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ABSTRACT

This thesis explores the prospects of entanglement-enhanced quan-
tum control of optomechanical systems. We first discuss several
pulsed schemes in which the radiation-pressure interaction is used to
generate Einstein—-Podolsky—-Rosen entanglement between the mech-
anical mode of a cavity-optomechanical system and a travelling-wave
light pulse. The entanglement created in this way can be used as a re-
source for mechanical state preparation. On the basis of this protocol,
we introduce an optomechanical teleportation scheme to transfer an
arbitrary light state onto the mechanical system. Furthermore, we
describe how one can create a mechanical non-classical state (i.e., a
state with a negative Wigner function) by single-photon detection,
and, in a similar protocol, how optomechanical systems can be used
to demonstrate the violation of a Bell inequality.

The second part of the thesis is dedicated to time-continuous quan-
tum control protocols. Making use of optimal-control techniques,
we analyse measurement-based feedback cooling of a mechanical
oscillator and demonstrate that ground-state cooling is achievable
in the sideband-resolved, blue-detuned regime. We then extend
this homodyne-detection based setup and introduce the notion of a
time-continuous Bell measurement—a generalisation of the standard
continuous variable Bell measurement to a continuous measure-
ment setting. Combining this concept with continuous feedback we
analyse the generation of a squeezed mechanical steady state via
time-continuous teleportation, and the creation of bipartite mech-
anical entanglement by entanglement swapping. Finally we discuss
an experiment demonstrating the evaluation of the conditional op-
tomechanical quantum state by Kalman filtering, constituting a
important step towards time-continuous quantum control of op-
tomechanical systems and the possible realisation of the protocols
presented in this thesis.
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ZUSAMMENFASSUNG

Diese Arbeit befasst sich mit der Verwendung von Quantenverschra-
kung um die Kontrolle {iber optomechanische Systeme zu verbessern.
Wir beschiftigen uns als erstes mit gepulsten Protokollen, in denen
die Strahlungsdruckwechselwirkung ausgenutzt wird um Einstein—
Podolsky—Rosen Verschriankung zwischen einem mechanischen Os-
zillator und einem Lichtpuls zu erzeugen. Diese kann dazu genutzt
werden um auf Basis eines Teleportationsprotokolles einen beliebigen
Quantenzustand eines Lichtpulses auf den mechanischen Oszillator
zu iibertragen. Wir untersuchen weiters wie man mit Hilfe der De-
tektion einzelner Photonen einen nichtklassischen mechanischen Zu-
stand, d.h. einen Quantenzustand mit negativer Wignerfunktion, zu
préaparieren. Auf dhnliche Weise ist es aufserdem moglich ein opto-
mechanisches System zur Verletzung einer Bellschen Ungleichung zu
benutzen.

Der zweite Teil des Manuskriptes ist der zeitkontinuierlichen
Kontrolle optomechanischer Quantensysteme gewidmet. Unter Ver-
wendung von optimalen Steuerungstechniken kann ein mechani-
sches System durch kontinuierliche Messung und Riickkoppelung
in seinen Bewegungsgrundzustand gebracht werden—dies ist auch
moglich im seitenbandaufgeldsten, blauverstimmten Regime. An-
schliefend diskutieren wir eine Erweiterung dieses Protokolls auf
eine sogenannte zeitkontinuierliche Bellmessung, die eine Gene-
ralisierung der standard Bellmessung kontinuierlicher Variablen
darstellt. Dieses Konzept ermoglicht es, einen mechanischen Oszil-
lator in einem gequetschten stationdren Zustand zu préparieren,
oder stationdre Verschrankung zweier mechanische Resonatoren zu
erzeugen. AbschlieSend diskutieren wir ein Experiment, das die Re-
konstruktion des sogenannten konditionalen Quantenzustand eines
optomechanischen Systems demonstriert. Dieses Experiment stellt
einen wichtigen ersten Schritt in Richtung der moglichen Durchfiih-
rung der in dieser Arbeit diskutierten Protokolle dar.
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NOTATION

GENERAL REMARKS

In this thesis vectors are printed in a bold, slanted font, e. g., M, while
matrices, such as M, are denoted by bold, upright letters. The corres-
ponding transposed quantities are written as M' and M' respect-
ively. The complex conjugate of a complex number z is denoted by
z", the Hermitian conjugate of an operator c is ¢'. For tuples of op-
erators we use the convention (c;,¢,,...)" = (c},c},...) which is dif-
ferent from (c{, c;r, .. )T. The same symbol is used to denote the Her-
mitian conjugate of complex matrices (or vectors), i.e., Mt = (M"‘)T
for M € C"". Quantum mechanical mean values with respect to
the initial state of a system are written as (c). A time dependence
is indicated in a Heisenberg-type notation, such as (c(t)). The sym-
bol 1 is used to denote both the identity operator in a Hilbert space
or the identity matrix. In the former case a subscript identifies the
(sub)system the operator acts on, in the latter case a numerical sub-
script denotes the matrix dimension.

Also note that that we use the convention /i = 1, except in chapter 1,
where the explicit usage of 71 is convenient for discussing the physics
underlying our optomechanical models.
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OPTOMECHANICAL PARAMETERS

w,  cavity resonance frequency, p 9
optomechanical cooperativity, p 15
effective detuning, p 20

8o  single-photon coupling strength, p 12
g linear coupling strength, p 20

Ym mechanical damping, p 8

K cavity decay rate (FWHM), p 10

wy laser frequency, p 10

i mean bath occupation number, p 8
ny  initial mechanical occupation number, p 41
wy, mechanical resonance frequency, p 8

Qm Q-factor, p 8

SYMBOLS
ng Bose-Einstein distribution, p 8
f Brownian stochastic force, p 17
X covariance matrix of X, p 25
D displacement operator, p 20
F Fourier transform, p 70
h reduced Planck constant, p 8
0 Heaviside step function, p 35
H.s effective Hamiltonian, p 124
1 identity operator/matrix, p 20
J  Jacobian matrix, p 18
Jt quantum flow, p 124
kg Boltzmann constant, p 8
D Linblad operator, p 24
L Liouvillian, p 24
Ey logarithmic negativity, p 28
H  measurement operator, p 25
N normal distribution
r;  quantum filter, p 134
X  vector of quadrature operators, p 25
7.  time-ordering operator, p 73
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ABBREVIATIONS

BS beam splitter, p 14

CDF cumulative distribution function, p 111
CHSH Clauser-Horne-Shimony-Holt, p 64
Cv continuous variables, p 42

EPR Einstein-Podolsky-Rosen, p 37
FME feedback master equation, p 92
FWHM full width at half maximum, p 8

JPA Josephson parametric amplifier, p 52
LC inductor—capacitor, p 2
LO local oscillator, p 24

LQG linear-quadratic-Gaussian, p 82

MEQ master equation, p 15

PDF probability density function, p 112
POVM  positive-operator valued measure, p 64

QLE quantum Langevin equation, p 15

OND quantum non-demolition, p 14

QSDE  quantum stochastic differential equation, p 122
RWA rotating-wave approximation, p 15

SME stochastic master equation, p 25

SSE stochastic Schrodinger equation, p 89

™S two-mode squeezing, p 14
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INTRODUCTION

Conducting any kind of quantum experiment requires, in a general
sense, excellent control over the physical system and the experimental
setup. On the one hand this means that the system under study must
be, to a large degree, decoupled from the environment and all clas-
sical noise sources—or from all sources of decoherence in general—,
in order for genuine quantum effects to emerge. On the other hand
one must be able to manipulate the system’s dynamics and quantum
state very precisely. In the quantum branch of atomic, molecular and
optical physics excellent control has been attained over many systems,
in particular over atoms [Chuoz] and ions [Win13]. The achievements
in these fields led, for example, to the first creation of a Bose-Einstein
condensate [AKoz] and the generation of Schrodinger cat states of
microwave fields in cavity quantum electrodynamics [HRo6].

In order to make optimal use of this high level of control a mul-
titude of techniques have been developed. Quantum control theory
combines concepts from classical control theory with concepts from
quantum physics, exploiting inherently non-classical features such as
coherent superpositions and entanglement. It is nowadays an active
research field that plays a crucial role in modern quantum experi-
ments across different fields [DP10; Gou12]. Prominent examples of
successful application of quantum control protocols are spin squeez-
ing [KMBoo] and steady-state entanglement generation in atomic
ensembles [Kra+11], or come from the field of quantum metrology,
such as nuclear magnetic resonance [Ger+o3] and atomic clocks
[BJWo1]. Strongly connected (and partly overlapping) fields are those
of quantum filtering [BVJo7; BGo8] and quantum estimation theory
[Hel6g; Parog], which concern themselves with the estimation of the
quantum state itself [Bel8o; GJM13], or the estimation of classical
parameters (or classical signals) from the measurements of quan-
tum systems [Tsaog; TWC11]. Quantum estimation techniques have
also been successfully applied in optomechanics [Szo+12; Ang+13;
Iwa+13]. Another successful experiment in the same direction—
optimal estimation of the optomechanical quantum state—comprises
part this thesis (see section 3.5).

Although radiation-pressure effects on mechanical oscillators have
already been analysed theoretically in the late 1960s [BM67], and
experimentally demonstrated using microwaves [BMT70] and op-
tical fields [Dor+83] several years later, in its modern form cavity
optomechanics is a relatively young field within the quantum sci-
ences. First theoretical studies of quantum effects in optomechanical
systems concerned squeezing of light [Fab+94, MMTogy7], and the



INTRODUCTION

generation of optomechanical entanglement and non-classical states
[BJKg7;, MMTgy]. Feedback cooling of vibrational modes via radi-
ation pressure was first analysed theoretically in [MVT98] and later
implemented experimentally [CHPg9] to cool a Fabry—Pérot cavity’s
macroscopic end mirror. Today, highly advanced microfabrication
techniques allow for the fabrication of high-quality (both optical
and mechanical) cavity optomechanical systems, which has then led
to the demonstration of passive radiation-pressure cooling [Gig+06;
Arc+06; Sch+o06]. Since then, cavity optomechanical systems have
been implemented in various forms, such as micromembranes in cav-
ities [Tho+08], microtoroids [Kip+o5], microdiscs featuring optical
whispering gallery modes [Jia+09], and photonic crystals [Eic+09].

In parallel a different—and very successful—approach to observe
the same physics has been developed in the form of so-called elec-
tromechanical systems, which employ inductor—capacitor (LC) reson-
ators in lieu of optical cavities, and make use of capacitive coupling
between mechanical resonators and microwave fields [RL11]. Even
more approaches to demonstrate optomechanical interaction include
levitating nano-objects in cavities [Kie+13; Ase+13; Mil+15], and coup-
ling the collective motion of a cold atomic cloud to the electromag-
netic field of a cavity [Mur+o8; Bre+08; Sch+11].

Despite these advancements, control of optomechanical systems
has not yet been developed to the high degree attained in more
mature branches of quantum physics; however, during the last years
several experiments in the quantum regime have been conducted
using these systems. These include quantum state transfer [OCo+10;
Pal+13], ground-state cooling of the mechanical mode [Teu+11;
Cha+11], ponderomotive squeezing [Bro+12; Saf+13; Pur+13], and
observation of back-action noise in position sensing [Mur+o8; PPR13].
Many of these experiments rely on the fact that the employed sys-
tems can be operated in the strong-cooperativity regime, in which the
coherent (linearized) optomechanical coupling rate exceeds the effect-
ive decoherence rates of the optical and the mechanical mode. These
developments lay the foundation for quantum limited (feedback)
control of optomechanical systems.

Applications of quantum control theory in optomechanics range
from feedback cooling of the mechanical motion [CHPg99], mechan-
ical squeezing [CMJo8; Woo+08], and two-mode squeezing [WC13] to
back-action elimination [Wisgs; CHPo3] with possible applications in
gravitational-wave detection. Importantly for quantum information
processing and communication, it can also be used to robustly gen-
erate entanglement between remote quantum systems, as has been
demonstrated recently for spin qubits [Dol+14]. At the same time en-
tanglement itself can be an essential component to facilitate control of
quantum systems, e. g., as a resource for teleportation [Ben+93], when
employed as a means for remote state preparation. In optomechanics,
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pulsed entanglement between a mechanical oscillator and the electro-
magnetic field has recently been demonstrated in an electromechan-
ical setup [Pal+13], using the protocol developed in this thesis (see
section 2.1); state preparation (and verification) of an arbitrary mech-
anical quantum state (e.g., a Fock state) has yet to be accomplished
(see, however, [OCo+10], which suffered from a too low mechanical
quality factor to perform quantum state tomography). Quantum con-
trol protocols are often operated in a time-continuous fashion and
rely on continuous measurements that are capable of tracking the
quantum state of the controlled system. The resulting measurement
record—and the so-called conditional quantum state inferred from
it—is then used as a basis for the applied feedback [WMog]. Thus,
the control protocol’s success critically depends on the precision of
the employed measurements. Recently, monitoring a mechanical oscil-
lator with a measurement strength matching its thermal decoherence
rate (equivalent to a cooperativity above 1) and measurement-based
feedback cooling to an occupation number of several phonons (lim-
ited by residual absorption) has been demonstrated in [Wil+14].

Outline of the Thesis

In this thesis we discuss different approaches to control optomechan-
ical systems on the quantum level. One central topic is the generation
of optomechanical entanglement, but also its application as a resource
to implement quantum control of these systems. The presented pro-
tocols can therefore be described as entanglement-enhanced quantum
control. The thesis is divided into three chapters.

Chapter 1 provides an introduction to the physics of cavity-optome-
chanical systems, as well as to their description we use throughout
this work. We review the quantum theoretic models of the mechanical
and the optical resonator, and their interaction. We then introduce
the total system’s description as an open quantum system in terms
of (stochastic) master equations and quantum Langevin equations, as
well as a phase-space description. Finally we discuss characteristic
features of the optomechanical steady state.

Chapter 2 is devoted to pulsed optomechanical quantum control and
quantum information protocols. In section 2.1 we discuss a protocol
to create and verify continuous-variable entanglement between a
mechanical oscillator and a light pulse, including an extension to a
teleportation scheme. First the protocol is analysed in a perturbative
approach to build intuition for the process; in a second step the full
fledged optomechanical model is solved, and the physical parameters
are optimized. This section is based on

‘Quantum entanglement and teleportation in pulsed cavity op-
tomechanics’
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S. G. Hofer, W. Wieczorek, M. Aspelmeyer & K. Hammerer
Physical Review A 84, 052327 (2011)

for which the author of this thesis did the majority of the analytical
and all numerical calculations, and prepared the larger share of the
published manuscript.

In section 2.2 we analyse the creation of non-classical mechanical
quantum states building on the protocol in section 2.1. We discuss
how a mechanical state with a negative Wigner function close to a
phononic Fock state can be prepared by coupling to a qubit and tomo-
graphically reconstructed from measurements of light. This work has
not previously been published. The protocol was devised together
with Konrad Lehnert, Tauno Palomaki, and Klemens Hammerer dur-
ing a visit at the University of Colorado, Boulder. The author of this
thesis did a substantial part of the analytical and all numerical calcu-
lations.

Section 2.3 discusses the violation of a Bell inequality using op-
tomechanical entanglement. The author worked out the details of the
optomechanical implementation and did all numerical calculations.
This work has been published as:

"Violation of Bell’s inequality in Electromechanics’
S.G. Hofer, K. W. Lehnert & K. Hammerer
arXiv:1506.08097 [quant-ph] (2015)

Chapter 3 discusses time-continuous control protocols, analysing
in detail measurement-based feedback schemes to control general
and optomechanical systems. First, we analyse homodyne-detection
based feedback cooling in section 3.1. We then introduce the notion
of a time-continuous Bell measurement, and discuss its application
for time-continuous teleportation and entanglement swapping pro-
tocols [both for generic (section 3.2) and optomechanical systems
(sections 3.3 and 3.4)]. The presented protocols are based on work
published in two articles. For

‘Time-Continuous Bell Measurements’
S.G. Hofer, D. V. Vasilyev, M. Aspelmeyer & K. Hammerer
Physical Review Letters 111, 170404 (2013)

the author was involved in the development of the generic formalism
of time-continuous Bell measurements, worked out the optomechan-
ical implementation (in terms of analytical and numerical calcula-
tions) and wrote substantial parts of the manuscript. For the addi-
tional material presented in

"Entanglement-enhanced time-continuous quantum control in op-
tomechanics’

S.G. Hofer & K. Hammerer

Physical Review A 91, 033822 (2014)


https://dx.doi.org/10.1103/PhysRevA.84.052327
http://arxiv.org/abs/1506.08097
https://dx.doi.org/10.1103/PhysRevLett.111.170404
https://dx.doi.org/10.1103/PhysRevA.91.033822
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he did most of the analytical and numerical work and wrote most of
the manuscript.

Finally we discuss in section 3.5 first steps towards experimental time-
continuous quantum control of (Gaussian) optomechanical systems.
The theoretical basis is formed by the so-called Kalman filter, which
extracts the conditional quantum state from a measurement traject-
ory. We show the implementation of a Kalman filter for an existing
optomechanical experiment. This work has been published in

‘Optimal state estimation for cavity optomechanical systems’

W. Wieczorek, S.G. Hofer, J. Holscher-Obermaier, R. Riedinger,
K. Hammerer & M. Aspelmeyer

Physical Review Letters 114, 223601 (2015).

The author developed the code for the data analysis and the statistical
analysis of the filter consistency, was involved in modelling of the ex-
periment and statistical analysis, and wrote parts of the manuscript.


https://dx.doi.org/10.1103/PhysRevLett.114.223601




CAVITY-OPTOMECHANICAL SYSTEMS

1.1 THE PHYSICAL SYSTEM

Although optomechanical systems exist in many different physical
implementations, many of them can be described by the same simple
physical model [AKM14]. To exemplify the most important features
of a cavity-optomechanical system, we will use as our toy-model a
Fabry-Pérot cavity with one oscillating mirror (see fig. 1). On the
most basic level this simple system consist of two coupled harmonic
oscillators. In this section we will introduce its main constituents—
the optical and mechanical resonator—, and the physical background
of the optomechanical interaction.

In this thesis we are mostly interested in optomechanical setups,
working with optical photons, but the description as well applies
to electromechanical systems, where an LC resonator driven by a mi-
crowave field takes the role of the optical cavity (see fig. 2).

1.1.1 Mechanical Oscillators

Due to their size and high number of degrees of freedom, experiment-
ally employed mechanical oscillators in general posses a multitude of
mechanical eigenmodes, whose spectral features are determined by
the oscillator’s geometry, material properties, and the coupling to its
support. For general geometries, the spatial mechanical mode shape
can be arbitrarily complex and can be described by a displacement
field u(r, t) [PHHg9]. We can expand u(r, t) in terms of the oscillator’s
eigenmodes u,(r),

u(r,t) = Y X, (D, (1) (11)
n

with the corresponding time-dependent amplitudes X, (t). Two ex-
amples of different eigenmodes of a doubly-clamped oscillating mir-
ror pad are shown in fig. 3. While mechanical oscillators are in gen-
eral not linear (in terms of their response to applied forces), linearity
poses a good approximation for the small displacements typically at-
tained in normal operation. We therefore model the amplitudes X, ()
to follow the damped harmonic evolution given by

. . F,
Xy (1) + 7, X, (8) + wixn(t) = %' (1.2)
Mgt

Here w,, and <, are the angular resonance frequency and the damp-
(n)
f

ing constant of the n-th eigenmode and m y; denotes the correspond-

1
e

FIG 1. Schematics of an
optomechanical setup.
The cavity length L(X,,)
is modulated by the
mechanical motion.
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FIG 2. Schematics of an
electromechanical setup.
The capacitance C(X,,)
of the LC resonator

is modulated by the
mechanical motion.
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CAVITY-OPTOMECHANICAL SYSTEMS

ing effective mass determined by the mode volume of u,,. F,,; denotes
the sum of all external forces acting on the specific mechanical mode,
e.g., radiation pressure or fluctuating Langevin forces.

FIGURE 3. Finite-element simulation of the fundamental (right) and a higher-
order mode (left) of a doubly-clamped oscillating mirror as has been used
in [Gré+09] (courtesy of Witlef Wieczorek, University of Vienna).

In this thesis we will consider the single-mode case only, where
we assume that we can experimentally address a single one of the
mechanical eigenmodes. This mode is assumed to have no significant
spectral overlap with its neighbouring modes. In the following we
will denote this mode’s resonance frequency by w,,,, and the energy
damping rate as <, [the full width at half maximum (FWHM) of
the corresponding spectral peak]. The corresponding amplitude of
the oscillation we will call X;,(¢). In our toy-model, the Fabry-Pérot
cavity, the centre-of-mass oscillation is the only available eigenmode,
and the amplitude X, (¢) is simply the mirror’s displacement from its
equilibrium position. The effective mass m.g is then approximately
given by the total mass of the mirror (not accounting for the finite
mass of the supporting spring).

The viscous damping term in eq. (1.2) is due to the coupling of
the mechanical oscillator to its support, which at the same time also
acts as a thermal environment (commonly also referred to as heat
bath), and represents a noise source for the mechanical oscillator.
Customary this heat bath is modelled as a collection of an infinite
number of harmonic oscillators in a thermal state at a temperature
T, as first introduced by Caldeira and Leggett [CL83]. The mean bath
occupation number follows a Bose-Einstein distribution and we thus
have ng(w) = [exp(hw/kgT) —1]"' (with the reduced Planck con-
stant 7 and the Boltzmann constant kg). Later an important figure
for us will be the mean bath occupation at the mechanical frequency,
i.e., 1 = ng(wy,). In the high-temperature limit we can approximate
ng(wp) =~ kgT/hw,,. We will see in section 1.3.1 that the effective
decoherence rate (often called thermal decoherence rate) is given by
Ym ~ kgT/hQ.,, where we defined the mechanical quality factor
(Q-factor) Q,, = Wy /Ym- One thus sees that in order to have low
thermal decoherence we need a high-Q mechanical oscillator and a
low-temperature bath, which can be obtained by cryogenic cooling of
the experimental setup. Apart from the Caldeira-Leggett approach
above, another (phenomenological) model takes into account internal



1.1 THE PHYSICAL SYSTEM

friction effects [Saugo]; additionally, more realistic microscopic mod-
els and experimental studies of system-bath coupling exist [Col+11;
Gro+15].

For the quantum treatment of the mechanical oscillator we intro-
duce position and momentum operators X,,,, P,,, which fulfil canon-
ical commutation relations [X,,,, P,,] = ifi. As is customary in quan-
tum optics, we also introduce the dimensionless quadratures x.,, p,,
with [x,, pm] = 1. We express them in terms of creation and annihila-
tion operators et e (leqpch] =1)

.I.
Cm+Cm Cm — Cm

We can convert them to X,, = v/2xyx, and Py, = V25 XoPm by
rescaling with the oscillator’s ground state extension

X0 =V h/zmeffa]m' (14)

(1.3)

1.1.2  Optical Resonators

The second constituent of a cavity-optomechanical system is the op-
tical cavity which forms a resonator for photons. A simple Fabry-
Pérot cavity consists of two highly reflecting mirrors separated by
a distance L. Such a cavity contains a sequence of equally-spaced
modes with resonance frequencies v,, = nAv (n € IN) [VWo6], which
are separated by a frequency Av, the so-called free spectral range.
The free spectral range is determined by the cavity length, and—in

the absence of an optical medium—is given by
c
Av = 5T (1.5)

Again, in this work we will focus on the case of the mechanical os-
cillator interacting with a single cavity mode with a central angular
frequency w. = 27tv, only. In nano- and micro-optomechanical setups
this situation can easily be created experimentally, as the free spectral
range is many orders of magnitude larger than any frequency scale
of the mechanical system. Thus different cavity modes do not interact
via coupling to the mirror. There are systems, however, where coup-
ling between different optical modes can occur (deliberately or as a
perturbative effect) [FSW14].

Due to finite mirror reflectivity, absorption in the mirror substrate,
or photon scattering out of the cavity mode the lifetime of photons in
the cavity is limited to a finite number of round trips. This number
is called the optical finesse F,, and is connected to the cavity decay
rate x by

2nAv e

Feav = K = xL’ (1.6)
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CAVITY-OPTOMECHANICAL SYSTEMS

Throughout this thesis we denote by « the energy (FWHM) decay rate,
i.e., the number of photons leaving the cavity per unit time. As we
need to monitor the output light of the cavity in virtually every exper-
iment we need to discriminate between pure photon losses (absorp-
tion, scattering) and transmission into the external field which we can
eventually measure. The total decay rate is thus « = x;,, + &, where x;,
is associated with the input-coupler of the cavity (i.e., the decay chan-
nel we can measure), whereas & collects all other loss mechanisms we
cannot measure.

Let us assume we drive an optical cavity by a constant coherent
laser field with a central frequency w, and a (appropriately rescaled)
complex amplitude &. This amplitude is connected to the input power
P, by |e| = \/ P,/ hw,, and therefore describes the square root of the
driving laser’s photon-flux. The mean intracavity field «. then follows
the equation of motion
K
2
We can get rid of the (trivial) evolution at optical frequencies by in-
troducing @, (t) = a.(t) €“?’. After a transient period &, will assume
a constant steady-state amplitude &> = lim,_,, &.(t) given by

—iwyt

Q= — (iwc + ) a+ \JEnee (1.7)

&S = Kin€
V.

(1.8)

with the detuning Ay = wy — w, of the laser with respect to the cav-
ity resonance frequency. Note the distinction between the total decay
rate ¥ and the input-coupling rate x;,, which leads to a decreased
intracavity photon number || for increasing losses &.

Taking the Fourier transform of eq. (1.7) we obtain the cavity’s sus-
ceptibility x(wy), i.e., its linear response function. The value x(wy)
determines the response of the system for a constant input at a fre-
quency wy. It is given by the Lorentzian

xw) = (19
5 —i(w—w,)
Its modulus and its argument give the amplitude and phase response
of the intracavity field respectively.

Quantum-mechanically the intracavity field can be described as a
damped harmonic oscillator [WMo8]. In analogy to section 1.1.1 we
introduce creation and annihilation operators C:, c., and the corres-
ponding (dimensionless) quadrature operators

t t
_Cc+cc _ G —C¢

x , = .
c V2 Pe J2i
We call x, the amplitude quadrature and p. the phase quadrature of

the electromagnetic field. Their equations of motion we will discuss
in detail in section 1.3.1.

(1.10)
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1.1 THE PHYSICAL SYSTEM

1.1.3  Cavity-Optomechanical Interaction

In cavity-optomechanical systems the interaction between the optical
and the mechanical mode typically manifests itself in the form of a
dispersive coupling, which means that the cavity resonance frequency
experiences a shift depending on the mechanical oscillator’s position.
Physically, the interaction is mediated by radiation pressure [Einog]
in the form of momentum transfer due to reflection (Fabry—Pérot type
setups, microtoroids) [BM67; BMT7o0] or gradient forces (membrane
in the middle setups [Tho+08], levitated micro-objects [Cha+10; BS10;
Rom+10]). In addition to the dispersive regime there exists a dissipat-
ive optomechanical coupling where the cavity decay rate is depend-
ent on the mechanical position [EGCog9; XSH11; Saw+15]. We will not
consider this kind of coupling in this thesis, however.

For photons impinging on a single mirror the radiation pressure
is just proportional to the incoming photon flux. As this force exer-
ted by photons on a massive object is typically very weak, cavity-
optomechanical experiments employ a resonator for the photons—
an optical cavity—in order to enhance the effective photon flux and
therefore the radiation pressure coupling. Conversely, the intracavity
photon flux now very sensitively depends on the mirror’s position,
as the mirror parametrically changes the cavity resonance frequency.
This can be nicely illustrated by plotting the modified susceptibility
of the cavity as a function of the mirror position X,,, which can be
obtained from eq. (1.9) by letting the resonance frequency depend lin-
early on the mirror position, i.e., w, = w.(X,,) (see also the discus-
sion of the radiation pressure Hamiltonian in the next section). Fig-
ure 5 shows that moving the mirror modulates the intracavity-field
amplitude [shown in (a)], as well as its phase [shown in (b)]. For res-
onant driving (as depicted in the figure) the amplitude stays constant
to second order in X, while the phase is changed linearly. Hence,
mechanical displacement sensing is typically operated on resonance
as there the sensitivity on the mechanical displacement A0/AX,, is
maximal [AKM14].

The finite decay time of the cavity (i.e., the average time it takes
photons to leave the cavity) leads to a time-lag in the radiation pres-
sure force on the mirror. This leads to so-called dynamical back-action
effects, most notably the optical-spring effect and back-action cooling
(or heating) of the mechanical motion, both of which we will again
encounter again below. A classical picture of optomechanical cool-
ing can be given by considering the cavity’s susceptibility (see fig. 6)
[MGog]: As the mirror oscillates and therefore sweeps the cavity’s res-
onance profile, it modulates the number of photons inside the cavity
and thus also the radiation pressure. However, due to the time-delay
associated with the cavity bandwidth, the radiation pressure is in-
creased in one half-cycle, while it is decreased in the other half-cycle
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(schematically depicted by the blue ellipse in fig. 6). Depending on
the relative phase between the radiation-pressure cycle and the mech-
anical oscillation this leads to additional damping for a red-detuned
laser drive or amplification for a blue-detuned drive.

1.2 HAMILTONIAN

Here we restrict ourselves to the case where a single mechanical mode
interacts with a single optical mode. The generalization to a multi-
mode scenario is straightforward. We give a simple derivation of the
cavity-optomechanical Hamiltonian; a rigorous version was given by
[Lawgs]. We start from the Hamiltonian of two uncoupled harmonic
oscillators

H, = hw,cr e + hwcc:cc, (1.11)

where w,, and w, denote the mechanical and (nominal) cavity reson-
ance frequency respectively, and we have [c;, c;] = g fori,j € {m, c}.
The optical resonance frequency w, is determined by the round-trip
time of photons in the cavity and thus by the effective cavity length
L,i.e., w./2m = 2¢/L. In the case of a cavity with a moving mirror,
the effective length L(X,,) depends on the (dimensionful) position
of the mechanical oscillator X ,. Moving the mirror thus shifts the
resonance frequency and therefore changes the energy stored inside
the cavity mode. For small displacements X ,/L < 1 [assuming that
X, = 0 is the rest position and hence w, := w.(0) the nominal cavity
frequency] we can expand w,(X,,) in a Taylor series around X, = 0,

0w,

2
BXme +O0(Xn)" (1.12)

wc(Xm) = W, +
Using that X, = xy(cy + ch) = v2XpX,, the Hamiltonian for the
optomechanical system is (to first order in X|,)

H.y = hwgch e + hwccjcC + hgoxmczcc. (1.13)

The last term is the sought-after radiation pressure interaction with
the so-called single-photon optomechanical coupling strength

0w,
80 = \fzxorx / (1.14)

which quantifies the interaction between the mechanical oscillator
and a single photon in the cavity. For the Fabry—Pérot case we find
90 = V2xyw./L. Note that by using these definitions a positive value
for the displacement X,,, > 0 increases the energy in the cavity, which
means that the cavity length decreases.

Expression (1.13) shows that the radiation-pressure coupling is non-
linear in the amplitudes c;, ¢l and depends on the number of photons

12



1.2 HAMILTONIAN

in the cavity. However, as g, is very small in many current optomech-
anical systems, the generated non-linear dynamics—and optomech-
anical effects on the single-photon level in general—are hard to ob-
serve. To enhance the radiation pressure one can drive the optomech-
anical cavity by a strong laser beam with a large coherent (time-
dependent) amplitude ¢(t). Such a drive with a centre frequency wj
can be described by adding an additional driving term

Hgrive = —iR[E"(£) elwof c.— E(t) e 1ot CZ] (1.15)

to eq. (1.13), where E(t) = /k,&(t) describes the driving strength
and ¢(t) € C is the complex amplitude of the input field. This
Hamiltonian basically arises from a beam-splitter like interaction,
where photons are scattered into the cavity mode from the external
coherent field. In order to get rid of the explicit time dependence
in (1.15) we typically go to a frame rotating at the optical frequency
wy, which prompts us to introduce the detuning Ay, = wy — w..
The complete optomechanical Hamiltonian including the non-linear
radiation-pressure interaction then takes the form

1
Hy = Ehwm(xfn + pfn) - hAOCICc + thmeICc
—ih[E*(t)ce — E(t)cl]. (1.16)

We will discuss below that driving the optomechanical cavity in such
a way has two effects: (i) The mirror is shifted to a new equilibrium
position, and (ii) the radiation-pressure interaction is enhanced by
the classical intracavity amplitude a. created by the laser drive, effect-
ively linearizing’ it given that we have |a | > 1. For a full description
of these effects one needs to account for the open-system dynamics of
our system as will be discussed in detail in the next section. Here we
want to focus on the dynamics generated by the linearized Hamilto-
nian, as understanding their effects will be important throughout the
whole thesis.

We will see in section 1.3.1 that for a high-finesse cavity or a strong
enough laser drive the optomechanical Hamiltonian (1.16) can be ap-
proximated by

8o%c

V2

where we introduced an effective detuning A. which is shifted with
respect to Ay due to the shifted equilibrium position of the mirror.
We can see that the coupling strength ¢ = gya./+/2 of the linear
interaction is enhanced by «., which in the present case is the square-
root of the intracavity photon number. (Here we assumed a. € R
without loss of generality.) For a high-finesse cavity or a strong laser
drive the mean number of photons in the cavity can be large, and the
interaction strength can be enhanced by several orders of magnitude.

t + t t
Hlin = hmemCm - hAcCcCc +n (cm + Cm) (Cc + Cc)r (1'17)

13

non-linear
optomechanical
Hamiltonian

1. By ‘linear” we refer to
the oscillator’s response
function or, equival-
ently, its equations of
motion. The corres-
ponding Hamiltonian
can be quadratic in the
oscillators amplitude.

linearized
optomechanical
Hamiltonian



FIG 7. Scattering pro-
cesses corresponding

to (a) the BS and (b)
the TMS Hamiltonian

2. Note that in the
resonant case x,. is

a QND-variables as
[x, Hyin] = 0 [BKo6],
while x,,, does not
commute with the
full Hamiltonian.

CAVITY-OPTOMECHANICAL SYSTEMS

Depending on the chosen detuning A. we can identify different
types of interactions which are realized by the linearized radiation-
pressure Hamiltonian. Expanding the interaction part of (1.17) we can
identify two contributions: The so-called beam-splitter (BS) Hamilto-
nian

Hbs = hg(cmcz + CLCC) (1-18)

is resonant for A, = —w,,, and describes coherent exchange of energy
between the mechanical oscillator and the cavity mode. This term
is relevant for cooling the mechanical motion via sideband cooling
[Mar+oy; Wil+o7] (see also section 1.4) and can be employed to gen-
erate a state swap between the two modes. The so-called two-mode
squeezing (TMS) interaction

t 1‘),

on the other hand, is resonant for A. = w,,, and describes simultan-
eous creation and annihilation of excitations in both modes, and is
the optomechanical analogue to the optical down-conversion process.
It is known to create optomechanical correlations and entanglement.
Customarily we call the A, > 0 “blue detuned” and A, < 0 “red
detuned”.

Both terms can be interpreted in terms of three-mode scattering
processes involving the incoming laser beam (see fig. 7). In the beam
splitter process a phonon is annihilated in order to up-scatter a laser
photon into the cavity mode (resonant for wy = w. — w,). In the two-
mode squeezing process a fraction hiw,, of a laser photon’s energy
is transferred to the mechanical motion creating a phonon, while the
photon is down-scattered into the cavity mode (resonant for wy, =
We + wy).

In the case of zero detuning A. = 0 both processes contribute
equally and the full interaction Hamiltonian proportional to x,x.
is retained. This interaction is often referred to as quantum non-
demolition (QND) interaction® [Tho+78; BVT80] and can be used to
produce squeezed light, as demonstrated in [Bro+12; Saf+13; Pur+13].
Additionally, a resonant drive is commonly employed to measure po-
sition changes of the mechanical oscillator via phase shifts of the light
field; these measurements can in turn be used to cool the mechanical
motion by active feedback [CHPo1; Vit+o2; Gen+o8a].

The resonance conditions for the listed processes can be illustrated
by going into an interaction picture with heopmeh e — hACcIcC which
leads to

Hine = T1g [cmCI e i(em A +H.C.] +hg [CmcC e HWm=<AJl L Fy ] .

Tuning the laser to one of the mechanical sidebands, i.e., choosing
A. = Fw,,, makes one of the terms in H,,, resonant while the second
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term is oscillating rapidly at a frequency 3-2w,,. Invoking a rotating-
wave approximation (RWA), which is equivalent to taking a temporal
average, then allows us to neglect the corresponding off-resonant
term. The RWA is a good approximation in the sideband-resolved
weak-coupling regime ¢ < ¥ < w,,, where the off-resonant scatter-
ing terms are strongly suppressed by the cavity’s density of states
which is strongly peaked in this regime (see fig. 8).

One of the most important optomechanical parameters for us in
this thesis will be the optomechanical cooperativity
4g2

C= W, (1.20)

which quantifies the strength of the unitary optomechanical interac-
tion compared to electromagnetic and mechanical decoherence rates.
Intuitively, the coherent interaction should be stronger then the de-
cohering dynamics in order to observe quantum effects. Indeed we
will see later that all discussed protocols need to be operated in the
strong-cooperativity regime of C > 1.

1.3 OPEN SYSTEM DYNAMICS

A cavity-optomechanical system couples to two different kinds of
environments: On the one hand the mechanical oscillator couples
to a mechanical heat bath through its support;> on the other hand,
photons can leak out of the cavity into the electromagnetic environ-
ment in a finite time. Due to this interaction with the environment,
cavity-optomechanical systems inherently are open quantum sys-
tems and a Hamiltonian description does not suffice to describe
their full dynamics. In quantum optics, powerful methods have
been developed to describe open quantum systems [GZo4]. In the
following sections we will show how to describe the dynamics of
optomechanical systems in the master equation (MEQ) and the quan-
tum Langevin equations (QLEs) approach. As is customary we will
call the optomechanical system simply “system”, while we will refer
to the external electromagnetic field and the mechanical environment
as “bath” or “environment”.

1.3.1  Quantum Langevin Equations

The non-linear open-system dynamics of optomechanical systems can
be described in the Heisenberg picture by the (Stratonovich) quan-
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tum Langevin equations [GC85] written in the frame rotating at the
driving-laser frequency wy

fpy = WePons (1.210)
Pm = —@Wm¥m = YmPm — gOCZCC +v 2()/mfl (1.21b)
¢ = —(5 —iAg)cc —igoXmCe + E + Viay,, (1.210)

where Ay = wy — w, is the detuning of the laser with respect to the
cavity resonance, and E(t) € C describes the laser drive (as discussed
in section 1.1.2).

The input from the external electromagnetic field to the cavity
mode is described by the field operators a;, and a;rn (see appendix A).

In a Markov approximation they obey the commutation relations*
[ain (1), an ()] = 8(t — '), (1.22a)
[ain(t)/ain(t/)] = [a:n(t)lajn(t/)] =0. (1-22]9)

Due to the Markov approximation the input fields are modelled as a
white-noise fields and are therefore é-correlated. For optical systems
the electromagnetic bath is normally assumed to be in the vacuum
state, which is due to the fact that at room temperature the mean
occupation number of the bath at relevant frequencies is negligible,
i.e., ng(w.) ~ ng(w,y) ~ 0.> We thus have

(ain(t)) =0, (ain(t))
(ain()ain (1)) = 0, (i ()ain ()

Note, however, that in electromechanical systems where w, is in the
microwave regime one might have a finite thermal occupation, i.e.,
ng(w.) > 0. The same description can also be valid if the laser drive
of an optomechanical system exhibits broadband amplitude or phase
noise that can be approximated by classical white noise. When the ex-
ternal field is in vacuum, we will often refer to the noise contribution
a;, as shot noise, which is a purely quantum-mechanical contribution.
In the experiment one typically has full access to the cavity input and
the corresponding output field. This means that we can (at least in
principle) engineer the input state [which modifies equations (1.23)]
and monitor the state of the outgoing field. The output of the cavity
is given by the input-output relation [GC85] (also see appendix A.3
for a more detailed discussion)

aout(t) = \/Ecc(t) - ain(t)' (1.24)

This shows that by measuring quadrature operators x,u, Pout (€- 8.,
by homodyne detection) of the output light we can directly monitor
the intracavity field quadratures x. and p. (plus a noise contribution).

In contrast to the treatment of the electromagnetic field, no single
accepted model exists for the coupling of the mechanical oscillator

0, (1.23a)
S(t—t). (1.23b)
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to its thermal environment [Vacoo]. A common approach is to model
it in the form of Brownian motion damping [CL83; GVo1], where
f denotes the corresponding Gaussian, Hermitian noise operator. In
general f does not describe a white-noise process, but rather has a
correlation function [GZo4; GVo1]

(FOFE)+FE)f(E) = — v coth
(1.25)

Here we adopt a quantum-optical stance and treat f in a Markov
approximation, which is known to be valid in the high-temperature
limit where kgT/hw,, > 1 [GVo1] and for high-Q oscillators [BK81].
For small arguments we can expand coth x = x '+ O(x) and thus ap-
proximate f as a zero-mean white-noise field which is b-correlated,’

(f(t)) =0, (1.26a)
FOFE) + FE)F(D) ~ (2a+1)5(t - F). (1.26b)

In contrast to the optical input fields the commutator of f at different
times is given by [GZo4, p 49]
i

£, £ = ——8(t=1), (1.27)

m

where 8’ denotes the first derivative of the Dirac §-function.

Classical Dynamics

The quantum Langevin equations (1.21) allow us to study the classical
non-linear dynamics of optomechanical systems. After introducing
the mean amplitudes a, (t) = (c,(f)) € C and a (t) = (c.(t)) €
C, and the semi-classical approximation that the correlation function
(ctc.) ~ |m.|* factorizes, we obtain the set of equations

Q= —1Wy &y — i%|ac|2, (1.28a)
a —{i[A —&(zx +zx*)]—K}cx +E (1.28b)
c 0 \ﬁ m m 2 c . :

By defining the vector & = (&, am, &, &;) We can write equations
(1.28) in compact form as & = G(«).

Let us first analyse the possible steady-solutions of equations (1.28)
for constant driving field E(t) = E,. Steady-state solutions which
we denote by a* are given by the fixed points of G, i.e., G(«™) = 0.
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They are thus determined by the solutions of the third-order algebraic
equations

o = 802 1.29a
m ﬁwm‘ c (1.292)
ss EO

. = (1.29b)

80— S +ag )~ 5
We thus see that while the mechanical mode in equilibrium has zero
momentum (i.e., Imaj, = 0) it is displaced from its original position
by a finite value uj = v/2Rea}: that in particular depends on the
driving strength E,. At the same time the cavity resonance is shifted,
leading to an effective detuning A, — gyip,, which in turn leads to a
steady-state mean intracavity amplitude depending on u;,..

Depending on the specific system parameters, equations (1.29) may
allow for multiple steady-state solutions. This situation is called bista-
bility [Dor+83; Mey+85]. It is easy to show that a necessary condition
for bistability is given by |Ay| > +/3/4x. Assuming this condition is
fulfilled, we find that the driving strength must be chosen in a certain
interval Ey € [E_, E, ] in order to observe bistable behaviour. Possible
solutions of equations (1.29) are shown in fig. 9 for Ay = 1.3« (solid
line)—showing a bistable region— and Ay = 0.7« (dashed line)—with
a single steady-state solution—as a function of the driving strength
Ey. The black dashed lines indicate the values of E, which mark the
boundaries of the bistable region. The three dots mark three possible
steady-state solutions u}, for a fixed driving E,,.

In the bistable regime the stability of the three solutions (shown in
different colours) can be analysed by applying linear stability theory
[Tab89, p 20]. We hence expand G around a chosen fixed point a* to
first order in small fluctuations d«. Denoting the Jacobian matrix of
G by (Jg)ij = 9G;/0u;j and defining a = «*® + S we can write

b= G(a) = G(&*) + T (&) b + O(6n). (1.30)

Due to the fixed-point condition G(a>) vanishes. The system is then
stable if all eigenvalues of J;(«*) have negative real parts, which
means that all deviations from the fixed point will decay exponen-
tially. Linear stability can be most conveniently analysed by using the
Routh-Hurwitz criterion (see appendix B.4) [Iloy], which eliminates
the need to explicitly calculate the eigenvalues of the Jacobian. Apply-
ing this to the situation depicted in fig. 9 we can show that the blue
and the yellow branch correspond to stable steady-state solutions,
while green shows an unstable solution. Which of the two possible
stable solutions is assumed in steady state depends on the system’s
initial conditions, and is determined by the solution’s basin of attrac-
tion (see, e.g., [Stro8]).

We now turn to the analysis of time-dependent solutions of equa-
tions (1.28). Due to their non-linear nature no closed-form solu-
tion exist in general and we seek approximate solutions under
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the resolved-sideband assumption x < w,,. Additionally, we can
simplify the analysis considerably if we assume that the effective
detuning Ay — go(am + @)/ /2 is kept constant by appropriately
tuning the laser frequency. This means that A(t) obtains a time-
dependence to counteract the motion of the mirror and consequently
that eq. (1.28a) decouples from (1.28b). (Additionally this precludes
any bistable behaviour.) This is a reasonable assumption as in almost
every optomechanical experiment working in a continuous-wave
regime the laser will be locked to the cavity frequency. We can
then integrate equations (1.28) formally and find [using the initial
conditions a,(0) = a.(0) = 0]

Eo

a.(t) = /0 eWA=2TE(¢ — 1) dr, (1.31a)
to

a,(t) = —i%/o e T |y (t — 7))*dT. (1.31b)

Integrating eq. (1.31a) by parts we find the solution

a(t) = —ﬁE(t)(l +0) ~ 3 £ (1.32)

where ¢ is a correction, which is small if E(t) varies slowly on a
timescale of 1/x. More precisely, one can show that a rough upper
bound is given by |6(f)| < supy %%, which must be much
smaller than unity. Also, in the second step we neglected transient
terms which only contribute on timescales t < 1/x. Plugging this
into (1.31b) and using k¥ < w,,, we find under the same assumptions

as above

(1) 2 =0l (133)
Comparing egs. (1.32) and (1.33) to the steady-state solutions above
shows that in the sideband-resolved regime and for a slowly varying
drive amplitude the system at all times is in a quasi steady state that
follows the driving field E(t).

Finally note that the frequency shift of the cavity due to the mean
displacement of the mirror is typically small (for gy < wy,). Assum-
ing A, to be constant will therefore often be a good approximation,
even without assuming it to be fixed explicitly.

Linearized Langevin Equations

The semi-classical analysis from the previous section shows that for
a strong laser drive E(t) and a high-finesse cavity the intracavity
field will have a large coherent mean value «.(t). Due to the radi-
ation pressure caused by this mean field the mirror will be displaced
accordingly by an amplitude «,,(t). Effectively «. and a,, define a
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new (quasi-)equilibrium point for the optomechanical system, around
which the dynamics can be linearized for certain parameter regimes.
The discussion of this procedure follows the standard treatment as
given in [Fab+94; MTo4]. We first define the operator-valued vectors

¢ = (ememsCorce) (1.342)
f = (v ’)’mifl Y ’)’mif/ 2Kain/ \/ﬁa:n)T/ (134b)

which allow us to rewrite the Langevin equations (1.21) in vector
form as ¢ = G(c) + f. We then decompose ¢ = al + dc where «
describes the coherent amplitudes as in the previous section and 1
is the identity operator. Formally this is achieved by going into a
displaced frame created by the displacement operator
+

D;(a) = exp(ac; —a’c;), (1.35)
defining d¢c; = D;(«;)¢;D} («;). For 8¢ we then obtain the exact equa-
tion

oc=c¢—al =[G(a) — &|1 + Tg(a)dc + h(dc) + f, (1.36)

where h is quadratic in dc. Choosing « such that it fulfils the classical
equations (1.28) makes the first term disappear and leaves us with
nonlinear equations for dc, which, however, explicitly depend on a
classical solution «(t). They read

- 80

8¢, = —iwgdey, —i2% (alde, + ade))

V2

_ %m((s(:m —och) - if;%éczécc Fivnf,

. . 8o * - 80
5Cc = I[AO - 7(“m + D‘m)](scc - liac((scm + (Scm)
V2 V2

Sc. — if/%écc(écm +6ch) + Viay,.

We can see that the linear interaction terms scale with gya, while
all nonlinear terms scale with g, only. If we thus work in a regime
with a large intracavity amplitude |a.(f)| > 1 while on the other
hand the single-photon coupling is weak (i. e., gy < k) we can neglect
the nonlinear terms 5CI5CC, oc.oc, [AKMi4]. For brevity of notation
we will in the following drop the prefix J and use c; instead of dc;
etc. Additionally we introduce the effective coupling strength ¢ and
detuning A,

_k
2

X80 80
= %80 Ao =Ny — % (a + ), 1.
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1.3 OPEN SYSTEM DYNAMICS

and write the linearized Langevin equations in terms of the quadrat-
ure operators as [MTo4]

Xm = WmPms (1.38a)
f?m = —WnXm — YmPm — 2gxc + V 2’)’mfl (138b)
Xe = —Ape — 5xo + Vixy, (1.38¢)
pc = Acxc - %pc - ngm + \/Epin' (138d)

Note that here we assumed «.(t) € R which can be achieved by ap-
propriately choosing the phase of the input field E [see, e.g., (1.32)].
The Hamiltonian evolution in equations (1.38) is generated by the lin-
earized Hamiltonian (1.17). One should keep in mind that the linear-
ization is only valid if the coherent amplitudes «; are sufficiently large
at all times. Throughout this thesis we will only consider cases where
the system is in a (quasi) steady state as discussed in the previous
section, and we can thus chose «(t) = «*. Also we do not account for
bistability effects. Note that in the same way as for the classical sys-
tem, the stability of (1.38) can be analysed using the Routh-Hurwitz
criterion [Ilo7].

The linearized Langevin equations (1.38), or the corresponding
equations for ¢; and c?, will often serve as a starting point for our
further analysis.

Mechanical Damping in RWA

Equations (1.38) show an important difference in the treatment of
mechanical and optical damping: While for the mechanical mode
only the momentum is directly subject to damping, both quadratures
of the cavity mode are damped symmetrically. This is an important
observation, as (1.38) do not describe a completely positive map, and
thus cannot be stated as a Lindblad MEQ (see section 1.3.2). We will
now show that the mechanical damping can be cast into a symmetric
form by performing a RWA, which effectively constitutes a temporal
coarse-graining procedure. We first write the mechanical Langevin

equation in the interaction picture with hwmcfncm,

b = = (e — €0 &) — iV2g € 2y iy e £, (130)
and introduce a time coarse-graining by averaging the equation over
a time Jt, which has to be chosen long on the timescale of the mech-
anical frequency (i.e., 6t > 1/w,,), but short on all other timescales
involved. (See appendix 1.A for a more detailed discussion of this

procedure.) This leads us to define the noise operator

) bot
f(t)dt = i/t dre“™" f(1), (1.40)
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which is not Hermitian and (approximately) obeys

FOF )+ F(E)f (1) = (2n+1)5(f—f')/ (1.412)
(FOFE) = (F(OF (1) = (1.41b)

Note that these relations are only valid on timescales much longer
than 6t. Due the time average we can drop the fast rotating term
e%m m' & which is the gist of the rotating-wave approximation. In
this particular approximation we keep the optomechanical coupling
term in its original form, but have to keep in mind that the resulting
equations are valid only in a narrow bandwidth much smaller than
wy, around wy,, i.e., in a interval [w,, — ¢, w, + ?] with ¢ < w,,; all
other frequency components are suppressed by the applied time aver-
age. This can be borne out more explicitly in the adiabatic regime, as

discussed in appendix 1.A. We can now define Hermitian operators
fy and fp by
f= \f(fx ify) (1.42)

and go back to the original frame; we obtain

. e =

Xm = WmPm — mem TV YmSx (1.43&)
. % _

Pm = —WmXm — Tmpm —28% + /T fp- (1.43b)

In this form the QLEs are equivalent to the Lindblad master equation
(1.52).

Langevin Equations in the Adiabatic Regime

In the weak coupling regime ¢ < x one can significantly simplify the
description of the optomechanical dynamics by adiabatically elimin-
ating the cavity mode from the system. This leads to an effective equa-
tion for the mechanical oscillator, which then directly couples to the
external electromagnetic field. The complete procedure is presented
in appendix 1.A; here we summarize the most important expressions.
One can show that the adiabatic solution for the cavity is given by

cd(t) ~ =i (1) + 1:ch(8)] + —=(0), (1.44)

where we introduced the parameters

1
T+ = XA T wn)

(1.45)

which describe the Lorentzian cavity profile. {(t) is an electromag-
netic vacuum noise term filtered by the cavity [see eq. (1.74)]; in the
adiabatic approximation one can set

(@Dg" () =8t 1) (1.46)
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1.3 OPEN SYSTEM DYNAMICS

for all timescales slow compared to 1/«. Using the adiabatic solution
(1.44) we can derive the effective equation of motion of the mechan-
ical system alone. We first state the result; all terms will be described
afterwards. After transforming to a frame rotating with w,,, and intro-
ducing a time coarse-grained description (which we indicate by using
symbols such as ¢;,,) we find (see appendix 1.A)

ém = _i(smem - % (’)/m + F) Em
— VT & — VT 8+ Vmf. (147)

This equations nicely illustrates the characteristic dynamical features
of optomechanical systems we touched on in section 1.1.3: Firstly we
see that the mechanical frequency is shifted by

S = & Tm(y_ +1,) (1.48)

with respect to the nominal value w,,. This is the optical-spring effect
[BGK97; BVoz; Cor+o7], which leads to a softening of the spring for
a red-detuned drive (A, < 0) and a hardening for a blue-detuned
drive (A, > 0). Secondly we observe a modification of the mechanical
damping rate by

r=r_-r,, (1.49)
with
r, = 2g2 Ren.. (1.50)

This modification leads to sideband cooling for A. < 0, for which
we have I'_ > T', [Mar+oy; Wil+oy], while for the case of A, > 0 we
find I', > T'_ and thus amplification of the mechanical motion. In the
adiabatic approximation the optical mode is treated as an additional
bath of the mechanical oscillator. The coupling to this bath introduces
the vacuum noise processes ¢ ., which in the given approximation are
Markovian and independent. They thus obey

(EL(OEL) =d(t—1), (1.51a)
(EL(HE () =0. (1.51b)

Physically ¢, (¢_) stems from the process of scattering photons into
the upper (lower) mechanical sideband (as discussed in section 1.2)
with corresponding scattering rates I'_ (I, ). Hence we see that the
parameters 7. describe the modification of the scattering rates due to
the Lorentzian cavity profile. Note that the adiabatic Langevin equa-
tion (1.47) is equivalent to the adiabatic master equation (1.55).

1.3.2 Master Equation and Stochastic Master Equation

As an alternative to the quantum Langevin equations, which consti-
tute the Heisenberg description of the dynamics, the evolution of the
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optomechanical system can also be described in the Schrodinger pic-
ture. We denote by p the density matrix of the bipartite system con-
sisting of the mechanical and the optical mode. The state p evolves
according to a Lindblad master equation [Liny6] of the form [Wil+o7]

p=Ly p

1
= =5 Hin, 0] + 6 DleJo + ¥ (71 +1) Dlemlo + 1t Dlerylp.

(1.52)

Its initial condition we typically choose to be py = p(m) ® 10)(0],,

th
where pr(flh) denotes a thermal state of the mechanical oscillator given

by

(m) B 1 [ee] 1’_1 n
om — ﬁ+1,§,<ﬁ+1> i) (.. (1.53)

and |0) (0. is the ground state of the cavity. The Liouvillian £ de-
scribes the unitary evolution generated by the linearized Hamiltonian
Hy, [given by eq. (1.17)] together with the dissipative dynamics cre-
ated by the coupling to the environment. The decoherence effects are
captured by the Lindblad terms [GZo4]

1 1
Dls]p = sps" — Eszrs - Es*sp (1.54a)
1 1
= 5lsp, s']+ Q[S/PSJF]- (1.54b)

The operator D is trace-preserving [i.e., tr(D[c]p) = 0], and hence
preserves the normalization of the density matrix p. In analogy to
the treatment in section 1.3.1 we can derive an effective master equa-
tion for the mechanical mode from which the cavity is adiabatically
eliminated (see appendices 2.C and 3.A.1). We obtain the equation

p™ = —ilswnchiem p™] +9_ Dienlo™ + 7, Dlch]p™,

(1.55)

for the mechanical subsystem described by p(m) alone, where
y_=T_+yn(Ai+1), (1.56a)
T+ = r+ + r)/mﬁ‘ (156b)

and Jdw,,, I'y as defined in egs. (1.48) and (1.50). This equation cap-
tures passive cooling and heating effects via the optomechanical inter-
action, as has been derived before in the quantum theory of sideband
cooling [Wil+o7; Mar+o7].

In this thesis we will often encounter the situation where the
optomechanical system is continuously monitored via a homodyne
measurement of the output light, realizing a so-called diffusive meas-
urement of a given cavity quadrature [set by the local oscillator (LO)
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1.3 OPEN SYSTEM DYNAMICS

angle ¢]. The system can then be described by the conditional quantum
state p. that encodes our knowledge of the system given a specific
measurement record I(t). The conditional state’s evolution is con-
veniently described in the Schrodinger picture by the It stochastic
master equation (SME) [GZo4; WMog]

dp. = Lp. dt + /1% H[eiq) cJp. dW, (1.57)

where 0 < 17 < 1 is the efficiency of the detection. The effect of
conditioning is described by the measurement operator

%[S]Pc = [S - tr(spc)]pc + PC[S - tr(SPc)r- (1-58)

H is thus nonlinear in p,, as is expected for a measurement term. The
photo-current I(t) can be expressed as

I(5) dt = /i (cc(t) €7 +el(t) e ™) di + dW (1), (1.59)

where W is a Wiener process with an increment dW (t) := W(t+dt) —
W(t), which has zero mean and a variance dW(t)*> = dt. Here and
in the following we denote by” (A(t)), = tr(Ap.(t)) the expectation
value with respect to the conditional state at time t. Equation (1.59)
shows that I(t) encodes information about a generalized intracavity
quadrature defined by ¢.

In contrast to the conditional state p. which solves a SME, we will
call the solution of a standard MEQ [such as (1.52)] the unconditional
state, which we denote by p. A general introduction to SMEs is given
in appendix B.

1.3.3 Phase-Space Description

In the Gaussian regime (i.e., for linearized optomechanical interac-
tion) the system’s unconditional state is fully characterized by the
first and second moments of the vector X = (X, P Xos Pe) ' i €., the
mean values (X (t)) = tr(Xp(t)) and the symmetric covariance matrix
L(t) with elements

(1) = 3 (Xi(O)X;(1) + X;(1) X (1)) — (Xi())(X;(1))
= Re((X;(£)X;(1))) = (X; (1)) (X;(t)).

The linear equations of motion of (X(t)) and X(t) are given by (see
appendix B.3.2)

(1.60)

d
g (X (1)) = F{X(t)), (1.61a)
;t):() FE(t) + Z(H)F" + N. (1.61b)

The 4 x 4 matrices F and N describe the system’s dynamics and
noise properties respectively, and can be deduced directly from the
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Langevin equations (1.38) or the corresponding master equation (see
appendix B.3.1). For the model used in eq. (1.38) they read

0 W 0 0
—Wnm —Tm —2¢ 0
F = m m .
0 0 5 A, (1.62)
—2g 0 A _g

and
N = % diag (0, 2y, (27 + 1), k, k). (1.63)

Equation (1.61b) has an analytic solution given by

T t T
() =e"E(0)ef '+ [ drefTI NS T, (1.64)
to
In the limit t — co the steady-state covariance matrix can be written
as® [Gen+08b]

I / dw(iwl +F) 'N(iwl +F") . (1.65)
The integral can be evaluated analytically by a method presented in
appendix B.5.

Gaussian conditional quantum states on the other hand are fully
described by the mean vector X(t) = (X(t)), and covariance matrix

() = 2(Xi()X;(1) + X; () Xi(1)) — (X (1)) (X;(H).

= Re((X;()X;(t)),) = Xi(t) X;(t),

(1.66)

defined with respect to p. [the solution of a stochastic master equa-
tion such as (1.57)]. Their equations of motion are given by a linear
stochastic differential equation and a (deterministic) matrix Riccati
equation respectively [Bel8o] (see appendix B.3.1 for a derivation),

dX(t) = FX(t)dt + K(¢)[I(t) — HX(t)] dt, (1.67a)
d%ﬁ‘.(t) _FE(H) + E()FT + N
— [EOHT +M][E(H)HT +M]7, (1.67b)

where H describes the homodyne measurement and M is related to
the system’s noise properties [see egs. (B.39b) and (B.41b)]. K(¢) is a
time-dependent gain factor

K(t) = £(H)H" + M. (1.68)

which itself depends on the state through £(#). In the case of a single
homodyne detection with a LO phase ¢ and detection efficiency 7 [as
described by eq. (1.57)], H and M are

H=/2yx (0 0 cos(¢p) —sin(¢)), (1.69a)
M= 172—1( (0 0 —cos(¢) sin((p))T. (1.69b)
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1.4 THE OPTOMECHANICAL PHASE DIAGRAM

For a one-dimensional system [with a two-dimensional phase space
(x, p)] these equations allow us to give a simple graphic interpretation
of the SME (1.57) in terms of a phase-space description (see fig. 10):
The conditional trajectory X (blue line) is determined by the meas-
urements I(t) and therefore follows a random walk in phase space.
The covariance matrix £ (red ellipse) on the other hand evolves de-
terministically, independent of the measurement results. Averaging
over all possible phase-space trajectories recovers the broad Gaussian
distribution described by the standard MEQ (1.52) [or equivalently,
equations (1.61)]. For an unstable system (e.g., in the blue detuned
regime), the blue line will spiral outwards, leading to a growing un-
conditional covariance. The conditional covariance matrix ¥, however,
may still possess a (finite) steady state. This is due to the fact that the
exponential growth is tracked by the conditional mean, with respect
to which the covariance matrix is defined. The steady-state condi-
tional covariance matrix £* can be found in analogy to Z* by setting
the left-hand side of equation (1.67b) to zero and by solving the res-
ulting algebraic Riccati equation [WMog].

p

g
B
~~

VR

()

FIGURE 10. Schematic comparison of the master equation (1.52) and the
stochastic master equation (1.57) for a single mode Gaussian system in
phase space. The conditional state with a covariance £(t), depicted by the
red ellipse, moves through phase space on a trajectory given by a realization
of X(t) (blue line). Averaging over many sample paths recovers the broad,
unconditional distribution, determined by X(t) (violet ellipse).

1.4 THE OPTOMECHANICAL PHASE DIAGRAM
Provided a linear optomechanical system is stable (as determined by

the Routh-Hurwitz criterion discussed in section 1.3.1) it will in the
long-term assume a steady state, lim,_,,, p(t) = p*°, where p* is de-
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termined by the condition Lp* = 0. If a stable steady state exists the
means (X)*:=tr(Xp*) = 0 vanish, while the steady-state covariance
matrix ¥ is given by the solution to the so-called Lyapunov equa-
tion, which is obtained from (1.61b) by setting its left-hand side to
zero, i.e., FE® + Z*F' + N = 0.

The characteristic features of an optomechanical system’s steady
state can nicely be illustrated by plotting a phase diagram show-
ing the mechanical steady-state occupation number n%5 = (¢} ¢, )*°
and optomechanical entanglement between the mechanical resonator
and the intracavity field. We quantify the entanglement by the steady-

SS

state logarithmic negativity Eyr = E(0™) [VWo2; Pleos], where

Ex(p) = log, (Il [l1), (1.70)

||||1 is the trace norm, and p'™ is the partial transpose with respect to
the mechanical subsystem. Figure 12 shows such a phase diagram of
an optomechanical system in the resolved sideband regime (x < w,)
for a high-Q mechanical oscillator with respect to the laser detun-
ing A. and the coupling g. The grey background depicts the regions
of instability, where no steady state exists. The first thing to note
is that the system is unstable in nearly all the right half-plane, i.e.,
for blue detuned laser drive, while for red detuning the system be-
comes unstable only for appreciably high optomechanical coupling.
Exactly on resonance A, = 0 the system is unconditionally stable for
arbitrary high coupling (as long as Q,, > 0). Centred around the
first mechanical sideband at A, = —w,,, where the beam-splitter part
of the optomechanical interaction is resonant, lies the region where
1y < 1 (dashed red line) and thus ground-state cooling of the mech-
anical system through optomechanical sideband cooling is possible.
Optomechanical sideband cooling can be understood in analogy to
sideband cooling of trapped ions [Cir+92] by looking at the level
scheme depicted in fig. 11: Tuning the laser to the lower mechanical
sideband resonantly drives the transition 1), |k). — [n — 1) |k + 1),
with a rate I'_ (solid red arrow), while in the sideband-resolved re-
gime k¥ < wy, all other transitions (dashed red arrows) are strongly
suppressed. Due to the finite cavity lifetime the systems consecut-
ively decays into |n — 1), |k). and the cycle starts over. Devoid of ad-
ditional mechanical decoherence (and for I'_ > T',) the mechanical
system would thus eventually be driven into the ground state |0),y,.
Assuming stability we can solve the Lyapunov equation correspond-
ing to eq. (1.55) to obtain the steady-state covariance matrix of the
mechanical mode

iy + T 1
) R 1.. )

The first term corresponds to the effective mechanical occupation
number 7.4 in steady state. We can thus see, that in order to achieve
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1.4 THE OPTOMECHANICAL PHASE DIAGRAM

ground state cooling (i.e., 1, < 1) weneed I'_ >+, ', and I'_ > 717.
In leading order we then have n. ~ 7iy/T_ ~ 1/C. The region of
ground-state cooling thus coincides with the regime of strong cooper-
ativity C 2 1 (clearly visible in the plot).

Right at the border of stability, for a similar detuning, we find re-
gions of large steady-state entanglement between the intracavity field
and the mechanical resonator (coloured in green) [Gen+08b]. On the
opposite side of the phase diagram, around A, = w,,, we also ex-
pect to observe optomechanical entanglement due to the effect of
the optomechanical two-mode squeezing dynamics. However, there
the formation of a steady state is inhibited by the optomechanical in-
stability, which is due to parametric amplification of the amplitude of
both the mechanical and the optical mode [AKM14]. The connection
of laser cooling, entanglement generation, and the instability region
has been analysed in detail in [Gen+08b].

Although no steady state exists for a blue-detuned laser drive, vari-
ous alternative approaches permit to work with the resonantly en-
hanced two-mode squeezing dynamics of the optomechanical interac-
tion. In section 2.1 we will analyse in detail a pulsed protocol for en-
tanglement creation, which does not require to be operated in a stable
regime. Working with a continuous-wave blue-detuned laser drive
on the other hand, is still possible if one employs stabilizing feed-
back which inhibits the exponential growth of the optomechanical
system’s quadratures. One possible type of feedback is measurement-
based feedback using homodyne detection, which we will consider
in chapter 3.

Measurement-based feedback protocols rely on the evaluation of
the system’s conditional state, whose dynamics are described by a
stochastic master equation such as (1.57). For Gaussian systems (such
as a linear optomechanical system) the SME is easily integrated, by
solving the corresponding Riccati equation. The conditional steady
state’s mean mechanical occupation number (c;rncm>is is depicted in
tig. 12(a) for a measurement of the phase quadrature of the light field,
i.e., ¢ = /2. We find a large region where <cjncm>is < 0.4 for all de-
tunings —w,, < A, S wy, (blue line). In the region around the red
sideband A, ~ —w, this effect can mainly be attributed to passive
sideband cooling of the mirror, which we discussed above. However,
we now also find a region of low occupation on the opposite (blue)
sideband at A. &~ w,. In this region the reduction of the conditional
phonon number, which at the same time means an increase of the
mechanical state’s purity, is due to correlations between the mech-
anical oscillator and the light field. These correlations allow us to
extract information about the mechanics from the homodyne meas-
urement. We will see in the next section that in the sideband-resolved
regime ¥ < wy, this effect is strongest for A, ~ w,, where the two-
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FIGURE 12. Upper plot: Steady-state phase diagram of an optomechanical
system for x = w;,/4, Qn = 107, i = 35-10°. The grey hatched area
depicts unstable regions where no steady-state exists. The dashed red line
shows regions of ground state cooling of the mechanical oscillator, here
np < 1. The green area shows optomechanical entanglement (logarithmic
negativity E}\7), with largest values close to the instability region. The blue
line encloses the regions where the conditional mean mechanical occupation
number <c;cm)i5 < 1 for a measurement of the optical phase quadrature,
i.e., ¢ = /2. The right axis shows the corresponding optomechanical co-
operativity, given by C = 4¢%/ (7 + 1)9,k. Lower Plot: Cut through the
phase diagram at ¢ = w,,/10, depicting the conditional phonon number
(e} cm) for LO phases ¢ = 71/2 (blue) and ¢ = 0 (purple). The dashed red
line again shows the mean occupation number for the unconditional state
for sideband cooling.
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mode squeezing, entangling term of the optomechanical Hamiltonian
is resonant.

To illustrate how the choice of the LO phase influences the con-
ditional mechanical occupation we plot a cut through fig. 12(a) at a
fixed optomechanical coupling ¢ = w,,/10 in fig. 12(b). If we choose
to measure the optical amplitude quadrature we find that on reson-
ance we do not have a reduction of the conditional phonon number.
For a detuned laser drive (|A.| 2 w,,) however, we again find regions
of (ch )™ < 1. This is easily explained by noting that on resonance
(A. = 0) only the optical phase quadrature couples to the mechanical
oscillator, while the amplitude quadrature contains noise only. Meas-
uring the amplitude quadrature therefore does not allow us to make
inferences about the mechanical motion. In general there will be an
optimal LO angle, depending on all system parameters (especially g,
A, x) at which we obtain maximal information about the mechanical
motion. Thus, homodyne detection at this particular angle yields the
minimal conditional occupation. Typically—especially in the weak-
coupling regime where ¢ < k—the optimal angle corresponds to the
optical quadrature which is anti-squeezed by the optomechanical in-
teraction and thus features the best signal-to-noise ratio. We will see
later how these features of the optomechanical phase diagram con-
nect to feedback cooling of the mechanical oscillator.

Although no steady state exists in the blue-detuned regime, it is
well suited as a working point for optomechanical quantum control
protocols. The entanglement created by the two-mode squeezing in-
teraction can be exploited to obtain information about the mechanical
system’s state, as well as to prepare it in a certain state. We will ex-
plore several such protocols in the following sections.
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1.A APPENDIX: ADIABATIC ELIMINATION OF THE CAVITY

The goal of adiabatically eliminating the cavity is to find an effect-
ive equation of motion for the mechanical mode coupling directly
to the external electromagnetic field via a modified interaction. This
is possible in the weak-coupling regime ¢ < «, where the cavity
field adiabatically follows the mirror motion. The adiabatic elimina-
tion procedure effectively constitutes a perturbative expansion in the
small parameter g/x. We proceed as follows: We first find an adia-
batic solution for the cavity mode and then apply a Markov approx-
imation. After a RWA with respect to the optomechanical interaction
we obtain an equation which is equivalent to a Lindblad MEQ (see
also appendix 2.C).

The author thanks Prof. Gerard Milburn for helpful discussions on
this topic during a visit at the University of Queensland, Brisbane.

We start from the QLEs (1.38) which we transform into a rotating
At ~ —iw,t

frame defined by c.(t) = e'"< ¢.(t) and ¢, (t) = e Cm(t), yielding

s _ _Im

En = 5 (&, — e2ml &ty (1.72a)
—ige“m! (g e yH.c.) + i/, e £,

i = —gc”c —ige A (E e nt fH.c) 4+ Ve a,.  (1.72b)

We now formally integrate the equation for ¢, leading to
t K t 'A .
c(t) = —ig / dre 1077 ATz (1) e WnT L H ]

t . )
+ \/E/ dre 2D e AT (7).

Using the fact that ¢, is slowly varying on a timescale 1/« we can pull
it out from under the integral. Additionally, we assume that xt > 1
and thus neglect transient terms. With that we find the adiabatic solu-

tion
() A~ —ig G () e AT o g (1) e O] 4 j?:(t),
(1.73)

with the coefficients 7. = [§ +i(—A. £ wy)] "' This is the gist of
the adiabatic elimination procedure, as the cavity field in this approx-
imation only depends on the mechanical state at the same time. The
cavity dynamics give rise to a coloured noise process (white vacuum
noise filtered by the cavity mode)

ot . .
) =5 [ dre e M ay (o), (179)
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with a two-time correlation function

EBE ) = se il (1.75)

For large x this is a strongly-peaked function that acts as a J-
distribution for functions which vary slowly on a timescale 1/x,
and we can show that lim, . (E(H)E () = 6(t — 1.

Plugging the adiabatic solution for the cavity into the equation of
motion for the mirror [eq. (1.72a)] we find

+ Ym ~ TYm 2iw .t -+ . iw t
cm————cm+7elmcm+1 Tme ™ f
~t Ziwmt}

2
— & (1= = 1) + (1. — 17 )eme

N N ()

where we defined

éi(t) = K|§:F‘

If we now apply a time coarse-graining by integrating over a time
interval [t,t + dt] with Jt such that 1/g > 6t > 1/x, 1/wy,, we can
make the following approximations:

el(AcFwm)t &(p). (1.76)

* As ¢, evolves on a typical timescale 1/g which is much longer than 6t

we approximate f:”t dtc,(T) =~ ¢, (t)dt, and then formally take the
limit 6t — dt. To show explicitly that we are working in the coarse-
grained picture we denote the corresponding mechanical operators
by ¢,,, which can formally be written as

t+ot
Cy () df == /t dté,, (7). (1.77)

Under the same premiss we write
t+ot
den(t) = En(t+01) ~En(t) = [ dim. (1.78)
t

¢ In a rotating-wave approximation we can drop the fast oscillating

terms proportional to eZmt c”:fn in the damping terms produced by

the coupling to the mechanical environment and the effective optical
environment. This can be justified by observing that

t+ot . t+0t .
/t dre?“mT ¢t (1) ~ </t dr e21wm7> & ()
= O(w,,6t) e (£)ot,

¢ We introduce the coarse-grained noise processes

_ b5t
Endt= [ driL(), (1.79)
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which effectively act as white noise at a center frequency wjy + w,
and are (approximately) independent. To see this we take the limit
x — oo while keeping A./x and w,,/x constant such that the condi-
tion ¢ < k < wy, is still fulfiled. In this limit we can analyse the effect
of (£, (1) () and <§i(t)§~;(t/)> on a test function in a distribu-
tional sense. We find

/ dr(E. (HE(t+1))g(T)
_ 1 —iteTms L5 s
K2|77:F|2/dse ¢(K>

L [ dse 516 (0) = (0)
K—00 42 2 ¢ P
K ||

and

/ AT (. (NE(t+ 7)) ()
i21w t

= /dse_l sl ‘(P(%)
'S ’7q:’7i
j:21w t

—
K—00 K 7732771

/ds e_l qu‘*’n's_z‘s‘ q)(o) e:tZI(U tnfq)(o)
N+

The second term is fast rotating and thus vanishes under the time-
average over the timescale 6t > 1/x, 1/w,,, yielding a correction of
O(wyot) . The correlation functions of the coarse-grained noise pro-
cesses are thus given by

(EL(OEL() =a(t—t), (1.80a)
(Eo(hEh()) =0, (1.80b)

which is appropriate for timescales much longer than dt (e.g., on the
timescale 1/g). Physically ¢, (and ¢, ) describe scattering of photons
into the upper/lower mechanical sideband.

Finally we introduce the coarse-grained mechanical noise process

_ £+t .
f(t)dt = i/t dre“™" (1), (1.81)

which are the same processes already introduced in eq. (1.40). They
therefore obey the correlation functions (1.41) in the same limit
ot > 1/w,, as above.

Under these approximations the Langevin equation can be written as

ém = _idwmc_m - % (’)/m + r) C_m

—iT & —i/T & 4+ rmf, (1.82)

with dw,, = ¢*Im(yy_ + ny)and I = 2¢*Re(y_ — ny)=T_-T,.
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1.A ADIABATIC ELIMINATION OF THE CAVITY

Later we will also need the corresponding time-averaged input-
output relations. We define the coarse-grained noise operator [with
the definition a;, (t) = e " 4, (¢)]

t+ot
g () df = / dri, (1), (1.83)
t

and correspondingly ., in the rotating frame of the cavity mode.
As above we can show that 4;, and 4, obey the correlation functions

(Bin ()30, () = (Bt (1) e (1)) = 6(t — 1) (1.84)

for timescales longer than Jt. If we, in the same way, introduce
c(t)dt = [/ dré.(t) we find

Elout(t) = \/Eéc(t) - ain(t)‘ (1.85)

The explicit expression for ¢, depends on the choice of the detun-
ing A. and cannot be further simplified in general. We can, however,
make further simplifications for A, = +w,,. Using the adiabatic solu-
tion for ¢.(t) [eq. (1.73)] we find for A, = —w,,

el(t) ~ gy (1) + (1), (1.86)
and for A, = wy,

- .o 2 =

Cc(t) = —ign cn(t) + WC(O/ (1.87)
where in both cases we dropped fast oscillating terms proportional
to exp(£2iwp,t) in a RWA. Plugging either (1.86) or (1.87) into (1.85)

we obtain a noise operator 2¢ — a;,. To find its properties we observe
that

(At = 5e Do - 1), (1.88)
where we defined the Heaviside step function’ 9. Here we used the fact
that [EFo7]
1 t>0 0 1
() = =.
—J1 4 oo
() =97 t=0. (1.89) / 2
0 t<0

From this follows that (§(£)&(¢)") = L(E®)al () + Han(HE ()
and thus the exact relation

([28() = A (D][26(F) = 3 (1)]) = (@ ()L (1)) (1.90)

As by definition we have (E(t)) = (@,(t)) = 0, and & and &, are
Gaussian we find that 2&  — 4, = 4,,, and thus also 2¢_ — d;, = @y,
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in distribution. We can also show directly, by using the correlation
function (1.75), that for 6 > 1/x we have the identity { = a;,. Com-
bining these considerations we obtain for A, = —w,,

C_c(t) ~ _igﬂfém(t) + (1-91)

Bout() = i1/ 48" /KCm (£) + B (8), (1.92)

and for A, = w,

N
=Y
k)
=)
—~
—
=

eu(t) ~ g () + =,
a

a_out(t) ~ -l \/ 4g2/KE:n(t) + 'n(t)' (194)

Finally note that for A, = +w,, we have the identity {- = ¢ [remem-
ber the definition of EIF, eq. (1.76)].

n(t), (1.93)
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PULSED OPTOMECHANICAL PROTOCOLS

2.1 PULSED ENTANGLEMENT CREATION AND VERIFICATION

Entanglement creation between a mechanical oscillator and light
[Pat+o7; Gen+o8b; MDCi1o; Vit+oyb; GPZio; Vit+oya; GBS11b;
Abd+11; MEog], as well as between two mechanical oscillators
[Man+02; ZPBo3; Pin+os; Pir+o6; HPo8; Vac+o8;, HAog; VMTo7y;
LHMi1o] has been analysed in a multitude of theoretical studies.
These studies are mainly concerned with entanglement in the steady-
state regime, where an optomechanical system driven by one or
more continuous-wave light modes is prepared in a stationary non-
separable multipartite state.

Our discussion of the optomechanical phase diagram showed that
creation of steady-state entanglement is limited to a rather small par-
ameter regime: For a blue detuned drive dynamical instability pre-
vents formation of a steady state altogether, while in the red detuned
regime entanglement reaches a maximum right at the stability border.
Conversely, the amount of achievable entanglement is determined by
the conditions guaranteeing the existence of a stationary state. This is
of course a consequence of the amplifying two-mode squeezing dy-
namics [eq. (1.19)] which generate entanglement in the linear regime.

In this section we follow a different approach to generate optomech-
anical entanglement which circumvents these limitations; entangle-
ment is created and verified by two subsequent pulses of light. Work-
ing in such a pulsed regime we do not rely on the existence of a
steady state and thus provides us with the benefit of not being limited
by any stability requirements. Additionally, the temporal ordering of
pulses provides us with an unambiguous way to test light-matter en-
tanglement, ruling out effects such as distribution of entanglement
without entanglement [Cub+03; MKog]. As the generated state will
exhibit strong Einstein-Podolsky—Rosen (EPR) correlations, the pro-
tocol can directly be extended into a continuous-variable teleporta-
tion protocol. The employed strategy has first been developed in the
context of atomic ensembles [HPCo5] and was later considered as a
protocol for levitated nanospheres [Rom+11]. Entanglement between
a mechanical oscillator and the electromagnetic field has for the first
time been created in electromechanical systems [Pal+13] by employ-
ing the scheme analysed in this section.

37

2



(i.a)

va-‘l::"—x1 =

Xin Pin
m’ 4m
(ib)
WI Xlout plout
Xg{lt, Pr?\m
(if)
WI yout sout
xfin  pfin X1 P
m~/4im
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1. This discriminates
the scheme at hand
from short-pulsed re-
gimes such as [Van+11]
where w,, T < 1.

2. Here we also neg-
lect the shift dw,,,

a restriction which
can easily be lifted.

PULSED OPTOMECHANICAL PROTOCOLS

2.1.1 Protocol Outline and Central Results

This protocol is operated in a regime of strong driving where we can
linearize the dynamics. It is performed in two steps (see fig. 13): First,
one drives the cavity with a blue-detuned laser pulse at A, = w,, for
a duration T to resonantly enhance the optomechanical two-mode
squeezing interaction (1.19) [fig. 13(i.a)]. For a sufficiently strong
coupling this generates EPR entanglement between the travelling-
wave light pulse and the mechanical oscillator. In a second step a
red-detuned light pulse with a detuning A, = —w,, is sent onto the
cavity [fig. 13(ii)]. This resonantly drives the beam-splitter interaction
(1.18) and hence swaps the mechanical state onto the light pulse.
Measuring both pulses via homodyne detection and calculating their
correlation function then allows us to verify entanglement between
the first pulse and the mirror. We will now analyse this procedure in
an ideal scenario to illustrate the central results.

In this section we impose the following conditions on the system’s
parameters: First, we assume to work in the resolved sideband regime
(k < wy,) in order to strongly suppress the off-resonant optomechan-
ical interaction terms (see section 1.2). Secondly, we assume a weak
coupling ¢ < « such that only first-order interaction of photons with
the mechanics contribute. This allows us to adiabatically eliminate the
cavity mode and invoke a rotating-wave-approximation in the inter-
action term. Additionally, we neglect mechanical decoherence effects
for the moment. This is justified as long as the pulse duration is short
compared to the effective mechanical coherence time, i.e., T < 1/, 7.
The pulses are, on the other hand, chosen to be long on the timescale
of one mechanical period, i. e., w,, T > 1." The pulses we assume to be
flat-top pulses that have a constant amplitude e(t) ~ , /N, /7 for the
largest part, where N, is the total number of photons in the pulse.
Their heads and tails are assumed to be short compared to their total
duration, but smooth enough to permit the time-dependent lineariza-
tion outlined in section 1.3.1. We can then model the optomechanical
system in a quasi steady state with a coupling constant given by (as-
suming a one-sided cavity with x;, = x)

1
K Nph :
8§ =80 (Ag N %2 o | (2.1)

Entanglement Creation

In the limit considered here we can use the adiabatic Langevin equa-
tion (1.47) which we for now simplify by setting I', = G = 4g2 /%,
I'_ = 0 (rotating-wave approximation for A, = wy) and 7y, = 0.
All the perturbative effects neglected here will be included in the de-
tailed discussion in section 2.1.2. We discuss in appendix 1.A that for
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2.1 PULSED ENTANGLEMENT CREATION AND VERIFICATION

A. = wy, we obtain a simple equation of motion for the mechanical
mode,

G = %Gc‘m —ivVGa;, (2.2)

where 7, is a time-coarse-grained noise process averaged over a dur-
ation Jt [eq. (1.83)]. a4, is approximately white and thus J-correlated
on timescales much longer than ét. Equation (2.2) can be formally
integrated to yield?

t
et (1) = 2% et (0) + VG e / dse 2% g (s). (2.3)
0

This equation shows that the mirror gets correlated with a light mode
with a central frequency w, (as 4;, describes the scattering of photons
from the laser frequency at w, into the lower mechanical sideband
at wy — wy, = w,), with an exponentially shaped envelope a;,(t) o
e 2% In the same manner we simplify the adiabatic solution for the
cavity [eq. (1.73)] by setting 7, = 2/x and #_ = 0, and again applying
the coarse-graining procedure. This leaves us with [see eq. (1.87)]

- .29 _ 2

C(t) = —1?gcjn(t) + ﬁainu)' (2.4)
Using the input-output relations ., = +/kC. — d;, now allows us
to define a set of normalized temporal light modes which carry the
entanglement to the mirror. We find by using solutions (2.3) and (2.4),
that

aout(t) = _i\/ac_rtl(t) + ﬁin(t)

t (2.5)
= —iV/Ge?® ch (0) + Gez® / dse 2% A () + di (1).

0
Equations (2.3) and (2.5) connect the state of the mirror to the state
of the outgoing light field. This prompts us to introduce normalized
temporal modes of the field,

which in our current approximation obey canonical commutation re-
lations [A;, Af] = [Agu Aby] = 1. Together with the definitions
Bi, = ¢n(0) and By, = Cn(T) we can derive scattering relations
which relate the mechanical and optical mode at the end of the pulse
t = 7 to their initial state at t = 0.
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4. This is nicely
illustrated by the
experimental data

shown in [Pal+13].

5. Note that in this
form this criterion

is only sufficient.

squeezing parameter

PULSED OPTOMECHANICAL PROTOCOLS

We plug (2.5) into the definition of A, and obtain

. G T _
Agut = — IT/ dte® ¢}, (0)

\/71/ dt Gect/ dse 26 * By s)+e%ctﬁm(t)}
T T

where in the second line we used the identity

T S ’ ’ T / T /
/ ds/ ds'h(s,s") :/ ds // dsh(s,s),
0 0 0 s

for an integrable function /. Using this and eq. (2.3) we finally obtain

Agut = e%GT Ay —1 eCT —1Bi+n, (2.7a)

Boy = 0T B. —iy/eST —1A% . (2.7b)

Physically, the rising pulse shape of the output mode is due to the
two-mode optomechanical squeezing interaction, which amplifies the
mirror motion.* The photons scattered into the cavity resonance in
this way contribute to the entanglement of the pulse to the mirror.
By expressing equations (2 7) in terms of quadratures Xy, = (B; +
B)/v2 and X| = (A; + A})/\/2, where i € {in,out}, and their cor-
respondmg conjugate variables, we can calculate the so-called EPR
variance Agpg of the state after the interaction. For light initially in
vacuum (AX{")? = (AP™)* = ! and the mirror in a thermal state
(AX™)? = (AP™)? = ny+ 1, the state is entangled if [Dua-+00; Simoo]®

Agpg = [A(X?nut +P0ut)] [A(Pout +Xout):|2

2
=2(ny+1) (er —\/e” —1> <2,

where r = JGT is the squeezing parameter and 7, the initial occu-
pation number of the mechanical oscillator. Note that in the limit
of large squeezing r > 1 we find that the variance Agpr ~ (117 +
1) e ¥ /2is suppressed exponentially, which shows that the created
state approximates a two-mode-squeezed state, and thus, asymptotic-
ally, an EPR state. Therefore, this state can be readily used to conduct
optomechanical teleportation as described in a later section.

(2.8)
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Rearranging (2.8), we find that the state is entangled as long as

1, [ (ng+2)*\ ny—eo 1
:71 —_— ~/ 71 . .
r>rg 2n<4(n0+1) 5 Inmg (2.9)

This illustrates that in this scheme the requirement on the strength
of the effective optomechanical interaction, as quantified by the par-
ameter v = ZgZT /x, scales logarithmically with the initial mechanical
occupation number 7. This scaling eases the protocol’s experimental
realization, as neither ¢ nor T can be arbitrarily increased—both for
fundamental and technical reasons—, as we will show in section 2.1.2.
Note that 1y need not be equal to the mean bath occupation 7, but
may be decreased by laser pre-cooling to improve the protocol’s per-
formance.

Entanglement Verification

To verify the successful creation of entanglement a red detuned laser
pulse (A, = —wy,) is sent to the cavity where it resonantly drives the
beam-splitter interaction, and hence generates a state swap between
the mechanical and the optical mode.

Wenow useI' . = G = 4g2/;<, I') = 0and v, = 0 and repeat the
procedure from the previous section. This leaves us with the solutions

t

e () = e 2Ct Cm(0) —i Ge_%ct/ dse?® i (s), (2.10a)
0

_ A 2

c.(t) = —1§Gcm(t) + ﬁain(t) (2.10b)

By defining modified mode functions Dé;n(out) = Qout(in) and corres-
ponding light modes A{n(out) one obtains scattering relations in ana-
logy the ones in eq. (2.7),

_1 , _
Al =e2TA +iy1—e B, (2.112)

Bl =e CTBL +iy/1—e CTA, (2.11b)

Again the pulse shape is determined by the optomechanical interac-
tion, which here dampens the mirror motion (due to the resonant
beam-splitter dynamics) and thus leads to an exponentially decreas-
ing scattering into the cavity resonance. As the read out happens
directly after the entanglement creation in the protocol we can set
Bi, = By = Cm(T), while B, , = ¢,,(27) is the mirror state after
the second pulse. The pulsed state-swapping operation therefore also
features an exponential scaling with Gt. For Gt — co the expres-
sions above reduce to Al = iBj, and B, = iA},, which shows
that in this case the mechanical state—apart from a phase shift—is
perfectly transferred to the optical mode. In the Schrodinger-picture
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this amounts to the transformation |¢).,|¢); — |¢)m|¢@);, where ¢
and ¢ constitute the initial state of the mechanics and the light pulse,
respectively.

The state-swap operation allows us to access mechanical quadrat-
ures by measuring quadratures of light and thus to verify the created
optomechanical entanglement. This can be achieved in several ways.
The most straightforward way is to directly correlate the entangling
and the read-out pulse, which gives access to the EPR variance Agpg
between both pulses. Note that due to the phase shift introduced by
the read-out we have to correlate a different combination of quadrat-
ures. We define

/ out’ outy]? out’ outy ]2

Agpr = [A(Xl — X )} + [A(Pl + P )} / (2.12)
which is constructed such that in the limit of GT — o in the read-out
we have Agpr — Agpr. Another, however experimentally much more
demanding, possibility is to reconstruct the full state of the bipartite
system via optical homodyne tomography, as we will discuss in the
next section. Having obtained the full quantum state, entanglement
can be analysed by various means [Aloy], for example, by evaluating
its logarithmic negativity E .

Optomechanical Teleportation Protocol

As we have shown above, pulsed operation allows us to create EPR-
type entanglement, which forms the central entanglement resource
of many quantum information processing protocols [BLo5]. An im-
mediate extension of this scheme is an optomechanical continuous-
variables (CV) quantum teleportation protocol. The main idea of
quantum state teleportation in this context is to transfer an arbit-
rary and unknown quantum state |¢;,) of a travelling-wave light
pulse onto the mechanical resonator, without any direct interaction
between the two systems, but by making use of optomechanical
entanglement instead. The scheme works in full analogy to the
continuous-variable teleportation protocol for photons [Vaig4; BK98].
Due to its pulsed nature it closely resembles the scheme used in
atomic ensembles [HPCos; She+06] and it has also been suggested in
the context of levitated microspheres [Rom+11] [see fig. 15(i) for a
schematic of the setup and fig. 14 for a phase-space description]: A
light pulse (A) is sent to the optomechanical cavity and is entangled
with its mechanical mode (B) via the entangling dynamics described
above. Meanwhile a second pulse (V) is prepared in the state |¢;,),
which is to be teleported [fig. 14(i)]. This pulse then interferes with
A on a beam splitter. In the output ports of the beam splitter, two
homodyne detectors measure two joint quadratures P** 4 X, and
X" + P,, yielding outcomes my and mp, respectively. This consti-
tutes the analogue to the Bell measurement in the case of qubit
teleportation and effectively projects previously unrelated systems
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A and V onto an EPR state [Bou+9gy; Fur+98]. The resulting state of
mode B is thus displaced in phase-space by (., m,) [fig. 14(ii)]. Note
that both the second pulse and the local oscillator for the homodyne
measurements must be mode-matched to A after the interaction; i.e.,
they must possess the identical carrier frequency as well as the same
exponential envelope. The protocol is concluded by displacing the
mirror in position and momentum by my and mp according to the
outcome of the Bell-measurement [fig. 14(iii)]. This can be achieved
by means of short light pulses, applying the methods described in
[Van+11; Cer+11]. After the feedback the mirror is then described by
[BLos]

Xfriln _ XI(;ut + Plout + XV’

=X, + <er —\/e¥ —1) (X —pm), (2.13a)

P1f1i1n _ PI(;ut + Xf)ut + PV/
=P, + <er —\/e¥ —1) (P — XM, (2.13b)

which shows that its final state corresponds to the input state plus
quantum noise contributions. It is obvious from these expressions
that the total noise added to both quadratures [second term in (2.13a)
and (2.13b), respectively] is equal to the EPR variance. Again, for large
squeezing r > 1 the noise terms are exponentially suppressed and in
the limit » — co, where the resource state approaches the EPR state,
we obtain perfect teleportation fidelity, i.e., Xf]inn = X, and P;m =P,.
In particular this operator identity means, that all moments of X, P,
with respect to the input state |¢;,) will be transferred to the mech-
anical oscillator, and hence its final state will be identically given by
|hin)- To verify the success of the teleportation one has to read out the
mirror state after completing the feedback step. This can be achieved
by applying tomography on the mechanical state. After the teleporta-
tion is completed a second, red detuned pulse is employed to read out
the mirror state as described above. It is then sent to a homodyne de-
tection setup where a quadrature X{(0) = X" cos(#) + PP sin(0) (8
being the local oscillator phase) is measured. For the case of a perfect
state swap this yields the mechanical quadrature Xj(6) = X, (0 + Z).
Here the rotation by 7 is due to the phase shift from the swap op-
eration. By repeating this process multiple times for different local-
oscillator phases 0;, the final quantum state of the mechanical sys-
tem p,; can be reconstructed. The overlap of the reconstructed state
Pout and a pure input state |ip;,) then gives the teleportation fidelity
F = (¢in|Pout| Pin) - For coherent input states the fidelity is given by

A _1
F = (1+ EZPR> . (2.14)
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FIGURE 15. Setup for the optomechanical teleportation protocol: (i) A CV
Bell measurement is used to make a joint measurement on the output light
of the optomechanical cavity and a second pulse prepared in the input state.
The result (my, mp) is fed back to the mechanical oscillator, displacing it in
phase space [see fig. 14]. (ii) Homodyne tomography operated on the red
mechanical sideband is used to evaluate the success of the teleportation.

In order to beat the optimal classical strategy for transmission of
quantum states (i.e., the optimal measure-and-prepare scheme), the
achieved fidelity (averaged over all coherent states) must exceed F >
1/2 [Ham+o5], which is equivalent to the condition for entanglement,
Agpr < 2.

In section 3.3 we will discuss a time-continuous version of the tele-
portation protocol, which allows us to prepare the mechanical oscil-
lator in a squeezed steady state.

2.1.2  Full Dynamics

In the previous section we found that in the ideal scenario the amount
of entanglement essentially depends only on the coupling strength
(or equivalently on the input laser power) and the duration of the
laser pulse, and that it shows an encouraging scaling, growing expo-
nentially with G7. This in turn means that the minimal amount of
two-mode squeezing needed to generate entanglement only grows
logarithmically with the initial mechanical occupation 7. In this sec-
tion we will develop a more realistic scenario including thermal noise
effects and the full system dynamics, both of which will decrease the
created entanglement. We will show, however, that one can find an
optimal working point such that the significance of these unwanted
effects can be suppressed sufficiently strongly.
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Perturbative Dynamics

To extend the validity of the previous, simplified model, we now
include the following additional dynamics: contributions from the
beam-splitter Hamiltonian, higher order interactions beyond the adia-
batic approximation, and decoherence effects due to mechanical coup-
ling to a heat bath. Including the above-mentioned perturbations res-
ults in a final state that deviates from an EPR-entangled state. To
minimize the extent of these deviations, the system parameters must
obey the following conditions:

Working in the sideband-resolved regime x < w;, results in a sharply
peaked cavity response and implies that the down-conversion dynam-
ics is heavily enhanced with respect to the suppressed beam-splitter
interaction.

The weak-coupling condition ¢ < « inhibits multiple interactions of
a single photon with the mechanical mode before it leaves the cavity.
This suppresses spurious correlations with the intracavity field. It also
minimizes pulse distortion which would lead to a mode mismatch
with the selected exponential light modes.

8T > 1 is needed in order to create sufficiently strong entanglement.
This is due to the fact that the squeezing parameter r = (g/x)gT
should be large, while g/x needs to be small.

The whole protocol needs to be operated within the mechanical coher-
ence time, i.e., 17y, T < 1. This assures coherent dynamics over the
full duration of the protocol, which is an essential requirement for
observing quantum effects. As the thermal occupation of the mechan-
ical bath may be considerably large even at cryogenic temperatures,
this poses (for fixed 7,, and 7) a very strict upper limit to the pulse
duration 7.

Note however that not all of these inequalities have to be fulfilled
equally strictly, but there rather exists an optimum which arises from
balancing all contributions. It turns out that fulfilling (4) is critical
for successful entanglement generation, whereas (1)—(3) only need to
be weakly satisfied. Taking the above considerations into account, we
find a sequence of parameter inequalities

1
M € — € g KK K Wy (2.15)

which defines the optimal parameter regime. It is convenient to
introduce the following dimensionless parameters: the sideband-
resolution parameter 7, the adiabaticity parameter ¢, and the ratio of
pulse length to mechanical coherence time €. They are given by

N =x/wn, ¢ =g/x, €= YmT.
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From (2.15) it follows that < 1, { < 1 and € < 1/7. In sec-
tion 2.1.1 we assumed all these conditions to be well satisfied and
we completely neglected the existence of mechanical decoherence. If
we now take into account that the mechanical oscillator couples to
a heat bath with an effective decoherence rate 71-y,,, we find that in-
creasing the pulse duration to values larger than the mechanical co-
herence time will drastically decrease entanglement. This results in an
upper bound for entanglement, as now both the interaction strength
and the pulse duration, and therefore also the squeezing parameter
r = (g/x)gT, are bounded from above.

Dividing (2.15) by 7, and taking a look at the outermost condi-
tion 1 < Q,, where Q. = w,,/ Y, is the mechanical quality factor,
we see that the ratio Q,, /7 defines the range which all the other
parameters have to fit into. It is intuitively clear, that a high quality
factor and a low bath occupation number—and consequently a low
effective mechanical decoherence rate—are favourable for the success
of the protocol. Equivalently, we can rewrite the occupation num-
ber as 1 = kgTpun/hw,, and therefore find kgTy, 0/ < Q- Wiy,
where now the Qf-product (f,, = w,,/27) has to be compared to the
thermal frequency of the bath. Let us consider a numerical example
for the system employed in [Pal+13]: For a temperature T,,4, ~ 20mK
the left-hand side gives kgTy .y, /7t ~ 277 -3 - 10° Hz. The Q f-product
consequently has to be several orders of magnitude larger to success-
fully create entanglement. For the quoted system we find Q,, - f, =
27T-3- 1012HZ, and other current optomechanical setups feature a Qf-
product of up to 10" Hz and above [AKM14]. Note that in an exper-
iment Ty,4, Will often depend on the input laser power, as scattered
light can heat up the cryogenic environment. Hence, for a given bath
occupation the coupling strength may be limited for technical reas-
ons.

We can also connect the sequence of inequalities (2.15) to the op-
tomechanical cooperativity C. To do this we first write the squeezing
parameter as ¥ = Gt/2 =~ €fiC/2. Following the arguments above
we require € < 1/7, which means that we must have r < C. On
the other hand we need a certain amount of squeezing in order to
create entanglement, i.e., ¥ > ry, where r; is a monotonically increas-
ing function of the initial mechanical occupation ny. Combining these
considerations to ry < r < C we see that we can either have a large
cooperativity such that we can tolerate a large n, (and thus a large
rg), Or we prepare an initial state with a low 1, (and thus a small
rg)- The connection between the two situations is given by the pulse
length 7. In the former case we work with a high-Q oscillator which
allows us to increase the pulse length in order to generate entangle-
ment without suffering from mechanical decoherence; in the latter a
short pulse is sufficient to create the required amount of two-mode
squeezing. For realistic parameters of r, this means that we have to
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operate the protocol in the strong-cooperativity regime C > 1, as will
be illustrated in the discussion of figs. 16 and 17.

In the following we will investigate the effect of the perturbative dy-
namics discussed above on the protocol and optimize the generated
entanglement with respect to the parameters ¢, 7 and e.

Solving the System

Essentially we have to solve the full (linearized) Langevin equations
(1.38) for a chosen classical steady state a*. We write them in vec-
tor form X = FX + X, where we collect X = (Xms P Xer pC)T, and
x™ = (0, VS V2K, \/ﬂpm)T as before. The solutions to this lin-
ear set of equations is readily found by variation of constants, yield-

ing
X(t) = R(H)X(0) + /0 'dTR(t — T)X™(7), (2.16)

where R(t) = exp(Ft) is the fundamental solution. In order to calcu-
late Agpgr we decompose R into block form as

R R
R=[™" ml) , (2.17)
< R, Ry

and define X,, = (X, pm)’ and X; = (xes pC)T together with the
corresponding vectors X', X" and X", X5. Setting t = T then

directly leads to

Xr(;lut = Rmm(T)Xm(O) + le(T)Xl(O)

+ / TAR, (T — HX(E) + / TAR (T — HXN(E). (2.18)
0 0

Using input-output relations and extracting the output mode &
leads to

X = |V [t (R (1) X0
+ |V [ dtau(tRi(0)| X0
0
o s |V [ dtagu (Rt - 9)| X265
T t .
+ [Fas{ vk [t ORmt =5~ 11} X7, a9
We can therefore express the full scattering relation as (i € {m,1})

X7 = RGX,0(0) + R§X,(0)

+/ dsa?r‘;lt(s)XQ(s)—i—/ dsad™(s)X{"(s). (2.20)
0 0
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To make these unwieldy expressions more tractable we simplify them
in the following way. First, we drop the mechanical damping from
the first term; thus we set Ry &~ Ryy¢|, —o- This amounts to drop-
ping —YmpPm from eq. (1.38¢c) and yields corrections of order Of(e),
which will, as discussed above, be smaller than 1/7. Second we ap-
proximate the mechanical noise contribution [last term in eq. (2.20)]
by only keeping the free, harmonic evolution while neglecting the
coupling to the optical mode. The coupling is a second order pro-
cess and is therefore suppressed by an additional factor of {. Note
that by doing so we overestimate the effect of mechanical noise, as
it contributes to the creation of optomechanical correlations when
subject to the coherent dynamics. In this approximation the corres-
ponding mode function simplifies to the diagonal matrix a%(t) ~
VImdiag(sin(wpyt), cos(wpyt),0,0). This leads us to define (co)sine
components F(, . of the noise input via®

ivYm /OT dte ! f(1) = ,/%T(Fx +iF,). (2.21)

We thus effectively work with weakly perturbed mirror variables

X't~ Xp'l, o+ VeE,, (2.22a)
POt & Pr(r)lut”)/mzo ++/€F,, (2.22b)

while we neglect the mechanical noise contribution to the optical
mode, i.e., X" ~ Xf“t\vmzo and P ~ Plom‘vaO' From the com-
mutation relations of the Brownian noise term [eq. (1.27)] it directly
follows that

[F, F]=[F, F] =i+ O(wy,1) "}, (2.23a)
[leFp] = [Fp/ F]= O(“]mT)il/ (2.23b)

where the correction 1/ O(wy,7) is small in the long-pulsed regime
we are working in. The perturbed variables (2.22) therefore approx-
imately obey canonical commutation relations [X%, Pa'] = i(1 + €).
From the correlation functions for f (1.26b) we can deduce (F;F;) =
fi+ 1 fori € {c,s}. Using this we find for the EPR-variance

Berr = {[ACG + PP + [ABR + X3P}

+ (21 +1)e, (2.24)

which can be evaluated by using eq. (2.20). The resulting expression
now includes noise terms from the initial intracavity field and the
extra light modes (both assumed to be in vacuum). The latter contri-
butions are given by the overlap of the different light modes, yielding
a covariance matrix

> [ dmit o o] (225
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2.1 PULSED ENTANGLEMENT CREATION AND VERIFICATION

Agpr is an involved function of the parameters €, 17, ¢ and is not
presented here; instead we now evaluate the generated entanglement
numerically.

Results

As illustrated above, we expect—for fixed values of 7 and Q,—to
find optimal values for the remaining parameters €, and 7. The max-
imal possible entanglement will ultimately be set by 7 and Q,,,, which
will also constitute hard boundaries in typical experiments.

Figure 16 shows results of this optimization for different Q-factors,
plotted against the thermal occupation number of the mechanical
bath. Figure (a) shows the minimal value of Agpgr for a given Q,,,
and (b)—(d) show the corresponding optimal values for #,5, {op and
€opt- As expected the noise contribution from the mechanical bath is
found to be the most critical.

The dashed curves in figure (a) illustrate the noise contribution
(271 + 1)€op; Of the thermal bath. As shown above, this quantity is
added to the unperturbed EPR variance, and thus the system can
only exhibit strong entanglement if its value is far below two. Note
that working at the optimal point keeps the fraction of thermal noise
in Agpgr approximately constant over a wide range of 7. This is shown
in figure (e), where we defined egpt = €pt/ AgpR-

As we have seen in the previous section, the EPR variance depends
on the occupation number of the oscillator at the initial time t = 0.
Due to this, the entanglement can be drastically increased by pre-
cooling the mechanics by means of laser cooling before starting the
actual protocol. Figure 16 shows that it is thus possible to create an en-
tangled state even for a fairly large bath occupation. This works due
to short pulse durations, during which the mechanical decoherence is
small. Taking a look at figure (c) we note that the sideband-resolution
shows rather large optimal values near unity, especially for increasing
occupation numbers. This indicates that the beam-splitter dynamics
only weakly disturbs the entangling interaction.

As they stand the, optimized parameters from fig. 16 correspond to
a very high optomechanical cooperativity. This is, however, not a re-
quirement, as is illustrated in fig. 17. For these plots the EPR-variance
is optimized with respect to € for fixed parameters 7 = 2/100, Q,, =
3-10° and 71 = 40 (which roughly corresponds to the parameters from
[Pal+13]). Figure 17(a) shows that entanglement can be produced for
C 2 1, depending on the initial mechanical occupation number n,. As
we discussed above a high 1, requires a large squeezing parameter r
to create entanglement, which, for a fixed value of C leads to a large
value for € (i. e., a long pulse duration 7) and large contributions from
mechanical decoherence effects [yellow curves in fig. 17]. For low ini-
tial mechanical occupation short pulses and little squeezing suffice,
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FIGURE 16. Optimized parameters for Q,, = 107 and ny = 50 (blue line),
and Q, = 10° and ny = 0 (yellow line), where 1, is the initial mechanical
occupation and 7 is the mean bath occupation. This corresponds to the two
cases of large Q,, with moderate pre-laser-cooling, and lower Q,, with pre-
cooling into the ground state. Clearly, entanglement creation is possible in
both cases. (a) Minimal Agpgr as a function of 7. The upper axis gives the
corresponding bath temperature for a oscillator with a resonance frequency
of 3.8 MHz. To each point corresponds a triple €y, 7opts Copt [(P)~(d)] for
which the minimal value is realized. The dotted, black line shows the up-
per bound up to which entanglement is present. The dashed lines show the
respective thermal noise contribution (27 + 1)60pt to Appr [see eq. (2.24)].
(b)-(d) Values of €,7,{ which optimize Agpr for a given 7. (e) Shows the
relative amount of noise induced by the coupling to the mechanical envir-
onment (€gpt = €opt/ Appr)-
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which also leads to small effects from mechanical decoherence [red
curves in fig. 17].

Over and above the fundamental imperfections, technical losses,
such as mode-mismatch and detector inefficiencies, additionally de-
crease entanglement. They can all collectively be described as (pass-
ive) beam-splitter losses adding vacuum noise to the optical signal.
They will however, never completely break entanglement, as long as
the overall loss is smaller than unity. Noise contributions of this type
can easily be accounted for by adding appropriate noise terms to

eq. (2.24).
(a)

3.0¢

FIGURE 17. (a) Agpr against cooperativity for different initial mechanical
occupation numbers, optimized with respect to € for fixed values y = 2/100,
Qn =3 106, 71 = 40. The coloured, dashed lines show the thermal noise
contributions €,,¢(271 + 1). (b) Squeezing parameter 7, corresponding to
the optimal values of €. The dashed lines indicate the different values of the
minimally required squeezing ry(1).
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2.2 GENERATION OF NON-CLASSICAL MECHANICAL STATES

Up to now the considered optomechanical systems obeyed Gaussian
dynamics, i.e., the amplitudes followed linear equations of motion
and we assumed all inputs to be Gaussian random processes. Starting
our protocols from a (Gaussian) thermal state thus inevitably leads to
a Gaussian final state. In this chapter we will explore how one can
prepare the mechanical oscillator in a non-Gaussian state, or, more
interestingly, in a non-classical state—i.e., a state with a negative
Wigner function [KZo4]. Such states of motional degrees of freedom
have been prepared in other systems, e. g., ions [Mee+96] and atoms
[KPMgy7]. Alternative approaches to prepare non-classical mechan-
ical quantum states were presented in [BJKg7] (using the nonlinear
radiation-pressure interaction), [Kha+10] (by transferring it from an
optical field), and in [VAK13] (by phonon addition or subtraction).
A protocol similar to the one outlined here has been proposed in
[Gal+14]; here we show that based on the protocol developed in
chapter 2 we can prepare non-classical quantum states of a mech-
anical oscillator in existing systems.

The presented scheme was devised together with Konrad Lehnert,
Tauno Palomaki, and Klemens Hammerer during a visit at the Uni-
versity of Colorado, Boulder.

2.2.1  The Cascaded System

We consider the following generic setup: A mechanical oscillator in-
teracts with a one-dimensional electromagnetic field via a tunable
interaction. The outgoing field is unidirectionally coupled into a cav-
ity, whose intracavity field dispersively interacts with a two-level sys-
tem. The light reflected from this cavity is sent to a phase sensitive
detector which measures a single quadrature of the field. The setup
can be implemented, e.g., as a cavity-optomechanical system coup-
ling into an optical cavity containing a single atom [fig. 18(b)], or as
an electromechanical LC (inductor-capacitor) resonator connected to
a microwave cavity containing a superconducting qubit [fig. 18(a)].
The phase sensitive measurement is then either achieved by optical
homodyne detection or using a Josephson parametric amplifier (JPA)
[Yur8y]. Here we will focus on the electromechanical implementation.

We assume that the LC resonator (with a resonance frequency w;.)
is driven by an intense microwave tone at frequency w,, which is
detuned with respect to w). by A, = wy — w)., such that the elec-
tromechanical system in a frame rotating with w, can be described
by the standard linearized Hamiltonian

t t t t
Hem = WnCmCm — Alcclcclc + g(clc + Clc) (Cm + Cm)/ (2'26)

where ). denotes the bosonic annihilation operators of the LC mode.
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FIGURE 18. Schematic of the suggested setup. The output field of (a) an
electromechanical system, or (b) an optomechanical system couples uni-
directionally into a cavity containing a qubit, and is later measured by a
phase-sensitive detector. A non-unit transmissivity #; into the cascaded res-
onator is modelled by beam splitter losses.

The microwave cavity, which is detuned with respect to the carrier
frequency of the microwave pulse by A, = wy — w,, we describe by
creation and annihilation operators ¢!, c.. The Hilbert space of the
superconducting qubit is spanned by |g) and |e), its ground and ex-
cited state respectively. We then describe the cavity and the qubit by
the Hamiltonians

Heyy = _ACCZCC/ (2.27)

1
Hy, = 5Wegl7 + xcte.o, + Qo + (T_JL), (2.28)
where 0, = |e){e| —|g)(g| is the Pauli z-matrix and o, = [e)(g].

The second term in (2.28) describes the dispersive coupling [Bla+o4;
Wal+o4] between the qubit and the intracavity field with a coupling
rate x « 1/(w. — weg), which can be changed by tuning w,, in and
out of resonance with w.. Switchable (i. e., time-dependent coupling)
can be achieved by methods demonstrated in [Hof+11; Che+14]. In
addition we can directly drive the qubit by an external, classical field,
which induces Rabi oscillations at a rate (). The dynamics of the cas-
caded system [Garg3; Carg3a] is then described by the master equa-
tion (written in a frame rotating at frequency w)

p = —i [Hem + Hcav + Hq IP] + ‘Cmp + (1 - ﬂt)ch D[Clc]p
— Vniacke /4|l — cieee, p] + DIVimca: + VEep, (2.29)

with the mechanical damping term L.p = 7, (7 + 1) Dlcn]p +
YmA D[ch]p. The last term of the first line describes beam-splitter
losses between the LC resonator and the cascaded cavity, where 7,
denotes the (power) transmissivity. The second line describes the
cascaded dynamics of the LC resonator and the microwave cavity,
where x;. and x,. describe the FWHM decay rate of both resonators.
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2.2.2 The Protocol

In order to create a non-classical mechanical state we consider a
pulsed protocol operated in three steps:

Entanglement generation: We drive the electromechanical system on
the blue mechanical sideband and couple the output microwave pulse
into the cascaded cavity. In the strong-cooperativity regime this effect-
ively generates EPR entanglement between the mechanical oscillator
and the intracavity field. This works in full analogy to the scheme
described in section 2.1, where now the cascaded cavity defines the
shape of the temporal light modes.

Probabilistic Fock state measurement: By coupling the qubit to the in-
tracavity field and subsequently measuring it [Ris+12a; Ris+12b],
we can effect a conditional photon-number measurement of the mi-
crowave field. In the presence of EPR entanglement this measurement
projects the mechanical mode onto a phononic Fock state—and thus
a non-classical state.

Read-out of mechanical state: The electromechanical system is driven
on the red mechanical sideband to generate a state-swap between
the mechanical oscillator and the LC circuit. We then use a JPA to
do quantum state tomography of the output field which effectively
realizes a tomographic reconstruction of the mechanical state.

We will fix the origin of our time-axis such that the Fock state meas-
urement happens at time t = 0, while the first and the second pulse
interact with the optomechanical system during the intervals [—7;,0)
and (0, 1,] respectively.

Entanglement Generation

In this first step the goal is to generate EPR entanglement between
the mechanical motion and the intracavity field of the microwave cav-
ity. This is achieved by sending a blue-detuned (A, = w,,) flat-top
microwave pulse of duration 7; into the LC resonator where it in-
teracts with the mechanical oscillator and which subsequently enters
the microwave cavity. The electromechanical two-mode squeezing in-
teraction scatters photons into the LC resonator, and generates an
exponentially growing pulse in the output field. In the strong cooper-
ativity regime this pulse will be entangled with the mechanical mode.
In order to optimally couple it into the microwave cavity, we have to
choose (i) its resonance frequency to lie at the carrier frequency of
the pulse (i.e., A, = Ay.), and (ii) its bandwidth to fit the exponen-
tial pulse shape. Assuming the qubit is initially in its ground state, it
does not (in the dispersive limit) couple to the microwave field, and
factors out from the rest of the system. We will therefore neglect all
qubit dynamics for the remainder of this section.
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We show in appendix 2.C that in the weak-coupling regime the LC
resonator can be adiabatically eliminated and the cascaded evolution
of the mechanical oscillator and the microwave cavity, described by

p(mc), can (in an interaction picture with wmc;rncm — ACCZCC) be written
as

") = L™ + €6 Dew)o™ + Dly/Fece — ivGer ™
+iv/Gre/4 [emee + cmel, 0] (2.30)

Here we defined G = 4g2/ 1., which coincides with the exponen-
tial envelope of the pulse, and € = [1 + (4w, /K)?] ", which gives
the suppression of the counter-rotating electromechanical interaction
terms. If we match the cavity decay rate to the temporal envelope of
the light scattered by the mechanical oscillator, i.e., k., = G, and go
into the sideband-resolved (k. < w,,) strong-cooperativity (C > 1)
regime, the dominating dynamics are generated by a Lindblad term
with a jump operator c. — ich,, and a two-mode squeezing interac-
tion between the mechanical oscillator and the cascaded cavity mode,
Hins = (G/2)(cmee + chcl) [third and fourth term in eq. (2.30)]. In
absence of additional decoherence channels the system would thus
be driven to the maximally entangled EPR state

|lpepr>mc = 2(_i)n|n>m ® ‘7’1>C/ (2'31)

which at the same time is a dark state of the Lindblad term and a
eigenstate of the two-mode-squeezing Hamiltonian, i.e.,

(Cc - lcjn) |lpepr>mc = 0/ (2~32a)
Htms‘lpepr)mc - (G/z)‘lrbepr>mC' (2-32b)

The EPR state possesses infinite energy, reflecting the instability of
the amplifying dynamics of the two-mode squeezing interaction, and
is thus not physical. These dynamics are counteracted by the addi-
tional Lindblad terms in eq. (2.30), which drive the system towards
a thermal state. In view of the fact that these perturbative terms are
suppressed by the small parameters €,1/C < 1 we expect an appre-
ciable amount of (EPR) entanglement to be created between the mech-
anical oscillator and the microwave intracavity field. As the dynamics
of the mechanical oscillator and the cavity are linear and we assume
the initial state of both systems to be Gaussian, their state at a later
time—but before the interaction with the qubit—will also be Gaus-
sian. The entanglement between both systems can thus be found by
evaluating the covariance matrix X of the vector X = (X, P, Xc, Pe)-
The time evolution of X is given by the Lyapunov equation (1.61b)
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corresponding to MEQ (2.30), where the matrices F and N are given

by

(1—€)G—vp 0 0 0
1 0 1-€e)G—v, O 0
F=21 = %G 0 —%. 0 (233)
0 2/ G 0 —x.
and
G 0 —/1.G 0
1 0 G 0 VG
N = 7| — tte ’ (2.34)
k.G 0 Ke 0
0 V11 .G 0 Ko

with G = (1+€)G + 7, (27 + 1). As the Lyapunov equation is linear
it can readily be integrated for the duration 7; of the pulse, assuming
the mechanical mode to be initially in thermal equilibrium with the
environment and the cavity to be in the vacuum state, i.e., Z(—7;) =
diag(2i + 1,271 4+ 1,1,1) /2. From the solution X(0) (just before the
Fock measurement) we then calculate the EPR variance

Aerr = min ([A(ch = x) + [A(pl + pP)), (235)

where x?’ = (c;e ¥ +cl ™) /v/2 and p?’ = xiﬁn/ ? are rotated quad-
ratures. With these definitions the state is necessarily entangled if
Agpr < 2 [Dua+oo; Simoo]. In the case of non-unit transmissivity
between the LC resonator and the microwave cavity, the generated
entanglement will be diminished by photon losses. This can be ac-
counted for by introducing a transmissivity parameter 0 < 7, < 1,
as discussed in appendix 2.C. It turns out that it is advantageous
to slightly mismatch the cavity decay rate x. against G in order to
maximize entanglement creation, setting x. = vG. This is due to the
finite duration of the pulse, which causes a spectral broadening. The
cavity’s bandwidth thus has to be increased such that it can fit the
whole pulse. Figure 19 shows the generated entanglement in terms of
the EPR variance (solid lines) and the logarithmic negativity (dashed
lines), for optimized values of v. Comparing this to fig. 17, the EPR
variance clearly shows a similar behaviour. Note that as the system
is prepared in a nearly pure state initially (ny = 1/2, a value demon-
strated in [Pal+13]), a low interaction strength suffices in order to
create entanglement.

Mechanical Fock State Preparation

After the first step of the protocol, the bipartite system consisting of
the mechanical oscillator and the cavity mode will be in an entangled
state resembling the ideal EPR state. It is obvious from the definition
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FIGURE 19. Entanglement against cooperativity C for ¢ = 1/1000 and
i = 40. The solid lines show Agpr and refer to the left axis, while the
dashed lines show Ej, and refer to the right axis. Different colours encode
different transmissivity values 77, = 1,0.9,0.8 (red, blue, yellow). In all cases
we assume pre-cooling of the mechanical oscillator to an initial occupation
number 1y = 1/2 and we optimize the linewidth of the microwave cavity
k. for maximal E,s and minimal Agpr. (Note that this optimization is done
separately for solid and dashed lines)

of this state [eq. (2.31)] that projecting the cavity onto a Fock state |k).

will also collapse the mechanical oscillator onto the same state |k),,.

For our description here we adopt an idealized model for the qubit
mediated measurement of the photon number.

The Fock state preparation we will describe below is a probabilistic
one; before the measurement we have to choose a natural number k
corresponding to the Fock state |k). we want to detect. The result of
the measurement will then either be 1 if the intracavity field was in
state |k)., or 0 if it was in any other state. Only in the former case on
proceeds with the tomography step. A measurement of this form can
be achieved in the following way (see fig. 20): Due to the dispersive
interaction, the intracavity field shifts the qubit’s resonance frequency
by nx, where n is the number of intracavity photons. We start with
the qubit in the ground state and apply a 7r-pulse at a frequency
Weg 1 2kx. If the energy levels of the qubit are well resolved, i.e., the
frequency shift between adjacent levels yx is larger than the linewidth
7q Of the qubit’s excited state (this shift approaches values of 1000
times the linewidths of qubit and cavity [Pai+11]), we can describe
the unitary evolution generated due to the 7-pulse by

u;rk) = ]lm®(|k,€> <k1g|cq + |k’g> <k,€|cq)

F 1, @Y Dl @1 (236)
£k
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FIGURE 21. Detection probabilities p; versus the dimensionless pulse length
Tm Ty for a cooperativity C = 11 and total transmissivity 7, = 1,0.7 (solid,
dashed lines). Different colours encode the number of detected photons k =
0,1,2,3 (red, yellow, blue, green). We assume a perfect matching ., = G.
Other parameters are € = 1/1000, 71 = 40, ny = 1/2

Measuring the state of the qubit after the 7r-pulse is then described by
the measurement operators Mﬁk) = (r|ll7(fk) |g) for possible outcomes
r € {g,e}. We thus see that measuring the qubit realizes a projective
measurement on the cavity field where MP =1, @ [k) (K|, Mé(,k) =
1 — Mgk) correspond to finding the qubit in the excited and ground
state respectively. After a measurement with an outcome r the joint
state of the mechanical resonator and the cavity mode is

T 1 mc
p;fhza>=:pUQA49hﬂ (@) MO, (2.37)

r

where the probability of finding the outcome r is
p = (MO MPp™) (). (2.38)

We are interested only in the case where the qubit after the 7r-pulse
is in the excited state, i.e., r = e. The state of the reduced mechanical
system conditioned on this outcome is then given by p(mk) = tr, (pr(ﬁ’ck) ).
The corresponding detection probabilities for different values k are
depicted in fig. 21. As is intuitively clear, for small pulse lengths 7,
the cavity will with near-unit probability be in the vacuum state. Only
after some time photons start leaking into the cavity to give a non-
zero detection probability. The respective Wigner functions Wr(f ) we
can obtain from the Gaussian Wigner function corresponding to Z(0)
as found as the solution of eq. (2.30) and by then using the condition-
ing procedure described in appendix 2.A.

In the same way we condition the mechanical state on a photon-
number measurement, we can additionally condition it on quadrat-
ure measurements of the field reflected from the microwave cavity.
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2.2 GENERATION OF NON-CLASSICAL MECHANICAL STATES

To gain some intuition about the effect of this measurement we can
rewrite the EPR state in terms of quadrature eigenstates [EPR35]. This
yields [BLos5]

Yeprhme = [ dxdpd(x+p)lxhm @ [p)c

(2.39)
_ /dp dx6(p 4 X)|p)m @ |¥)er

where we denote by |x),, (|x).) position (amplitude-quadrature) and
by |p)m (|p)c) momentum (phase-quadrature) eigenstates for the
mechanical (cavity) mode. Measuring a quadrature of the cavity field
would thus project the mechanical oscillator onto the corresponding
quadrature eigenstate, which is again a unphysical state containing
infinite energy. In our case, where no ideal EPR state is present, the
variance of the mechanical state will instead be decreased in the
respective direction. For strong enough squeezing we would expect
to generate in this way a distribution with two pronounced peaks at
opposite sides in phase space, similar to “Schrodinger kitten” states
generated with photons [Our+06; Nee+06]. This situation can be
described by a stochastic master equation of the form

+ D[y/fiece —iVGeh]p™ dt +iy/k.G /4[emec + el 0] dt
+ ,H[(\/K»ccc - i\/EC:Ln) ei('b]pmc dW, (2.40)

where dW is a Wiener increment, and ¢ is the measurement phase.
The conditional state before the number measurement can then be
evaluated by integrating the equation of motion for the covariance
matrix XZ. Equation (2.40) gives rise to a Riccati equation such as
(1.67b), where H and M are given by

H = V2G (sin(¢) —cos(¢p) vcos(dp) —y/vsin(9)) (2.41)

and

M = VG/2(sin(¢p) —cos(¢p) —+/vcos(¢p) ﬁsin(d)))T
(2.42)

Finding the Wigner function of the mechanical state conditioned on
quadrature and photon-number detection proceeds as before, by first
finding the covariance matrix £(0) as a solution to (2.40) and apply-
ing the method from appendix 2.A. There is one technical subtlety
involved, however. The state conditioned on the quadrature measure-
ment at time 7, includes a random displacement of the microwave
cavity’s intracavity field which cannot easily be undone in the exper-
iment. As this displacement varies between every shot of the tomo-
graphy, the reconstruction will yield an averaged distribution. This
effect can be partly eliminated by postselecting the experiments on
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a small interval of results of the homodyne detection. The results
presented here are based on the conditional state and the averaging
effect is neglected. For a concrete experimental realization, a more
detailed treatment should be adopted.

Read-out of the Mechanical State

After preparing the mechanical system in a non-classical state we
can transfer it to the microwave field in order to reconstruct it
tomographically from phase-sensitive measurements of different mi-
crowave quadratures. To this end we again send a flat-top pulse of
length 7, into the LC resonator, this time red-detuned at A, = —w,,
in order to resonantly drive the electromechanical beam-splitter in-
teraction. This generates an exponentially decaying pulse centred
at w). which carries the read-out mechanical state. Under the same
assumptions as before we find after adiabatic elimination of the LC
circuit (see appendix 2.C)

fme = L™ + G D[c]]o™

+ G D[y/fec. —iVGemlp™) +iy/KG/4[chee + cmel, 0™,
(2.43)

where we again neglected the qubit dynamics. To describe the quad-
rature measurements and to identify the relevant temporal modes in
the output field we rewrite the system’s evolution in terms of the
Langevin equations for the quadrature operators x,,, pm, X., p.. The
relevant matrices [corresponding to the dynamics in eq. (2.43)] are

—(1-¢€)G — 1y 0 0 0
1 0 —(1-€¢)G—vn O 0
F=3 -2/ .G 0 —x. 0 (2-44)
0 —2/nx.G 0 —x.
and
G 0 716G 0
1 0 G 0 V116G
N=3| /G 0 K. o | (245)

0 V1 G 0 Ko

To illustrate the method, we apply a RWA to the electromechanical in-
teraction by setting € = 0 and neglect mechanical decoherence terms.
We also choose k. = G for simplicity. Appendix 2.B shows how to
treat the full dynamics. Under these approximations the Langevin
equations reduce to

Xm = —(G/Z)Xm + \/Epinl (2.46&)
pe = —(G/2)pe. + Gxpn + VGpin, (2.46b)
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with similar expressions for p,, and x.. We formally integrate equa-
tions (2.46) and plug them into the input-output relations [GZo4]
pout( ) f(pc ) — Pins which giV@S

Pout(t) = VG e F(Gt — 1)x,(0) + VGe 2 p(0) — pin(t)
+G2t/ pin(s) e ~3(ts ds+G/ Pin(s)Gs e~ §(t-9) gs, (2.47)

The goal is to extract from this quantity as much information as
possible about the mechanical state [encoded in x.,(0)], with min-
imal contributions from the noise terms. To achieve this we extract
from pout a normalized temporal mode with an envelope given by

Qoue = € § ‘(Gt — 1). We define the normalized mode function &, =
Aout/ ||@outll, Wwhere ||ag. |l = foz |ttt (s)|* ds, and the corresponding
operator PY™ = [[? &o4¢(5) pout(5) ds, and find

P = VG [ (0) = 1 (GT2)pe(0) + ha (GT) 2™, (248)

Here, P2™ denotes an auxiliary light mode which carries vacuum
noise, i.e., ((P™)?) = 1/2. One can show that e oo fl@oull =
1/+/G, while the functions k; obey lim,_,, 1;(t) = 0. Thus, in the long-
time limit, we have a perfect read-out of the mechanical position via
measuring the phase of the output light. If, on the other hand, we
want to estimate the momentum p,,, we measure the amplitude quad-
rature, X, = VG (X + Pm) — Xin- The corresponding temporal output
mode X" = [[% &oye(5) Xoue(5) ds obeys

X2 = VG gt (0) + 11 (GT)x (0) + Iy (GT) X2, (2.49)

To read-out the non-Gaussian mechanical Wigner function one has
to apply homodyne tomography, repeatedly measuring quadratures
X" sin(¢) + P2 cos(¢p) for a set of different ¢. This can be described
by collecting the output operators into a vector Y., = (X", PO").
Equations (2.48) and (2.49) can then be written as

Your = S'Yi, + W, (2.50)

where we defined Y, = (x,(0), pn(0)), and W describes all relev-
ant noise processes. Note that Y, is not a quantity that is directly
measurable, as it contains non-commuting operators. We can, how-
ever, conveniently use it to find the mechanical Wigner function Wéﬁ)t
as reconstructed by homodyne tomography of the microwave field
(see appendix 2.A). A non-unit detection efficiency 0 < 774 < 1 can be
modelled by including beam-splitter losses as

Yiu = 7aS Yin + VTaW + /1 — gW/, (2.51)

where W’ describes additional shot noise, and for the case above has
the the diagonal form W' = diag(1/2,1/2).
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Results

We are now in the position to evaluate the Wigner function Wr(r{( ) of
the mechanical state after the qubit measurement, and can compare
it to the reconstructed Wigner function W(gﬁ)t of the second light pulse.
Figure 22 shows cuts through Wr(r}) (dashed lines) and Wo(lll)t (solid
lines) for a set of current experimental parameters [Pal+13] for dif-
ferent values of transmissivity and detection efficiency. We can nicely
see the dip at the origin that is characteristic for the Fock state |1).
The depth of the dip is decreased by non-unit transmissivity or de-
tector efficiency, as these effectively lead to incoherent mixing with
the Gaussian vacuum state, which has a positive Wigner function at

the origin.

0.05 :

I /
[ ) N
= 0.00 : ’

~—
—
—

= I \ 4
= [ \ | :
- 005 ' WA/ ‘

-010F =1y =1q = 0.9]

FIGURE 22. Cut through mechanical Wigner function conditioned on the de-
tection of a single photon in the cavity for a cooperativity C = 11. Different
colours encode different transmissivity values 1, = 3 = 1,0.9 (yellow, blue).

The solid lines correspond to the Wigner function Wmllt(x, 0) reconstructed

from the output light, while the dashed lines show the mechanical state as
prepared by the Fock-state measurement (WY (x,0)]. For the first pulse we
assume the microwave cavity’s bandwidth to be x.; = 1.3G, while for the
second pulse we assume perfect matching x., = G. Other parameters are

€ =1/1000, i = 40, ny = 1/2, 7, = 1/100 .}, ©» = 1/50 ...

If the mechanical state is additionally conditioned on the outcomes
of a quadrature measurement of one of the optical quadratures—
realizing an effective measurement of a mechanical quadrature—, the
Wigner function becomes squeezed in the same direction. This can be
seen in fig. 23, depicting cuts through the Wigner function along the
Xm (upper row) and p,, direction (lower row) for a homodyne meas-
urement of the optical amplitude quadrature (which extracts inform-
ation about the mechanical momentum quadrature). The squeezing
effect is relatively weak, however, and the overlap with a Schrodinger
cat state is rather small.
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0.03 | A A~
= ]
= 0
= _

- 0.03 |

0.03 |
_ ]
S 0
= ]

- 0.03 |

phase space variable

FIGURE 23. Cut through the Wigner function conditioned on a homodyne
trajectory and the detection of a single photon. The upper row shows a cut
along the x-axis, the lower row along the p-axis. Solid lines correspond to the
Wigner function Wéll reconstructed from the output light, while the dashed

u
lines show the mechanical state as prepared by the Fock-state measurement

[ngl1 )]. For the first pulse we assume the microwave cavity’s bandwidth to be
k.1 = 0.7G, while for the second pulse we assume perfect matching k., = G.

Other parameters are € = 1/1000, 7 = 40, ny = 1/2, 7 = 1/5000 ')/r;l,
T =1/507", 7, =114 = 1.

2.3 BELL INEQUALITY VIOLATION IN OPTOMECHANICS

Since the seminal work of John Bell [Bel64; Bel66] it is well known
that the predictions of quantum theory cannot be reproduced by local
hidden-variable theories. Bell showed that we have to abandon one of
the premisses of locality and realism—as originally envisaged by Ein-
stein, Podolsky, and Rosen [EPR35]—for quantum theory. Since its
discovery Bell’s theorem has been tested in a multitude of experi-
ments using different physical systems, e. g., photons [FC72; ADR82;
Wei+98], ions [Row+o1], and superconducting qubits [Ans+og]. In
this section we will show that the correlations between a mechanical
oscillator and a light pulse (or, more specifically, EPR entanglement
between the two) can be used to violate a Bell inequality. A Bell test
involving nonlinear mechanical oscillators has also been proposed in
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[Joh+14]. The presented scheme is similar to the one presented in
section 2.2 above, employing a qubit as a photodetector.

We first review briefly the employed Bell inequality [of Clauser—
Horne-Shimony-Holt (CHSH) type] and then analyse in detail the
optomechanical implementation.

2.3.1 The CHSH Inequality

We consider a bipartite quantum system, labelling the parties as A
and B. Let ,(«) and p(B) be two observables with possible out-
comes +1, and &, B € R be measurement settings that can be chosen
independently. Given a set of 2 x 2 detector settings, {aq,a,, B, B2},
we can evaluate the correlation functions

Eup, = ( ala)) © 5(Bj)), (2.52)

with respect to a state p. The CHSH inequality [Cla+69] states that
assuming realism and locality, the parameter

5= E“ﬂgl + E“l.BZ + E“251 o E“zﬁz (2.53)
is bounded by
—25=<2 (2.54)

The maximum value under the premisses of quantum theory on the
other hand is given by |S| < 21/2 [Cir80].

Here we consider a continuous-variable implementation of the
CHSH inequality, first introduced in [TWCgq1; Hargq; BWgg] and
experimentally realized in [Hes+o4]. We use the positive-operator
valued measure (POVM) {|a)(a|;, 1 — |a){«|;}, where |a); is a co-
herent state of one of the subsystems. This measurement can be
performed by using a detector that is able to distinguish the vacuum
state |0); from all other Fock states. For photons this can for ex-
ample be implemented by using a single-photon counter or a bucket
detector. If prior to detection the incoming field is displaced by a
coherent amplitude —a, a click of the photon counter corresponds
to the POVM element 1 — |a) («| (Which we associate with the meas-
urement result —1), while no click corresponds to |a)(«| (associated
with +1).” The corresponding observables ; can thus be constructed
as

i(a) = ) (el — (1= [a)(al;) = 2a) ] — 1. (2.55)

The choice of observables is motivated by the fact that the correspond-
ing Bell inequality can be violated by using Gaussian states [BW98;
LJJog; BC12]. The two-mode squeezed state

[e0]

|[Yims) ap = sech(r) Y [~ e tanh(r)]"|n) 4 @ |n)p, (2.56)
n=0
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for example, yields a maximal violation of S ~ 2.45 for a squeez-
ing parameter r ~ 0.76 (squeezing of 6.3 dB) and properly chosen
amplitudes «;, f;. In terms of entanglement this amount of two-mode
squeezing corresponds to a EPR variance of Agpg = 2¢7 % ~ 044,
a value which is comparable to the ones observed in the previous
sections (see figs. 17 and 19).

2.3.2 The Protocol

The optomechanical implementation we discuss here is very similar
to the scheme presented in section 2.2. The basic idea is the following:
We want to apply measurements of the observable to the bipartite
system formed by the mechanical oscillator and a light pulse. In order
to get access to the quantum state of the mechanical subsystem we
have to transfer it onto a second light pulse. We thus again consider
a protocol operated in three steps:

Entanglement generation: A blue-detuned light pulse is entangled with
the mechanical oscillator. This is achieved in the same way as in the
first step in section 2.2 and can therefore be described by the master
equation (2.30). We again choose x, = vG = v4g2/ K., Wwhere v will
be chosen to optimize the transfer of the light pulse into the cascaded
cavity.

Photodetection: Before it enters the cascaded cavity we mix the mi-
crowave pulse with a coherent field with an amplitude —a« (see fig. 24).
We then proceed by applying a 7t-pulse as described in section 2.2.2,
selecting the subspace |0). (thus choosing k = 0; the corresponding
level scheme is shown in fig. 25). Looking back at our discussion
of the measurement in section 2.2.2, we can see that the displace-
ment p™) — D_(—a)p™D_(«) [with D, as defined in eq. (1.35)]
of the field leads to measurement operators MY — MOD (—a).
The corresponding probabilities are then p'* = tr(|a)(a|p™) and
péo) =1- p§°> just as required. Reading out the state of the qubit
after the mr-pulse is thus equivalent to measuring («).

Phonon detection: In order to apply a measurement of the observable

m(B) to the mechanical oscillator, we swap its quantum state into
the cascaded cavity and repeat the procedure from step 2. As was
already discussed earlier, such a state swap can be achieved by a red-
detuned microwave drive, resonantly enhancing the optomechanical
beam-splitter interaction. However, the exponentially decaying envel-
ope of the resulting microwave pulse prohibits an efficient transfer
into the cavity. This problem can be tackled by simultaneously mod-
ulating both the optomechanical coupling G = G(t) and the band-
width of the cavity «. := x.(f) as a function of time. While achieving
the former is a simple matter of changing the power P(t) of the mi-
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FIG 24. Abstract de-
piction of the measure-
ment setup: The input
field is displaced by

a coherent amplitude
—ua and sent to a single-
photon detector (SPD).
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FIG 25. -pulse in the
k = 0 subspace. Detect-
ing the qubit in |e) cor-
responds to the POVM
element |a) («|.
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crowave drive, the latter can be accomplished by techniques demon-
strated in [Ker+13; Pie+14; Sri+14; Pec+14; Yin+13; Flu+15]. The prob-
lem of how to determine the optimal shape of G(f) and «.(f) is ad-
dressed in appendix 2.D. We obtain the solutions

M

G(t) = m/ (2.57a)
M

k() = m, (2.57b)

which are shown in fig. 26. The parameter M fixes the maximal values
G(1,) and x.(0), and minimal values G(0) and x.(7,). In the experi-
ment one has to choose a suitable M such that one can satisfy these
conditions for both G and «..

5000 |
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FIGURE 26. Optimal shape of the modulated coupling strength G(f) (yel-
low line) and the cascaded cavity’s decay rate x.(t) (blue line) in units of
the mechanical decay rate v,,, plotted against time f (in units of the total
duration T,). Parameters where chosen such that x.(0) = G(7,) = 41007,,,
Ym = 1/50075.

From repeating this protocol for different settings {«;, 8 j} and collect-
ing the measurement outcomes of steps 2 and 3 we can evaluate the
quantity S [eq. (2.53)]. How to evaluate S theoretically is discussed in
the next section.

2.3.3 Evaluating the Bell correlations

In order to evaluate the quantity S for the bipartite system consist-
ing of the two light pulses, we extend our setup by a virtual, second
cascaded cavity (plus a qubit), which acts as the measurement device
for the second pulse. We can then model the protocol as follows: The
blue-detuned pulse propagates into the first cavity, now constituting
our system A. The red-detuned pulse is routed into the second cavity,
constituting system B. S can then be conveniently evaluated from the
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state of both cavities (A + B), while the mechanical mode is traced out.
(In fact the mechanics should nearly factor out from the rest of the sys-
tem at this point.) Before the measurement all involved dynamics are
Gaussian and we can employ the Lyapunov equations corresponding
to the master equations (2.30) and (2.43) to model the evolution of
the first and the second pulse respectively. Starting from the initial
condition that the mechanical mode is in a thermal state with a mean
occupation number 1, and both cavities are in the vacuum state, i.e.,
X, = %diag(ZnO +1,2n,+1,1,1,1,1), this allows us to find the co-
variance matrix for modes A and B before the qubit measurements.
To evaluate E 5 we decompose it as (denoting the Gaussian state of
A and B just before the measurement as p 4)

Eup = 4tr(oapla)(al4 @ |B)(Bls)
—2tr(papla){als @ 1p +pap1 4 @ |B)(Blg) +1. (2.58)

E,p can thus easily be evaluated by calculating the overlap of two
Gaussian states [MM12], and is directly related to the Husimi Q-
function (see, for example, [CG69]).

2.3.4 Results

We are now in the position to numerically evaluate the attained Bell
correlations. The numerical value of S strongly depends on the choice
of {«a;, ,B]-}, as well as on the electromechanical parameters. In an ex-
periment the parameters 7, ny, Q,, will be practically fixed—it is clear
that 7 and 1, should be chosen as small as possible, while Q,, should
be made as large as possible—, while the pulse duration and the elec-
tromechanical coupling strength can be easily tuned (up to a certain
maximal value). We therefore optimize S with respect to the param-
eters 7y, T,, and v (v being optimized for the first pulse only), and the
measurement settings {«;, ﬁ]} As it turns out, the maximal violation
can be obtained for a;, f; € R. We show the maximal value of S for dif-
ferent values of the electromechanical cooperativity C, which fixes the
constant coupling strength G in the first pulse, and the maximal coup-
ling strength at the end of the second pulse, i.e., G(1,) = Cy, (71 + 1)
(see fig. 26). [We therefore assume that the minimal cavity decay rate
k.(Tp) can be chosen accordingly.]

The resulting values are shown in fig. 27(a) for different values
of the transmissivity 7, and initial mechanical occupation numbers
1ny. One can clearly see that both parameters have strong detrimental
effects on S, and overall transmissivities clearly exceeding 9o% are re-
quired. While the required initial occupation numbers 7, are within
reach of current experiments (1, = 0.5 has been demonstrated in
[Pal+13]), satisfying the transmissivity requirements seems a challen-
ging task. The attained values of S are, however, en-par with similar
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FIGURE 27. (a) Bell correlations against cooperativity optimized with respect
to 77, T, and v for different transmissivities 7, = 1,0.98,0.95,0.92 (red, yel-
low, green, blue), and initial mechanical occupation numbers n, = 0.1,0.25
(solid, dashed lines). (b)-(d) Optimal values of 1, T,, and v for the corres-
ponding values of S in (a). Other parameters are 7 = 40 and € = 1/1000
(corresponding to x}./wy, ~ 1/8).
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Bell tests for photons based on single-photon subtraction and homo-
dyne detection [Gar+o4; NCoy4].

Figure 27(b)—(d) show the values of the optimal parameters 7, T,
v corresponding to the values of S in (a). We can see that for low co-
operativity values the pulse length increases for both pulses [plots (a)
and (b)]. This is intuitively clear as both the generation of entangle-
ment and the state swap depend on the product Gt; = C(7i + 1)y, T;.
Figure 27(c) shows that as the length of the first pulse increases, the
optimal value for x. approaches G, i.e., we have v ~ 1. This is con-
sistent with our discussion about mode matching in section 2.2.2.
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2.A APPENDIX: PHASE SPACE DESCRIPTION

We use the following conventions for the phase space description of a
n-mode bosonic system. We define the Weyl operator [similar to the
displacement operator (1.35)] as

W(r) = exp(—irTX) (2.59)

where X = (xy, py, ..)" collects the quadrature operators obeying the
commutation relations [X;, X;] =iJ;;, and r € R”". We can then write
the characteristic function for a state p as

D, (r) = tr(pW(r)). (2.60)

We define the corresponding Wigner function [Hil+84] to be the sym-
plectic Fourier transform, denoted by the linear operator F, of ®, i.e.,

1

W, (27_c)2n

o(r) = FD,(r) :==

T
/RM dve” 1 d(v). (2.61)
Iff ®(0) = 1 then W, is normalized, i.e., [ dr Wp(r) = 1. For a
zero-mean Gaussian state with a symmetric covariance matrix X the

characteristic function and the corresponding Wigner function take
the form

D, (r) = exp <—;1’TZ1’> , (2.62)
- 1 1 111
Wp(r) = W—dmexp <—2r J ]r) . (2.63)

In the main text we need to find the Wigner function for states of
the form p; = try(Pp12), where p;, describes a bipartite Gaussian
state and P is a projection operator acting on subsystem 2. Using the
identity

p= o do W)@, (v), (2.64)

one can show that
®, (r) = /R dod, ((r,0))®p,(—0), (2.65)

where the integral is taken over the phase space of the second sub-
system. More specifically we need to analyze the case where &, isa
zero-mean Gaussian function with a covariance matrix

g, g,
=% ", 66
<0;F Gb) (2 )
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and P, = 1; ® |k)(k|, projects onto the k-th Fock state. We then find
that @, (r) = &, (r)/P,, (0) with
1 T ]

N D, (r LT -
q)pk<r) — Pl'( ) aﬁexp[zr Uc<0h+ﬂA) 1/;7cr , (2.67)
K (L=A)|oy + pal

A=0
where we defined @, (r) = exp(—%rT(Tar) and py = (14+A)/2(1—A).
&, at the same time determines the probability of finding subsystem
2 in state [k),, i.e., py = @, (0). To show eq. (2.67) we use the ex-
pansion of the thermal state py, of a harmonic oscillator (which is a
Gaussian state) in terms of Fock states |k). We have [see eq. (1.53)]

[ee]

o= Y (1= )A"|n)(n (268)
n=0
where the parameter A is connected to the mean occupation number
by i = A/(1—A). We can prove the identity A" |A:O = k!6, r, where
d,  denotes the Kronecker delta, and thus

) #] = ()1 2

FT-1 (2.69)

A=0

We can then write the corresponding characteristic functions as
A T
Oy (r) = exp (—gpurr), (2.70a)

()_lik®?h(r)
P T oAk 1= A

(2.70b)

A=0

Using these results together with eq. (2.65) and evaluating the Gaus-
sian integral leads to eq. (2.67).

2.B APPENDIX: INPUT-OUTPUT RELATIONS AS A GAUSSIAN
CHANNEL

We consider a linear, Gaussian system of the form

ax(t)
dy(t)

FX(t)dt +MdV(t), (2.71a)
HX(t)dt 4+ dV(t), (2.71b)

where the n-vector X contains the phase space operators of the sys-
tem (e.g., X, Pm, Xor Pe), the m-vector Y describes the measurements
(e.8., Xoutr Pout)r and dV collects different noise sources (e. g., electro-
magnetic shot noise or mechanical noise terms). F, M and H are real
matrices of appropriate dimensions (see appendix 2.A). The formal
solution of (2.71) is

X(t) = R(H)X(0) + /0 "R(t—s)dV(b), (2.72)
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where R(t) = exp(Ft). If we collect a set of temporal modes {a;} in
the n x n matrix Z we can write

Y, = /0 "Z(t) Ay () = STX(0) + W, (2.73)
where S and W are given by

S— /O " Z(HHR(H) dt, (2.742)

W= /OT [/STZ(t)HR(t—s)MdH—Z(s) dv(s). (2.74b)

In our setup we only want to extract information about the mechan-
ical system while we treat the cavity as an additional bath we trace
over. This means that the number of measurements will be smaller
than the number of state variables (m < n). We therefore decompose
S = (s:,8HT and X(0) = (X1(0),X2(0))" and write

Your = SmXm(0) +ScXc(0) + W, (2.75)

which, after setting ¥;, = X,,,(0) and W = S} X,(0) + W, yields (2.50).

Let us briefly discuss how the Wigner function of a state p trans-
forms under the action of a Gaussian channel of the form (2.50). We
first note that under Y;, — Y,,; the Weyl operator transforms as

W(r) — W' (r) = W(Sr) exp (—%rTNwr> (2.76)

where Ny is the symmetric covariance matrix of W. For the character-
istic function CDP/(r) = tr('W(r)) = tr(opW'(r)) of the transformed

state o’ this leads to

D, (r) = D, (Sr) exp (—%rTNwr) : (2.77)

The corresponding Wigner function is then the Fourier transform of
o o [see eq. (2.61)], and thus by the convolution theorem [Ilo7, p 1118]
the convolution of ®,(Sr) with a Gaussian of variance Nyy. For a zero-
mean Gaussian state p with a characteristic function of the form (3.17)
we can simply add the respective covariance matrices, yielding

Wy (r) = exp (—;TT {(ST)Z‘.S)f1 + Nwl}r> . (2.78)

2.C APPENDIX: ADIABATIC ELIMINATION IN THE CASCADED
SYSTEM

Adiabatic elimination of the cavity mode on the basis of the mas-
ter equation (1.52) can be achieved through the time-convolutionless
projection operator method [CSy9]. First we briefly review the basic
idea and the most important expressions, and then adapt it to fit the
structure of the optomechanical master equation.

72



2.C ADIABATIC ELIMINATION IN THE CASCADED SYSTEM

2.c.1  Time-convolutionless Projection Operator Method

Given a set of linear operators £; (i € {0,1}) and a corresponding
equation of the form

So(t) = (Lo + ey (8)] p(0), (279)

the goal is to find the dynamics of p on a subspace defined by the
projection P = 1 — Q. We first transform into an interaction picture
with £, and define

p(t) = exp (=Lot)p(t), (2.80a)
Li(t) = exp (—Lot)Li(t) exp (Lot)- (2.80b)
The equation of motion for Pp can then be written in the form®

SPoce) = K()Pa(), (281)

where we assumed that Qp(0) = 0. The exact expression for K is
[CS79]

K(t) =ePL,(H[1— (8] 'P, (2.82a)

(t) = e/otg(t,s)QEl(s)PG(t,s), (2.82b)
where G and G are the forward and backward propagators

G(ts) = T, exp (e / terﬁl(r)) , (2.83)

G(t,s) = T exp (—e / t drﬁl(r)> , (2.83b)

and 7, the (anti-)chronological time-ordering operator. We are
mainly interested in a expansion of K in powers of the small par-
ameter €, which we write as K = }, €"K,,. We can show that up to
second order the expansion coefficients are given by

Ki(t) = PL ()P, (2.84a)
(1) = PL 1) [ 'drQZ, (1)P. (2.84D)

In order to apply this method for adiabatic elimination we need to
identify a suitable subspace P which describes the relevant dynamics.
This subspace must be chosen such that [Gar84]

P£0 = ﬁop == 0, (285&)
PLP =0, (2.85b)
P = %iir&eﬁot. (2.85¢)
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Below we will look at a master equation whose generator can be
written as L(t) = Lo+ Ly, + €Ly (t) + € Ly. L, commutes with £,
ie, LoLy, = L,Ly, and we thus have

L. P=PL,, (2.86a)
QL. P=PL,Q=0. (2.86b)
Let us explore the expansion of K for the modified Liouvillian £. We

first make the substitution £, — £, + £,,, under which equations
(2.82) then become (denoting the new expressions by K, etc.)

K'(t) = K(t)+ L, P[L =X ()] 1P (2.87a)
S/(1) = e /0 "G (5)OF, (5)PG (1 5). (2.87b)

Here we already used relations (2.86). Using PG’ (t,5)Q = 0 and thus
Py = 0leads to P[1 — '] 'P = P[1 — PE'P]”'P = P. This shows
that

K'=K+L,P. (2.88)

In the next step we can substitute £,(t) — L£;(t) + €L, into expres-
sions (2.84) and collect the terms of matching order in €. Taking this
together the expansion coefficients K;, up to second order are

Ko = LnP, (2.89a)
Ki(t)=PLi(t)P, (2.89b)
IC5(t) = PL,(H)P + PLy (1) /Ot dtQL,(7)P. (2.89¢)

2.c.2  Elimination of the Optical Mode

To eliminate the LC mode we choose Pp = tri.(p) ® pyac Which pro-
jects the state p onto the cavity’s ground state. This is the subspace
we are interested in, as in the limit ¢ < x). all photons scattered from
the mechanical oscillator into the resonator (typically on a timescale
1/g) immediately decay from it (on a much shorter timescale 1/x).
For the microwave cavity we have k. ~ 4g2/ k. and thus . /K. ~
(2¢/ Kc)z. It is convenient to introduce the parameter & = ,/x.k.. Con-
sequently we assume a separation of time scales of the form

Ko K g & < Ko, Wiy, A, Dy

which reflects the structure of the Liouvillian if we identify ¢ with
g/x.. By going into an interaction picture with the free Hamiltonian
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wmc;rncm — ACCICC we can write the master equation (2.29) in the re-
quired form p = [Ly + L4 L(H) + L] p with the definitions

Lop = —itc[efeeie, p] + 11c Dlerclp, (2.90a)
Ly(t) =e“n £ o+e ™ LT p+H.ec, (2.90b)
L, =x.Dlc.]p, (2.90¢)
Line = Y (i +1) Dlcw)p + Tmft Dlenlp, (2.90d)
and
Lonp = —iglem(cic + cic), o], (2.90€)
Lop = (Lyp)" = —iglem(cre +€ic), 0], (2.90f)
LEp = —/R[e, ep), (2.908)
Lop=(Lop)' = Viklee peid, (2.90h)

We can then show equations (2.85) and additionally find the useful
relations

QLR =0, (2.91a)

Pl = bt p =p, (2.91b)
which we can use to evaluate equations (2.89). Additionally it is im-
mediate to show relations (2.86) and we thus separate the mechanical
decoherence term £§f} from the rest of the dynamics and neglect it
for the rest of this section. We immediately find K;(t) = PL;(t)P =
PL,(t)P = 0 and PL,P = L,P. The second term in eq. (2.89c) is
more involved. We find

PL) [ 41QL,(0)Pp(t) = PL (1) [ dLs (1)Po(r)
= PLy(t) /0 CdreB= £, (1) Po(t)
—PLy (D) /0 "dr el £, (t— 1) Pp(t)
=PL (1) /Ot drefo[£) vm =T o e e Dy (1)
= P[L) e“n' 4+ H.c] /O dr LT[l mtTD L H ¢ Pp(t)

‘ t .
+PlLte A —I-H.C.]/ dr et e“nt=T) LH.c]Pp(h),
0
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taking into account that LEP = 0. We thus end up with the expanded
expression

PLy(t /dTQﬁl( YPo(t) /dre“" TP L ST Lo Pp(t) + H.c.
+ / dre“nT PLo eS0T Lo Pp(t) e 2emt L H. .
0
t . .
+/ dre“mT PLE 5T Lo Pp(t) e Bt L H ¢
0
t . .
—|—/ dre “m™ Pt eboT £t Pp(t) e Bemem) L1 .
0

The first term results from the optomechanical interaction alone and
will give rise to the familiar heating and cooling terms derived in
[Wil+08]. The second term is fast oscillating and will later be dropped
in a rotating-wave-approximation. The last two terms correspond to
scattering of photons into the cascaded cavity mode. Note that de-
pending on the detuning of the second cavity only one of the mech-
anical sidebands is resonantly scattered into the second cavity mode.
We evaluate the important terms separately, treating the integrand
only for the moment. We introduce p(t) = tri.(p(t)) and thus have
Po(t) = u(t) ® py. Additionally we here use x;, = ¢, + ci.. The first

9. Note that for oper- term gives’

ators X, Y acting on
the LC circuit we have trlc(PﬁrJ; eLOT Er;,PP(t)) = —igtr, (ﬁ;; eEOT [melcf UK PO])
trlc(X['OY) = _ig trlc(EIJlrl(Cm‘u ® eﬁgT X1cPo — HClm ® e£0T poxk))
_ +
= tne([£oX]Y) = —g2 trlc([ch Xe/ CpP & eﬁoT XjePo — HCm @ e£OT Poxlc])
Lot = (trlC(xlc e fat xlcPO)[ :n/ Cm.u] - trlc<xlc e£OT pOxlC) [Cjnl ]/lCm])
Xe™Yy
trc(Xe ) . = (tl‘lc( (T )ClcPO)[ Cons Con ] — trlc(clcczrc(T)PO) [C:Ii/ ,ucm])'
= trie([e” X]Y)

= tr (X()Y) The third and fourth term give respectively

and thus

tr (PLS 7 Lo Pp(t)) = —igtr (LS e [epmxie, 1t @ po))
= —igtne(LY (emp @ €7 x109 — pem @ €7 poxic))
= ig /1R tric([ch, Copt © O €07 X100 — pie @ O €57 poyc])
= ig /iR (tric (1 €7 x1000) [, cout] — tric(c1c €7 po1) el pc])
= igy/Tik tri(cic(T)ciepo) [ed, et

and

tri (PLS 57 L Pp(t)) = —igtro (LS ﬁ“f[c Xie, 1 g
= —igtr (L (chp @ e x1000 — ey, @ €7 pox))
= ig /T tric([cl, chat @ cic €7 X100 — pich, @ ¢ €7 pyxic])
= ig /1 (tric (e e x.00)[cd, ch] — trie (e €T poxic) el pek])
= ig /i tric(cie(T)elepo) [l cpt]-
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As we will drop the second term in RWA we do not state the expli-
cit expression here. Next we need to find the correlation functions

trlc (Clc (t)cfrc (0)p0) and lLTlc (Clc (O)Clc ( )pO) = trlc (Clc( )Clc (O)Po) . These
can be calculated by observing that

L inelacDac0)p) = ([ D]ec0)p) =
(18~ 1c/2) (e (Dec(O)po), (292)

L being the adjoint Liouville operator discussed in appendix A.3,
and thus

trlc(clc(t)circ(o)po) = exp [(iAlc - ch/z)t]l (2-933)
trlc(clc(o)cfc(t)pO) = exp [_(iAlc + ch/z)t]' (293b)

If we neglect terms of the form exp(—x,.t) we thus find"°

t .
| dre o (o)l (0)po) ~ s, (2.942)

where 17, = [& —i(—A £ wy)] 1. Taking this all together we neglect

fast rotating terms in a RWA,"" and find

p= _i[éwmc:rncml ]’l] ‘anly
+T_DleJp+T, D[ ]y+1< Dlc.Ju

N R [ (TN
— g/ mc el s_ple MAFem) L ¢}, (2.95)

where we introduced jump operators s, = —ix.y +c;rn and s_ =
—ix_cp,. The other parameters are given by egs. (1.48) and (1.50).
To get a time-independent master equation we first go into an in-
teraction picture with dw,, ¢l ¢, Which eliminates the first term in
eq. (B.12) and leads to the replacement e™“n! — e™n* (with ff =
W, + 6wy, ). We then introduce an averaged density operator, formally

defined by

t+ot
pyar= [ dep(o (2.96)

in analogy to the treatment of adiabatic elimination in the Heisen-
berg picture (appendix 1.A). (See also the treatment of heterodyne
detection in appendix B.1.1 for more details on this construction.)
0t has to be chosen to be long on the mechanical oscillation fre-
quency, but short on all other timescales. This leads to the inequal-
ity WS> 1/6t > gz/ Kier §\/ K/ Ke- If we now consider the cases
A, = :I:wre][if and neglect fast rotating terms [which give a correction of
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order O(1/ wrer{fét)] we eventually find for ji the coarse-grained master
equation

ji=Lwa+T_ Dleyli+T, Dlchii+ . Dlc]p
— gV /we (el s + [Ask, e ). (2.97)

(This procedure is discussed in more detail in appendix 3.A.) Note
that dropping the terms involving the cascaded cavity (fourth and
fith term) leads to the MEQ (1.55). We can now use the identity

1
Dla+blp = Dlalp+ Dlblp + 5a'b —ab’, p] — (la", bp] + [pb",a])
to convert this to explicit Lindblad form. For the two cases A, = +f
we find respectively

fil= Lot +iy/ncT /4™ e +Hoc, i) + T_ Dley

+ (1 =5l D[CL]IZ + D[/KcCe — ie'?+ vV ﬂtr+c1t1]ﬁ’
(2.98a)

fil= Lofi+iy/nxT_ /4™ cpec+Hoc, il + T, Deg]t

+ (1 = 5)T_ Dleg)fi + Dl/Kee. — i~ /1T _cplil,
(2.98b)

with the definition ¢, = arg(r.). If we additionally choose A, =
i—wﬁ{f the resonant terms have phases ¢ = 0 and the resonant scatter-
ing rates are I', = I := 4¢”/x., while the off-resonant rates I =el
with € = 1/[1 + (4w, /x.)*]. Equations (2.98) then lead to egs. (2.30)
and (2.43) respectively.

2.0 APPENDIX: PULSE SHAPE OPTIMISATION

Here we discuss the optimal-control problem of how to transfer
the mechanical quantum state into a cascaded cavity. We use a red-
detuned (A, = —w,,) light pulse of length 7,, whose power P(t)
can be varied in time [leading to a adiabatic coupling strength G(t)].
Additionally we assume we can tune the bandwidth «.(f) of the
cascaded cavity. To identify the relevant temporal shapes we rewrite
the system’s evolution in terms of Langevin equations [see equations
(2.46)]. Here we are only interested in the classical dynamics and we
thus introduce the mean values B(t) = (¢, (t)) and &(t) = (c.(1)).
Their equations of motion are

(2.99a)

&(t) = =S (HDE(H) —iy/G(Or(DBLE). (2.99b)
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Clearly (2.99a) has the solution
t
B(t) = exp (—;/0 dTG(T)> B(0) (2.100)

and we can thus write, after formally integrating (2.99b),
&) = o2 Jo? dec(t) &(0)

—i {/072 dty/G(t)x.(t) e~ 2 i dore(s) g1 fo dsG(s) B(0). (2.101)

Our goal now is to maximize the term in brackets in the second line
(we call it I) which quantifies the fidelity of the state swap and fulfills
0 < I <1. We define two functions

v(t) = /G(t) et h dsG(s), (2.102a)

w(t) = \/x(t) et ) dske(s), (2.102b)

which we assume to be square integrable. We can thus write the over-
lap I as a scalar product on the underlying vector space, which obeys
the Cauchy-Schwartz inequality

I=(v,w)* < (v,0)(w,w). (2.103)

The right-hand side is easily evaluated and we find

(v,0) =1—e X,

(w,w) =1— e Ko

with K, = [;?dsG(s) and K,, = [, dsk(s). The inequality (2.103)

is saturated for the choice v = w, or equivalently (as v,w > 0) for

v’ =w’ A possible choice for G and «. is thus

G(t)=Ne" i doels), (2.104a)
k.(t) = Ne~ Jy dsG(s), (2.104b)

where N fixes their norm. The set of differential equations corres-
ponding to (2.104) is

G(t) = x.(t)G(t), (2.105a)

k.(t) = —x.(£)G(t), (2.105b)
with the boundary conditions

G(1) = x.(0) = N. (2.106)
Non-singular solutions of these equations are given by

G(t) = = e%%_m, (2.107a)

K. () M (2.107b)

T 1 4e M@

where the parameter M is determined by the condition G(1,) =
K.(0) = M(1 +eM™) !, Functions (2.107) are shown in fig. 26.
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We discussed in chapter 2 how pulsed protocols can be used to
achieve quantum control of optomechanical systems. These schemes
do not rely on the existence of a steady state, i.e., they can also
be operated in an unstable regime, and thus also in the case of a
resonantly driven two-mode squeezing interaction.

In this chapter we explore continuous-wave protocols that exploit
entanglement as a resource for measurement-based time-continuous
control of cavity-optomechanical systems, and which allow us to en-
gineer a steady state. Specifically we will discuss feedback cooling
of the mechanical oscillator to its ground state for a blue detuned
laser drive (section 3.1), preparation of a mechanical oscillator in a
general Gaussian (squeezed) state via time-continuous teleportation
(section 3.3), and preparation of two remote mechanical systems in an
(Einstein-Podolsky—Rosen) entangled state by time-continuous entan-
glement swapping (section 3.4).

3.1 OPTOMECHANICAL FEEDBACK COOLING

Feedback cooling of mechanical oscillators has been analysed in de-
tail in the literature [MVTg8; DJgg; CHPo1; Vit+02; Gen+o8a; HM13].
The setup typically considered, which is also the basis for the scheme
discussed here, is depicted in fig. 28: The output light of an optomech-
anical cavity is measured by a homodyne detector and the measure-
ment results are fed back to the cavity in a suitable manner, such that
the mechanical system is driven to a low-entropy steady state. The
regime for feedback cooling discussed in the literature is typically re-
stricted to a resonant drive and the bad-cavity regime x > w,,. In this
section we will discuss that feedback cooling can also be effectively
operated in the sideband-resolved regime ¥ < w,,, and even on the
blue sideband A. = w,,, which is normally affiliated with heating.
We will show that we can harness the entanglement created by the
optomechanical two-mode squeezing interaction for a measurement-
based feedback scheme, which enables us to cool the mechanical mo-
tion to its ground state.

Feedback control typically consists of two stages: An estimation
part that aims to obtain the best possible understanding of the sys-
tem’s state, and a control part that generates a feedback signal from
the knowledge obtained in the estimation. We already discussed in
section 1.4 how measurement results from homodyne detection can
be used to calculate the conditional quantum state of the mechan-
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ical system. This state can now be used as a basis for applying a
linear—quadratic-Gaussian (LQG) control scheme—a tool from clas-
sical control theory that attains the optimal cooling performance
for the chosen configuration—in order to prepare a cold mechanical
quantum state.

Feedback onto the mechanical system can either be effected by dir-
ect driving through a piezoelectric device [Pog+o7], or by modula-
tion of the laser input, as we will assume in the following. This type
of optical feedback can be described by adding an additional time-
dependent term

Hy, = —ivV/k(e(t) e — e(t)eg] = V2x[u,()xc +ue(Bpd]  (3.1)

to the Hamiltonian, where (t) = u,(t) +iu,(t) € C is the com-

plex amplitude of the feedback signal, and |e(t)|* accordingly is the
incoming photon flux. To choose an appropriate feedback strategy
we employ quantum LQG control [Belgg], which is designed to min-
imize a quadratic cost function as described in appendix B.3.2. Ap-
plied to feedback cooling the basic working principle is the follow-
ing: From the measurement results of the homodyne detection we
calculate the system’s conditional state p,(t), whose evolution is de-
scribed by eq. (1.57). Based on this state we can then determine the
optimal feedback signal €(¢) that minimizes the steady-state mechan-
ical occupation number (cf ¢, )* = 1[(x% + pa)* — 1]. This of course
means that the final occupation number depends on the conditional
state (more specifically on the covariance matrix £), and thus on the
chosen LO angle for the homodyne detection as we discussed above.
A suitable cost function for this problem is given by

B (£), Pon (£), (1)) = It |2 (1) + P (0| + D, 3:2)

with h,, > 0. Note that / also includes a contribution by the feed-
back signal e, which precludes feedback strategies with unrealistically
high feedback strength. The parameter /,, therefore effects a trade-off
between feedback strength and final occupation number #7;: high val-
ues of h, result in low occupation number possibly requiring large
le| and vice versa. The mean photon flux in the feedback signal can
be calculated as described in appendix B.3.2. For the parameters used
in this section we find that on average ]s\z is small compared to the
overall driving strength in typical experiments. Only in the region
of x — 0—where almost no photons enter the cavity—the required
le|? may increase dramatically. We note that in order for LQG con-
trol to work correctly, certain observability and controllability con-
ditions need to be satisfied [WMog], which is indeed the case for
our system. Additionally, we assume here that the feedback onto the
laser field is instantaneous. In practice this means that any feedback
delay T should be small on the typical timescales of the system, i.e.,
T/ wy, 1/x.
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FIGURE 29. Steady-state mechanical occupation number 7}, minimized with
respect to the LO angle ¢ against detuning of the driving laser A, (a) in
the bad-cavity regime (x = 4w,,) and (b) in the sideband-resolved regime
(x = wy,/2), for detection efficiencies # = 1 (solid lines) and # = 8/10
(dashed lines). Different colours denote different coupling strengths g. Other
parameters: Q = 5-10°, 71 = 3.5 - 10°, h,, =100
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The final mechanical occupation is found by first calculating the
steady-state variances (Ax,,)* and (Ap,,)* for a closed feedback loop
as outlined in appendix B.3.2. 53 is then given by n%s = 1[(Ax,)* +
(Apm)? —1] (For (x)™ = (pp)** = 0).

In fig. 29 we plot the steady-state occupation numbers of the
feedback-cooled mechanical mode against the laser detuning A,
for the bad-cavity regime (upper plot) and the sideband-resolved
regime (lower plot), for two different coupling strengths g. For each
detuning the homodyne phase ¢ is chosen such, that the occupation
number is minimized." Note that we keep g constant while varying
A. (or x). This means that the driving laser power has to be adjusted
accordingly. In the bad-cavity regime x > w,,, we find that driving on
resonance is favourable for both values of g. In this case the optimal
LO phase is ¢ = 71/2, as discussed in the previous section. This is
the usual regime for feedback cooling [CHP99; Wil+14].

For micro-mechanical systems, however, the sideband-resolved re-
gime x < wy, is typically more relevant. In this regime the picture
changes completely. For weak coupling (¢ < k) we find two pro-
nounced dips at both mechanical sidebands (A. = +w,,), where n},
is locally minimal and clearly lies below the value on resonance. It
is obvious from the figure that cooling works best on the red side-
band (A. = —wy,), where we have a cumulative effect from passive
sideband and feedback cooling (see also fig. 30). However, even on
the blue sideband (A. = w,,)—which is commonly associated with
heating—we find an appreciable reduction of the mechanical occu-
pation by feedback cooling. As we discussed in section 1.4, we can
attribute this effect to large optomechanical correlations, which allow
for a good read out of the mechanical motion and thus a good feed-
back performance. If we increase the coupling strength to g = 0.3x we
see a peak appearing around the blue sideband (which we attribute
to ponderomotive squeezing of the output fields), pushing the occu-
pation number above the value at A, = 0. For both regimes we plot
graphs for two different detection efficiencies 7 = 1 (lossless detec-
tion) and 7 = 8/10. Clearly, non-unit detection efficiency leads to a
noticeable degradation of feedback-cooling performance. Only at the
red sideband and in the sideband-resolved regime, where the effect of
sideband cooling dominates, the final occupation number is virtually
unaffected.

Figure 30(a) shows the mechanical occupation for three detunings
A. = 0, w,, plotted against g. For A, = —w,,, we show, additionally
to the closed-loop feedback solution (red solid line), the solution for
sideband cooling (red dashed line). While for A, = 0 and A, = —w,,
the occupation number steadily decreases—in the depicted range—
for growing g, for A, = w,, a clear minimum is visible in the weak
coupling regime at ¢ ~ x/10. This minimum lies well below the value
for A. = 0 (but still above the value for the red sideband). This means
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FIGURE 30. Steady-state mechanical occupation number 7}, minimized with
respect to ¢ for different driving frequencies A, = 0, £w,,, corresponding to
a laser drive on the mechanical sidebands and on resonance (represented by
different colours). Solid lines represent feedback cooling, while the dashed
line (for A, = —wy, only) corresponds to sideband cooling without feedback.
(a) nyy against coupling g for fixed cavity decay rate x = w,,/2 (sideband
resolved regime). (b) ny, against k for § = w,,/10 (weak coupling regime).
Other parameters for both (a) and (b): Q =5 106, i=235- 105, h,, = 100,
n=1
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that there exists a considerably large parameter regime where a de-
tuned operation significantly improves the performance of feedback
cooling. Note that all curves rise drastically in the strong-coupling
regime, where g/x 2 1 (not shown in the plot). In fig. 30(b) we plot
1y, against cavity linewidth « for constant coupling g. Again we find
that feedback on the sidebands works best in the sideband-resolved
regime, while in the bad cavity regime working on resonance yields
(slightly) better performance. Again, the occupation number is min-
imized with respect to the homodyne phase ¢ at each point in the
plot.

In summary we illustrated that feedback cooling in the resolved-
sideband regime is a viable option for cooling the mechanical oscil-
lator into its ground state. It turns out that in this regime driving the
system on the blue mechanical sideband yields a lower mechanical
occupation number than operating on resonance. As an extension of
this protocol we will show in section 3.3, that a similar setup oper-
ating at the same working point can be used to remotely prepare a
squeezed mechanical state via time-continuous teleportation.

3.2 TIME-CONTINUOUS BELL MEASUREMENTS

We discussed in section 2.1 how a continuous-variable Bell measure-
ment can be used to teleport the quantum state of a light pulse onto
a mechanical oscillator. In systems which are amenable to strong
projective measurements (e. g., photons [Bou+97; She+06] and atoms
[Rie+o04; Bar+o4]), Bell measurements constitute a well established,
versatile tool for quantum control and state engineering. However,
in many physical systems only weak, indirect, but time-continuous
measurements are available. Continuous measurements, described by
stochastic Schrodinger and master equations, themselves constitute a
corner stone of quantum control. In this section we will combine these
important concepts and establish the notion of time-continuous Bell
measurements. They are realized via continuous homodyne detection
of electromagnetic fields, and can be applied to a great number of sys-
tems, including those which cannot be measured projectively. We de-
rive the constitutive equations of motion—the conditional stochastic
Schrodinger/master equation and the unconditional feedback mas-
ter equation—of the monitored systems. In particular we analyse two
generic scenarios—time-continuous quantum teleportation and continu-
ous entanglement swapping. We will first discuss both protocols for
generic systems (sections 3.2.1 and 3.2.2); the optomechanical imple-
mentation is the subject of sections 3.3 and 3.4.
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3.2 TIME-CONTINUOUS BELL MEASUREMENTS

3.2.1  Time-continuous Teleportation

We consider the setup depicted in fig. 31: A one-dimensional electro-
magnetic field mode A [described by the field operator a(t)] couples
to a system S via a beam-splitter-like interaction

Hing = ifsa’ (t) + s"a(t)]. (33)

A is then mixed with a second field B [with a field operator b(t)] on
a beam-splitter and the resulting fields are sent to two homodyne de-
tection setups which measure the EPR quadratures x, = x, + x;, and
p_ = p, — pp Where x,, x, and p,, p, are the amplitude and phase
quadratures of the respective fields. The field B is prepared in a pure
state of Gaussian squeezed white noise, which we denote by |M),
where M € C characterizes the squeezing; | M| describes the absolute
increase (reduction) of the (anti-)squeezed quadrature, while arg (M)
determines the squeezing angle. Provided the system-field interac-
tion creates entanglement between the system and the outgoing light
field, the state of B can be teleported to S by applying (instantaneous)
feedback proportional to the measurement results of the Bell meas-
urement (I.). This effectively generates dissipative dynamics which
drive the system into a steady state coinciding with the input light
state.

Conditional Master Equation

To find the corresponding SME, describing the state of S conditioned
on measurements of x, and p_, we apply the same reasoning as
in appendix B.1.1 to describe homodyne detection. (The presented
results have also been derived in a more formal way in [DG14].) We
start from the Schrodinger equation [eq. (A.27)] for the full system
(5+A+B)

d[¥(t)) = [~iHg dt +sdAT(t) = sTdA)][E(H)), (3.4
with the initial condition [¥() = [1g)s ® |[vac) y @ [M)p, Hegt = Heys —
i%ers, and an unspecified system Hamiltonian Hgy. As mode A is

assumed to be in vacuum, the quantum Wiener increment dA obeys
the Itd multiplication table (A.14). As B is prepared in a squeezed
state the multiplication table for dB on the other hand is given by

x | dB dB"  dt
dB | Mdt (N+1)dt 0
dB' | Ndt  M*dt 0
dt | 0 0 0

Due to the Heisenberg uncertainty relation N and M must obey
IM|* < N(N + 1), where equality holds for a pure state. The eigen-
value equation for squeezed states can be written as

[dB(t) — adB'(t)]|M) =0, (3-5)
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with « = (N + M)/(N + M* + 1). Using this together with the fact
that dA(t)|vac) = 0, we can write

d|¥) = {—iHeff dt+s [dA+ —xdA+dB -« dB*} } P)

(3.6)
_ {_iHeff dt +v/1/2s [udX, +iv dP—]} ¥),

where y = 1—a, v = 14 a. We introduced dX_ (t) = x_(t)dt,
dP_(t) = p_(t)dt and going from the first to the second line we
used the fact that a" +b = (x, +ip_)/+/2. We now note that x, and
p_ commute and can be measured simultaneously.” We can thus dir-
ectly project equation (3.6) onto the EPR state |I,I_),p defined by
x|l )ap =1 |Iy1 )apand p_[I, 1 )ap =1 |I,1 ),p. This yields
the linear stochastic Schrodinger equation

d|f) = {~iHesdt +V1/2s[udX, +ivdP [} lg),  (2)

where dX_ (t) = I.(t)dt and dP_(t) = I_(t)dt are classical pro-
cesses, which possess the same statistical properties as their quantum
counterparts. The photo-currents I, (analogous to homodyne detec-
tion discussed in section 1.3.2) can be written as

I, dt = V1/2(s +s") dt +dW,, (3.8a)
[_dt=iv1/2(s —s"), dt+dW_, (3.8b)

with correlated Wiener increments dW.,.. The (co-)variances of dW..
are given by

wy dt=(dW,)* = [N + 1+ (M 4+ M*) /2] dt, (3.9)
wydt:=(dW_)* = [N +1 — (M + M*) /2] dt, (3.9b)
wydt:=dW,_dW_ = —[i(M — M")/2] dt, (3.9¢)

and directly follow from the definition of dX,, dP_ and the multi-
plication tables for dA and dB. To find the SME corresponding to
eq. (3.7) we first use Ito calculus to find an expression for d|,) ({.|,
which we can then normalize. (See appendix B.1.1 for a more detailed
explanation of this process.) It is convenient to introduce the complex
increment

dY(t) = pdX_ (t) +ivdP_(t), (3.10)
which obeys?

dy? =27¢dt:= —2N/M*dt, (3.11a)

dY [ = [|y|2w1 + [v|Pw, +2Im(pv™)] dt = 2dt. (3.11b)

With this knowledge we can immediately write the Zakai equation—
the equation of motion for the unnormalized state [WMog, p 197]—
corresponding to (3.7) as

dp. = Lo, dt +/1/2 (spc dY +p,s' dY*) , (3-12)
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3.2 TIME-CONTINUOUS BELL MEASUREMENTS

with the standard Liouvillian Lo = —i[Hyy, p] + D[s]p. To normalize
this equation we first calculate

tr(p(t+dt)) =14+ v1/2[(s(t)).dY(t) + H.c.], (3.13)

which we use to obtain (by expanding to second order in dY)

tr(f(t+dt) " =1—V1/2[(s(t)).dY(t) + H.c]
+(172) {[(s(0) J0 + [(s" ()" +4l(s(1)c } dt. G1a)

Combining this with (3.12) we find after some algebra

dp, = Lo dt +v1/2 [u(s — (s).)p. + H.c.] p. dW,
+V1/2 [iv(s — (s).)p. + H.c.] p. dW_ (3.15)
= Lo, dt +V1/2{H[us|p. AW, + H[ivs|p.dW_}.

It can easily be checked that due to the fact |dY|* = 2d¢ this is a
equation of the form eq. (B.17) and thus a valid Belavkin equation
[Belg2].

To conclude this section let us briefly discuss, as a slight variation
of the above setup, the situation where instead of the squeezed
state |M); we use a displaced squeezed state |M, B)5 = exp(Bb' —
B*b)|M)g = Dg(B)|M)p with B € C as an initial state of mode B, and
thus as an input state for teleportation. Transforming the Schrodinger
equation (3.4) into a displaced frame with Dy (B) shows that the struc-
ture of the stochastic Schrodinger equation (SSE) (3.7) and the SME
(3.15) remains unchanged, if the measurement processes are replaced
by appropriately displaced versions

dX'. =dXx, —V1/2(8 + ) dt, (3.16a)
dP. =dP_+iv1/2( — B*)dt (3.16b)

[which consequently is also the case for the currents Iy in egua—
tions (3.8)]. Note that due to It rules we have dX = dX2 dp’”
dP?

Feedback Master Equation

We follow [Wisg4] to apply Markovian (i. e., instantaneous) feedback
proportional to the homodyne currents I, to the system S. (The sim-
pler case of homodyne feedback is reviewed in detail in appendix B.2.)
We want to add a term

(S) [dpc]fb =V 1/277(IC+I+ + K?I?)pc (3-17)

describing the feedback to the conditional evolution (where 7 de-
scribes a non-unit detector efficiency, as discussed in appendix B.1.1).
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TIME-CONTINUOUS QUANTUM CONTROL

The feedback we model as generalized forces F, = F! in the form of
additional Hamiltonian terms, which we write as

Kipl, = —i[F. 1., p]. (3.18)

As K is linear, eq. (3.17) can easily be converted to It6 form,*
(1) [dpcp = V1/27(K, dX| +K_dP_)p.+
(1/4n)(K, d}?nu + K- dﬁ—)zpr (3.19)

We then rewrite the SME (3.15) in terms of the complex Wiener incre-
ment

dWy =pudW,_ +ivdW_. (3.20)

Additionally introducing the (non-linear) operators Gp = [s — tr(sp)]p
and G'p = (Gp)" this leads to

dp, = Lo, dt + \/Z (Goc AW, + G'p. dW;). (3.21)

The evolution under continuous feedback and measurement is then
described by [Wisg4]
o (t+dt) = [1+ (1/2)(K,dX, +K_dP.)
+ (1/47) (K, dX, + K_dP_)?*x
[1+ L£dt ++/5/2(G AW, + G'dW; ) ]p.(t),

(3-22)

which can be cast into the form

dp. = Lo, + (1/4n) (K. dX, + K_dP_)’p,
£ (1/2)(K, dX, +K_dP ) (GdW, +G'dW;)p,
+/1/2y(K, dX, +K_dP_)p,
+/1/2(GdW, + G dWy)p.. (3.23)
Note that the ordering G ensures that we obtain a trace-preserving
master equation [WMog3]. We can now average over all possible meas-
urement trajectories (i.e., over all classical processes X, P_) to ob-

tain an unconditional (deterministic) master equation. Expanding the
quadratic terms yields,

(Ky dX, +K_dP_)? = [0, K% +w,K2 4+ ws(K.K_+K_KC, )] dt,
and

(K dX, +K_dP_)(GdW, + G dW;)p.
=K, (G+G)p.dt + K_(iG —iG")p. dt,
= K H[s]p. dt + K_ H]is]p. dt,
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3.2 TIME-CONTINUOUS BELL MEASUREMENTS

where we used
dX, dW, = pw; +ivw; =1,
dP_dW, = pw; +ivw, = i.
Taking this all together leads to

. 1 (w—w .
p= Lo+ 5 { DR —ilF, s+ |

+5 {wZ;%D[F] —i[F_, (is)p + P(iS)Jr]}

Ws
—D .
+ 27] [P+ + ‘F*]’ (3 24)
where we used the fact that %(lCi)z = D[F,] and F(K . K_ +
K_K,) = D[F, + F_] - D[F_] — D[F,]. Using the identity D[s +
iF,]p = D[s|p + D[F.]p +i[Fy,sp + ps'] + 510, Fis + s'F,] this can
be written in the more familiar Lindblad form

o= —i[H+ i {(F+ +iF )s+st(F, —iF_)},p]

1
+3{ Dl —iF o+ Dls—F o+ SEDIF, +F Jp

+ (u’l;% ~1)DIF,Jo+ (wz;wf‘ - 1)D[F]p}- (3-25)

This is the main result of this section. The evolution of the system
S thus effectively depends on the state of the field B (via w;) which
has never interacted with S, and which can, in principle, even change
(adiabatically) in time. Equation (3.25) can thus be viewed as a con-
tinuous “remote preparation” of quantum states.
To illustrate this point we consider the case where the target sys-
tem S is a bosonic mode. For a system to be amenable to continuous
teleportation the system—field interaction must enable entanglement
creation. We thus set’ s = df, with 4 a bosonic annihilation operator, 5. Note that the jump
and therefore obtain Hy,, o« d a(t) +d'a’ (t) (which is just a two-mode- operators include an
squeezing interaction). Additionally we choose F, = i(d —d') and x;esﬁgti:: :Itrensit h(') As

F.=(d+ d+), which means that the photocurrents I, I_ will be fed °ys

+ + below we can set it
back to the x &« (d+d') and p « i(d +d') quadrature, respectively. to 1 without loss of

The resulting equation can be brought into the form generality.
p = —ilHys,p] + (2N +1) DlJp, (3.26)

where the jump operator | is determined by
Jx —i2N+1-M—-M)x+ (1+M—-M")p (3.27)

(with an appropriate normalization). If we define as U/, the local
unitary which effects the canonical transformation x — p, p — —x,
we find by comparison with the eigenvalue equation for |M),

[(1-M+MHx+i2N+1+ M+ M")p]|M) =0, (3.28)
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FIG 32. Schematic
of time-continuous
entanglement swap-
ping setup (green
dashed box marks
the time-continuous
Bell measurement)

o
LG | C4,

i Eﬁ—" I/

| G

! Y A 50:50
:_____________f__‘ Nv:l-v

FIG 33. Detail of
the additional sta-
bilizing measure-
ments (yellow box).

TIME-CONTINUOUS QUANTUM CONTROL

that U /2JUy 2| — M) = 0. Taking into account the relations

(P = 32N +1+ M+ M"), (3.29a)
<p2)M J2N+1-M—-M"), (3.29b)
Re((xp)p) = —3(M — M"), (3-29¢)

one can easily see that U, ;| — M) = [M). For Hy,, = 0 equation
(3.26) thus has the steady-state solution p* = |[M) (M|, where J|M) =
0 and hence D[]J]p* = 0. Note that for the vacuum case N = M = 0
we find | = ¢, which means that, devoid of other decoherence terms,
the system will be driven to its ground state.

Below, we will come back to this scenario, and discuss its imple-
mentation on the basis of an optomechanical system in more detail.

If we consider again the situation where we use a displace squeezed
state |M, [3>B as input, we make the replacements dX, — dX/, and
dP_ — dP’ [see (3. 16)] in equation (3.23). This only changes the third
line as all products dX*, dX dW,, etc. are unaffected. After taking the

classical avera\§g this yields an add1t1onal Hamiltonian term
Hegp = V2[Re(B)F. — Im(B)F_| (3:30)

coh —
which has to be incorporated into £ in the feedback master equation
(3.24), and effects a displacement of the steady state.

3.2.2  Time-continuous Entanglement Swapping

We now replace the Gaussian input state in mode B with a field state
emitted by a second system [see fig. 32], which is then, together with
field A, sent to a Bell measurement as before. If before the meas-
urement the light fields are entangled to the emitting systems, the
bipartite system state will be projected into an EPR-entangled state.
As this might lead to unstable system dynamics, we add two homo-
dyne detectors to the setup, which help us to stabilize the systems
[VMHz13].

Conditional Master Equation

We assume that the second system S, couples to the field B via H;,; =
i[s,b" (t) — s3b(t)]. A and B are combined on a 50:50 beam-splitter to
form the combinations 2 &+ b in the outputs. These outputs are sent
to a pair of beam-splitters (with an uneven splitting ratio v: 1 —v)
and subsequently to a total of four homodyne setups. If we label the
modes incident on the homodyne detectors as C; (described by field
operators c;) fori = 1...4 [see fig. 33], we find the following relations
to modes A and B,

=Vv/2(c1 +¢3) = /(1 —=v)/2(c5 +¢cy), (3-31)
b=+Vv/2(c; —cy) =/ (1 —0)/2(c5 — cy). (3.31b)
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3.2 TIME-CONTINUOUS BELL MEASUREMENTS

We now choose the LO phases of the four homodyne setups such that
they measure x, =c; + o, p_=—i(c, — ), x_=c, + ¢} and pi=—
i(e3 — cg) These four measurements allow us to simultaneously mon-
itor both quadratures of both systems (although with reduced effi-
ciency). The measurement of x, and p_, which we choose to have a
relative strength v set by the beam-splitting ratio, realize a Bell meas-
urement as before, while the measurement of the conjugate quadrat-
ures x_ and p, with a strength 1 — v, we will need for stabilization
of S; and S,.

To derive the corresponding SME we apply the same logic as before.
We start from the Schrodinger equation for the full system (S; + S, +
field modes),

dy) = [—iHeffdt+sl(dA++dA) +sz(dB++dB)} ¥), (3.32)

with an initial state [Yo) = [¢)ss, ® [vac)seq and an effective
Hamiltonian H.4 = Hg,g + Hs(}z,g — % =12 s;si. We then rewrite this

in terms of dX, and dP, [by plugging (3.31) into eq. (3.32)] and
project onto eigenstates corresponding to measurement outcomes I,
I'.. With the definition s, = s; + s, we find

d‘lpc> - _iHeffWJc) dt + v 0/2[S+ di-l— +is_ dﬁ—”¢c>
+4/(1—v)/2[is, dX_ +s_dP,]ly.) (3.33)

where [,) is unnormalized. As all electromagnetic field modes are
assumed to be in vacuum we find that the measurement processes
have unit variance, dX, () = dP,(t)*> = dt, and that they are mu-
tually uncorrelated, i.e., dx n dX_ =dX n dp . = 0, etc. This can be
shown by expressing c; in terms of 4, b and using Ito rules, where we
have to take into account vacuum noise entering through the open
ports of the second pair of beam-splitters (not explicitly introduced
here). The homodyne currents are given by

L dt =vv/2(s, +5%) +dW,, (3-34a)
L dt =ivu/2(s_ —s" ) +dW_, (3.34b)
I, dt =iy/(1—v)/2 <s+—si>c+dV+, (3-34¢)
I dt =/(1—v)/2(s_+s") +dV_. (3.34d)

where the Wiener increments dW,. and dV.. obey a multiplication
table corresponding to the one of dX, and dP.. As we now have
four uncorrelated homodyne measurements we can directly apply
the procedure laid out in appendix B.1.1 and arrive at the SME

dpo. = Lo, dt + Vv/2{H[s |p. AW, + H]is_]p, dW_}
+y/ (1 =v)/2{His Jo. AV, +H[s_Jo.dV_}, (335)
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with Lp = — [Hs(yg + Hs(yg,p] + D[s1]p + D|s,]p. These results can al-
ternatively be derived in a similar spirit but in a more formal way
within the framework of quantum networks, as for example presen-

ted in [GJog].

Feedback Master Equation

In this entanglement swapping scheme all four homodyne currents,
I. (Bell measurement) and I, (stabilizing measurements), are fed
back to both systems. (For convenience we will in the following label
the photo-currents by I;, i = 1,...,4, according to the light modes
C; they correspond to.) We again describe this by the operations
K[Elol; = —i[EL,p] (i = 1,...,4), where F; = F; now act on the
combined Hilbert space of S; 4 S,. Using the procedure from before
it is straightforward to show that the corresponding FME can be writ-
ten as

[s:rFl- + Fss;, p]

M»&

. . i
p= _I[Hsyslp] 5

I
—_

i

+E{ s; — iF}] ;UD[E]}, (3-36)

with (s,)i; = (V/vs,,iv/vs_,iv/1 — vs,, /1 — vs_). [Compare this to
eq. (B.34)]. Here we assumed that all detectors have the same effi-
ciency 7.

Let us again consider the case of bosonic modes, with jump oper-
ators (assuming a unity coupling rate) s; = di, s, = d3 ([dl,d;r] 5ij)s
not including the stabilizing measurements (i.e., v = 1). We thus
have (s_,s.) = (d%,d") and choose (F,,F,) = (id, —id",d_+d").
For Hy,s = 0 (and 7 = 1) this gives the master equation

b= —% (% —d* —H.c.,p]+Dld Jo+ Dld_lp.

The Lindblad terms damp the system, while the Hamiltonian term
generates squeezing dynamics in the EPR-modes,® which amplifies
the system. This becomes clearer when looking at the corresponding
Langevin equations for the quadratures corresponding quadratures
xpocdy +dy, poooci(dy —dy),

d i d i
ax+:—(%+2)x++xf, ap+:_(%_2)P++P£r
d - .
@x—:_(%_z)x—+xlfr ap_:—(%—i—Z)p_—l—pT,

where xij;, pij; denote appropriate noise contributions. These equa-
tions indicate that x, and p_ will become squeezed while x_ and p,
will be anti-squeezed. This instability can be prevented by introdu-
cing the additional measurement (and feedback) channels; they will,
however, also limit the generated squeezing and thus the amount of
created entanglement.
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3.3 OPTOMECHANICAL TIME-CONTINUOUS TELEPORTATION

In section 3.2.1 we derived the constitutive equations of motion de-
scribing time-continuous teleportation (the conditional master equa-
tion and feedback master equation) for a generic system. In this sec-
tion we will focus on the optomechanical implementation (see fig. 34).
Technical details are discussed in appendix 3.A.2.

In order to successfully implement continuous teleportation in op-
tomechanical systems we need to appropriately design our measure-
ment setup. We saw that in the regime ¢ < x¥ < w,, and for a
blue drive with A, = w,,, the optomechanical interaction essentially
gives rise to a two-mode squeezing dynamics between the mechan-
ical mode and the extracavity light field,” which is the required inter-
action for teleportation. Consequently the mechanical oscillator res-
onantly scatters photons into the lower sideband at w, = wy — wy,;
spectrally, the photons which are correlated with the mechanical mo-
tion are therefore located at this sideband frequency. We thus set up
our Bell measurement in the following way: Firstly, we choose the
centre frequency of the squeezed input light located at the sideband
frequency w,.. Secondly, we now use heterodyne detection to measure
quadratures at the same frequency.

In appendix 3.A.2 we show that after adiabatic elimination of the
cavity mode and a rotating-wave approximation, the evolution of the
conditional mechanical state pgm) in a rotating frame with w,, (neg-
lecting the mechanical frequency shift by the optical-spring effect, see
appendix 3.A.2) is described by the stochastic master equation

dol™ =7 _Dlcy]pt™ dt + 7. Dlch o™ dt

2

K . m m
— |5 (Al en] o™ aW, = Mg cppl™ dW_} .

(3-37)

The first row corresponds to the standard adiabatic master equation
(1.55), while the second row describes the time-continuous Bell meas-
urement, where the squeezing parameter M is encoded in y =1 —a
and v = 1+a, witha = (N+ M)/(N + M" +1). 7 is the detection
efficiency as before. The photo-currents resulting from the Bell meas-
urement are

I, dt = —i/ng*x/2 (17+c1+n—H.c.>dt+dW , (3.38a)
I_dt = \/5g*k/2 (g, ch +H.c)dt+dW_, (3.38b)

where dW, are correlated Wiener increments whose (co-)variances
are given in eq. (3.9). For the choice A, = w,, we have 7, = 2/«
and n_ = 1/(5 + 2iwy,). Thus I, approximately correspond to meas-
urements of the mechanical quadratures p,, and x,, respectively. We
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model the feedback as instantaneous displacements of the mechanical
oscillator in phase space, where the feedback strength is proportional
to the heterodyne currents I, (¢). This is described by Hamiltonian
terms I, (t)F,, where F, = Fl are generalized forces. The feedback
operators we choose to be

F. = =28k 11 X, (3-392)
Fo = —\/28%k 7, P, (3.39b)

which generate a displacement in p, and x,, respectively. The pre-
factors of F. (i.e., the feedback gain) we chose such that they match
the measurement strength of the Bell detection. The corresponding
feedback master equation (in the same rotating frame) can be written
as

o™ = (71 +1)Dle]o™ + yD[cly]p™
+ (487 /%) {A1(€)D[J1(€)] + Ay (e)Da(€)]} o™, (3.40)

where € = [1 + (4w,,/x)*]"" quantifies the suppression of the
counter-rotating interaction terms (i.e., the optomechanical beam-
splitter) as before. The effective Lindblad terms are determined by A;
and J;, which are obtained (see appendix 3.A.2) from the eigenvalue
decomposition of the positive matrix

w, 1 ws i
A (70 JFree),
-5 —2(l+e) St—3(1+e€)
For efficient detection (7 = 1) we obtain A; = (2N +1) + O(e) and
A, = O(e), which means that in the sideband-resolved regime the
jump operator J,(€) contributes only weakly. In zeroth order in € the
dominating dissipative dynamics are generated by

J1(0) x —i2N+1—-M - M xp, + (1+M—M")p,,,  (3.41)

which is just the situation we already encountered in section 3.2.1.
This means that |M) (M| is a dark state of D[J;(0)] and thus in the
ideal limit of ¥ = 0, € = 0, 7 = 1 the steady state of (3.40) is

lim o™ (£) = | M) (M]. (3.42)
Hence, the optical input state is perfectly transferred to the mechan-
ical mode.

Moving away from the ideal case, the protocol’s performance is de-
graded by mechanical decoherence effects (y7 > 0), counter-rotating
terms of the optomechanical interaction which are suppressed by
€ < 1, and inefficient detection (7 < 1) which leads to imperfect feed-
back. [All these effects are captured by the master equation (3.40).]
Figure 35 shows the steady-state squeezing { transmitted to the mech-
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FIGURE 35. Mechanical squeezing { against cooperativity C: (a) Varying
mechanical bath occupation 7 = 0, 1/10, 1/2, oo (represented by different
colours) and unit detection efficiency # = 1; The solid (dashed) lines rep-
resent a sideband resolution of «/w,, = 1/10 (1). (b) Different detection
efficiencies 7 = 1, 9/10, 7/10, 6/10 (represented by different colours) and
K = wy,/10; Here the solid (dashed) lines represent /i = 0 (o0). In both plots
the horizontal solid line at { = —6dB (corresponding to N ~ 0.56) shows
the squeezing level of the input light and the vertical dashed line the critical
cooperativity C.; =~ 2.7. Note that in (b) C_; marks the value of C above
which the blue dashed line (n — oo, 7 = 1) falls below 0 (i. e., squeezing is
transferred).
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anical mode for different parameters plotted against the optomechan-
ical cooperativity C = 4g2/ (71 4+ 1)y«x. In the upper plot we assume
perfect detection efficiency 7 = 1 and find that in this case there exists
a critical value C.(N) = 1/[y/N(N + 1)] determined by the input
squeezing N above which the resulting mechanical state is squeezed
for any thermal occupation number 7. The lower plot clearly shows
that this is no longer true if we assume non-unit detection efficiency
7. We find that below a certain critical value 7. (N, 7) we can no
longer transfer squeezing to the mechanical oscillator, but we rather
heat it instead. (This is even true for a zero-temperature mechanical
environment, as illustrated in the plot.) In this general case it can be
beneficial to chose a modified feedback gain, i.e., use feedback op-
erators F, = oF, with ¢ # 1. In the parameter regime we consider,
however, the resulting improvements are negligible.

3.4 OPTOMECHANICAL TIME-CONTINUOUS
ENTANGLEMENT SWAPPING

We now replace the squeezed field mode with a second optomech-
anical cavity, as is depicted in fig. 36. The goal of this scheme is to
generate stationary entanglement between the two mechanical sub-
systems. The implementation is akin to the teleportation protocol
presented above: Both cavities are driven on the blue sideband to
resonantly enhance the two-mode squeezing interaction, and their
output light is sent to the Bell detection setup which operates at the
cavity resonance frequency w,. Feeding back the Bell detection res-
ults I corresponding to the x, and p_ quadratures of the optical
fields to both mechanical systems dissipatively drives them towards
an entangled state. There is a slight complication, however. A single
Bell measurement only allows us to separately monitor two of the
four variables (xy, 1, Pm 1, Xm 2, Pm2) Needed to describe the quantum
state of the mechanical systems.” Combined with the fact that we
drive the system on the blue side of the cavity resonance (and thus
in an unstable regime) this means that we cannot actively stabilize
the system and—depending on the driving strength and sideband
resolution—no steady state may exist. To compensate for this we ex-
tend the setup by two additional heterodyne detectors, measuring x_
and p, with outcomes I.. The effective measurement strength of this
stabilizing measurements with respect to the Bell measurement is set
by the transmissivity v of the beam-splitter in front of the heterodyne
setup (see fig. 36). Appropriate feedback of all measurement currents
Iy, I'i (for simplicity libelled I;, i = 1,...,4, below) to both mechan-
ical systems finally allows us to stabilize them in an entangled state.
Note that this setup effectively realizes two simultaneous Bell meas-
urements of the pairs (x ., p_) and (x_, p, ) with detection efficiencies
v and 1 — v respectively. In the rest of this section the two optomech-
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anical systems are assumed to be identical and all detectors to have
the same quantum detection efficiency .

In appendix 3.A.3 we show that in an adiabatic approximation the
conditional state of the two mechanical oscillators p(m) in a rotating
frame can be described by the SME (setting A. = w,,)

4 2
dp{™ = =5 {Dley]pl™ + Dleglp™ } di

2
Z{ (7 + 1)Dem, o™ )+'7’”D[mz]P£m)}dt
=1

2 4
Zi Z{ ™ dt + H] o™ dW}, (3.43)

i=1

_|_

where we set (J;, Jo) = V0 (ch,y,ich, ), (5 Ja) = VI~ 0(ich 1. ch, )
and ¢, . = ¢y 1 & ¢y 0. The Wiener processes W; are uncorrelated and
thus obey dW; dW; = §;; df, and correspond to the photo-currents

Ldt = /48" /x(J; + J]) . dt + dW,. (3-44)

The final steady state of this protocol depends on the feedback
operators F; = F' we apply. In analogy to the previous section we
choose (F;, B,) = vvo(ic, —ict,c_+c")and (F, F) = v1—v(cy +
ci,ic, — ict), which can realize independent displacements of all
mechanical quadratures. This time we introduced an additional gain
parameter ¢ which we can vary in order to optimize the amount of en-
tanglement in the resulting steady state. With these choices the FME
for optomechanical entanglement swapping takes the form

.(m : m 4 ’ m
B = —i[Hy, p™] + €= (Dleyy ] + Dlema]) o™
+Z{ (A+1)D ]pgm)+7ﬁD[CL,i]p£m)}
2¢° CiE™ 1
+K;{D[]i iEJo™ + = DIE]}, (.45

where the dynamics generated by the feedback is described by

2
Hyp =125 (14 0)o —1)(ch, . + ¢, ~Hoc). (5.46)

We can now analyse the stability properties of the linear feedback sys-
tem by evaluating the corresponding Routh-Hurwitz criterion. In the
case of no stabilizing feedback (v = 1) we find that the admissible
optomechanical coupling is limited from above by 4¢°/x < 1/(1 — ¢).
This condition thus only allows appreciably values of 4g2 /xfore =1,
and thus in the bad-cavity regime. The stabilization is caused by the
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counter-rotating beam-splitter terms cm,icfnli + H. c. of the optomech-
anical Hamiltonian, which cool the mechanical systems. This cooling
effect, however, diminishes the amount of generated steady-state en-
tanglement. If we switch on the stabilizing feedback and thus choose
v < 1, we can rewrite the Routh-Hurwitz criterion in the form

B+ (4¢°/x) 14 ¢€] >4v>[(1—e)— (45°/x) /o

(where we assumed € < 1). These inequalities are tightest in the limit
e — 0, gz/ K — oo where we have 3 > 4v > 1/0. For the rest of this
section we choose v = 3/4 which ensures stability of the feedback
system for any values of g2 /x and e—and consequently the sideband-
resolution x/w,—as long as the feedback gain fulfils ¢ > 1/3. In
the stable regime and for € = 0, # = 1 we find a simple analytic
expression for the steady-state logarithmic negativity,

% :m( 1C(7+1)(30 — 1)(4v — 1) + 1 )
C(i+1)[3c(c—1)+1]+2a+1)’

(3-47)

where we again introduced the cooperativity C = 4g2 /(7 + 1)yx.
Generally we can—for a set of parameters (C, 7, €, v, 7)—maximize
the entanglement E,, with respect to the feedback gain ¢. In fig. 37
we plot the resulting steady-state values in terms of logarithmic neg-
ativity E,s and EPR variance

Aerr = min ([AGy a2 + (AR +PE)F), G4

192

where xf;,i = (Cm,; e ¥ +cjn,l- e")/y/2 and pﬁl,i = xf;:rin/ ? are rotated
mechanical quadratures. [Again, the criterion for entanglement is
Agpr < 2 [Dua+00; Simoo]]. In the first plot we assume a perfect detec-
tion efficiency 7 = 1 and consider different bath occupation numbers
fi. We again see that there exists a critical cooperativity C;; above
which we are able to generate entanglement regardless of 7. From
(3.47) we can deduce the expression

Ccrit(vl 0) = 4/[30’(1 +4v — 20—) - (1 + 40)] (349)

(As is evident from the plot, the C_; is independent of €.) For the par-
ameters used in the plot (taking into account the optimization with
respect to o) we find C_;; = 2. Again, counter-rotating terms decrease
entanglement but are strongly suppressed by the sideband resolution.
In fig. 37(b) we take into account losses and non-unit detection ef-
ficiency, < 1, which drastically reduces the amount of achieved
entanglement. As before we find a critical loss value 7 (7, v) (for
the parameters chosen in the plot slightly above 65%) below which
entanglement creation is prohibited.
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FIGURE 37. Two-mode mechanical steady-state entanglement in terms of E};
and Agpg against cooperativity C, maximized with respect to feedback gain
0: (a) Varying mechanical bath occupation 77 = 0, 1/10, 1/2, oo (represented
by different colours) for unit detection efficiency # = 1; The solid (dashed)
lines represent a sideband resolution of x/w,, = 1 (1/10). (b) Different
detection efficiencies 7 = 1, 9/10, 7/10, 6/10 (represented by different col-
ours) and k¥ = w,,/10; Here the solid (dashed) lines represent 1 = 0 (c0).
The black vertical line shows the critical cooperativity C; = 2.
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3.5 EXPERIMENTAL IMPLEMENTATION OF A KALMAN FILTER

In the previous chapters we have extensively discussed different
stochastic master equations that describe the evolution of condi-
tional quantum states, conditioned on the outcomes of different
measurement setups. This section will be devoted to illustrating how
conditional quantum states can be evaluated from experimental data.

3.5.1 General Considerations

The generic SME for homodyne detection (1.57) of a cavity’s output
field is typically written in a form such that the evolution is driven
by a Wiener process W(t). The connection to measured data in an ex-
periment is given by the identity (1.59), which shows that the Wiener
increment dW (t) is the difference between the expected measurement
outcome [according to the conditional state p,(¢)] and the actual meas-
urement result. In filtering theory W(t) is called innovation

process (or innovation sequence) [Steg4; Hei+os]. In order to evalu-
ate the state p.(t) from a measurement trajectory {I(s) : s < t} we
thus have to integrate a nonlinear equation of the form (choosing to
measure the amplitude quadrature and neglecting photon losses)

dp(t) = Lo (t) dt + VE[I(t) — V(e (t) + (1) ] Hle o (t) dt.
(3-50)

We show in appendix B.3 that in the case of Gaussian systems and
a linear measurement (such as homodyne detection), this equation
can be mapped to the (stochastic) differential equations (1.67). In
classical filtering theory equations (1.67) are known as the Kalman
filter [Kal6o; KB61], which presents the optimal estimator under a
minimum-mean-square-error criterion [Stegq; Xioo8]. Let us briefly
discuss the interpretation of the classical Kalman filter in its continu-
ous form. If we describe by X a state of a Gaussian system in a clas-
sical state space (e.g., the phase space of a harmonic oscillator), the
Kalman filter ascribes to it an optimal estimate X and an estimation-
error covariance matrix £ = E[(X — X)(X — X)"], where [E[] denotes
the expectation value with respect to the initial probability distribu-
tion describing the system. The estimate is chosen to minimize the
mean-square error E[||X — X||*] = tr(£). The true state X (a point
in the state space) thus follows a Gaussian distribution with a covari-
ance given by £ centred at X. The Kalman filter equations describe
how the conditional state is 1terat1vely updated (see fig. 38): First, the
estimate X and the covariance £ are propagated for an infinitesimal
time interval dt according to the system dynamics. Second, the meas-
urement outcome is incorporated as a Bayesian update that corrects
the value of the estimate X and contracts the covariance ellipse. The
updated values are again propagated by dt and the procedure is re-
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peated. Note that of the Kalman equations only the one for X () actu-
ally depends on the measurement trajectory I(t), while the evolution
of £(t) solely depends on the linear dynamics of the underlying sys-
tem. This has an important consequence: Given an initial state and
a system’s state-space model (i.e., the matrices F, H, G, N, and M;
see appendix B.3.1) all quantities that depend on %(t) only [e.g., the
mean occupation number or the logarithmic negativity], are predeter-
mined for the complete time evolution, and are independent of the
observations made in the experiment. It is therefore crucial to build
an accurate model of the experimental setup and verify its accuracy
against the measured data. This can be achieved by testing that the
(experimentally obtained) innovation process W(t) is indeed a Wiener
process, i.e., that for t > s it obeys W(t) — W(s) ~ N(0,t —s), where
N(u, ¢*) is the normal distribution with a mean p and a variance o
[Klog4]. How this can be implemented in practice will be discussed
in the next section.

3.5.2 Technical considerations

Discrete Formulation

The filtering procedure described in the previous section is based on
continuous measurements and continuous Bayesian updates. In any
experiment measurements will always be made after discrete time
steps of length At set by the sampling frequency F, = 1/At of the
measurement equipment. In the same way a numeric integration of
the stochastic master equation or the Kalman filter will also be con-
ducted using a finite step size. Historically, the Kalman filter was
first formulated for the discrete case [Kal6o] and later extended to
the continuous case—this extension commonly being called Kalman-—
Bucy filter [KB61]. Let us briefly review the discrete Kalman filter for
a Gaussian time-invariant system described by a state vector X, € R"
at a time t; = kAt and a state-space model

X, =FX, 1+ Gu_, +v4, (3.51a)
Y, = HX) + gy, (3.51b)

where y, € R" describes the measurement process. v, ~ AN (0,N)
and q; ~ N(0,R) are Gaussian white-noise processes with covari-
ance matrices N € R"*" and R € R™*" respectively. In general g
and v are correlated, with a correlation matrix given by lE[vqu] =
M € R"*". Additionally we assume the initial state of the system
to be given by X, ~ N (mgy, X;). The corresponding Kalman filter
is typically formulated in a two-step process, the two steps—state
evolution and Bayesian update—corresponding to the procedure il-
lustrated in fig. 38. We denote by N/ (Xk|k—1zﬁk|k—1) the prior state of
the system at time t; conditioned on measurements up to t;,_; (i.e.,
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before the measurement update at t;); by N(X;,L;) we denote the
posterior state conditioned on measurements up to t; (i.e., after the
measurement update at f;). The propagation step is described by the
equations [Stegq, p 361f]

X1 = FX 1 + Gy, (3-52a)

ﬁk‘k_l = FL,F' +N, (3.52b)
and the Bayesian update is effected by

Xy = X1 + Kie(yx — HXj_1), (3:532)

e = (1 —HZyp 1) Egp_q — KM, (3-53b)

A T -
Ki = X H +M)x
(HEg_H' + HE H' + HM+M'H' +R)™!,  (3.530)

where K; is the so-called Kalman gain. In the limit At — 0 these equa-
tions lead to the differential Kalman filter equations (1.67) [where in
(1.67) we considered the less general case R = 1,, only]. The con-
nection between the discrete and the continuous state-space model is
found by the following procedure [Steg4; Simo6]: We start from the
continuous (time-invariant) state-space model (B.38), slightly general-
izing it to

dX(t) =[FX(t) + Gu(t) + o(t)]dt, (3-54a)

dy(t) =[HX(t) + q(t)]dt, (3.54b)
where we introduced the measurement noise process q(t) with
E[g(t)g' ()] = Ré(t — '), and v(t)dt = dV. We now integrate
eq. (3.54a) for a time At = t; — t;_,, defining X; = X(f;) and the
fundamental solution ®(7) = exp(F7). We thus find

X = @)X, 1+ [ dr@(h - DlGu(r) + (D). (59

Assuming a piecewise continuous input which is constant over the
sampling time At, i.e., u(s) = uy_; for s € [t,_1,#],"° we can solve
the first integral term, yielding

" dr@(t, — T)Gu(t) = [®(A) — 1]F 'Guy_,. (3.56)

g

The second integral we define as the discrete noise increment
t
vy = [ ATy - )o(r). 6:57)
k-1

Its covariance matrix N = ]E[vkv,?] can be readily calculated by evalu-
ating

te t

T
IE[vkvl] = /t dt ,
k-1 !

Aot — 1) Efo(t)o" (7))@ ( — )

ty
= 0y /t dt®(t, — T)N®' (t, — 7). (3-58)
k-1
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In the case that the sampling rate is much faster than the system’s
timescales, i.e., A, At < 1 where A, is the largest eigenvalue of
F, we can neglect the time evolution in eq. (3.58) and approximate
N ~ NAt. A computationally efficient method to evaluate the exact
integrals involving @ is given in [Van78]. The measurement-noise co-
variance matrix R and the correlation matrix M on the other hand
are chosen such, that by taking the limit At — 0 one obtains from
egs. (3.52) and (3.53) the correct continuous form (1.61b). (In partic-
ular this means that £, must be independent of At.) This leads to
R = R/At and M = M [Simo6, p 232].

Testing Model Consistency

The main tool to test the accuracy of an employed model in an exper-
iment is the so-called innovation sequence [Hei+o5, p 292f]

v =y — HX_1 = H(X, — Xy1) + g0 (3-59)

a white-noise Gaussian process. Due to the orthogonality relation (see
appendix B.1.2) the estimation error and the measurement noise are
uncorrelated, and the innovation sequence’s correlation function is

IE[VkV}T] = Sékl = (Hﬁk‘k_lHT + R)dkl' (360)

By virtue of the Cholesky decomposition we can write s! = LL,
and introduce the normalized innovation sequence ¥, = L'v,. The
components of 7 are independent Gaussian random variables with
unit variance. The squared normalized innovation sequence 17kT Ve =
v,;F S_lvk thus follows a )(fl-distribution [BLKo1, p 59]. An optimally
working Kalman filter thus fulfils the following conditions:

The squared innovation sequence 17kT 7, follows a X‘:;-distribution; a
less strict alternative condition is that the components of 7 are Gaus-
sian random variables with unit variance.

The innovation sequence 7, itself is white.

Condition 1 can for example be verified by applying the Kolmogorov—
Smirnov test [Frasi], which quantifies the distance between an em-
pirical and a hypothetical distribution function (here either a XZ ora
normal distribution).

Condition 2 can either be tested by applying the Ljung—Box test
[LB78] or by calculating the periodogram of the innovation sequence,
which should be flat with a given variance for a white process
[Hei+os]. Let us collect the central expressions involved in perform-
ing this test (for an extensive discussion of these results see, e.g.,
[Shi1o]). We assume z is a (scalar) Gaussian white-noise process, i.e.,
z, ~ N(0,0%) and E|z,z,] = 0%6,,. Its discrete Fourier transform
can be written in the form

N-1 orpy  NZD —_
Z, = Z z,e itn — Z z,e N, (3.61)
n=0 n=0
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where the frequency is sampled at discrete points f, = (n/N)F, =
n/(NAt). Note that, as z, € R are Gaussian random variables, Z; =
A +iB; (Ar, By € R) are also Gaussian, with E[A7] = E[Bf] =
No? /2. The power spectrum of z can be estimated by calculating its
periodogram [Shi1o, p 229f]

Pom e LI = o VA B 66
MN ~ MN ~=
where we apply averaging over M independent samples in order to
increase the signal-to-noise ratio of the periodogram."” Rescaling ap-
propriately one can then see that the random variable
2mMp, . 1 X

2 N2/2 ). [(Akm)z + (BT)Z] ~ Xam (3.63)
m=1

is )(Z—distributed with 2M degrees of freedom [Shi1o, p 247].

To apply this as a test for the innovation sequence, we set z to
one component of the normalized innovation sequence #, and con-
sequently ¢ = 1. One can then calculate the rescaled periodogram as
in eq. (3.63), and test the resulting empirical against the x5 distribu-
tion.

Modelling Coloured Noise

The Kalman filter in the formulation presented here relies on a state-
space model that is driven by Gaussian white noise processes. In
many experiments, classical noise sources, such as amplitude and
phase noise of a laser, have a coloured spectrum. To model this, one
can extend the state-space model of the actual physical system to an
equivalent larger model that is driven by a white noise process only.
The Kalman filter can then be constructed based on this extended
state-space model [Stegs, p 364].

Consider an n-dimensional coloured noise process ¢ whose time
evolution is described by d¢ = Fz{ df + df, where { is white noise.
Its spectrum is given by the rational function

S¢(w) = x(w)Ngx(—w)", (3.64)

where x(w) = —(iwl, + Fg)_1 is the transfer function of the pro-
cess and N, is the covariance matrix of . Consider now a system
described by x(t) driven by the coloured noise process ¢, with an
equation of motion of the form

dx = F.xdt 4+ dv + d¢. (3.65)

We can now define z = (x, ) and extend the state-space model (3.65)

to
dz = <1; ]1%) 24 (Z) , (3.66)

which can be used as the basis for a Kalman filter.
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FIGURE 39. Schematic of experimental setup: The optomechanical cavity is
driven by two laser fields, which are both subject to classical amplitude and
phase noise. The output light is detected by two independent homodyne
detectors, yielding measurement processes y, and yg4.

Building a Model from Submodels

For practical applications the state-space model describing the com-
plete experimental apparatus can quickly become large, making its
construction by hand intractable. In order to handle increasingly large
models, one can build them up from smaller submodels which de-
scribe single physical entities (such as beam-splitters, optical cavities,
optomechanical systems, but also digital filters). These submodels can
then conveniently be connected into a network using the framework
described in [GJog] which formalizes the concept of cascaded systems
introduced by [Garg3; Carg3a].

3.5.3 The Experiment

We now discuss the implementation of the Kalman filter for an op-
tomechanical experiment, demonstrating optimal state estimation of
the optomechanical quantum state. Although the system is currently
operated in a classical regime, this experiment constitutes an import-
ant next step towards real-time quantum control of optomechanical
systems. The experimental data presented in this section were taken
by Jason Holscher-Obermaier and Witlef Wieczorek [Wie+15].

The Experimental Setup

In this setup (as schematically depicted in fig. 39) we drive two in-
dependent optical modes of an optomechanical cavity with two laser
beams, one of which (denoted by a subscript r) is resonant with the
cavity (i.e., A, = 0), while the other one (subscript d) is tuned to
the lower mechanical sideband at Ay = —w,,. The resonant beam is
used to monitor the cavity length to lock the laser frequency with re-
spect to the cavity resonance; the detuned beam can be used as a con-
trol beam, for example, to cool the mechanical motion. The cavity is
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double-sided, with a total decay rate x = x;, + & (as discussed in sec-
tion 1.1.2), which is the same for both optical modes. The fields reflec-
ted from the cavity are independently measured by two homodyne
detection setups, yielding measurements of the generalized quadrat-
ures v, and y4. Both beams carry classical amplitude and phase noise,
and suffer from passive beam-splitter losses. To incorporate the clas-
sical noise into our description, we extend the standard Langevin
equations to [GVo1; Rab+og; Abd+11; GBS11a]

Xm = WmPms (3.67&)

ﬁm = —WnXm — YmPm + ZZgl [COS Hixi —sin QiPi] + f/ (367b)
i=rd

X = _gxi + Aipi + g sin(6;) X, + /KinXj
+VRXS + /2%, 0B; + |ag | sin 6 ¢y, (3.670)
pi = _gpi — Aix; +28;€08(60;) X + /Kin i
+VEps + |ag| cosb; gy, (3.67d)

where x;, p; with [x;, p;] = id;; (for i,j € {r,d}) describe the amp-
litude and phase quadrature of the two cavity modes. Vacuum noise
entering through both cavity mirrors is denoted by i, y}n, with vari-
ances (x;"(£)x](s)) = (P"(p}"(s)) = 36;6(t —s) (i,j € {1,2}). The
angles 0; are determined by 6; = arctan(A;/«). Terms proportional to
5B; and ¢; describe classical amplitude and phase noise of the driv-
ing lasers. The quadratures detected by the homodyne detectors are
given by cavity input-output relations, yielding

yi=v1l-1 (\/@xi +x" + 551‘) cos(¢;)
+VT=1 (Vi pi+ 91 sin(g)) + iy, (5:68)

where ¢; denotes the local-oscillator phases. Additionally we in-
troduced the overall efficiency # (including losses and detector
efficiency) and an independent vacuum noise process y%n. The clas-
sical noise processes Jf; and ¢; are modelled as Gaussian coloured
noise, whose spectra has to be determined from experimental data.
Using the Langevin equations (3.67) as a basis, we can build a soph-
isticated state-space model of the complete experimental setup. The
resulting Kalman filter can then be used to estimate the state of the
mechanical and the optical subsystems, as well as their correlations.

Results

We apply the Kalman filter in post-processing to the recorded homo-
dyne data to obtain estimates of the full optomechanical state vector
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X = (Xm, Pms Xps Prs Xas ra)’, together with the corresponding estim-
ation error. Short snippets of the resulting trajectories are shown in
tig. 40, for two different values of the coupling strength g4, while g,
is always fixed to g, = 0.2x. The left column shows results from the
weak coupling regime (g4 = 0.2x), nicely displaying the harmonic
mechanical oscillation in the mechanical as well as in the optical
quadratures—the latter being modulated via the optomechanical in-
teraction. In the right column the system is operated in the strong
coupling regime (g4 = 1.68«); this leads to sideband cooling of the
mechanical mode and a strong suppression of the mechanical oscilla-
tion. In both cases it is clear to see that only the phase quadrature of
the resonant cavity couples to the mechanical motion, while the amp-
litude quadrature contains noise. Both quadratures of the detuned
beam, on the other hand, are modulated by the mechanics.

t [us] t [ms]

FIGURE 4o0. Estimated optomechanical quadratures in the (a) weak (g4 =
0.2x) and (b) strong (g4 = 1.68x) coupling regime. The solid lines show the
amplitude (position) quadratures £4, £, (£;,), the dashed lines the phase
(momentum) quadratures py, P, (P,)- The shaded areas correspond to two
times the estimation error (i.e., the 95% confidence interval). The experi-
ment was performed at room temperature with a micromechanical oscillator
of wy, = 2m x 1.278 MHz, 7, = 27t x 265Hz, and optomechanical param-
eters x = 0.34 w,,, g9 = 27t x 7.7 Hz. For both coupling strengths g4 of the
detuned beam we use g, = 0.2x, ¢4 ~ 0, and ¢, = 7/2.

Figure 41 shows a phase-space representation of the estimated
optomechanical quadratures, similar to the schematic depiction in
fig. 10. In the weak coupling regime the mechanical system—rotating
in phase space—traces out a symmetric, thermal distribution [subfig-
ure (a)]. The black dashed line shows the uncertainty ellipse of the
unconditional state, which is here chosen to be the 95% confidence
region. The area enclosed by it is proportional to the uncertainty
product det(X,,) of the mechanical state (denoting by %, the mech-
anical covariance matrix), and thus inversely proportional to the
state’s purity

2 1

tr(og) = 7m. (3.69)

109



TIME-CONTINUOUS QUANTUM CONTROL

(b)

(d)

FIGURE 41. Phase-space picture of the estimated quadratures. The left
column [(a), (c)] shows the weak coupling regime (g4 = 0.2x), the right
column [(b), (d)] the strong coupling regime (gq = 1.68x). (a) and (b) depict
the phase space of the mechanical oscillator, (c) and (d) depict correlations
between the phase quadrature of the resonantly driven cavity mode and
the mechanical position. Each trajectory covers 100 us. The dashed ellipses
indicate the 95% confidence region (calculated from the unconditional co-
variance matrix X), the solid black ellipses show the corresponding extent
of the conditional state (as determined by £). Histograms over the estimated
quadratures are shown as sidepanels (averaged over 100 ms).

Comparing it to the uncertainty ellipse of the conditional state (black
solid line), we note a clear reduction in uncertainty due to the con-
ditioning procedure. This effect—the conditional reduction of the oc-
cupation number—is sometimes referred to as cooling by measurement
[Van+13]. In our case it leads to a reduction of the occupation by a
factor of 27. In the strong coupling regime [subfigure (b)] one can ob-
serve the effects of sideband cooling, which heavily reduces the vari-
ance of the unconditional mechanical state. In addition, the strong
optomechanical interaction introduces a notable asymmetry, which
shows that the state is not thermal anymore and equipartition is viol-
ated. The marginals drawn along the phase space axes nicely demon-
strate the Gaussian distribution of the optomechanical state.

Figures 41(c) and 41(d) show correlations between the mechanical
position and the phase quadrature of the resonant beam. Analogous
to the mechanical phase space, the uncertainty reduction due to side-
band cooling is clearly visible in the shown correlations.

Finally we analyse the obtained innovation sequence to verify
the consistency of our assumed model with the measured data. As
discussed in section 3.5.2, in the ideal situation the innovation se-
quence should be white, and should therefore posses a flat noise
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FIGURE 42. (a) Noise power spectrum of the normalized innovation se-
quence for the detuned beam (upper row) and the resonant beam (lower
row). The left column shows the results for weak coupling, the right column
for strong coupling. The 95% confidence region is shown by the dashed ho-
rizontal lines. The effective percentages of points in the confidence region
are given in the plots. The vertical grey shaded area marks the fundamental
mechanical mode. (b) Comparison of the empirical cumulative distribution
function (CDF) and probability density function (PDF) (red and blue lines)
with the theoretical form (grey shaded areas) for the weak (left) and strong
(right) coupling regime.

power spectrum with a certain variance. Figure 42(a) shows the noise
power spectrum of the normalized innovation sequence for both ho-
modyne measurements in the weak and the strong coupling regime.
The dashed lines indicate the confidence interval that 95% of the
datapoints should fall into. The fractions of datapoints effectively
contained in this region are given in the plots. We can see that we
have a fairly good agreement with the hypothetical values, especially
in the region around the mechanical frequency (indicated by the
vertical grey-shaded areas). The deviations from the theoretical flat
spectrum are mainly due to low-frequency noise at around 200 kHz,
caused by the spectral response of the photodetectors, and sharp
piezo-resonances between 2 — 5MHz. Neither of these features is
taken into account in the state-space model. Due to these reasons the
whiteness test presented in section 3.5.2 does not succeed for this
particular model. In Figure 42(b) we compare the empirical cumulat-
ive distribution function (CDF) [BLKoz1, p 33] and the corresponding
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probability density function (PDF) to the hypothetical Gaussian dis-
tribution. We again find good overall agreement of our model with
the measured data.

Although this experiment is conducted in a classical regime, it
demonstrates the ability to evaluate the conditional quantum state of
optomechanical systems via Kalman filtering. The estimation proced-
ure was applied in post-processing, but can in principle be operated
in real time. Combining the presented techniques with continuous
measurements in the strong cooperativity regime (as demonstrated in
[Wil+14]) enables measurement based feedback cooling of the mech-
anical motion into the ground state, as well as the realisation of the
more sophisticated optomechanical quantum control protocols laid
out in this thesis.
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3.A APPENDIX: DETAILS ON THE OPTOMECHANICAL IMPLE-
MENTATION

3.A.1  Adiabatic Elimination under Continuous Observation

As we discussed in appendix 2.C the adiabatic elimination of the cav-
ity mode corresponds to a perturbative expansion in the small par-
ameter ¢/x < 1. At the same time it is important to keep x/w,
and A./w,, constant in order to capture the dynamical back-action
effects of the cavity, which are crucial for a correct description of op-
tomechanical systems. In appendix 2.C we discussed this adiabatic-
elimination procedure on basis of a standard master equation. The
method applied there cannot be applied to the stochastic master equa-
tion considered here, however, as the measurement operator ‘H is non-
linear. Instead we follow the procedure described in [DJgg].

The conditional master equation for an optomechanical system
whose output field is subject to a heterodyne measurement of a
quadrature a(t) e 0! 447 (t) ' is given by

dp. = —iﬁg[(cc et el eTiA) m,pc} dt
K [Ccﬁccz - %(Czccﬁc + ﬁcczcc)} dt
+ v/ O (e — (e ))pe + e A g (el — (cl)) | dw.

(3-70)

Ay, is the detuning of the LO with respect to the laser drive of the

cavity. We are working in an interaction picture with respect to

wmc:rncm — ACCZCC, indicated by the operators ¥, g., etc. In order to

eliminate the cavity we decompose . as
e = Poo © |0) (0] + P10 ® [1)(0] + oy @ [0) (1] + 11 @ [1)(1], (3.71)
such that
(ce) = tr(pro), (3.72a)
(ch) = tr(fpn)- (3.72b)

We can consider the matrix elements g;; to be of order i +j in the
small parameter g/x; eq. (3.71) thus corresponds to a second-order
expansion. For the components p;; we find

dpoo = —iv2g (eiACt Xmp10 — H. C-) dt + xpy; dt
+ \[{ A8 515 — (o) poo] — H. C-} dw,
At A 1 _
dprp = —iv2g ( At XmPoo — € tanm) dt — 5010 dt
— Ve AT e (510) 51 AW
— Ve At (011 — tr(Po1)fr0] AW
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and

_ \f{ (A8 (1) pyg + € (At tr(ﬁm)ﬁn} dW.

The adiabatic solution for gy, is [compare this to eq. (1.44)]

pro = —ige ™" |n_&n+ 1, h] oo (3-73)

where we neglected terms of second and higher order in g/x and
introduced 7. as given by eq. (1.45). We are interested in the effect-
ive equation of motion for the reduced density matrix of the mirror

ﬁgm) = tr.(0) = Poo + P11,

dpc = —igV2 [ (eiACtﬁw +e7iACtﬁ01) - H.c.} dt

I \f{ i(A+A)E [ﬁlO — tr(ﬁm)ﬁgm)] + H. C.} dW. (3.74)

From the adiabatic solution for §;; and gy, = ,5{0 we find,

At CiAd ~
e “pppte P~

—ig{[n-em+nich] o™ =™ [nicm + ]}

where we used fy ~ ﬁgm) which is correct to the desired order. Cor-
respondingly we find for

el (P10 — tr(ﬁw)ﬁgm)} ~

—ig [ (1-Gm +11,8h) = (1-Em +1,80)] A

Plugging this into eq. (3.74) we end up with

dpl™ = —v2g* [T, 9™ — P dt — gV/iH[ig e o™ W,
(3.75)

where
J=1_cpe “nf 4y, chent (3.76)

Equation (3.75) does not give rise to a valid Lindblad equation when
averaged over all possible measurement trajectories as 7 is not a Her-
mitian operator. In order to get a consistent equation we apply a RWA
to both the dynamics generated by the first commutator term and
the measurement term. Let us take a closer look at the first term in
eq. (3.75): Plugging in the definitions of ¥, and # we find resonant
terms of the form cmﬁ(m)c;rn, c;rncmﬁ(m), etc., and off-resonant terms
oscillating at e™?“n’ The resonant terms have two effects (see sec-
tion 1.3.1): First they give rise to cooling and heating, and second to
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a frequency shift of the mechanical resonance frequency to wrerff. We
have to account for this frequency shift by changing to a different

(m)

frame rotating at w®, which we still denote by g+ for simplicity.

We can now introduce a time coarse graining in the form of dpgm) =

f:”t dﬁgm) as we have done in appendix 2.C.2. We assume that it can
be arranged such that ﬁgm) varies slowly on the timescale 6t (and can
thus be pulled out from all time integrals), while we still average over
many mechanical periods, i.e., ot wrerff > 1. In the adiabatic regime
the relevant system timescales are given by ¢*/x and fiy, the effect-
ive interaction strength and mechanical decoherence rate respectively.
Hence we find that 6t must fulfill wfr{f > 1/6t > gz/ K, 7iy.

Although equation (3.75) is valid for any A}, and A, the form of
the resulting equation in RWA depends on the choice of A,. Here we
are only interested in the case A}, = j:wff. For the first term in (3.75)
the RWA then simply amounts to dropping all terms oscillating with
exp(j:Ziwfft) (as they are averaged out by the time coarse graining),
which introduces an error of order O(1/6t we). To treat the hetero-

dyne measurement we introduce the coarse-grained noise increment
dW, = :+5t dW (see appendix B.1.1 for a more detailed treatment
of heterodyne detection), which obeys (dW,)*> = dt. The averaged
operator p™ for Ay, = S obeys

dp™ = y_Dley,|o™ dt + v, Dck]o™ dt
— gVKH[in_cp o™ dW,,  (3.77)

eff

and for A, = —w,, we find
dpl™ =4 Dley)p™ dt + v, Dlck]pt™ dt

— gVt i, chlot™ dw,,  (3.78)

with y_ =T_ 4+ 9y,(i+1) and v, = ', + yp7. In principle there
exist additional sideband modes centered at j:waf, which in RWA
are not correlated with W,, and are not of interest for use here. We
thus average over them.

3.A.2  Time-continuous Teleporation

Here we derive the stochastic and feedback master equations for
the optomechanical teleportation setup presented in section 3.3, fol-
lowing the lines of section 3.2.1 with modifications accommodating
the optomechanical implementation. The one-dimensional electro-
magnetic field A couples to the cavity via the linear interaction
H,, = ivx[c.a'(t) — cla(t)]. As before, A is assumed to be in the
vaccuum state, while the second field B is in a pure squeezed state.
In this section we refer to several different rotating frames: the frame
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of the driving laser rotating at w, (which is our standard frame of
reference), the squeezing frame which defines the central frequency
for the squeezed input light at w,, and the local oscillator frame at w,,
in reference to which all measurements will be made. We therefore
have the relations

a(t) = ay(t) e ', (3.79a)
b(t) = by(t) e ™" = by, (t) e ", (3.79b)

with the definitions A, = wj, — wy, Ay = w; — wy. The squeezed
input state is then, in the squeezing frame, defined by the eigenvalue
equation [bs(t) - Déb:(t)} M) =0witha = (N+M)/(N+M"+1)
and N(N +1) = |M|?. The Schrodinger equation of the full system
in the LO frame can be written as (neglecting for the moment the

coupling to the mechanical bath as this can easily be added in the
end, see discussion in appendix 2.C)

d|¥) = —iH|¥) dt + vk (clAl*0 +a dAlo) el ¢ |g)
+ VK [dBlo e B8t _p dB] ei(AIO_AS)t} el e |¥), (3.80)
where |¥) is the state describing the complete system with an initial

condition |¥y) = |¢y)s ® |vac) 4 ® |[M)p. If we now choose A, = Ay,
we can rewrite this as

d|¥) = [_iHeff dt + vVx/2 (ndX, +ivdP_)c, eiAlof] ¥),

where dX | = /1/2(ay, + aj, + by, + b)) dt and dP_ = iv/1/2(ay, —
afro — by, + bfo) dt,and y = 1—a, v = 1+ a as before. By comparing
this to Schrodinger equation (3.6) we can deduce that the heterodyne
Bell measurement at w), is described by SME (3.15) together with the
expression for the measurement currents (3.8) if we set s = ¢, glfof
Thus the master equation

dp. = Lo.dt + KH[(pdW, +ivdW_)c.e™']p, (3.81)

together with the output equations

I, dt = V1/2(c.e®' +H.c.), dt +dW., (3.82a)
I_dt =iv1/2(c ™" —H.c.), dt + dW_ (3.82b)

provides us with a description of the conditional state of the full op-
tomechanical system (including the cavity mode) conditioned on the
heterodyne currents I.. What we eventually seek to obtain is an ef-
fective description of the mechanical system only. Under the weak
coupling assumption g/x < 1 we can eliminate the cavity mode. It is
straightforward to generalize the procedure from appendix 3.A.1 to
the case of a time-continuous Bell measurement. To make the desired
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expansion we must first transform (3.81) into the interaction picture
defined by the free Hamiltonian woch e — ACCICC,

dp, = —ig [(cc e 1. ¢.) (¢ e W' +H.C.),ﬁc] dt
+ VEH[(dW, +ivdW_)c el P85 4 xDle o dt. (3.83)

(All operators marked with a tilde, e.g., g, are defined with respect
to this rotating frame.) One can then show that the SME for the mech-
anical system (in the rotating frame at w,,) can be written as

V28 %, 7 — | dt
+ S H| (i dW, +vdW_)ge ™5™, (5.84)

where ﬁgm) denotes the conditional state of the mechanical subsystem.
As we illustrate in the main text we drive the optomechanical cavity
on the blue sideband (wy = w, 4+ wy,), but want the LO to be resonant
with the scattered photons (w), = wy — eff) and thus set A, =

@ (note the shifted resonance frequency; see appendix 3.A.1). As

0) _

before we introduce the coarse-grained noise increments dW} "’ =

fttﬂst dW,., which obey (3.9). We end up with an effective SME for
the mechanical system,

dpl™ = v Dley o™ dt + v, Dlch]p™ dt

gc/2 H](—ipdW” +vdW V). ch]ol™, (3.85)

where we added mechanical decoherence terms.
To apply feedback we have to extract the modes corresponding
to the filtered noise processes Wio) from the heterodyne currents I,.

This can be achieved by applying the coarse-graining procedure from
above to (3.82a) and (3.82b), i.e., If) = fttﬂst I, dt. Together with
(ce). = —ig(y),, which results from the adiabatic elimination [see
egs. (3.72) and (3.73)], we find

19 at ~ —igv/x/2(, ch — H.c.) dt + dw'?, (3.86a)
194t ~ gvx/2(y,ch + Hoe)dt +dw'?, (3.86b)

where we neglected contributions from higher sidebands, introdu-
cing corrections on the order O(1/4t wreéf). With the identification
s = —ig\/x7 +c:rn the set of equations (3.85), (3.86) is equivalent to the
generic case discussed before. However, equation (3.85) additionally
contains decoherence terms due to the coupling to the mechanical

environment (’ynD[ m) + (1 +1)Dlcy,]) and due to optomechanical
back-action (2¢” Re(y7_)D[c,,]). For the choice

F+ = _g\/EW—&-(Cm + C:-n)I (3-873)

= igV/1]. (em — ), (3.87b)
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(where the prefactors are chosen to match the operator s), and after
adding the appropriate decoherence terms, the FME for optomechan-
ical teleportation can be written as

™ = {77 +1)Dle] +yAD[ch] | 5™

4 2
n % {(1 +e)Dle,] + ?D[xm + 1.

+ (M ) Dlpa) + (22— 1) Dl 5

n
(3.88)

where € = [1 + (4w,,/x)?] ! and we finally set A, = w,,. Note that
this equation is not necessarily in Lindblad form, as the decoherence
terms’ prefactors may in general be negative. To fix this we can apply
the following diagonalisation procedure. We parametrise the jump
operators in terms of X, = (¥, pm)T as s = AX and rewrite the
master equation as

p=Y LD[s] =) L [SkPSZ — Losise — %SISkP}
P ;

=Y L AA; [XiPXj — 30X;X; — %XinP]
ik
=Y 20O [XiPXj — 30X;X; — %XinP}

ijm

(3-89)

This shows that by virtue of the eigenvalue decomposition of the
(2 x 2) Hermitian matrix A, A;; = Y lkf\kif\;;j, we can write p =
Y AiD[];]p with J; = v; - X, where A; and v; (i = 1,2) are the eigen-
values and eigenvectors of A respectively. In all cases considered in
this thesis, A is positive definite and thus A; > 0; we can therefore
bring the corresponding master equations into Lindblad form.

3.A.3 Time-continuous Entanglement Swapping

In this section we derive the SME (3.43) and FME (3.45) which spe-
cify the generic case in section 3.2.2 for the optomechanical imple-
mentation. Again, the goal is to derive equations for the mechanical
systems, which we obtain by adiabatic elimination of the cavity and
subsequent application of a RWA. As before, the Bell detection op-
erates at the cavity frequency w, detuned by A, = wy, — wy with
respect to the driving laser, and relations (3.79) still apply. Following
the logic from appendix 3.A.2 we thus define s; = /x e Cm i, Which
we use together with the generic entanglement SME (3.35) and FME
(3.36) as the starting point for our approximations. Going to the rotat-
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. . 1 1 . . .
ing frame with }; (W, cp i€ i — AcCr i€ ;) and applying the adiabatic
approximation procedure to (3.35) leaves us with

dpl™ = —v2g" Y |Fm i i — o9 |t

i=1,2
+\/ &Ko/ 2H (7, AW, +iF_ dW_) e ]

+/g k(1 —v)/2H[(i7, AV, +7_dV_)e™]5™, (3.90)

where 7, = §; £ 7, with §; = 7_cp e ' +y7,.cf ;€. To apply a
time coarse graining 5p{™ = ﬁt+5t dp{™ we first change to the frame

rotating with wff (taking into account the optical spring effect). If we

choose A, = —wrer{f we can drop the fast rotating terms in the first
line of (3.90). For the measurement terms (second and third line) we
again introduce 5Wio) and average over any sideband modes. After
taking the limit 6t — dt we end up with

dp™ = y_{Dlcma] + Dlema] }o™ dt
+ 9 {Dlef 1] + Dlet )™ dt

+ \/M n Mk dW it aw @)

+1/&x(1 = v) /2, Hlick, AV +cf,_dv V1™ (5.91)

where we introduced ¢, y = ¢y,1 + ¢y, and we added mechanical
decoherence terms. We apply the same coarse graining to the meas-

urement currents (3.34) and find, by using s; = /x elof Cm; and
{emi)e = —ig{Yi)er
If) dt = —iy/g*kv/2 <17+c;rn/+ —H.c).+ aw'", (3.92a)
194t = \/ gZKU/Z (17+c:;,, +H.c).+ aw'?, (3.92b)
Iio) dt = \/¢*x(1—v)/2 <77+Cr+n,+ +H.c.), + av'?, (3.92¢)

I dt = —iy/g*k(1—v) /2 (p, ¢ty —H.e) +dV”.  (3.02d)

One can clearly see that equations (3.91) and (3.92) are equi-
valent to SME (3.35) and measurement currents (3.34) if we set

s, = \/gzmy +CL¢ and add appropriate decoherence terms. We
can therefore use FME (3.36) directly, and together with the choice

(F, By) = Vvo(icm, ¢ —iC:Ln,Jr/Cm,— +C;rn,—)r (F3, Fy) = V1—0(cm 4 +
c;rn, S TN ic;rn/_) we find equation (3.45).
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A1 QUANTUM-OPTICAL MODEL

In this section we briefly review the quantum-optical model of an
open quantum system coupling to the electromagnetic field, follow-
ing the presentation in [GC85]. A detailed discussion of this topic can
for example be found in [GZo4; ZGgy; Baro6].

We consider a quantum system S described by some Hamiltonian
Hgys which couples to a 1d electromagnetic field A, consisting of a
continuum of harmonic oscillators. The environment (or bath) is de-
scribed in the Schrodinger picture by the creation and annihilation
operators a3 (w) and ag(w), which fulfil the canonical commutation

relations
[ag(w), ag(w")] = §(w — ). (A1)

The bath is thus described by the free Hamiltonian"

Ho = | dwwalfw)ay(w) (A2)

and in a RWA we assume the coupling to the system to be described
by

Hi = [ dwk(@)lsaf(w) +5"ag(w)] (A3)

with a frequency dependent coupling constant k(w). The system op-
erator s we often call jump operator. Note that both operators s and
a(t) have a dimension® [s] = [a(t)] = V/Hz. Typically, the system
will evolve on a time scale 1/wj set by the large optical frequency w,
(e. g., the cavity resonance frequency), which we eliminate by moving
to the corresponding rotating frame; This amounts to the replacement
s — se 0’ Similarly, we move into an interaction picture with the
free bath Hamiltonian H,,, generated by the unitary?

O(t) = exp(—iHpamt), (A.4)

and thus substitute a,(w) — ay(w) e ", In a Markov approximation
which consists of taking the limit of a flat coupling, i.e., k(w) = 1, we
can then write

Hint = Safn(t) + S+ain(t) (A5)

where we introduced the field operators

ay, (t) = \/127[ /_oo dway(w) e @@t (A.6)
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1. setting (here and in
the rest of the section)
I =1 for simplicity

2. Using the conven-
tions of this section a
leaky cavity is, e. g,
described by s = /xc,

3. Note that O(t)
forms a unitary one-
parameter group, i.e.,
@' (He(t) = 1 and
O(t+t') =0(Ho(t).
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Due to the Markov approximation they obey the singular commuta-
tion relation

[@in (1), i ()] = 8(t —t'). (A7)

The system dynamics are then typically described in terms of QLEs
in the Stratonovich form for an arbitrary system operator X

(S) X = i[X, Hy — 5([X,5s —s[X,s))

—[X,s"ain () + [X, slain (1) (AB)

The field operator a;, acts as a driving term for the equations of mo-
tion of the system S and thus be regarded as an input channel. Note
that a;, is defined in terms of Schrodinger bath operators at the initial
time. Its time argument thus does not denote a time dependence in
the sense of the Heisenberg picture, but should rather be interpreted
as the time the initial input interacts with the system. Depending on
the state of the bath at this initial time, this input can either be a
noise term (e. g., for a thermal state of the bath), a classical drive (for
a coherent state), or something more general such as a single-photon
input. In order to interpret a;, as quantum white-noise, we need to
assume it to be J-correlated, e. g.,

(ain (1)in () = tr(ai ()ay () op) = NO(t — 1), (A.9)
(ain (1) ain () = tr(ag(t)aia()op) = (N+1)8(t = 1), (Agb)

=]

where 0y is the initial state of the system + bath (here in a thermal
state with mean occupation number N). This does not correspond to
a thermal state where the photon number follows the Bose-Einstein
distribution ng(w), but rather an ensemble with a constant number
of photons per unit bandwidth. In this sense quantum white-noise
is an approximation that is valid in a certain (small) bandwith only.
In principle quantum stochastic differential equation (QSDE) in Stra-
tonovich form can also be formulated for non-white noise terms, as
is the case for mechanical oscillators (see section 1.3.1).

Similar to the input field a;, we can define the output field a, of
the system S, which is related to the input field via the input—output
relations [GC85]

aout(t) = S(t) + ain(t)' (A~10)

Note that s(t) denotes the Heisenberg operator given by the corres-
ponding QLE, see appendix A.3. The outgoing field at time t thus
consists of a reflected part of the input field and a contribution from
the internal system modes (which in turn contain contributions from
the input field at earlier times).
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A.2 THE HUDSON-PARTHASARATHY EQUATION

In the white-noise limit of the Markov approximation (including an
appropriate state of the bath) and in the interaction picture intro-
duced above, one can develop a non-commutative quantum analogue
of the classical stochastic Itd-calculus to describe the joint unitary
evolution of the system S and the white-noise field A [HP84]. This
leads to the so-called Hudson—Parthasarathy equation, an Ito QSDE for
the evolution operator U given by

du(t) = [—i <Hsys—i;s+s> dt +sdA" (1) —sTdAE) | U(t) (A.11)

with the initial condition U(0) = 1. Here we introduced the quantum
Wiener process A(t) (analogue to a classical complex Wiener process)
and its (forward-pointing) Ito-increments

dA(t) = A(t+dt) — A(t), (A.12a)
dAT(t) = AT(t+dt) — AT(1). (A.12b)

Formally the quantum Wiener process (A.12) is related to the field
operators from the previous section by

A(t) = /Ot dsa,(s), AT(t) = /Ot dsal (s). (A.13)

For the electromagnetic field initially in the vacuum state the Ito-
increments obey the following multiplication rules:

x |dA dA" dt
dA| 0 dt o
dA"l o o0 o0
dt| o 0 o0

(A.14)

More generally two quantum stochastic processes X(t), Y () obey the
Itd product rule

dAX(H)Y(H)] = [dX(D]Y(#) + X(8) dY () +dX (1) dY(), (A.15)

again with dX(f):=X(t + dt) — X(t), etc. The standard chain rule is
modified in a similar way: For a differentiable function f, we have

df (X(#)) = f(X(#)) dX(¢) + %f”(X(t)) dx(t)?, (A.16)
which in particular leads to
FX(t+d) = F(X(B) + £ (X(5) dX(5) + 3 (X (1)) dX (1) (A.17)

Due to the forward-pointing definition of the Itdo-increments (non-
anticipating) functions such as X commute with the increments at
equal times, i.e.,

[X(t),dA(t)] = [X(t),dAT(£)] = 0. (A.18)
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In particular this property also holds for the evolution operator U. It
will be convenient to introduce the non-Hermitian, effective Hamilto-
nian
g
Heff = Hsys - 155 S, (A19)
which contains the so-called Ito-correction —is's/2 (compare this to
appendix A.6).
Using Ito-calculus one can show that d[U (£)U'(¢)] = dU'(t)U(t)] =
0, i.e., U(t) is unitary for all ¢ as expected for the solution of a

Schrodinger equation. U(t) does not form a group, however, but
rather fulfils the cocycle property [Baro6]

Uuit+t) =o' yumewur) vit' >0 (A.20)

with respect to the free evolution of the electromagnetic bath ®. Mov-
ing out of the interaction picture we can define

Vi) = {@(t)ll(t) t>

ut(ehe) t<o’ (A.21)

which form a unitary group, and thus V' (t) = V(—t) and V(t+t') =
V() V(t), etc.

A.3 HEISENBERG—LANGEVIN EQUATIONS

For a given QSDE defining U, the Heisenberg equations of motion of
an arbitrary system operator X can be found by applying the form-
alism introduced above. We first transform to the Heisenberg picture
using the map (also called quantum flow)

H(X) = U ()(X © L) U(8), (A.22)

and then use Itd-calculus to deduce the equation for dj,(X). For a
vacuum field we find (introducing X = X ® 1,4 for notational con-
venience)

dj,(X) = dut () Xu(t) + Ut ()X du(t) + du' (1) X du(t)

(
= ()( HiX — XHeg)U(t) dt

+ Ut (H)X[sdAT (1) —s"dAD)|U(t
+ Ut (H)[s"dA(t) —sdAT ()] XU(t
+ [s
(

U (H)[s"dA(t) —sdAT ()] X[sdAT (1) —sTdAB)U(H)
HOIE effX iXHeff+s Xs]U(t) dt
)

I
<

u
= ut() {1 JX]+ [s XS—%( *sX+5<s*s)]}u(t dt
+U'(1)[X, ] u(yda*(y—u
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We thus obtain the Itd QLE [Baro6]
dji(X) = ji (LX) dt + (X, ) dAT (1) +ji([s", X]) dA(t), (A.23)
where £ is the adjoint of the Liouvillian introduced in (A.31) given
by
LYX = —i[X, Hy] + D'[s]X, (A.24a)
DYs]X =s"Xs — %(s*sx + Xs's). (A.24b)

Following the usual notation used in quantum optics we often denote
the Heisenberg-picture operators by X(t) := j,(X).

The evolution of the output field is obtained in a similar way. We
define A, () by moving to the Heisenberg picture, i.e.,

Aout(t) = u.r(t)[]lsys ® A(t)]U(t). (A.25)

We can easily obtain the corresponding QSDE [Bar86]
dA g (t) = ji(s) dt + dA(H), (A.26)

which corresponds to the input—-output relations (A.10).

A.4 STOCHASTIC EVOLUTION OF THE QUANTUM STATE

The time-evolution of the state vector |¥) (describing system + field)
is just given by [¥(¢)) = U(t)|¥,) with an initial state [¥,) = |¢y) ®
|vac). The vacuum state |vac) of the field obeys* dA(t)|vac) = 0. As
we have established that [U(t), dA(t)] = 0 we can write the resulting
equation in the form

dl¥ (1)) = [—1Heffdt+sdA*(t)} ¥ (1)). (A.27)

If we define the stochastic density operator o(t) = [¥(t)) (‘¥ (t)| we
readily find the generalisation of the von-Neuman equation [GZog4,

P 349]
do(t) = —i[Heo(t) — o (t) Hag] dt
+dAT(t)so(t)sT dA(t) + dAT(H)so(t) + o(t) dA(E)sT. (A.28)
A.5 MASTER EQUATION

If we are exclusively interested in the evolution of the system we can
trace-out the bath variables and define the system state by

p(t) = trgea (U(H)py © |vac) (vac|U (1)). (A.29)

We then find (by evaluating dp in Itd-calculus and dividing by dt
afterwards)

p(t) = Lp(t) = —i[Hegp(t) — p(t) Hege] +5p(t)s", (A.30)
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which shows a clear similarity to (A.28). The Liouvillian £ in its ex-
panded form reads

‘CP = _i[Hsysl P] + D[S]p, (A~3Ia)

Dls]p = sps' — %(ersp +ps's). (A.31b)
Note that we have the identity”

tr(XLp) = tr(pLX) (A.32)

with the adjoint Liouvillian L' defined in (A.24).

A6 STOCHASTIC EQUATIONS IN STRATONOVICH FORM

To convert between the Itd and Stratonovich formulation of quantum-
stochastic processes we can for linear equations use the following ap-
proach [GZog4, p 346f]. Consider the Stratonovich stochastic differen-
tial equation

(S)  dX(t) = [Adt+BdA(t) +CdAT(1)]X(t), (A.33)

with linear operators 4, B3, C and a given initial condition X(0). This
equation has the formal solution

X(t) =T, exp { /0 [Adt+ BAA(H) +C dA*(t)]} X(0), (A34)

where 7 denotes the time-ordered product. We can now calculate
the It increment dX(t) = X(t 4+ dt) — X(t) by using the rules of
Ito-calculus outlined in the previous section and find

dX(t) = {exp[A dt + BAA(t) + CdAt (1) — 1} X(t)
A.
= {[A+ 1BC]dt + BAA(t) +CdA*(t)} X(t), (135

where we assumed the field to be in vacuum and thus dAdA" = dt
to be the only non-vanishing quadratic term. Applying this to the
Hudson-Parthasarathy equation (A.11) we find the corresponding
Stratonovich equation to be

(S)  du(t) = [—iHsysdt+sdA*(t) st dA(t)} U(t). (A.36)

Using eq. (A.34) this has the formal solution

t

U(t) =T exp {/0 [—iHgysdt +s dAT(t) — s dA(t)]} 1. (A.37)

As it is conventional in quantum optics, in this thesis stochastic dif-
ferential equations started by a fluxion of the form X are written in
Stratonovich form without explicit denotation by (S). Equations start-
ing with an increment dX are to be read as of Ito-type, if not stated
otherwise.
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A.7 NON-VACUUM FIELD STATES

For a general (squeezed) Gaussian initial state of the electromagnetic
field the field operators obey the correlation function

<ﬂ;rn(t)“in(tl)>(N,M) =No(t—t), (A.38a)
(@30 (B)asn (£)) (v a1 = MS(t = 1), (A.38b)

with parameters M € C, N > 0, and |M |2 < N(N + 1), where equal-
ity is attained for a pure state. The vacuum multiplication table (A.14)
is thus modified to

x | da  da" dt
dA [Mdt (N+1)dt 0
dA" | Ndt  M*dt 0
dt | o 0 0

(A.39)

Note that while the Stratonovich form of the corresponding QSDEs
does not change, the Itdo-form has to be modified accordingly [Bar86].
We find instead of (A.11) [GZo4, p 350f]

dU(t) = —iH, U(t) dt

sys

t)
— % [ss+N +5's(N4+1) —ssM* — s+s+M} U(t)dt
+ [s dat() —s' dA(t)} U(t). (A40)

Similar modification are found for the corresponding Langevin and
master equation.
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QUANTUM FILTERING & CONTROL

In this section we briefly review the most important results from the
theory of quantum filtering and (linear—-quadratic-Gaussian) control.
Quantum filtering—the extraction of information about the quantum
state from noisy measurements—was developed in the mathematical
physics community [Bel8o; Belg2] and later in the context of quantum
optics [Carg3b].

B.1 THE BELAVKIN EQUATION

B.1.1 Quantum Optical Derivation

Here we discuss a derivation of the stochastic Schrodinger equation
and the corresponding stochastic master equation for homodyne de-
tection from a quantum-optics perspective (see [Carg3b] and [GZo4]
for a in-depth discussion). We consider the situation depicted in
tig. 43, where a system S couples to the one-dimensional electromag-
netic field A, which is initially in vacuum and is subject to homodyne
detection. Homodyne detection is realized by a strong local oscillator
(LO) which is mixed with the field A on a (balanced) beam splitter
and subsequent detection by photo detectors. We first assume unit
detection efficiency, but will discuss the case of inefficient detection
at the end of the section.

We start from the Schrédinger equation (A.27) which describes the
full system (S + A) and we assume an initial state [¥)) = |¢p)s ®
|vac) 4. Equation (A.27) can then be written in the form

d[¥ (1)) = {—iHeffdt+s [dA*(t) +dA(t)} } ¥ (1)), (B.1)

where we used the fact that dA(#)|¥(¢)) = dA(#)|¥y) = dA(¢)|vac) =
0 [GZo4, p 375]. A homodyne measurement of an electromagnetic
quadrature x = a+a with a result I, € R effectively projects
the state of the light field onto the eigenstate |I.), of x, where
x|I,)a = L;|I;) 4. Projecting (B.1) onto |I,) results in [GGo4]

(L[¥(t+dt) @[L) = [1 - iHegdt + s L dt] (L[¥(£)) © [ L)

Defining | (t 4 dt)) := (L.|¥(t + dt)) as the state after the measuremet
and factoring off the bath state thus leads to the linear stochastic
Schrodinger equation [Carg3b]

dlp () = [—iHeg dt + s L (t) dt] [ (), (B.2)
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with the forward pointing Ito-increment d|.(t)) = [ (t +dt)) —
[.(t)). |iP,) is the unnormalised system state which is conditioned on
the homodyne photo-current I, which is a Gaussian random variable
with a probability distribution Y,(I,) = |(L,['¥ (¢ + dt))|%. One obtains
[BP96; GGg4; WMog]

_/dt cdt 12
Y, (L) dL, = 27_[exp< Z[Ix (s+s).] )dlx, (B.3)

where the conditional expectation value is defined with respect to the
normalised conditional state, i.e., (s). = (.(t)|s|¢.()). Using this, I,
can be written as

Ldt = (s+s") dt+dW, (B.4)

where W is a classical Wiener process with dW(t‘)2 = dt and
zero mean. We can introduce the classical stochastic process X
defined by dX(t) = I,(t)dt, which is statistically equivalent to
dX(t) = dAgy(t) + dA! ,(t)." This is due to non-demolition proper-
ties of the measurement operator, see appendix B.1.2 and [BV]o7y]. It
obeys dX(t)* = dt.

From the stochastic Schrodinger equation (B.2) we can obtain a
stochastic master equation for the conditional density operator in the
following way. We first find the equation of motion for the unnor-
malized conditional state g, = |§.) (.| by multiplying out (B.2). We
obtain

dpc( ) = pc(t + dt) - pc( )
= (e () [ (D] + [dIe ()] (e ()] + [Alpe ()] [d{e ()]
= Lo (t)dt + [Spc +pc(t)s ] di(t)
(B.5)
Equation (B.5) is the quantum analog to the classical Zakai equation
[Xioo8]. Note that although the Liouvillian is trace-preserving [i.e.,
tr(Lp) = 0], the second term in (B.5) does not possess this property.

The equation for the normalized state p.(t) = p.(f)/ tr(g.(t)) is then
found by noting that

tr(pe(t +dt)) = tr(pc(t) +dp.(t))
=1+ (s+5"),dX —i(Hes — Hig), dt + (ss"),dt (B.6)
=1+ (s+s"),dX,

where now (A), = tr(p.(t)A) and we used tr(p.(t)) = 1. Thus we
find

tr(p.(t+dt) ' =1— (s+s") . dX + (s +s")2dt, (B.7)
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which is obtained by expanding tr(f.(t 4+ dt)) ™" to second order in
dX (leading to a first-order expansion in dt). Using Itd multiplication
rules this leads to

_ P(t+dt)
dp.(t) = tr(p.(F + b)) —pc(t)
= Lo (t) dt + H[s]p.(t) dW(t), (B.8)

which is the desired result (see [GZog4, p 375] and [WMog, p 161]).
The (nonlinear) measurement term is given by

Hslo. = [s — tr(pes)] pe + pe[s — tr(pes)] (B.9)

It is clear from the derivation that under made assumptions the SSE
(B.2) is equivalent to the SME (B.8). The stochastic master equation
is more general, however, as it can accommodate for additional, un-
observed decay channels (such as photon losses/inefficient detection
or coupling of a mechanical oscillator to a heat bath), as well as for
mixed initial states.

We can generalize the homodyne master equation in several ways:
Above we assumed a measurement of a specific light quadrature
x =a+a'. To measure a rotated quadrature X =ae ™ 4ate we
have to make the replacement s — €'¥'s, which simply follows from
replacing a — e ¥ 4. We can as easily obtain the SME corresponding
to heterodyne detection at a LO frequency w), # wy by substituting
s — el 5 where Ny, = Wy, — wyp. Below we will discuss the situation
where we split up the field with a beam-splitter (with a splitting ra-
tiony :1—17,0 <y <1)and perform two simultaneous homodyne
measurements on its outputs. The measured modes A’, B after the
beam-splitter (see fig. 44) are related to A before the beam-splitter via
[GJog] a(t) = /7d'(t) + \/1—1b(t), where A" and B are both ini-
tially in vacuum and are uncorrelated such that dA(t) dB'(t) =0, etc.
Plugging this relation into (B.1) and projecting onto the quadratures

i o it i i ,
e Ny &g, e 2p 4 e b one can repeat above steps and find

dpc = ‘Cpc dt + \/ﬁ%[ei(pl S]pc dWl
+ /1=y H[es)p.dW,, (B.10)

with uncorrelated Wiener processes W, i.e, dW;dW; = ¢;;dt. To
model photon losses or inefficient photo-detectors, we average over,
say, the second measurement process, and thus discard all informa-
tion obtained from it. Due to the fact that W, is a Wiener process and
thus has zero mean, the equation of motion for the resulting condi-
tional state—which is now conditioned on the measurement results
of the first channel only—is obtained by averaging, and thus drop-
ping, the last term in (B.10). The beam-splitter transmissivity is then
identified with the efficiency of the photo-detection. Formally we can
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obtain the same result from (B.8) by replacing s — ,/7js in the meas-
urement term, while keeping the Liouvillian unchanged. The general
SME for heterodyne detection at a LO frequency w;, = wy + A, at a
phase ¢, and with a detection efficiency # thus is

dp, = Lp, dt + ﬁ?—[[eimmtﬂb) slp. dW. (B.11)

Often we will be faced with the situation where the LO detuning is
large on the typical frequencies of the system. In this case, a time
coarse-grained description of the heterodyne measurement is appro-
priate [WMog, p 166f]. To this end we choose a time interval Jt which
is large compared to Algl but short on all system timescales, and
define the time-averaged density matrix p by

t+4-0t
/t dp = p(t +6t) — p(t) = dp(t). (B.12)

At the same time we have to assume that p(t) is slowly varying on
the timescale ¢ and we can consequently make the approximation

t+ot
/t dto(t) ~ p(t)ot =: p(t) dt. (B.13)

This leads us to define the Fourier cosine and sine components of the
Wiener process W(t) by

t+ot .
V2 /t dW(t) e B0 — dW. +idW,, (B.14)
where dW; and dW; are both real. Calculating their variances we find
) t+0t  pt+ot . .
AW ()2 =2 / / AW (1) dW(T') cos(AT) cos(AT)
t t
t40t i
- / AW(T)[1 + cos(2A,,7)] = [1 + O(ARdt) st
t

and in a similar way dW,(t)* = [1+ O(A6t) ')ét. For the cross-
correlations we have

t+ot t40t , ,
AW, (1) dW,(t) = 2 / / AW (1) AW (7)) cos(A,T) sin(A,T')
t t
t+ot 1
- / AW(T) sin(28,,7) = O(Apdt) 6t
t

We thus see that W, W, are Wiener processes which are (approxim-
ately) uncorrelated. On timescales much longer than ¢t we can make
the replacement 6t — dt and can thus use the It6 table

dW? = dW? = dt, (B.15a)
dW.dW, = 0. (B.15b)
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We therefore find an effective stochastic master equation for hetero-
dyne detection, reading

dp, = Lp.dt + \/Z He s]p, AW, + \/2 H[—ie's]p. dW,. (B.16)

We thus see that in this limit a heterodyne measurement is equivalent
to simultaneous homodyne measurements of two conjugate quadrat-
ures, each with half efficiency (as is depicted in fig. 44).

More generally we can describe an open quantum system coupling
to m vacuum field channels, m’ < m of which are subject to homo-
dyne detection, by the equation

!

dp. = —i[H,p.]dt + ) _ Dlsilp.dt + ) H[s;]o. AW (B.17)
i=1 i=1

The case m’' < m can be used to describe inefficient photo-detection,
as we just demonstrated in the discussion above, or decoherence chan-
nels which cannot be observed at all, e. g., phonon losses of a mechan-
ical oscillator. Equations of this form are often called Belavkin equa-
tions [Belg2].

B.1.2 Derivation by Nonlinear Filtering

In this section we derive the stochastic master equation for homo-
dyne detection from the perspective of classical nonlinear filtering. In
our derivation we will follow the technique laid out in [GK10]. First
we briefly review the most important properties of the conditional
expectation value (see, e.g., [BV]Joy]). In the following we denote by
E[A] the expectation value of a random variable A with respect to
some probability space. For a quantum observable A and a quantum
state p we identify E[A] = tr(Ap). The following construction works
independently of this specific choice, however.

Conditional Expectation Value

Let A be a (von-Neumann) algebra of operators and A" = {B :
[B,A] = 0,YA € A} its commutant. We then call the map E[-|A] :
A" — A the conditional expectation from A onto A’ if

E[E[B|AJg(A)] = E[Bg(A)] (B.18)

forall A € A, B € A" and some measureable function g (in particular
g =id and g(A) = 1). The conditional expectation has the following
useful properties:

E[B|A] = B forall Be€ A (B.19a)
E[E[B|A]|C] =E[B|C] forC C A (B.19b)
E[AB|C] = AE[B|C] for A € C (B.19¢)

133

commutant



orthogonality relation

non-demolition
properties

2. 71, is often called
the quantum filter

QUANTUM FILTERING & CONTROL

The expectation [E defines a scalar product (A, B) := E[A"B], which
induces the norm ||A|| := (A, A)l}i/ 2. From the definition (B.18) then
directly follows the orthogonality relation

(E[B|A] — B,g(A))g =0 (B.20)

forall A € A, B € A" The conditional expectation thus also satisfies
the least-squares property [BV]o7]

IB —E[BJA]|[g < [|B— Allg. (B.21)

This means that [E[-|.4] is the orthogonal projection from A’ onto A.

Characteristic Function Technique

Suppose we continuously monitor the output of a quantum system
whose evolution is described by eq. (A.11) via homodyne detection,
yielding a measurement of the field quadrature Y(f) = A (t) +
Al (t) [where A, is defined in (A.25)]. We denote by V), = {Y (') :
0 < t' < t} the algebra generated by the observation process Y and
by Y, its commutant, )} = {A:]AY]=0,VY € ),}. For 0 < <t

we then have the non-demolition property [BV]Jo7]
[i:(X), Y(#)] = 0 (B.22)
[such that j,(X) € V] and the self non-demolition property
[Y(t),Y(t)] =0. (B.23)

This allows us to map the quantum filtering problem to a classical
filtering problem which we can tackle by methods from classical non-
linear filtering theory.

We define the quantum state E[-] = tr(pg ® py,c - ) and seek to find
an estimate® 7,(X) € ), for the Heisenberg operator X(t) = j,(X)
which minimizes the quadratic error E[(7,(X) — j;(X))?] based on
the observations Y(t). As this requirement is equivalent to eq. (B.21)
we directly find

(X)) = E[j,(X)[W]. (B.24)

We will now show how to calculate 77,(X) explicitly using the char-
acteristic function technique [GK1o0], for the case of a single vacuum
input. Due to the orthogonality property (B.20) of the conditional
expectation we have the identity E[(7,(X) — j,(X))C,] = 0 for all
C; € Y;. We can thus make the following Ansatz

dC, = g,C,dY(t), (B.25a)
dm(X) = a, dt + B, dY(¢), (B.25b)

for adapted stochastic processes a;, B, € V. This implies C;, 71,(X) €
Y; [while on the other hand j,(X) ¢ );]. We can then use dE[(7,(X) —
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j:(X))C,] = 0, which, due to Itd-rules consists of three terms. We find
for the first term?

(dm(X) — dji(X))Cy
w, G dt + E[B, dY (t)C;] — E[d},(X)C]

C,] dt +E[Bji(s +5")C,] dt — E[j,(L*X)C,] dt
0,C;] dt + E[B,m,(s +s")C,] At — [, (L£*X)C,] dt,

I=E

&y

E
E
E

where to go from the second to the third line we used (i) the
fact that Y is generated by a Wiener process and therefore the
increments dY(t) are independent of Y(t) at equal times, i.e.,
E[dY(£)f(Y(¢))] = E[E[dY(#)]f(Y(t))] for a measureable function
f, (i) E[dY(t)] = E[j,(s+s")]dt, and (iii) for the field initially
in vacuum we have E[dA(t)] = 0 and E[dA'(f)] = 0. In par-
ticular this means that E[g,dA(t)C,] = E[g,dAT(H)C,] = 0. To
go to the fourth line we used the orthogonality property, thus
E[j;(X)C;] = E[m;(X)C,]. For the second term we find

= E[(r,(X) — (X)) dC{]
= E[(m(X) — ji(X))&Cyji(s +s7)] dt
:]E[nt<X)nt(S+5+)gtCt]dt_ [ (X(S+S+))gtct]dt

by the same reasoning as above. Going from the second to the third
line we used (B.19c), which implies 7t,(7t,(X)j,(s)) = m;(X)m,(s), and
ji(XY) = ji(X)j;(Y). For the third term we obtain by using the Itd
table (A.14)

III = E[(d7,(X) — dj;(X)) dC,]
= E[(B:(X) dY(t) — djy(X))8:Cr Y (t)]
= E[B(X)g:C] dt — E[j( [ X])g:C,| dt
= E[B,(X)g,C;) dt — E[m([s", X])g,Cy] dt.

As g; is an arbitrary function we can deduce from I +II +1III = 0 by
equating the coefficients of g; and g;C; that

0=a,+Bm(s+s") —m (LX),
0=m(X)m(s+s") — m(X(s+s")) + B — m([s", X])
= (X) (s +5") = (Xs +5"X) + By,

where both equalities hold almost surely with respect to E. Solving
this for «; and B,;, and using the ansatz (B.25b) we find for the quan-
tum filter

dr,(X) = (LX) dt 4 [1,(Xs +5'X) — ,(X) 7, (s +5')] W, (B.26)
where

dW(t) =dY(t) — m(s+s') dt (B.27)
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is the innovations process. W(t) is a Wiener process with E[dW] = 0,
dW? = dt and therefore E[rr,(X)dW(t)] = 0 for 0 < s < t. The
innovations process can be interpreted as the difference between the
observed changed dY () and the expected change 7,(s +s') df of the
field. We can obtain the adjoint equation for the conditional density
matrix p, by identifying 71,(X) = tr(p.(t)X). This leads to the SME
(B.8).

B.2 MARKOVIAN HOMODYNE FEEDBACK

In this section we discuss how to describe Markovian (i.e., instant-
aneous) homodyne feedback in a framework developed in [Wisg4].
The setup is basically the one from fig. 28, where the photo-current
I.(t) is fed back to the system. Markovian feedback dynamics can be
described by the expression

(S)  ldp]w = K[Flp.dX, (B.28)

the strength of the feedback being proportional to dX = I,(t) dt. The
feedback is assumed to be described by a Hamiltonian evolution and
we thus write the linear operator K as

K[F]o = —i[F,p], (B.29)

where the Hermitian operator F = F' describes a generalised force.
As explicitly stated, eq. (B.28) has to be interpreted as a Stratonovich
equation [Wisg4]. In order to reconcile this with a master equation in
the Ito-formalism [e. g., eq. (B.8)] we first have to convert it to Itd form.
For a general master equation (with generic linear operators £ and
KC, and a nonlinear operator ) this procedure yields the following;:

We start from a conditional Itd master equation

dp. = Lp.dt +Hp. dW

We convert eq. (B.28) to the Itd form by applying the relations from
appendix A.6,

() [dpde = yKIFPpedt + K[Flp, dX

As analysed in [Wisg4], Markovian feedback can be described by al-
ternately applying the generators of the conditional and the feedback
evolution, applying feedback after the measurement, i.e.,

oc(t4dt) = exp (3K dt + K dX) exp (L dt +HAW)p,(t).
Expanding each exponential to first order in dt yields

pc(t+dt) = (14 12 dt + K dX) (14 LAt +HdW)p,(¢)
— (1+ £+ 12+ KH)p. dt+(H dW + K dX)p,.
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Using the definitions of K := K[F] and H := H|[s] [with egs. (B.9)
and (B.29)], and the expression of the homodyne current dX
[eq. (B.4)] we can show

KHpdt + KpdX = K(H + (s +s"),)pdt + KpdW
= K(sp +psH)pdt + Ko dWw.

Additionally we note that

1 1

K0 = —3[F.[F,p]] = D[Flp. (B.30)
Plugging in these two relations we can then take the classical aver-
age over the measurement results (dropping all terms proportional

to dW) to obtain an unconditional master equation,
p = Lo+ D[Flo+ K(sp + ps").

Finally, using the identity

DIs —iF|o = Dlslo+ D[Flp —ilF,s0+ps'] = 5 [o, Fs +5'F|, (B31)
this can be transformed to
p:ﬁp—D[s]p—i—D[s—iF]p—i[%(Fs—i—erF),p]. (B.32)

If we now use the form (A.31) of the Lindblad operator we end up
with

0 = —i[Hyys,p] + Dls — iFlo — i[} (Fs + '), o] (B33)

Let us discuss a two-fold generalization of this equation: First, we
consider m independent measurement and feedback channels that are
described by the operators s; and F; (i = 1,...,m) respectively. This
generalisation is immediate in the light of equation (B.17). Second,
we take into account a non-unit detection efficiency 0 < n < 1. We
know from appendix B.1.1 that we can obtain the corresponding SME
by rescaling the jump operator s — ,/77s, but only in the measurement
terms H|[s], while the decoherence terms D[s| are unchanged. We use
eq. (B.32) as our starting point and rescale s — ,/17s in the feedback
terms only and at the same time adjust the feedback gain to F —
E/./1. This yields

p= =il el + L{Plsilo + , DIElp —ilF, s + 1)

1

. . 1- 1
= —i[H,p]+ Y {D[s;~iF] o + /D[Fi]p —i5[s!F + Fisipl |,
1
(B.34)

which agrees with [WMog, p 246f].
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B.3 QUANTUM FILTERING IN LINEAR SYSTEMS

In this section we briefly review the most important equations of
quantum LQG control, following closely the presentation in [EBos].
We start by deriving the Gaussian quantum filter—the so-called
Kalman-Bucy filter—and afterwards discuss how its output can be
combined with optimal control techniques.

B.3.1 Kalman Filtering

Consider a Gaussian n-dimensional open quantum system coupling
to m vacuum field channels, m' < m of which are subject to homo-
dyne detection, yielding the measurement outputs Y; = A; ;¢ + A; out-
The system’s state conditioned on the outcomes of the homodyne
measurements is described by the Belavkin equation (B.17) or equi-
valently by a slightly generalised version of the quantum filter (B.26)

drm,(X) = —im,([X, H]) dt + i 7, (D'[s;] X) dt
=1

’ 1

Yl (Xs 4 sTX) — m(X)m (s +sH] AW, (B.35)
i=1

W; are Wiener processes with dW;dW; = §;;dt and the Hamiltonian
is at most quadratic in the system’s quadratures, which we collect
into a column vector X = (X4, ..., XZH)T. The canonical commutation
relations can then be written as [X;, Xj] = i]ij, where J is a skew-
symmetric real matrix. Similarly we define ¥ = (Y;,...,Y, ). We can
parametrize the jump operators s = (sy,. ..,Sy,)", and the Hamilto-
nian H as

s = AX, (B.36)

H = IX"RX+[X"Ru(t) + H.c], (B.37)
where R € R*" is symmetric, R € C**", and u(t) is a m-
dimensional input signal, which will later be used as a control input.
The system can then be described in terms of a linear vector quantum

Langevin equation and an output equation (see the subsection below
for a derivation)

dX(t) =[EX(t) + Gu(t)|dt +dV(¢), (B.38a)
dY(t) = HX(t) dt+[dA(t) +dA(H)'], (B.38b)

with the real matrices

F =J[R+Im(ATA)], (B.392)
H =2Re(A), (B.39b)
G =J(R+R"), (B.39¢)
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and the real, vector valued noise process
dv =iJ(ATdA" — ATdA), (B.40)

where dA = (dA;,...,dA,,)". We assume the field is in the vacuum
state py,c, such that dA;(t) dA;(t) = ¢;;dt. The (co)variances of dV
are thus determined by

Ndt = Re(dVdV") =JRe (ATA))" dt, (B.41a)
Mdt = Re(dV[dA +dA"]") = —JIm (A") dt. (B.41b)
From the quantum filter equations we can deduce the equations of

motion for the conditional mean values X; = m;(X;) and symmetric
covariance matrix 21’;’ = %nt(Xin + X;X;) — Xin. We find

dX(t) =[FX(t) + Gu(t)]dt
+K(t)[dY(t) — HX(t)dt], (B.42a)
d%i‘.(t) _FE(H) + E()FT + N
— [E(H +M][E(HH +M]', (B.42b)
where
K(t) = £(HH" + M. (B.43)

Equations (B.42) together with (B.43) are known as the Kalman—Bucy
filter in classical estimation theory [KB61]. Presuming certain stabil-
ity conditions [WMog, p 292f], the steady-state solution of the condi-
tional covariance matrix £ can be found by setting the right-hand side
of (B.42b) to zero, and solving the resulting algebraic Riccati equation.
If instead we are interested in the properties of the unconditional
state, we can solve the Lyapunov equation obtained from (B.42b) by
dropping the last term. [The resulting equation can also be obtained
from (B.38a) by application of Itd calculus.]

Derivation of the Linear Langevin Equations

We can derive the linear vector Langevin equation (B.38a) from the
general form (A.23) by using the definition of the Liouville operator
(A.24) together with egs. (B.36) and (B.37). In the following we are
using a sum convention where repeated indices are summed over.
For the unitary evolution we find

—i[Xy, H] = — 3 R;i[ Xy, X;X;] —i(Ryju;[X;, X;] —H.c.)
= — 3Ry ([Xe Xi] X; + Xi[Xe, Xj]) + (Ryj + Rij)uyi
= 3R (JuX; + Xili) + (Rij + Rfy)u i

= JulRyX; + (R + Rj)uy],
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where in the second to last line we used R = R'. The Lindblad term
yields
ZD sI|Xg = 81 X;s; — 3[s18, X, + Xs1's)]
= Nl (XTX X5 — SXTX X + X XT X))
= SN (XX, X+ (X, X X))
= SN X — T X))
= Sk (AL — N X = =i Im(AAR) X,
while the noise terms result in
[Xe,s1] AT = Ayl X, Xi| dA] = i J dA],
[sf, Xi] dA; = A[X;, Xe] A = 1A} 5 dA;.
Putting this in vector form we immediately find eq. (B.38a). The out-
put equation eq. (B.38b) follows directly from the input-output rela-
tions eq. (A.26) and the definition of the jump operators.
Derivation of the Kalman Filter Equations

The Kalman filter equations can be derived starting from the quan-
tum filter equation (B.35) by using Itd-calculus. The derivation is very
similar to the one of the classical Kalman filter, see, e. g., [Xioo8]. We
start with the conditional mean and find an explicit expression for
dX(t) = drm,(X). The result contains the three terms: The terms gen-
erated by the Hamiltonian evolution and the diffusive dynamics we
can copy from above, thus

—i”t([xk/ H]) = Ju[Rym(X;) + (R + Rjj)uj,
Z”t "s)x;) = —Ji I (A A 1(X5)-

Introducing the shorthand notation §; = s; — 7,(s;) and X; = X; —
1,(X;), the measurement term (w1thout the noise increment) can be
written as

T (XiS1 + 51 X¢)
= At (XeXo) + A (X Xe)
= At (X Xi) + A (K Xe) + (A + Ay 7 (Xe) 1 (X5)
= Re (Ay;) [ (X X; + X Xp)| + iIm (A) m([Xy, Xi])
= 2Re (Ay) Ly — Im (Ay) Jii,

where we used 7,(3;) = m;,(X) = 0 and Z = m,(X;
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Adding up the resulting expressions and casting them into vector
form leaves us with

d7t,(X) = JIR +Im (ATA)]71,(X) df + J(R + R*)u(t) dt
+ [2&(t)Re(A)" —JIm(A)T]dW(t). (B.44)
It remains to show that
dW; = dY; — m,(s; +s]) dt = dY; — (A + Ay (X;) dt. (B.4s)
This leads to eq. (B.42a). The evolution of the corresponding covari-
ance is determined by
dfy = % drry (X X + X X) — dmy (X)) 71, (X)) (B.46)

For simplicity we here neglect the deterministic input and thus set
R = 0; it is, however, straightforward to extend the presented deriv-
ation to the more general case R # 0. The second term in eq. (B.46)
can be directly obtained from eq. (B.44) by using Ito-rules. It is made
up of the terms

(X)) A (X)) = [Frry(X;) dt + Ky AW (X)), (B.47a)
dﬂ't(Xk) dnt<Xl> = KkiKil dt, (B47b)

plus the corresponding expression for 71,(X;)dm,(X;). The expres-
sions for the first term in eq. (B.46) are more involved. For the
Hamiltonian evolution we find

— i ([X, X, H]) = = 3Ry 70 ([X0 Xy X X))
= 3Ry 70 (X X Jin + Xi XSk + X XieJin + X XeJim)
= Ry (Xi X Jxm + X XicJim),

and after symmetrisation

— i ([Xe X + X1 Xy, H])
= Jim R 70 ([Xor Xil ) + Jiom Ry 70 ([ X, Xi] 1)
= 2] i Ry [Eic + 70(Xo0) 70 (X))

+ 2 Ry [Eos + 70, (X)) (X))

We now note that we can write the Lindblad term D'[s]X =
%(s+[X, s] + [s", X]s). Together with the definition* A,,, = (A'A),,, 4. Note thatA,,, =
this leads to (ATA ) = Ay

Zﬂt SIXXi) = AN 70 (X [ X Xy Xi] + (X X0 X X
= IA]nA]mT[t( Xllem X1 + Jim X + U Xie + T X Xon)
= 3 T T X X0+ T X X + T X Xon + T Xi Xi)
— T T X0 X+ T XXy + T Xon X + L Xon Xo) -
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We now decompose A, = Re(A,,,,,) +1Im(A,,,) into its real and ima-
ginary part, and observe that Re(A,,,) = Re(A,,,) and Im(A,,) =
—1Im(A,,,). Above expression can thus be written as the sum of the
two terms

2 Re () 70 (T [ X0 Xi) + T [ X0 X))
+ 5 Re(Ayu) 70 ([ Xies Xi) + T [ X1, Xo])
= L Re(A ) 70 (i X0 Xi] + Jin [ X0 Xi])
= — 1 Re(A) Ukt + Timduk) = —Jin Re( M) Tk

and

— 1 Im(A ) 70 (T [ X0 Xl + T X X014)
— 1 I (A, 70 (Lt [ X X+ T [ X Xl 4)
= =3 I () 70 i [ X0 Xt 4+ Tt [ X X 1)
= [+ 71 (X) 71 (X)) T (Ao ) Tk
i I (A ) [ + 70(Xo) 70 (X))

Note that both expressions are symmetric under the substitution k <+
I. For the measurement term we obtain

7 (X X0S; + 51 X, Xy.)
= A (XX X)) + A (KX, Xe)
= Ay ([X) 4 71 (X)X + (X)) 1 X))
+ A (XX 4 7 (X)) (X + (X))

= Ayjl[m (X)) 1 (X, X)) 4 71 (X)) (X X))
+ A (X)) e (X5X)) + (X)) 3 (X5 X))
= Re(Ay;) [ (X ) 7 ( )7 ([Xy, Xi1)]

j
(X, X)) + (X
— iIm(Ay) [ (X)) 7, ([X, X)) + (X)) 0 ([X, X))
= 2Re (Ay)[7m (Xp0) Ej + 71, (X)) ]

+ Im (Ag) [0 (Xp) Jjn + 70 (X0) T

where we used that for Gaussian states central moments of odd or-
der must vanish, i.e., nt(XlX]Xk) = 0 for all i,j, k. Combining these
expressions yields

3 A7 (X, X + XkXI) = F;Ej + 2 + Ny

The first line corresponds to the standard Lyapunov equation. Plug-
ging egs. (B.47) and (B.48) into (B.46), the second line of (B.48) cancels
with eq. (B.47a) and the corresponding term for 7, (X;) drm,(X;). We
eventually obtain the Riccati equation (B.42b).
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B.3.2 Quantum LQG control

Linear—quadratic—gaussian control concerns the control of linear sys-
tems subject to additive Gaussian noise such that a quadratic cost
function is minimised. The LQG controller turns out to be a combin-
ation of the system’s Kalman filter plus a quadratic regulator, where
the control signal u(t) depends on a set of observations {Y(s) : 0 <
s < t}. In this thesis we only deal with the asymptotic control prob-
lem for t — oo as we are interested in the steady state of our systems.
We therefore want to find a feedback strategy which minimizes the
total cost [BH08]

| EmX@, )] (B.49)
We choose & to be of the form
h(X,u) = X'PX +u'Qu, (B.50)

where P > 0 and Q > 0 are both real, symmetric matrices of appropri-
ate dimensions. Under the assumption of certain stability conditions
[WMog, p 298] the optimal feedback signal is given by [EBo5]

u(t) = —C(H)X(t), (B.51)
c=0 'G"'a%, (B.52)

with O the solution of the algebraic Riccati equation
FIO® + OF+P — QGO 'G'Q* = 0. (B.53)

In section 3.1 we need to calculate the steady-state covariance matrix
of a linear system including optimal feedback. This can be achieved
by first noting that (due to the separation principle [BHo8]) we can
write (B.42a) as

dX(t) =(F— GC)X(t) dt + KdW, (B.54)

where W is a Wiener process with dW (t) dW(t)" = 1,, dt (the innov-
ations process). We also need that [EBo3; BV]oy]

A

Re(E[(X(t) — X(1))(X(t) = X(1)']) = £(t), (B.55)
E[(X (1) - X(£)X (D] =0, (B.56)

where the first relation follows from the definition of X and £, and
the second from the orthogonality principle (B.20). We therefore find

A A

Re(E[X()X(1)'])=£(t) + EX(HX(1)'], (B.57)

where the equation of motion for the last term on the right-hand side
E(t) = E[X()X(t)"] can be deduced from (B.54). The steady-state
solution E* which fulfills

(F— GC)E* 4+ E%(F— GC)" + KK' = 0. (B.58)
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The steady-state solution of the symmetric covariance matrix of the
controlled quantum system is thus given by

lim Re (E[X ()X (£)"])= £% + &%. (B.59)

t—o0

Finally, we want to estimate the magnitude of the expected feedback
signal. We quantify this by E[u’ (t)u(t)]. In the steady state we find

E[u' (Hu(t)] = E[X'C'cX] = tr(CE*C"). (B.60)

B.4 ROUTH-—HURWITZ CRITERION

Consider the characteristic polynomial of a matrix M € R"*"

h,(A) =det(M—AL,) = agA" +a, A"+ +a, A+a, (B.61)

with real coefficients a; (i = 1,...,n) and a, # 0. All roots of i, then
have negative real part if and only if the determinants of all Hurwitz
matrices are positive [Iloy, p. 1086], i.e.,

detH]- >0, j=1,...,n (B.62)
The Hurwitz matrices H; € R”™/ are defined by

(H])nm = Dn—ms 1<nm S] (B63)

with a; :== 0 for i < 0 and n < i. This yields, explicitly written in
matrix form,

aq ay 0 0
as a, aq ... 0

H=| % ay ag ... 0, (B.64)
(12]'71 112]'72 02]‘73 ce (1]‘

As an example, for n = 3 this gives the following matrices:

a a a; dy 0
= (o), H= ("), H=lo o o) 66
0 0 aj

B.5 EVALUATING INTEGRALS OF RATIONAL FUNCTIONS

The presented method is useful for finding analytic solutions to a
Lyapunov equation. Consider an integral of the form

* gn(x)
/_ Ly (B.66)
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where
h(x) =apx" +a;x" '+ +a, ;x+a, (B.67a)
n(x) = bpx™ 2+ by x4 by o+ Dy, (B.67b)

with aq # 0. The polynomials #,, and g, are therefore determined by
n+ 1 and n coefficients respectively. We assume that all roots of #,,
lie in the upper half-plane. The solution of (B.66) is then given by [Iloy,

p- 253)°

« 8n (x) : n+1 70 An
dy—=2rt—r—— =i(-1)"" ——=%, (B.68)

/*00 hn(x)hn(_x) ag An
where A, = detH, is the determinant of the Hurwitz matrix H,,

defined in appendix B.4 and A, = detM,,, with

by ay a, a 0
M, = b, Ay az a, 01, (B.69)
by1 Ay Ayy3 ... 4

which is a n x n matrix obtained from H, by replacing the first
column with the coefficients (by,by,...,b,_1) of g,. Note that for-
mula (B.68) is also valid when g, includes odd powers of x, as their
contribution averages to zero over the (—oo, 00).
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