean value 44/nT (§Z>T and variance 7. Considering we want to treat the measurement
apparatus as a bosonic mode and the interaction with the two qubits as a conditional
displacement, the measurement strength is given by the mean (for ($,) = 1) renormalized
by the square root of the variance so that 4 = 2y/yT'7T [a factor of § appears due to the
used definition of the amplitude quadrature £ = (2 + 47)/V2].

We can express the unnormalized projected state 0 using phase-quadrature representa-
tion for the measurement apparatus

”

A 1 2 . A A , . N )

1
2 A ,
=4/— E e_(’c_”s)zIF’gp(Z)IP’S«e_("_”S)2

T g5
= Dx)p(T)D(x). (3-52)

Here, ]f”g is projector onto the subspace with (SA .y =S and

A 2 .
D(x) = \/;dlag{exp[—(x - u)z], exp(—xz), exp(—xz),exp[—(x + ,11)2]}. (3.53)
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Figure 3.4: Comparison of the analytical model (dashed red line) to numerical simulations (solid blue
line). In the first row [panels (a—c)], we consider system with parameters y_ = 0.1T’, y1 = y, = 0.2T,
n = 0.6; in the second row [panels (d-f)], the parameters are y_ = 0.1T', 1 =T, ¥, =031, n = 1;
for the last row [panels (g-1)], we use the parameters y_ = 0.8T, y; = y = 0, 7 = 1. The success
probability is Psyec = 0.1 for the first column [panels (a,d,g)], Psucc = 0.3 for the second column
[panels (b,e,h)], and Pgyec = 0.5 for the last column [panels (c,f,1)].

Integrating over the interval x € (v, v), we obtain the final postselected state

A f—vv dx‘éx
Pt = m; (3-54)
-y
the normalization factor gives the success probability of the postselection procedure,
Poyee = tr{ fjv dx 0. }. It is possible to express the final density matrix analytically but the
resulting expression is too cumbersome to be presented here.

I compare the analytical model with numerical simulations in figure 3.4. As expected,
the analytical model breaks down when the qubit relaxation rate becomes large so that
the nonlinearity of the measurement term in the stochastic master equation starts to play
a role [panels (g-1)]. Furthermore, the analytical model and the numerical simulations
start to deviate when the success probability is increased [panels (c,f,i)]. This behaviour
is, however, merely a result of different data analysis procedure—while the analytical
model evaluates entanglement of the average state obtained by postselection, the numerical
simulations reveal the average entanglement that can be obtained. In the extreme case of
a perfect measurement (i.e., dynamics described by the stochastic master equation dp =
D[] + 621pdt + NTH[G&L + 6-21pdW) and success probability 100 % (corresponding
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Figure 3.5: Comparison of the total-spin measurement (solid blue line) with the measurement of

the spin difference (dashed red line). (a) Decoherence dominated by dephasing, y; = y, = 0.2T,

¥- = 0.05T, Psyee = 0.2. (b,c) Comparable dephasing and relaxation, y; = y, = 0.1T, y— = 0.3,

Psyce = 0.1 (b), Psycc = 0.5 (c). For all plots, the detection efficiency n = 1.

to simply disregarding the measurement record), the average state is a statistical mixture of
all possible measurement outcomes,

1 0 00
1 1 1 1{0 1 1 0
6 = —|00)00] + = ¥ W —[11){11] = — .
p = Z100K00 + SI¥ )W [+ DAL =21 o 5 | (3-55)
0 0 01

which is a separable state. Simulating individual quantum trajectories, on the other hand,
we obtain the maximally entangled state |V, ) with 50 % probability and the average
entanglement equals 0.5 ebit.

We can treat the measurement of the spin difference &} — 62 in a similar manner. This

time, the entangled state |®,) = (]00) + |11))/V2 can be generated from the initial state
o) = %(IO) +11)) ® (|0) + [1)). The two measurements, of the total spin 6! + 62 and
of the spin difference &} — 62, are compared in figure 3.5. When the decoherence of the
qubits is dominated by their dephasing [panel (a)], there is no difference between the two
strategies since dephasing affects both cases equally. When the qubit relaxation cannot be
neglected, the success probability decides which measurement ought to be used. For small
success probabilities [panel (b)], it is beneficial to measure the total spin &} + 6-2; with
this measurement, only states in the relevant subspace (spanned by the states |01),/10))
are postselected. While this is the case also for the spin difference measurement (where
the preferred subspace is spanned by |00), |11)), the ground state population contains also
contributions from the decayed odd-parity states |01), |10), which leads to a reduction
of concurrence. The measurement of the spin difference is, however, a better choice if
the success probability is large [panel (¢)]; in such a situation, the total-spin measurement
results in a state that is a mixture of all three subspaces and its entanglement is thus reduced.
There is, nevertheless, a little difference between the two strategies for times up to the
optimal measurement time, independent of the chosen success probability.
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measurement
cavity

source cavity

readout cavity

Figure 3.6: Scheme for optomechanical quantum nondemolition detection of single photons. A
photon in the measurement cavity transfers part of its momentum to a mechanical oscillator; this
momentum is then measured using a second, readout cavity mode. An incoming photon can be
modelled with a third, source cavity (left) with an embedded photon source (e.g., an atom).

36 PHOTOCOUNTING WITH OPTOMECHANICAL TRANSDUCERS

Generation of entanglement is but a single possible application of optomechanical trans-
ducers for quantum force sensing. The purpose of the device is to measure a force that, in
this case, comes from a superconducting qubit. The source of this force, however, can be
another object. For instance, using a nonlinearly coupled optomechanical cavity, we can
use the transducer to count photons.

The scheme is depicted in figure 3.6. An optical cavity (which I will refer to as the
measurement cavity) interacts with a mechanical oscillator via the nonlinear optomechan-
ical coupling WM(ZQ + l;T). The mechanical oscillator thus feels a force F,, = ngq/ \/zxzpf
that depends on the number of photons 7 = (474) in the measurement cavity. We use
another, readout cavity to estimate this force and determine the number of photons in the
measurement cavity. The dynamics of the measurement cavity are, in full analogy with
the qubit readout, described by the conditional master equation

dp = kD[4)pdt + (Tineas + Timech) D[4 41pdt + \Tineas H[ 421 5dW; (3:56)

the first term on the right-hand side accounts for the cavity decay, the terms proportional
t0 Iimeqs describe the measurement, and the term with ', gives the mechanically induced
dephasing; the rates are given by

2.2 2
909 70Y  —
Iimeas = 16 2 3 Fech = 0_2(271 +1). (3-57)
KrWm Wm

Here, &, is the linewidth of the readout cavity and g is its linearized coupling to the
mechanical oscillator.

In the following, I will focus on the simplest scenario: distinguishing between the
presence and absence of a single photon. The transducer allows a quantum nondemolition
detection of the photon—it is not absorbed by the detector but imparts a momentum
kick to the mechanical oscillator that can be measured using a second cavity mode. To
tully exploit the possibilities this measurement offers, I will consider a situation where
the photon arrives in the measurement cavity from some outer source, is measured, and
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decays from the cavity. I will show that the sensitivity of such a measurement is limited
by the quantum Zeno effect [209, 220, 246]: the measurement prevents the photon from
entering the measurement cavity. I will then argue that basic evasion of the measurement
backaction is possible if the arrival time of the photon is known; the sensitivity in such a
case 1s limited by imperfect coupling of the photon into the measurement cavity. Finally, I
will briefly discuss a scenario where the photon is coupled perfectly into the cavity and
the technical requirements to successfully detect its presence in this setting.

3.6.1 Measurement strategy

The basic model for sending the photon to the detector from an outside source is the
following (see figure 3.6): we consider a third, source cavity, which is prepared in the single
photon state. The source cavity is cascaded with the measurement cavity so that the photon
decaying from the source enters the detector where its presence is measured. Finally, the
photon decays from the measurement cavity and is available for further operations. The
detector can thus be used to improve the efficiency of the source.

Formally, we introduce the annihilation operator of the source cavity ds and describe
the source and measurement cavity using the conditional master equation

dp = Vkek[ald — ata,, p1dt + D[Veds + Vkalpdt + TD[a"a]pdt
+ VITH[4T2]pdW . (3-58)

Here, « is the linewidth of the source cavity and we neglect mechanically induced
dephasing of the measurement cavity; for the simple task of distinguishing the presence and
absence of a photon, this dephasing effect is irrelevant. The initial state is a single photon
in the source cavity and vacuum in the measurement cavity, p1(¢t = 0) = |15,0)(1;,0| [or
the vacuum po(z = 0) = |05, 0)(0s, 0|], and the measurement gives rise to the classical signal

Idt = 2V 4)yde + dw. (3:59)

The distinguishability of the vacuum and single-photon states can be maximized by
using an appropriate filter F(z),

T
]=f deF(£)I(t); (3.60)
0

the filter is optimized by taking F (¢) o I1(¢); we assume the filter function to be normal-
1zed f dtF2(t) = 1. Here I1(t) = 2NTn (t) is the signal we expect from a single photon
and 71 (¢) is the unconditional population of the measurement cavity. The population can
be found by solving the master equation

dp  Vksk

5 = 5 l4d—d'as, pl+ DlVksds + Vkdlp + TD[4"41p (3.61)

with the initial state p1; we obtain

4igke <t (1 — e~ (K=Kt e—%(F—K+K5)[ _ 1)

n1(t) = (3.62)

+2
'+« — kg Ks — K I'—k+ ks



90 C&\NTUM FORCE SENSING WITH OPTOMECHANICAL TRANSDUCERS

450 1.0 —
200l @ Vacuum ®
350} 508
300} b= N
Q +
£ 250 500 i
4 =
e}
3 200 A 204
150} Single photon g
100 M 0.2 \
\
50 .
AR
0—4 8 0'0—4 -2 0 2 4 6 8

Threshold

Signal

Figure 3.7: (a) Histograms of signals coming from the vacuum (red) and single-photon states
(green). (b) Error probabilities versus the discrimination threshold. The plot shows the dark-count
probability (dashed red line), false detection (dotted green line), and their average (solid blue line).

This choice of filter maximizes, on average, the signal from the single photon since the
filtered signal | is given by the scalar product of the photon population with itself; any
other (normalized) filter must necessarily give rise to a smaller filtered signal. At the same
time, unfiltered signals from the vacuum state fluctuate around zero; the expected signal is
thus 70(¢) = 0 and the expected filtered signal is zero.

Under these conditions, vacuum gives rise to normally distributed signals with
zero mean and unit variance. The mean signal for the single-photon state is J; =

fth(t)h(t) = ZVI:,lfdtn%(t). The signals due to a single photon do not have a
Gaussian distribution. We can, nevertheless, still use the mean signal J; as an approxima-
tion of the signal-to-noise ratio; unlike the exact signal-to-noise ratio or any other measure
of distinguishability of the two states, this quantity can be calculated analytically. For long
measurement times, 7' > 1/k, we can take the limit 7' — oo and the single-photon signal
becomes

2T ksk [T+ 3(k + ) ]
(k+ k) (T + k + k)T + 3k + k) (T + &k +3k)

Ji=4 (3.63)

This quantity can be numerically maximized: for ks = k, I' = 2.355«, we get J; = 1.34.

Results of numerical simulations for these parameters are shown in figure 3.7. From
panel (a), we see that the histograms of signals corresponding to the vacuum and single-
photon state are largely overlapping. This result is further illustrated in panel (b), where
the measurement error is plotted as a function of the discrimination threshold. In this
setting, a threshold v is picked and the signal is interpreted as coming from a single photon
if and only if | > v; we ask what the probability of a wrong determination of the cavity
state is. The best performance in this case reaches measurement infidelity of about 31 %.
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3.6.2 Quantum Zeno effect and the standard quantum limit

We can understand the limitations of the measurement scheme by introducing Stokes
operators for the source and measurement cavity,

S = %(éiﬁs +ata), (3.642)
$, = %(éjé AT (3.64b)
§o=—tiala—dta, (3:640)
$ = %(éiés _ath). (3.64d)

The interaction of the two cavities (up to the Lindblad term D[+/k;d; + Vka]p) is given
by the Stokes operator §2. The transducer measures, on the other hand, the combination
§o - §3. Owing to the commutation relation [fi, §/] = iei]-kﬁk, i,j,k = 1,2,3, the
measurement of the Stokes operator S5 necessarily disturbs the second Stokes operator S
this disturbance is then reflected in the measurement of §3 at a later time.

We can get a deeper understanding of this phenomenon from circuit quantum elec-
trodynamics [209, 220]: a qubit under a Rabi drive and continuous measurement of its
population exhibits quantum Zeno effect. The coupling of the cavities (analogous to the
Rabi drive) and the measurement are two competing processes; while the former leads to a
change of the cavity population, the latter freezes the dynamics and prevents any popula-
tion change. With a weak measurement, the driving is stronger and the cavity becomes
populated by the photon; the measurement is, however, too weak to observe it. A strong
measurement, which dominates over the drive, prevents this effect and the measurement
cavity remains empty, giving a false negative in the detection. Similar effect has been
observed also for quantum nondemolition detection with two nonlinearly coupled cavity
fields [246].

The solution to this problem and a way to improve the detection efficiency is to turn
the measurement on after the photon entered the measurement cavity. This adaptation
leads to a less general measurement than the one we started with—we now need to know
when the photon arrives so we know when to start the measurement. In its simplest form,
this can be modelled with the time-dependent measurement rate

[(t) =0t — tg), (3-65)

where ©(¢) is the Heaviside step function; the measurement is switched on at time #,
which is achieved by turning on the driving of the readout cavity. The photon thus
enters the measurement cavity without any backaction, and only then do we switch the
measurement on.

The off-on measurement is compared with the simple approach in figure 3.8(a). The
time-dependent measurement can outperform the simplest strategy already for moderate
measurement rates (I' $ 3k). The performance of both approaches is further analysed in
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Figure 3.8: (a) Signal-to-noise ratio (SNR) as a function of the measurement rate. The curve shows
results for the off-on measurement numerically optimized over the switching time #o. The black
horizontal line represents the standard quantum limit obtained for time-independent measurement.
(b) Measurement infidelity for the simple measurement scheme (blue circles) and the time-dependent
measurement (red squares) versus the measurement rate. (c) Sample histograms for vacuum (red)
and single-photon states (green) for the off~on measurement with I' = 10«.

panel (b). The off-on measurement indeed outperforms the basic scheme; its performance,
however, does not improve with increasing measurement rate beyond I' ~ 2.5«.

We can understand this behaviour from figure 3.8(c), which shows the histograms
for vacuum and single-photon states with the time-dependent measurement for I' = 10«.
Owing to the non-Gaussianity of the single photon, the corresponding histogram has a
long tail with strong measurement signals that skews the signal-to-noise-ratio. A significant
number of the single-photon trajectories do not result in a click due to imperfect coupling
of the photon to the measurement cavity. Since the cavity population reaches a maximum
of about 50 %, the photon can be detected only with the same efficiency.

3.6.3 Fundamental limits on measurement precision

To maximize the detection efficiency, we need to improve the coupling of the photon into
the measurement cavity. We can achieve this goal if we have control over the pulse shape
of the photon. With an inverted-exponential profile, the photon will couple perfectly into
the measurement cavity. If we now turn the measurement on, measurement backaction
will not limit the distinguishability of the vacuum and single photon states. This scheme
is, however, the most problematic to implement—apart from knowledge of the arrival
time of the photon, we also need to be able to control its pulse shape.
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Figure 3.9: (a) Histograms for vacuum (red) and single-photon (green) states for scheme with a
single cavity and I' = k. (b) Corresponding error probabilities versus the discrimination threshold.
The plot shows the dark count probability (dashed red line), false detection (dotted green line), and
their average (solid blue line). (c) Scaling of the measurement infidelity with measurement rate. The
blue points represent simulation data, the line is a polynomial fit. The inset shows the same data on
a logarithmic scale.

The dynamics are now described by the conditional master equation
dp = kD[4)pdt + TD[aT21pdt + VIH[4T21pdW . (3.66)

For an efficient measurement, the measurement rate has to be larger than the cavity decay
rate, I' > k. Using the expression for the measurement rate, equation (3.57), we can
rewrite this condition as
442 442
09 2
> Q2. 6
oy ke O (3.67)

We can also estimate the resulting signal-to-noise ratio: the expected measurement signal is

Kt so we have

SNR = 2VT fdt n2(t) = ,/ZTF. (3.68)

Results of numerical simulations are shown in figure 3.9. Panel (a) shows signal

now an exponential, 7(¢) = e~

histograms for I' = 5« and in panel (b), the corresponding error rates are plotted versus the
discrimination threshold. The performance is greatly improved compared to the previous
strategies but there still is a finite overlap between the histograms corresponding to the
vacuum and single-photon states.
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To investigate how this overlap depends on the measurement rate, figure 3.9(c) shows
the measurement infidelity as a function of the measurement rate. Polynomial fit (black
line) to the simulated data (blue points) shows that the infidelity scales approximately as
=% From the signal-to-noise ratio in equation (3.68), we would expect the infidelity to
scale as T~1/2; the discrepancy is caused by the non-Gaussian character of the distribution
of the single-photon signals; cf. figure 3.9(a).

To analyse experimental feasibility of this scheme, let us consider the following para-
meters: in recent experiments, the ratio go/wm ~ 1072 can be expected. Together with a
readout rate 4/, ~ 1 MHz, this value gives a measurement rate of about 1 kHz, which
is significantly smaller than typical cavity decay rates. The single-photon coupling coup-
ling can be enhanced by mediating the optomechanical coupling by a two-level system
[173, 180] or by parametrically driving the mechanical motion [253]. With current techno-
logy, however, these strategies improve the measurement rate only by one or two orders
of magnitude; the scheme thus remains extremely challenging to implement.

3.7 SUMMARY

Optomechanical force sensing is a measurement method that can reach remarkable pre-
cision. In a typical scenario, the object exerting the force on the oscillator is treated
classically. Here, I showed on two examples that treating the source of the force quantum
mechanically can bring useful practical applications and interesting new effects.

First, I considered using two optomechanical transducers for joint readout of two
superconducting qubits. The optomechanical system is used to measure the qubit-state-
dependent force on the mechanical oscillator; the topology of the system results in an
effective measurement of the total spin and can thus be used for generation of entanglement
between the qubits, following recent experimental efforts in microwave systems [92].
An important open question was whether the coherence of the qubits can survive the
measurement; the transducer introduces a dephasing channel for the qubit so this question
is highly nontrivial. I demonstrated that the qubit coherence is well preserved during the
measurement if the transducer has large cooperativity; moreover, the system tolerates a
substantial optical loss. The strategy builds on existing experimental techniques and can
thus be readily implemented.

Second, I considered using an optomechanical transducer for quantum nondemolition
detection of single photons. In this case, a single photon—a highly nonclassical object—
imparts a momentum kick to the mechanical oscillator, which can be detected using a
second, strongly driven cavity mode. We saw that a continuous measurement gives rise to
backaction that limits the population of the measurement cavity. We can avoid the resulting
quantum Zeno effect with a time-dependent measurement setting for which, however,
knowledge of the arrival time of the photon is necessary. The detection performance is
then limited by the natural imperfection of the coupling of the incoming photon to the
measurement cavity. The solution to this problem is a manipulation of the temporal profile
of the photon; the resulting measurement, nevertheless, puts very strong requirements on
the system parameters and is far from being feasible with current technology.



CHAPTER 4

SPATIALLY ADIABATIC FREQUENCY CONVERSION IN TRANSDUCER ARRAYS

An optomechanical transducer formed by an optical and a microwave cavity coupled to a
common mechanical oscillator [figure 4.1(a)] is a conceptually simple, yet versatile device.
Frequency conversion of propagating fields is possible with time-independent control
using optomechanically induced transparency [254]; arbitrary input signals in one mode
can be converted into the output of the other mode. The main limitation of this scheme
is its small bandwidth, given by the optomechanically broadened mechanical linewidth,
which is, for typical experimental parameters, much smaller than the linewidth of the
cavity modes [134].

Conversion bandwidth can be improved by using adiabatic passage with intracavity
fields [79, 80]; in this case, the bandwidth is equal to the cavity linewidth. This approach
requires complicated time-control schemes to store incoming signals inside one of the
cavities and for efficient conversion. The main limitation, however, is the requirement for
strong coupling, which is not available with current opto- and electromechanical systems.
Although the process can be sped up using shortcuts to adiabaticity [255, 256] (which relax
the conditions on the coupling strength), the correction Hamiltonian that compensates
nonadiabatic transitions results in more complex time-control schemes.

A solution to this conundrum lies in developing new strategies for frequency conver-
sion in optoelectromechanical systems. In this chapter, I take this approach and show that
the conversion bandwidth can be increased in an array of optomechanical transducers [96];
see figure 4.1(b). Two propagating fields (one optical and one microwave) form two
normal modes, one of which is decoupled from the mechanical motion. Varying the opto-
and electromechanical coupling rates within the array, we can change the nature of the
mechanically dark mode from purely microwave to purely optical. This variation, which
needs to be sufficiently slow so the orthogonal normal mode is not excited in the process,
adiabatically converts any signal initially in the microwave field to light (or vice versa).
The conversion bandwidth can be improved by increasing the array size and is limited
only by the frequency of the mechanical oscillations.

Using a mechanically dark mode also leads to a strongly suppressed added noise. Even
though the total noise that enters the propagating fields scales with the array size, it gets
added predominantly to the mechanically bright mode. This effect is more pronounced as
the array size increases and the adiabaticity improves. Added noise is thus suppressed in

95
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Figure 4.1: (a) Schematic representation of a basic optomechanical transducer. Conversion between
a microwave mode ¢1 (red circle) and an optical mode ¢; (blue) via the mechanical mode b (yellow)
is possible using a mechanically dark mode. (b) Transducer array for spatially adiabatic frequency
conversion. The opto- and electromechanical coupling rates are varied throughout the array so that
a mechanically dark mode of the propagating fields 41 () changes from a purely microwave mode
to a purely optical mode. The transducers are directionally coupled; signals propagate from left to
right. (c) Continuous model for spatially adiabatic frequency conversion where the propagating
fields are coupled via a spatially extended phonon mode b(z).

the regime where the collectively enhanced optomechanical cooperativity is strong; we do
not need each transducer to be in the strong-cooperativity regime.

I start by describing existing strategies of optomechanical transduction, namely con-
version of propagating fields and conversion of intracavity fields by adiabatic passage in
section 4.1. I describe both approaches in detail and outline their limitations for practical
applications. I then briefly outline how frequency conversion of propagating fields via
adiabatic passage could be implemented in a continuous optoelectromechanical system

[figure 4.1(c)].

Next, I show how spatially adiabatic dynamics can be effectively achieved in an array
of optomechanical transducers. An array is only an approximation of the continuous
dynamics; as the array size grows, however, the dynamics are closer to the continuous
model. I find a simple analytical expression for the conversion bandwidth and provide an
intuitive explanation for its scaling with system parameters.

In section 4.3, I address losses and noise in the system and show that efficient frequency
conversion is possible even in presence of imperfections. I identify the main sources of
decoherence and find regimes in which these imperfections can be neglected. Particularly,
I show that the mechanical noise is suppressed in large arrays by the adiabatic parameter.
I also identify a loss mechanism—backscattering of electromagnetic signals—that has
no analogue in temporal adiabatic dynamics and analyse its role in spatially adiabatic
frequency conversion.

Finally, I discuss possible implementations and summarize the chapter in section 4.4.
Apart from implementations in optoelectromechanical nanostructures, I also briefly
discuss the main hurdles in implementing direct conversion between propagating fields in
the spirit of the continuous model discussed in section 4.1.
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4.1 SINGLE OPTOMECHANICAL TRANSDUCER

4.1.1 Transduction of itinerant fields

The most versatile approach to optomechanical transduction uses time-independent control
and is capable of converting arbitrary input fields [79, 8o, 82]. In this transducer [see
figure 4.1(a)], a single mechanical oscillator (annihilation operator bA) is coupled to a
microwave and an optical cavity (annihilation operators ¢1;) via a beam splitter-like
Hamiltonian

H = q1(€Ib + bTél) + qz(é\;b + bTéz). (4.1)
To understand how input fields are converted by the transducer, we solve its state-space

model (see also chapter 1): we start by writing the Heisenberg-Langevin equations and
the input-output relations in the vector form

@ - A3+ BA,, (4.22)
Ao = Ca+ Da;, (4.2b)

A
with the vector 4 = (¢, b,¢,)7 (and similar vectors for the input and output fields). For
the matrices, we have

K1

—? —iq1 0
A=| -ig —% —ig2 |, (4-3)
0 —iqz —Q
2
B = C = diag(vk1, V¥, Vk2), (4.3b)
D = -I; (4-3¢)

A
here, k12, y are the decay rates of the cavity fields 41 and the mechanical mode .

The Heisenberg-Langevin equations (4.2) can be solved in the frequency domain; the
relation between the input and output fields is described by the scattering matrix

dou (@) = S(@)ain() = [D ~ C(A + iwly) " Blaiy (w). (4-4)
For the optomechanical transducer, the scattering matrix is
T nt c

Swy=| n1 m ny |3 (4-5)
c ny b
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the coeflicients are, close to cavity resonance, w =~ 0, given by

b= Ci+C+1 (462)
c= _C’f%\/gjl’ (4.6b)
m = —%, (4.6¢c)
n; = —Clzi—\/cf—:l; (4.6d)

here, C; = 4ql.2 /k;7y is the classical cooperativity and @ denotes addition modulo 2.

Efficient conversion requires |c| ~ 1; this condition is fulfilled if the opto- and elec-
tromechanical systems are impedance matched, C; = C; = C > 1. In this case, the
conversion coeflicient simplifies to ¢ = =2C/(2C + 1) ~ —1, while direct transmission is
strongly suppressed, ¢; = 1/(2C + 1) ~ 0. Impedance matching thus results in destructive
interference between signal reflected off the input mirror and from inside the cavity [80].

To fully characterize transduction of quantum signals, we must further determine
the added noise. To this end, we compare the conversion coeflicient [given by equation
(4.6b)] with the coefficient quantifying the noise that enters the same output mode from
the thermal mechanical bath [equation (4.6d)]. For an impedance-matched system, we
have

- == (4.7)

Since the average occupation of the thermal mechanical bath is 7, the total noise compared
to the signal is |7;/c|*7 = 7/C = 1 /C;to successfully limit thermal noise, we thus need to
operate in the regime of strong optomechanical cooperativity,

C= ii > 1. (4.8)

Kyn

This condition is similar to the requirement on efficient generation of entanglement
between two qubits presented in the previous chapter; both results illustrate the important
of the cooperativity as a figure of merit for optomechanical systems.

The final figure of merit we are interested in is the transducer bandwidth, that is, the
frequency range across which efficient transduction is possible. To evaluate the bandwidth,
we need to find the scattering coeflicients away from resonance; we can proceed as follows:
we write the Heisenberg-Langevin equation for the mechanical oscillator with adiabatically
eliminated cavity fields,

A
b [y 4_?12+4_?22 p_ g, _2ig,

— = + S — ey
dt 2 K K2 N Y i

and solve it in frequency space. After plugging the result into the input-output relation

+ VT bins (4.9)

Zigg N

A A

C2.out = __Kb + C2in» (4'10)
2
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we can identify the conversion coefficient in the term containing ¢y ;,. We obtain

3 1 82 82
c=- 192 F=y+ﬂ+ﬂ.

Vo T = 2iw’ K1 K2

Equation (4.11) reveals that the conversion coeflicient has a Lorentzian profile with width

(4.11)

given by the optically broadened mechanical linewidth I'. We thus have the conversion
bandwidth Aw = I'. Together, the conversion bandwidth and added noise fully characterize
the optomechanical transducer [257].

4.1.2 Frequency conversion by adiabatic passage

Efficient conversion of cavity fields is possible using adiabatic state transfer [79, 80]. The
two cavity fields interact with a mechanical oscillator via the time-dependent Hamiltonian

Hip(t) = P()(@Eb+bTe) + g2(t) (b + b Ey). (4.12)
In the strong-coupling regime, g; > «;, the cavity fields hybridize into two normal modes,

Y 71(0)¢1 + 92(2) 62 ) 72(0)¢1 — g1(2) 62

O PO (413)

where g%(t) = glz(t) + qzz(t). The normal mode 022 is mechanically dark; it does not
appear in the interaction Hamiltonian I-Alim = q(t)(czjlg + bATa%) and is thus insensitive to
mechanical losses and associated noise.

Frequency conversion between the two cavity fields can be achieved by adiabatically
varying the two coupling rates. In this process, the nature of the dark mode is changed
from purely microwave at ¢ = O [achieved for 41(0) < 42(0)] to purely optical at a later
time t = T [now, ¢1(T) > 42(T)]. Adiabaticity is ensured if the conversion is slow and
does not lead to excitation of the bright mode dy. This condition is fulfilled whenever the
rate of change of the coupling rates is smaller than the frequency spacing of the normal
modes [79]; mathematically, we can write

: (D] < g7(2) + g5(2). (4-14)

This requirement bounds the duration of the process from below, T > 1/4. On the other
hand, the conversion has to be fast compared to the lifetime of the cavity fields. We thus
get a hierarchy of time scales 1/k; > T > 1/g; this hierarchy cannot be fulfilled with
current systems.

Imagine now that we perform the conversion in a spatially extended structure, in
which the coupling rates can be varied in space, rather than in time; cf. figure 4.1(c). The
two fields (now with annihilation operators 41,(z) and propagating with velocity v17)
are coupled to a phonon mode bA(z) extended over length L via beam splitter interaction.
The Hamiltonian of the full system now has to take into account the propagation of the
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A A A . . . . . .
fields; we have H = Hy + H,, with the free propagation Hamiltonian and interaction

AT

2

A 0 . 0 0a!
— AT . _t A
Hy = Iw dz __51 v; [ﬂi(z)ﬁz a;(z) + 5 i\ (4.152)

L A
H,, = f dz[G1(2)al(2) + G2(2)a}(2)]b(z) + H.c.
0

L A A A A
- [ wGtdimbe + b odio (415b)
0

in the interaction Hamiltonian, I introduced the propagating normal mode di(z) =
[G1(2)d1(2z) + G2(2)d2(2)]/G(z) with G*(z) = G1(z) + G5(2). The orthogonal normal
mode 622(2) = [G2(2)d1(z) = G1(2)d2(2)]/G(z) is not directly coupled to the mechanical
mode. To ensure that the mode 622 is mechanically dark, however, we have to ensure that
the normal modes are not coupled in the free Hamiltonian Ho.

To derive conditions under which the normal modes stay decoupled, we collect the
propagating fields in a vector 4(z) = [41(z), 42(z)]" [the normal modes are collected in
a similar vector (Al(z)]. The transformation between the propagating fields and normal
modes can be described by the orthogonal matrix O(z),

Apn ool Gt Gr di
a(z) =0(2)d(z) =G ( G, -G )( 622 ) (4.16)

Plugging this expression into the free Hamiltonian (4.152) [which we write in the matrix
form Hoy = f dza'vd,a + H.c. with v = diag(v1,v2)], we find that the normal modes
remain decoupled if the matrices O7 vO and O7vd,0 + (8,07)vO are diagonal. The
matrix O7 vO is diagonal if both fields propagate at the same velocity, v1 = v, = v; the
other matrix is, under this condition, identically zero. The normal modes thus remain
decoupled and the mode 022 is a dark mode of the mechanical oscillator.

Adiabatic frequency conversion between the propagating fields 41, is now possible by
slowly varying the coupling rates G1,(z). To ensure that the conversion stays adiabatic,
the change of the coupling rates has to be slow so that we do not excite the orthogonal
normal mode d 1. From equation (4.14), we can express the time derivative using the spatial
derivative and get the condition |dG;/dz| < G?/v.

4.2 TRANSDUCER ARRAY

The continuous dynamics can be approximated in an array of optomechanical transducers;
see figure 4.1(b). Each transducer is formed by a mechanical oscillator coupled to an
optical and a microwave cavity; the interaction is described by the interaction Hamiltonian

I-Alim = g1(CAIbA + bATCAl) + qz(cA;l; + bATCAz). The dynamics are governed by the Heisenberg-
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Langevin equations

N Sl igih + VRO, (4172)
db N, A
i —%b —ig1¢1 — 19262 + ¥ biy (4.17b)

with the input-output relations, for a transducer at position z, 4;(z*) = \k;¢; — a;(z7);
the input fields are denoted 4;(z7) and the outputs are 4;(z*).

Conversion via the mechanically dark mode is achieved by varying the coupling rates
from 41(0) = 0, 42(0) = 4> at the beginning of the array to 41(L) = 41, 42(L) ~ 0 at its
end; this ensures that the mode varies from 022(0) =4y to 622 (L) = d,. The condition of
equal propagation velocities implies that the two fields have to acquire the same phase
in propagation between two sites. (In the following, I set this phase to 0 without loss of
generality.) The adiabatic condition is fulfilled for 7; VN > «;; this result follows from
eliminating the cavity fields, from which we obtain G; = 447/«;.

4.2.1 Transfer matrix formalism

The Heisenberg-Langevin equations (4.17) can be solved in frequency domain, which
enables us to describe the relation between the input and output fields by the scattering
matrix, dou(w) = a(z*,w) = S(w)a(z™,w) = S(w)a;,(w). We write the equations of

motion in the matrix form
—iwa(w) = Ad(w) + Ba,, (w), (4.18a)
dou (w) = Ca(w) + Daj, (w), (4.18b)

where 4 = (8160, 5)7, &y = [41(z7). 42z, and Ao = [41(z%). 42(z")]T. The

matrices are given by

- 0 i
2, 7
A=| © -5 -ig2 |, (4-192)
. . 0%
-igr -y -5

0 &2 O
D= -1 (4-19¢)

BT=(:=(‘/K_1 0 0>, (4-19b)

here, I is the 2 x 2 identity matrix. With these matrices, the scattering matrix can be
expressed as

S(w) =D - C(A +1wl,)B. (4.20)

In this description, I intentionally dropped the effect of thermal noise on the propagating
fields (which was included in the scattering matrix derived in section 4.1); its role is
discussed in section 4.3.1.
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The state-space model can be solved analytically; we obtain the scattering matrix

8q22K1 + 2k1 (k2 — 21w) (y — 2iw) . _Sglqulkz
S = D 5 D .
84192VK1K2 8g1k2 + 2k2(k1 — 210) (v — 21w)
AR M) -1
D D
Ki+2iw 877K B 84192\K1K2
o k12w (k- 2iw)2(y — 2iw) (k1 = 21w) (k2 — 21w) (y — 2iw) (4.21)

8q1g2\/K1K2 Ky + 21w 8722’(2 '

(k1 - 2iw) (k2 = 2iw)(y = 2iw) K2 —2iw (k2 - 2i0)2(y - 2iw)

Here, D = 4912(K2 - 2iw) + 4q22(/<1 = 2iw) + (k1 — 2iw) (k2 — 2iw) (y — 2iw) and the second
line approximates the scattering matrix in the weak-coupling regime, ¢4; < «;. This
approximation is not valid close to resonance, w ~ 0; on resonance, we can express the
scattering matrix using the classical cooperativities C; = 471'2 /Ky,

S(0) =

1 ( —C1 + Cz +1 -2 C1C2 ) (4 22)

Ci+C+1 -2 C1C2 Cl—C2+1

For one-sided cavities, the scattering matrix is identical with the transfer matrix. We
can now describe the transfer of signals through the array by the transfer matrix of the
array, which we obtain by multiplying the scattering matrices of the transducers,

T =SNnSn-1...54; (4-23)

in this expression, S; is the scattering matrix of the jth transducer in the array. Frequency
conversion from microwaves to light is characterized by the matrix element 77;(w) of the
resulting scattering matrix T(w).

4.2.2 Conversion bandwidth

Far off resonance, the probability of conversion in a single transducer is small owing to the
large frequency detuning, p1 = |S21(w)|? « g192k/w® < 1. (Here, I assume equal cavity
linewidths, k1 = k2 = «.) In an array, the probability is enhanced by sending the photon
through many transducers so that py ~ Np; = 4192k N Jw?. We can therefore expect the
bandwidth to grow with the cubic root of the array size, Aw o« (7192 N)'/>.

We can check this expectation rigorously using the transfer matrix formalism. For
equal linewidths of the microwave and optical cavities, k1 = k2 = k, we can write the
transfer matrix of the jth transducer as

[t o).
S]—(Cj / ) (4-24)

the transmission and conversion coefficients can be written as

K+ 2iw 841792k

t = —, ;R = . - .
K = 2iw i (k = 2iw)%(y - 2iw) (425)
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In the transmission coeflicients, we dropped the effect of the opto- and electromechanical
interaction, which is, for off-resonant signals, small compared to direct transmission.
Equations (4.25) do not hold on resonance and thus cannot give us the proper spectrum;
when estimating the bandwidth of large arrays, we are, however, interested only in
frequencies far off resonance where this approximation of the scattering matrix is valid.

Although the transfer matrices differ from site to site, they can all be diagonalized
simultaneously. Using the transformation U™!S;U with

U=%<1 _11 ) (4.26)

we obtain the diagonal form
dia; .
S]. ¥ = diag(t +¢j.t — ¢)). (4.27)

In the diagonal form, we can multiply all scattering matrices and obtain the diagonal form
of the transfer matrix of the array,

N
Tdiag = I—[ S?Iag = diag
j=1

N N
I—[(t +¢j)s I—[(t - cj)} . (4.28)
j=1 j=1

For weak coupling and far off resonance, |¢;| < 1, we can keep only terms linear in c;,
N N
N, ,N-1
n(t tc)) =ttt Z cj. (4.29)
j=1 j=1

The conversion coefhicient of the array can be found by transforming Ty;,, back to the
laboratory frame, T = UTy;,,U™", which yields the conversion coeflicient

Thi(w) =tV Z ¢j. (4-30)
Next, we assume that the coupling rates are varied linearly across the array, 41, = j7/N,

g2; = 9(1 = j/N). We can now perform the sum in equation (4.30) and obtain the

conversion coefficient

/<+2ia))2 84%k 1-N?

Iyi(w) = ( (k = 2iw)%(y - 2iw) 6N

K — 210) (4‘31)

To find the bandwidth [the full-width half-maximum of the energy conversion coefficient
|To1(w)*], we put | Tr1(w)]? = % and solve for frequency. We obtain a cubic equation in
w? with two complex roots; from the third, real root, we get

N2
ws == . (4-32)

13
NZ-1 N2 -1)2
6(6\/§g2/< + K\/72g4¥ + 3K4>

2/3
2_ 2_ 112
_32/3,2 4 3173 (6\/§q2KNN 1 . K\/7Zq4 (N2-1) N 3K4>

N N2
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Figure 4.2: (a) Energy conversion spectrum |71 (w)|? for different array sizes. From dark colours
to light, the array size is N = 3, 10, 50, 200. (b) Transducer bandwidth (full-width half-maximum
of the energy conversion coeflicient |71 |?) versus array size. Blue squares show results of numerical
simulations; the red line represents the analytical result (4.33). The inset shows the phase of the
conversion coefficient for array sizes N = 5 (solid blue line) and N = 20 (dashed red line). (c)
Bandwidth per phase shift of 27 as a function of the array size. For all panels (and following figures),
Tuse 4 =0.1«.

The frequency w. is always positive (and w_ is always negative): the negative term in the
numerator is compensated by the last term under the square root in the numerator. The
conversion bandwidth is Aw = wy — w_ = 2w,. In the large-array limit, VN > «, the
bandwidth can be further simplified to

Aw = 97 N - (4-33)

For symmetric transducer arrays, the bandwidth depends only on the maximum coupling
rate, the cavity linewidth, and the array size. If the maximum coupling rates are not equal
for the two fields, i.e., if the coupling rates vary as g1; = j41/N, g2 = 42(1—j/N), we can
replace the 4% term in the bandwidth by the product of the maximum coupling rates 414>.

4.2.3 Numerical simulations

Results of the transfer matrix analysis are plotted in figure 4.2. Panel (a) shows the energy
conversion coeflicient | 751 (w)|* as a function of frequency for an increasing array size
(from dark to light). As the array size increases, the dynamics better approximate the
continuous adiabatic state transfer, resulting in larger conversion bandwidth. Remarkably,
frequency conversion with unit efficiency is possible even when the adiabatic condition is
not fulfilled. The bandwidth is further analysed in panel (b), where it is shown versus array
size. In the large-array limit, the bandwidth (blue squares showing results of the numerical
simulations) indeed scales with cubic root of the array size and approaches the analytical
formula given by equation (4.33) (shown as the red line). The converted signal acquires
a large phase shift (inset) owing to reflection from a large number of cavities; the phase
across the whole frequency spectrum grows linearly with array size and is equal to 27N .
In practical applications, this phase shift has to be taken into account in postprocessing or
compensated by a suitable phase shift on the input or output field.
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Figure 4.3: (a) Conversion bandwidth versus array size for symmetric (solid blue line) and asymmet-
ric (dashed red line, x = 1.2k1) array. The inset shows bandwidth (in units of k1) with N = 10°
transducers as a function of the linewidth imbalance «7/x1. (b) Bandwidth with variable cavity
decay rates. Throughout the array, the microwave decay rate changes from «1 to 1.51; the optical
linewidth varies in the opposite direction from 1.5« to k2. The curves show bandwidth for k, = «
(solid blue line), k3 = 1.2k (dashed red line), ko = 1.5« (dot-dashed green line), and «, = 1.8«
(dotted black line). (c) Variation of the decay rates throughout the array used to obtain the results in
panel (b). For all curves, the variation of the decay rate of the microwave cavity & is the same (thin
black line); the colour coding for the optical decay rates k2 corresponds to the colours used in (b).

Alternatively, if the phase shift cannot be compensated, we might want to find strategies
that can limit it. In figure 4.2(c), I demonstrate that a small transducer array can still
provide an advantage in this situation. I plot the conversion bandwidth over which the
total phase shift is within 27. For very small arrays, the total phase shift across the
bandwidth is smaller than 27 and, therefore, the bandwidth grows with increasing array
size. Once the phase shift across the bandwidth reaches 27, the bandwidth per 27 phase
shift starts to drop; the total bandwidth grows with cubic root of the array size while the
phase shift across the whole frequency spectrum grows linearly.

In figure 4.3, I study conversion bandwidth with asymmetric transducer arrays (i.e.,
with k1 # k2). One could naively expect that this imbalance can be compensated by
changing the coupling rates since adiabatic elimination of the cavity fields gives G; =
4gl.2 /k;; this statement is, however, true only close to cavity resonance. From panel (a),
we see that any imbalance between the decay rates quickly kills the cubic-root scaling and
leads to saturation of the bandwidth. Interestingly, this scaling can be recovered if we vary
the cavity linewidth across the array. We vary the decay rates in the same direction as the
coupling rates—the microwave cavity linewidth «; increases while the linewidth of the
optical cavities k7 decreases—and observe that, as long as the linewidths are equal at one
site in the array, the bandwidth monotonically increases with array size; see panel (b) for
the bandwidth and panel (c) for the variation of the decay rates. This variation can be
moderate and does not require the decay rate to approach zero at the edges of the array.

4.3 LOSSES AND NOISE

So far, the only imperfection we considered was mechanical loss; we did not include the
associated noise or losses related to the propagation of the electromagnetic fields. These
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factors are, however, important for any experimental implementation. Electromagnetic
losses will reduce conversion efficiency which is, together with added noise, an important
figure of merit characterizing transducer performance [257].

Apart from the thermal mechanical noise (discussed below), noise comes from heating
due to Stokes scattering associated with the opto- and electromechanical interaction. The
full interaction between a cavity field and a mechanical oscillator under a classical drive
is described by the Hamiltonian I-Alim =g,(C; + CAZ)(bA + bAT). If the cavity is driven on the
lower mechanical sideband, we can apply the rotating wave approximation and obtain
the beam splitter interaction necessary for state transfer. This approximation (which
neglects the heating associated with the two-mode squeezing part of the interaction) is
valid if the device operates in the resolved-sideband regime, «; < wp,. Furthermore, the
approximation implies that Fourier frequencies of interest follow the same rule, w < Wpm;
the mechanical frequency thus provides a limit on conversion bandwidth in practical

realizations.

4.3.1 Mechanical noise

For optomechanical transducers, the main source of noise is the thermal bath of mechanical
oscillators. The noise that enters the signal from this bath can be suppressed in the strong-
cooperativity regime, C = 442/ky7% > 1 (here, 7 is the average thermal occupation). In an
array, we can expect the noise to be enhanced by the array size N. On the other hand,
conversion via a mechanically dark mode is protected from mechanical noise. The noise
amplitude is suppressed by the adiabatic parameter 1/N (we obtain this result from the
expression (dg/dz)/g with linear variation of coupling rates). The noise spectral density
is then suppressed by the square of the adiabatic parameter and the total added noise scales
as (CN)~'. For frequency conversion in a transducer array with low added noise, we
thus need only the collectively enhanced optomechanical cooperativity to be strong; the
cooperativity of individual transducers does not have to be.

To prove this expectation, we start by introducing a source term describing the
mechanical noise into the scattering process,

ﬁ(z;-r,a)) = Sj(w)ﬁ(z;,w) + V]-(w)]?]-. (4.34)

Here, f; is the noise operator of the mechanical bath of the jth transducer and V;(w)
describes the coupling of the bath to the propagating fields; we have

4/NP2(N2-2jN + 20 + (k- 2iw)(y - 2iw) \N*= N ) > W

for a symmetric transducer (k; = k2 = k, 41 = 42 = ¢) with linear variation of coupling

V]‘ (w) =

rates.
We can obtain the total added noise by incoherently summing the noise contributions
from each transducer in the array,

N
2@ = ) X (@S} (); (436)
j=1
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here, S2(w) = 27 + 1 is the noise spectral density of the thermal force fA} (we assume that

all mechanical reservoirs have the same temperature). Moreover,

N
xj@ = [ i@V (4:37)
k=j+1
is the noise susceptibility of the jth transducer. In equation (4.36), the absolute value of
the noise susceptibility is taken element-wise, | x; (W)|* = [1x1; (W), | x2; (w)|*]7; we can
thus describe noise added to both normal modes.

In the following, I will consider two different regimes for evaluating the added noise:
in the first one, we operate close to resonance and use the scattering matrix given by
equation (4.22). Alternatively, we consider off-resonant signals and use approach similar
to the one we employed to find the conversion bandwidth.

Added noise on resonance On cavity resonance, the scattering matrix of a single trans-
ducer is real and given by equation (4.22). It can be diagonalized by the orthogonal
transformation OijO]T where

(4-38)

o-_L (V& V&
Wlth strong total cooperativity, Cy + C; > 1, the diagonal form of the scattering matrix

is S *® = diag(-1,1). The matrix O; describes a rotation with rotation angle tan§; =

\/Cz/ C1. In a large array, the rotation angles for two neighbouring transducers are almost
identical; we therefore have O].THO]- =1, + € with

6:%(_01 é) (4-39)

When evaluating the noise susceptibility, we can diagonalize all scattering matrices
simultaneously; to first order in the small correction €, we obtain the expression

x;(0) = ]_[ Sk(O)V;(0) = OT(]_[ 597 + Z ]_[ Sor'te ]_] sd‘ag) 0;.1V;(0)

k=j+1 k=j+1 k=j+1 m=k+1 n=j+1

VC

_2'
1C+1

1 AT
_1\WN+ - _1\N+j
(( DT, oyl + (=D ]) (4-40)
with C = 44%/ky. For the total added noise, we now have

4C(2ﬁ+1)( 1 )T

2 = JES—
S2a@ = (C +1)2 2N

(4-41)

This expression clearly reveals the advantage of using the dark mode for frequency con-
version: with the dark mode, the noise is suppressed for CN > 7 (second component of
the noise spectral density) and larger array thus helps to reduce the noise. The noise in
the bright mode, on the other hand, grows with array size; we would need C > zN to
suppress the noise.
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Off-resonant noise In estimating the added noise off resonance, we proceed similar to
evaluating the conversion bandwidth. We assume that the scattering matrix of a single
transducer is given by equation (4.24) which enables us to simultaneously diagonalize the
scattering matrices of all transducers. We then transform the added noise V;(w) ];, by the
same transformation and thus obtain the total added noise. The result of this calculation
(which I omit here for brevity) is the same as for noise on resonance, namely, that thermal
noise is suppressed for CN > 7.

4.3.2 Optical and microwave losses

Loss of signal in propagation comes in two different processes: first, electromagnetic fields
decay directly during propagation in waveguides and via intrinsic loss in cavities. These
losses are similar to cavity loss in temporal adiabatic dynamics; for eficient conversion, they
have to be smaller than the effective coupling of the propagating fields to the mechanical
oscillators. Second, part of the signal can be reflected off a cavity and propagate backwards,
interfering with the incoming field. This process is not present in temporal adiabatic
conversion since it would imply the backscattered signal propagates backwards in time.

Direct losses To model optical and microwave losses, we modify the state-space model
describing the transducers. In the Heisenberg-Langevin equations for the cavity modes,
we consider two decay channels, the waveguide and an intrinsic loss channel,

A
dé; _ Ki+Kijne, .

- G 17;b + VK;iai(z7) + \KineCiins (4-42)

here, &;;q, 1s the intrinsic decay rate and ¢;;, the associated input field.

Propagation loss can be described by a transfer matrix for free propagation. Generally,
the propagating fields will acquire a phase shift and decay when travelling between two
transducers. Denoting the propagation distance between neighbouring transducers d, we
can write the free propagation transfer matrix

Tiree(w) = diag [exp (—é’ld + iwvi + i/eld) , €Xp (—gzd + iwvi + ikzd)]
1 2
~ diag [exp (={1d + ik1d) ,exp (={2d + 1k2d)] . (4.43)

The parameters ¢; > 0 describe decay of the signals and k; is the resonant wavenumber for
field 7; moreover, in the second line, we dropped the dispersion, which can be neglected for
propagation distances smaller than the wavelength associated with the frequency detuning,
d < v;/w. The requirement of both fields propagating with the same acquired phase
implies k1d = kad mod 2x. (In principle, the two fields can propagate different distances;
in this case, the condition would change to k1d; = kzd; mod 2x.) Without loss of
generality, we can set k1d = kyd = 2mn with m € Z; the transfer matrix then contains
only two parameters, Ty, = diag(71, 72), where 7; = edid,

The total transfer matrix is now obtained from scattering on the transducers and free
propagation. For the jth unit cell of the array, we obtain the transfer matrix by multiplying
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Figure 4.4: Conversion efficiency in presence of intrinsic cavity loss (top row) and propagation loss
(bottom). (a) Conversion spectrum with «; ;, = 0 (solid blue line), «; ;,, = 0.001« (dashed green
line), «; ;5 = 0.005« (dot-dashed red line), and «; ;;,, = 0.01« (dotted black line). (b) Conversion
efficiency on resonance as a function of array size for «; ;,, = 0.001« (solid blue line), «; ;;,, = 0.005«
(dashed green line), «; ;, = 0.01x (dot-dashed red line), and «; ;,, = 0.05« (dotted black line). (c)
Conversion efficiency versus cavity loss for array size N = 10 (solid blue line), N = 20 (dashed green
line), and N = 50 (dot-dashed red line). Panels (d-f) show the same for various propagation losses
instead of cavity loss; the values are (in the same order as above) € = 1 — 7 = 0, 0.001, 0.005, 0.01
for panel (d) and € = 0.001, 0.005, 0.01, 0.05 for panel (e); the array sizes in panel (f) are identical
with sizes used in (b). For all plots, the loss rates are equal for both fields, 1 j,; = K, 71 = 72 = 7.

the scattering matrix for the jth transducer with transfer matrix for free propagation,

Tj,cell(w) = Tfreesj (w). (4-44)

We can now find the total transfer matrix by multiplying the transfer matrices of individual
unit cells,

N
T) = [ [ Tjcar(@). (4-45)

j=1
The effect of direct losses on frequency conversion is analysed in figure 4.4. For both
intrinsic cavity loss (top row) and propagation loss (bottom), the behaviour is qualitatively
the same; cavity loss is, generally, more detrimental than propagation loss. From the con-
version spectra [panels (a,d)], we can see that losses limit the overall conversion efliciency
without changing the bandwidth or spectral profile. The following plots [conversion
efficiency versus array size in panels (b,e) and versus cavity and propagation loss in panels

(c,f)] show the efliciency on resonance.

Backscattering Backscattering of propagating fields on the transducers can also be
included in the state-space model. With the cavities driven by and decaying into left- and
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right-propagating fields, the Heisenberg-Langevin equations become

A
dé; | KirR +KiL 4

- 7 G g+ VKRAR(ED) +VKiLdin(2"). (4.46)
Moreover, we have the input-output relations
air(z") = VKRG —dir(z7),  aiL(z7) = VK L6 — a;L(z") (4.47)

with input fields 4;r(z7), 4;1(z*) and outputs 4;r(z"), 4;1(z7); note the different
position argument for the right- and left-propagating fields.

Next, we collect the localized modes in the vector a = (¢1, &5, bA)T and the propagating
fields in the vector &y, = [41R(27), d2r(27), d11 (z*), 421 (z*)]" (and similar for Aoy ); we
group the propagating fields by their direction of propagation. We can now write the
scattering matrix in the block form

S =< Sk Sre ) (4-48)

Stk So

Here, the diagonal elements describe scattering processes, in which the field does not
change direction of propagation; the off-diagonal terms describe scattering processes, in
which the propagation direction is changed.

The scattering matrix describes the relation between input and output fields. To
describe propagation of signals through the array, we need to convert it to a transfer matrix
which describes the relation between fields at z~ and z* via a(z*) = Tyransa(z7); we find
(see also reference [258])

T - ( Sr —SriS;'Str  SrLS;! )
trans — .

Additionally, propagation of the fields between two transducers is described by the transfer
matrix
(eik1d eikzd e—ik1d e—i/ezd)

Tfrec = dlag 5 (4’50)

propagation through a unit cell of the array is now described by a product of the transfer
matrices for the transducer and free propagation, T |l = Tree T} irans and propagation
through the whole array by the product of transfer matrices over all unit cells, T =
TN el TN -1cell - - - Ticell- We can convert the transfer matrix T into a scattering matrix
using a formula analogous to equation (4.50); the resulting matrix characterizes scattering
of arbitrary signals by the array.

Conversion spectra in presence of backscattering are plotted in figure 4.5 for arrays
with (a) N = 10 and (b) N = 50 transducers. The backscattering rate «;1 /«; g reduces the
overall conversion efficiency; this decrease is independent of the array size. Additionally,
owing to the large phase shift the signal acquires during propagation through the array, the
forward- and backward-propagating signals partially interfere. This interference manifests
as oscillation of the conversion efficiency with frequency. The modulation depth depends
on the backscattering rate while its frequency depends on the acquired phase shift and
thus on the array size.
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Figure 4.5: Conversion spectra with (a) N = 10 and (b) N = 50 transducers in presence of
backscattering. For both panels, the backscattering rate increases from dark colours to light; we have
k;1/kip =0, 0.1, 0.2, 0.5, 0.9.

4.4 Discussion

Optoelectromechanical arrays for frequency conversion can be implemented in integrated
systems such as optomechanical crystals or microdisk optical resonators. Both opto-
and electromechanical interactions have been demonstrated in the former [259, 260];
additionally, optomechanical arrays (albeit with photon hopping between sites and not
directional propagation) have been constructed with the latter system [261]. Variation
of the coupling rates can be achieved by varying the single-photon coupling rates across
the array; a single driving field can then be used for each type of cavities (i.e., one drive
for microwaves and one for light). Building a large array would be extremely challenging,
but even a moderate size is sufficient to significantly improve the conversion bandwidth
and reduce added noise. Since the strategy uses adiabatic passage for state transfer, it
is insensitive to small variations (compared to the adiabatic requirements) in system
parameters across the array that are bound to arise in the fabrication process.

Going beyond implementations in transducer arrays, it would be interesting to in-
vestigate whether direct conversion of propagating fields is possible in continuum sys-
tems [262, 263]. Interaction between propagating light and acoustic waves is well under-
stood, but coupling of propagating microwave fields to mechanical vibrations has received
no attention so far. With efficient interaction of both propagating fields to mechanical
vibrations, the most important issue would be finding ways in which the coupling rates
can vary throughout the device to achieve adiabatic state transfer. Finally, an import-
ant question would be how to couple propagating optical and microwave fields to the
same mechanical mode without disturbing the microwave mode (probably guided in a
superconducting transmission line) by optical absorption.

In summary, I showed that efficient frequency conversion is possible in one-dimensional
optoelectromechanical arrays. The strategy uses a mechanically dark mode formed by two
propagating fields; by varying the opto- and electromechanical coupling rates throughout
the array, we can change the nature of the dark mode and achieve adiabatic conversion of
signals between the two fields. This approach thus combines the advantages of existing
conversion strategies based on the mechanically dark mode: large bandwidth (achievable
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with adiabatic conversion of intracavity fields) and multimode operation (possible between
propagating fields via optomechanically induced transparency).

In the adiabatic limit, VN > k, the conversion bandwidth grows with array size and
is limited only by the mechanical frequency. This condition corresponds to the strong-
coupling regime with respect to the collectively enhanced optomechanical interaction.
In this sense, the system is similar to existing proposals for enhancing optomechanical
interaction by coupling a cavity field to an array of dielectric membranes [264, 265].
In a membrane array, strong interaction of the collective motion to the cavity field is
possible even though each membrane couples only weakly to the cavity. Similar effect
can be observed here; at each transducer, the opto- and electromechanical interaction (and
thus the effective coupling between the two fields) is weak but the overall interaction
