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Abstract

It is widely believed that quantum physics is a fundamental theory de-
scribing the Universe. As such, one would expect to be able to see how
classical physics that is observed in the macroscopic world emerges
from quantum theory. This has so far largely eluded physicists, due
to the inherent linear nature of quantum physics and the non-linear
behaviour of classical physics. One of the principle differences between
classical and quantum physics is the statistical, probabilistic nature
of quantum theory. It is from this property that non-classical states
can arise, such as entangled states. These states possess maximal
correlations. However, they are not the only way in which correla-
tions are created in quantum systems. This thesis aims to show how
open quantum systems naturally contain correlations from their quan-
tum nature. Moreover, even seemingly simple open quantum systems
can behave far more complexly than expected upon the introduction
of quantum feedback. Using this effect, the dynamics may become
non-linear and as such behave non-trivially. Furthermore, it is shown
how these effects may be exploited for a variety of tasks, including
a computational application in hidden quantum Markov models and
a quantum metrology scheme that does not require the use of exotic
quantum states. This results in the design of systems that benefit
from the use of quantum mechanics, but are not constrained by the

use of experimentally difficulties such as entanglement.
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Chapter 1

Introduction

The proceeding work analyses open quantum systems with quantum feedback
for quantum technological applications. In this chapter, we shall provide some

general background and motivation to the following chapters.

1.1 Motivation

The emergence of quantum physics in the early 1900s initiated one of the biggest
scientific revolutions in history. Many of the fundamental aspects of nature were
now able to be explained with this new physics. Moreover, as well as better
explaining the observed world, new phenomena were discovered. In particular,
this includes the introduction of quantum information. One such development of
quantum physics is the quantum theory of light. The focus of this thesis is all
around the quantum behaviour of light, in particular by manipulating light at the
quantum level. In doing so, there is a wide range of technological applications.
Most successfully, quantum optical systems have found uses in quantum metrol-
ogy [1] and quantum communication [2], as well as having potential for quantum
computing [3].

However, most implementations of the above mentioned applications rely on
difficult experimental procedures. For example, controlled entanglement for in-
formation processing tasks is difficult to efficiently generate on a large scale, par-
ticularly in optical systems, which is required for gaining a useful enhancement

on classical systems. Particularly in optical systems, large-scale entanglement is
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hard to achieve due to the difficulties involved in creating interactions between
photons. As such, entanglement is often made only probabilistically. This is
the main limitation of implementing quantum technologies. Fortunately, there
are other ways to create quantum effects. One such way of generating quan-
tum effects is by manipulating open quantum systems and analysing the photon
statistics emitted from the system. In particular, this thesis will analyse how
an optical cavity can be manipulated and monitored in order to produce novel
quantum effects amongst other results.

As an example, quantum metrology is an area that has been studied exten-
sively recently. A typical example of how a parameter can be measured is with an
interferometer to measure a phase shift p, as shown in Fig. 1.1. Classically, this
is straightforward, as light can be sent into the input ports and measured at the
outputs. Depending on the intensity measured at the outputs, information can be
gained about . At a quantum level, the same can be done. If a single photon is
inserted into the interferometer, the same procedure can be conducted. This can
be repeated with many photons and reproduces the classical results. However, if
an entangled state is used as an input, the non-classical correlations present can
result in more information obtained per-photon than in a single photon case.

A typical state used for this purpose is the NOON state, which is defined as

1

V2

where the subscripts a and b describe the photons in path a and b respectively.

|N00N> = (|Na0b>+|OaNb>) ) (1'1)

As with many entangled states like this, it is hard to produce for large N. This
is similar for a large number of implementations of quantum metrology schemes,
as can be seen in Ref. [1]. This problem is analysed in more detail later in Ch. 5,
but for now we consider this as motivation for the development of simpler novel

techniques.

1.2 Open quantum systems

The main focus of this thesis is on the behaviour of light trapped within an optical

cavity. Like most quantum optical systems, this must be treated as open in order
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Output light

? =

=

Input light

Figure 1.1: Typical Mach-Zehnder interferometric setup for a metrology scheme.
Light is input into the interferometer and allowed to experience a phase shift
in one arm. Then, upon measurement at the end, the interference of the two

pathways of light reveals information about the phase shift parameter .

to be accurately modelled and to track photon emissions. By this, we mean that
the system to be analysed should be allowed to interact with its environment.
A closed quantum system is one that simply evolves in time according to the

Schrodinger equation. Specifically, this means a state [1)) evolves according to

9) = —2HY), (12

where H is the Hamiltonian operator describing the system. However, the evo-
lution of an open quantum system is more complex. Suppose a system interacts
with some other external system that has infinitely many degrees of freedom,
which is essentially a classical system. This system is known as a bath or envi-
ronment. In this case, as we shall see in Chapter 2, the system no longer evolves

according to a Schrodinger equation. Instead, we now use a density matrix p to
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describe the system and its evolution is given by a master equation. Assuming

Markovianity, the master equation is Lindbladian [4] and is of the form

. N2-1
1 1

) = H Uyun | LinpLl — = [LT L, : 1.3

p 7 ,p]+m;:1 ( Ly =5 L ,p]+> (1.3)
In Chapter 2 we shall derive this equation for an open quantum system with
a single decay channel. This means all I';,,, = 0 except one. An important
feature of open quantum systems is the ability to alter these decay channels with
feedback. This will be used extensively in this work and is introduced in Chapter
2.

1.3 Background

Despite theoretical success in developing a variety of schemes for quantum metro-
logical applications, experimental implementations are still difficult to achieve.
This is largely due to requirement of entanglement in most proposed schemes.
For example, there is a wealth of literature on quantum metrology, where a vari-
ety of schemes are proposed [1]. Unfortunately, most have not been implemented
due to experimental difficulty in generating the quantum features required such
as large scale entanglement.

Recent work has been conducted on investigating how open quantum systems
can be used for quantum metrology applications [5, 6, 7]. These methods pro-
vide a novel technique in achieving enhanced measurements without the need to
build large-scale entanglement. The results of these papers shows that quantum
metrology can be achieved by using time as a resource. This is not possible in
interferometric setups, as there the system is closed and ends upon measuring the
output light; it cannot be left to run for an arbitrary time. These new methods
of using time as a resource in open quantum systems therefore offer a potential
advantage over standard interferometric methods.

Furthermore, there has been recent interest in the use of open quantum sys-
tems for computer science applications. In particular, quantum neural networks
and quantum machine learning systems are being investigated [8, 9]. Open quan-

tum systems may find applications within this field also. As a stepping stone to
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this, part of the work in this thesis will investigate a computer science applica-
tion in the form of Hidden Quantum Markov Models (HQMMs). These machines
were recently introduced [10] and have found interest in some adaptations [11, 12].
However, there is still little work conducted on alternative computer science ap-
plications for quantum systems.

The theory behind open quantum systems has been studied extensively al-
ready in the literature [13]. In particular, quantum optical systems are well
understood in a variety of scenarios. Typical quantum optical systems, such as
optical cavities and two-level atoms can be modelled with relative ease due to
their simple Markovian dynamics and hence their dynamics are well known. A
way of making these systems more complex is to introduce quantum feedback.
This process has been used for a variety of tasks [14]. Most notably in the liter-
ature, feedback is used for the stabilisation [15, 16] and control [17] of quantum
systems, usually for quantum information purposes. In this work, we shall see
feedback used for a different purpose. In effect, the feedback used in the work in
this thesis acts to destabilise the system, inducing far more complex behaviour

in previously simple quantum optical systems.

1.4 Outline

This thesis can effectively be split into three parts. The first part in Chapter 2
provides a theoretical background on the modelling of open quantum systems.
The first step here is deriving a master equation for a general Markovian open
quantum system. After this, we look at two concrete systems that will be of
interest in the proceeding chapters. Specifically, we derive the master equation
for an optical cavity and a two level atom. We also consider the unravelling of
these master equations, allowing for the study of individual quantum trajectories.

The second part consists of Chapter 3. In this chapter, we present a study of
the effect of quantum feedback on open quantum systems in the form of strong
laser pulses upon photon emission. In particular, we shall compare and analyse
the ergodicity of an optical cavity that is subject to continuous laser driving and

one that is inside a quantum feedback loop. This provides an insight into the
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complex dynamics that can be achieved by introducing quantum feedback into
an open quantum system.

Finally, in the third part of the thesis, we look at quantum technological
applications of the behaviour studied in Chapter 3. Firstly, in Chapter 4, we
look at a computer science application in the form of Hidden Quantum Markov
Models. We first provide a mathematical model for describing both classical
Hidden Markov Models and their quantum analogue, Hidden Quantum Markov
Models. We then provide an example of how such a scheme may be implemented
and compare classical and quantum machines statistical properties with a simple
example.

We then consider a further quantum technological application in Chapter 5.
Here, we study quantum metrology. We begin by reviewing the Fisher information
and parameter estimation theory, before the applying it to a simple two-level
system. By introducing feedback appropriately, we find we may make a quantum-
enhanced measurement. We then apply similar ideas to an optical cavity inside a
quantum feedback loop. Finally, in Chapter 6, we summarise the work presented

and consider potential future work and its applications.
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Chapter 2

Open quantum systems with

quantum feedback

The aim of this chapter is to give a brief introduction to the modelling of open
quantum systems [13, 18], thereby providing a theoretical background to the pro-
ceeding chapters. To do so, we first consider a general quantum system that
interacts with a surrounding bath. This bath is assumed to also interact with
an external environment, which causes it to thermalise continuously. More con-
cretely, the environment constantly resets the bath into its environmentally pre-
ferred state — its so-called pointer state [19]. Hence, the resulting effective time
evolution of the open quantum system is approximately Markovian and its density
matrix pg obeys a master equation in Lindblad form [4]. When the bath surround-
ing the quantum system is continuously monitored by the environment for the
detection of spontaneously emitted photons [20, 21, 22], this master equation can
be unravelled into an infinite set of physically-meaningful quantum trajectories.
An unravelling involves splitting the overall average evolution into its individual
components and looking at a possible evolution along such a path. Considering
such an unravelling and assuming that any instantaneous quantum feedback is
triggered by sudden changes of the state of the quantum system, it becomes clear
how to incorporate instantaneous feedback into the master equation [7, 11, 14].
This shall be seen more precisely later in this chapter.

In this chapter we first review what is meant by an open quantum system,

before deriving the master equation governing a general Markovian open quantum
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system’s time evolution evolution with quantum feedback. We then derive this
equation for an optical cavity inside an instantaneous quantum feedback loop,
which is extensively studied in the rest of this thesis. Finally, we present an
analysis of a two-level atom with instantaneous quantum feedback and provide a

simple example of how feedback can alter the dynamics of such a system.

2.1 General derivation of the master equation

To describe the evolution of a closed quantum system, the Schrodinger equation

is used. This means that a closed quantum system [¢)) evolves according to

9) = —2HIW). 2.)

where H is the Hamiltonian describing the system of interest. This equation
applies when there is no loss of energy or correlations to an external environment.
However, realistically this is never the case, as a system will always couple to its
surroundings in some form. If this is to be incorporated into the dynamics, the
system must be considered open. To analyse the behaviour of such systems, we
must introduce the quantum master equation [4, 18]. The standard quantum

optical master equation is given by

p = Lp, (2:2)

where p is the density matrix describing the system and £ is a superoperator of

the general form

i

Lp = —L[H
p = [H, 7]
N N
1
m=0 n=0

Here, I',,,, describes the decay rate of the channel m,n and L,, is known as a
Lindblad operator. Most quantum optical systems have a master equation of the
form

i

p=—7Hpl + %F (QLpLT - [LTL,pL) , (2.4)
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where there is just a single decay channel. Solving Eq. (2.3), it is found that
p(t+ At) = exp(LAL)p(t) (2.5)

is always the solution. Although the time evolution of an open quantum system
is more complex than that of a closed system, they are both characterised by
linear differential equations. In the next subsection, we will present a derivation
of the general quantum optical master equation and show how feedback can be

incorporated.

2.1.1 Master equations without feedback

Let us first have a closer look at an open quantum system without feedback. The
Hamiltonian H of such a system and its surrounding bath can be split into two

parts,
H = Hy+ Hy, (2.6)

with Hy denoting the free energy of the quantum system Hg and its bath or

environment Hg, meaning
Hy = Hs+ Hg, (2.7)
and with H; consisting of two terms,
Hy = Hy+ Hsp. (2.8)

Here Hsp describes system-environment interactions and H;,; describes the inter-
nal system interactions. Typically for quantum optical systems, Hgg describes a
linear coupling between the system and bath. Moving into the interaction picture

with respect to Hy, the Hamiltonian simplifies to the interaction Hamiltonian
Hi(t) = Ul(t,0)H, Uy(t,0), (2.9)
which is of the general form

Hy(t) = Hiw1+ Hspr, (2.10)

10
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System  Environment

Figure 2.1: Overview of total system with corresponding Hamiltonians.

and where Uy is the time evolution operator with respect to the Hamiltonian Hy,
At
Uolt+ A1) = o & 1 @0 (2.11)
which can be found by solving Eq. (2.1). Typically, Hy is time independent and
the calculation of the time evolution operator is determined trivially.

Now, suppose the state of the quantum system at time ¢ is given by the density
matrix pg(t). Moreover, adopting the ideas of Refs. [18, 19, 20, 21, 22|, we assume
in the following that the bath surrounding the quantum system is in general in its
environmentally preferred state — the so-called einselected state or pointer state
— which we denote by |0). Hence the general density matrix of system and bath

at some time ¢ can be written as

pse(t) = [0)ps(t) (O] - (2.12)

As argued in Ref. [19], the pointer state |0) is environmentally preferred because
it minimises the entropy of the bath. Hence, the bath only evolves due to system-
bath interactions, but is invariant with respect to its own internal dynamics.
Next, we assume that system-bath interactions perturb the state of the bath
on a time scale At, which is short compared to the time scale given by the effective
internal dynamics of the quantum system. During this time interval, the density
matrix psg(t) evolves via the time evolution operator Uj(t + At,t) into a new

density matrix psg(t + At) given by

psp(t + At) = Ui(t+ At 1) [0 ps(t) (O] U (t + At t) . (2.13)

11
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Following the discussion in Refs. [18, 19, 20], we now assume that environmental
interactions subsequently relax the reservoir very rapidly back into its environ-
mentally preferred state. If the environment acts only locally and does not affect
the expectation values of the quantum system, the result of this thermalisation

is a new system-bath density matrix

psp(t +At) = 0) ps(t + At) (0] , (2.14)
with the state of the system given by

ps(t+At) = Trp (psp(t + At)) (2.15)

where we have performed a trace over the environmental modes. Importantly,
the trace is a local operation, meaning that acting it upon the environment does
not (non-locally) alter any of the system’s expectation values. Effectively, only
ps(t) has evolved over the interval At, and its dynamics can be summarised by

the master equation

polt) = =z [os 6+ A1) — ps ()] (2.16)

Given a clear time scale separation between the effective inner dynamics of the
quantum system and the relevant system-bath interactions, the right-hand-side
of Eq. (2.16) can be evaluated using second-order perturbation theory. To do so,

we write the time evolution operator Ur(t + At, t) as

i t+At t+At
Up(t + At,t) =~ 1—}3/ de’ Hy (¢ / dt/ dt” Hy(t')Hy(t") .
t

(2.17)

Substituting this equation into Eq. (2.13) and combining the result with Eqgs. (2.15)
and (2.16), we find that

pslt) = _ih[HMa),ps(t)}

11

t+AtL !
— dt’/ dt” ( (0|Hsp1(t")Hsp1(t")|0) ps(t) + H.c.
A " ({01 H (1) His (1)10) ps(1) + Hic.)

1 1 t+At t+At
E ﬁ TIB (/ dt// dt” HSBI(t/) |0> ps(t) <0| HSBI (t”))
t t
(2.18)

12
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up to zeroth order in At. When deriving this equation, it has been taken into
account that At is relatively small and that a typical bath has infinitely many
degrees of freedom. Therefore, the double integrals in Eq. (2.18) scale in general
as At and not as At?, due to the Markov approximation that will be introduced
shortly. This will become clearer when a real system is considered later in this

chapter and is in fact a consequence of the Markov approximation.

2.1.2 Unravelling into quantum trajectories

To incorporate instantaneous quantum feedback [11, 14] into the above master
equation, we notice that the application of feedback requires monitoring the bath
for triggering signals. Assuming the presence of such measurements on the above
introduced time scale At allows us to unravel the above master equation into
physically meaningful quantum trajectories [20, 21, 22]. The master equation
describes the evolution of the ensemble average of the system. This means it
tells us how a system will behave on average. However, an actual individual
quantum system may evolve differently to this. Such an evolution is what is
known as a quantum trajectory. A quantum trajectory is a stochastic process and
must be analysed accordingly. One such way of modelling a quantum trajectory
is with the quantum jump approach, which shall be introduced later in this
chapter and used throughout this thesis. Quantum trajectories may be obtained
by stochastically evolving a state through a set of possible evolutionary paths.
These paths may be obtained by looking at the unravelled form of the master
equation, where the evolution is split into (phyiscally meaningful) parts. These
individual evolutions may then be stochastically applied to a state in order to
obtain a quantum trajectory.

Denoting the (unnormalised) density matrix of the subensemble of quantum
systems for which the bath remains in its environmentally preferred state |0) by
p3(t), and the (unnormalised) density matrix of the subensemble for which the
bath changes due to non-zero (photon) excitations in the environment by pZ (¢),

one can show that

ps(t) = p3(t) + A% (1), (2.19)

13



2.1 General derivation of the master equation

At = —%[Hmu(t’),ps(t)]

t+At
/ at dt”((O|HSBI(t’)HSBI(t”)|O>ps(t)+H.c.>
(2.20)

» 1 1 t+At . t+At Y , "
pS (t) = KtﬁTrB / dt / dt HSBI(t)’0> ps(t) <0|HSBI<t ) .
t t
(2.21)

Notice that the trace operation in Eq. (2.15) is independent of the basis in which
it is performed. Consequently, the dynamics of ps does not depend on how the
bath is actually measured. Comparing to the master equation in Eq. (2.2), we in
fact see that

i

) 1
pe(t) = -7 [Hine1, ps] — §F [LTLPSL

p° = TLpgL' (2.22)

For very small At, Eq. (2.20) can be written in the more compact form of

) i

p3(t) = =3 [Heonar(t) ps(t) = ps(?) Hlai ()] (2.23)
with Heona1(t) being the (non-Hermitian) conditional Hamiltonian of the open

quantum system defined as

11

t+At t
Hcondl = HintI - Kt ﬁ dt,/ dt//<0|HSBI(t/)HSBI(t//)|O> : (224)
t t

This means, pd(t) evolves effectively according to a Schrodinger equation. If the
quantum system is initially in a pure state |1)s(¢)), it remains pure as long as the
state of the bath does not change due to system-bath interactions [18, 20]. The
probability for the bath to remain in its preferred state |0) for a time At equals

PO(At) = || Ucond<t + At7t) |¢S(t)> ||2
= Tr(p3(t+At)) , (2.25)

14



2.1 General derivation of the master equation

where Ueong (t+At, t) denotes the time evolution operator corresponding to Heona(t).
Finally, it should be noted that this unravelling provides the Kraus operators
describing the system’s evolution [23]. Kraus operators are generalised measure-
ments that describe how the system evolves given a certain measurement. The
set of Kraus operators describing a system provides a completely positive trace
preserving map (CPTP map). In this case, we have seen that the system can be
decomposed into two subensembles. Hence, there are two Kraus operators that
describe the evolution of our system. Over a short time interval (¢,¢ + At), the

Kraus operators describing the system’s evolution may be defined as
Ko(At) = Ugna(t + At t) Ky (At) = VTALL, (2.26)

where Ky(At) describes the no-photon evolution, while K;(At) describes the
evolution under photon emission. Applying these operators to a quantum state
returns the unnormalised state describing the system at a later time, the size of
which corresponds to the probability of the transition. Using these equations,
identifying the relevant Kraus operators for a specific open quantum system is
now straightforward. The Kraus operators should form a complete set to ensure

probabilities are properly defined, meaning
d KK = 1. (2.27)

This condition is approximately fulfilled so long as At is sufficiently small.

2.1.3 Master equations with instantaneous feedback

Repeating the above derivation of Eq. (2.18) while assuming that the quantum
system experiences a unitary feedback operation, R,,, with probability 7,, when-

ever the state of the bath is found in |m) and m # 0, we arrive again at Eqgs. (2.20)

15
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and (2.23) but with Eq. (2.21) replaced by

” 1 1 t+At t+At
) - _ / "
Tt = 57 > ”m)/t dt/t dt
m#0
x(m| Hsp1(t') |0) ps(t) (O Hsp1 (t") |m)
1 1 t+At t+AL
— = m dt’ dt”
+At h2 Zn /t /t
m#0
X Ry (m| Hsp1(') 0) ps(t) (O] Hspi (t") [m) R, . (2.28)

The kind of feedback described in this work is often referred to as instantaneous
feedback, since it acts on the time scale At that is much shorter than the time scale
given by the internal system dynamics [14]. If the feedback was not considered to
be instantaneous, it would make the evolution non-Markovian. An alternate way
to introduce feedback is to consider the change in the Hamiltonian Hgg. As the
introduction of the feedback described above only alters the dissipation terms it
must be present in Hgg and not in Hy,;. We will now look at a general quantum

optical system to see how the above can be applied to derive a master equation.

2.1.4 General derivation of master equations for quantum

optical system

In the following, we show how master equations can be used to model the time
evolution of open quantum systems with linear couplings between the quantum
system and its surrounding bath. In this section, we shall consider a very general
quantum optical system that will be required later in Chapter 4.

Our starting point is the Hamiltonian H for system and bath, which can be

split into four parts as usual. These are
H = Hs+ Hy+ Hp + Hsp, (2.29)

where the Hamiltonians represent the same as described above. When denoting
the energy eigenstates of system and bath by |n)s and |m)g, respectively, and

assuming a linear coupling between system and environment, Hg, Hg, and Hgp

16
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can be written as

N
Hs = Y hwg|n)ss(n],
n=1

HB = Zhwm’m>BB<m’7
m=0

o0

N
Hsg = > > Ngumumen'm’)spss(nm| + He., (2.30)
mm!=0n,n'=1
without loss of generality. Because of being a bath, an infinite number of highly
degenerate energy levels hw,, may occur. Finally, the ¢g’s are system-bath coupling
constants. Here, we assume for simplicity that these are time independent, though
this is not always the case.
Since we are interested in identifying the relatively slow, effective internal
dynamics of the open quantum system, we now move into the interaction picture

with respect to the free system Hy = Hg+ Hg, giving the interaction Hamiltonian

00 N
Hi(t) = Z Z e |0/ Y sp g (nim| @ 7 1@m =@ Fwn =)t

m,m’=0nn’'=1

—|—H.C. + HintI (t) s (231)

with Hinp (t) describing the internal dynamics of the system in the interaction
picture.

Next, if we assume the environment is now a continuum of modes, we may use
the arguments presented in above to derive the master equation of this system.

Hence, we find that the master equation is given by

. N
: ( 1 .
pS = _ﬁ [Hintla PS] - 5 Z gnnlén//n/// LIL”’N/” Lnn/7 ps]
n,n/ n' n'=1 +
N
+ Y G L ps Ll (2.32)

nn' n/ n/"=1

The L’s in this equation are operators that act on the internal states of the open
quantum system and the &’s are constants. In addition, one can show that the

above equation is of Lindblad form [4].

17



2.2 Optical cavity in a quantum feedback loop

Eq. (2.32) describes open quantum systems without feedback. These are quan-
tum systems where the environment does nothing else but reset the bath that
surrounds the system back into its pointer state. However, this does not neces-
sarily have to be the case. As we have already seen in previous chapters, open
quantum systems can be designed such that the transfer of energy into the en-
vironment triggers a back action, which changes the density matrix ps(t) by a
unitary operation. This is achieved by introducing feedback. Using the same
arguments as above, one can show that the open quantum system evolves in this

case according to a master equation of the general form

7
) - Hln )
Ps ) [ t1 Ps]

1 It
—5 Z Z fnn mén 'm!""m [ n' n”’an”/:m’pS]Jr

m=1nn’n" n""=1

00 N
+ Z Z fnn mgn 'n!" . m nn’,m Ps LL "t m (233)

m=1n,n',n" n'""=1

with the L, ,, operators defined such that
Lypm = Ry L. (2.34)

Here, the L, operators are the standard Lindblad operators for the system and
the R, are unitary operations applied depending on the measured state of the
environment |m). This equation is of exactly the same form as the master equa-
tion for open quantum systems with instantaneous feedback in Eq. (2.28) and
others already encountered. Here, |m)p is the state that became excited by the
system-bath interaction and the R,, is a unitary operator, which acts condition-
ally on the internal state of the quantum system and describes the respectively

applied feedback operation.

2.2 Optical cavity in a quantum feedback loop

We shall now consider a more specific example. An open quantum system that we
will analyse more thoroughly later in this work is that of an optical cavity inside

an instantaneous quantum feedback loop. In this section, we shall discuss the

18
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theoretical background needed to study this system. Applying the ideas intro-
duced in Section 2.1 to a specific Hamiltonian is now straightforward. Here, we
derive the master equation of a laser-driven optical cavity inside an instantaneous
quantum feedback loop in its most basic form. In later sections, this derivation

will be recalled and adapted to highlight specific additional features.

2.2.1 Master equation for an optical cavity without feed-
back

Using the notation introduced in Section 2.1 and in Refs. [7, 11, 13, 18], we split
our Hamiltonian into four parts as shown in Egs. (2.6)-(2.10). For this system,

these terms are given by
Hy = hwewc'c

Hg = Z/dwhwa:f\(w)a,\(w)

A=12)

Hy, = %hQ (ei“Ltc + H.c.)

A=1,2

Hsp = Z/dwhg(w)a,\(w)cT+H.c., (2.35)

where ay (w)(a} (w))/c(ch) are the annihilation (creation) operators for the field /cavity
and obey bosonic commutation rules of [a,\(w),ai/(w’ )| = dwd(w — ') and
[c, cT] = 1. Furthermore, the w terms are frequencies and €2 is the laser Rabi
frequency. From here on, only one polarisation is considered, which remains con-
stant throughout all work here and we shall set wy, = weay for simplicity. As in
Eq. (2.8), we can split the Hamiltonian H into two parts, Hy and H;. In doing
so and moving into an interaction Hamiltonian with respect to Hy = Hg + Hg,
we obtain a Hamiltonian Hi(t) as in Eq. (2.10). Explicitly, this Hamiltonian is
now given by

Hi(t) = ? (c+ch) + /dw (hg(cu)e’i(“""c‘“)ta(w)cT +He) . (2.36)

0
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2.2 Optical cavity in a quantum feedback loop

Perturbative expansion

As highlighted in Section 2.1, we now perform second order perturbation theory in
order to generate the master equation. The ultimate aim of this process is to find
the coarse-grained time evolution between two close time intervals. Up to second
order, the time evolution operator describing the evolution between ¢ and t+ At is
given by Eq. (2.17). When considering the first term of Eq. (2.36), we notice that
it is time-independent. As such, moving to higher orders of perturbation theory
increases the scaling in At. For example, the time evolution for this Hamiltonian
is U(t + At t) = exp (—3HineAt). Applying perturbation theory to this time

evolution operator up to second order in At, we find

U(t+ At t) = 1— HypgAt — —H2 A (2.37)

1
5 i
However, as At is required to be extremely small, higher order terms become
negligible. When evaluating Eq. (2.16) we only consider terms linear in At. In
fact, upon taking the limit At — 0 when calculating the master equation and
mapping onto the continuous time evolution, the terms of order At? and above
naturally tend to zero. Hence, this term simply gives the von Neumann term
in the master equation, as second order and above perturbations are vanishingly
small. However, when evaluating the perturbative expansion for the system-
environment Hamiltonian Hsgry, it can be shown that the first order terms do not
contribute. This is because of the trace over the environment, as first order terms
will always create an imbalance in the environmental density matrix. As such,
we must consider second order terms in order to get a contribution.

Hence, considering up to second order in perturbation theory, we can evaluate
the time evolution of the density matrix describing the cavity. Following the pro-
cedure highlighted in Section 2.1, we may now evaluate the terms in perturbation

theory by using the specific Hamiltonians. Using the properties of H;, 1 and Hsgr
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2.2 Optical cavity in a quantum feedback loop

described above, we may write p(t + At) as

t+At

pi(t +At) = PI(t)_ﬁ / dt’ [Hine1, pr(t')]

t
t+At t+At

1
+ﬁ <OE’ / dt/ / dt”HSEI<t/) ’0E> L1 <OE| HSEI(tH) ’0E>
t t

t+At t

—%<0E| / ar / A" [Hspa(t") Hser (), pu(0)], 105) . (2.38)

We shall begin by reviewing Eq. (2.37) and seeing that the first line of Eq. (2.38)

simplifies to
. t+AL .
i i
pi(t) — 7 / [Hiner, 1(t)] = pu(t) — 5 [Hine1, pr(t)] At (2.39)

t

Next, we shall consider the second and third lines of Eq. (2.38). For ease of
writing, we shall label the co-efficient of the second line A and of the third line
B for this section. In the second term, A, the application of the trace creates
a delta-function. Specifically, when substituting in the expression Hgg, we find
that

[eS) ) t+At t+At

A = TrE< / dw / dw’ / dt’ / dt"e il wea) (e mwear) ]
t t

0 0

xg" (w)g(w)a' (w)e |0g) pi(t) (O] a(W’)C*)

t+At t+At

= TrE</ dw/ o / dt’ / dt" e illw—wean)t' (&' ~wear)t"]
0 0 t ¢

xg"(w)g(we|le(w)) pr(t) (1e(w)] CT> : (2.40)
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2.2 Optical cavity in a quantum feedback loop

We now evaluate the trace, giving

0 o0 t+At t+At
/dw/dw / dt’ / dt e l(w—weav)t' = (W' —weav)t"]
0 ¢
g (W)g(w)ep(t )CT(S(W —uw') . (2.41)

Finally, performing the integral over w’, we find that

00 t+At t+At

A = / dw / dt’ / dt"e @)= 1 0 P epr(t)et . (2.42)

0 t t

Similarly for B, we have

o0 oo t+At At
0
g (w)g( w’> la(w) |0E> ps(t) (Og|] ,
t+At t+At

xg" (W)g(w') [0 (w — ) cle, |0p) pi(t) (O] +>

/dw / d¢ / dt" e i(w—weav) (' =t") |g(w)|2 [CTC, pl(t)L_- (2.43)

The trace enforces frequency matching on the photons emitted by the cavity field
and those detected in the environment. This takes care of one of the integrals
in a straightforward way. Now, we shall consider how to further simplify these
expressions by evaluating the remaining integrals. Let us consider B initially.
The first step in simplifying this expression is to impose Markovianity. In doing
so, we make the so-called Markov approximation. This means in effect we replace

the lower limit of the ¢” integral with —oo, meaning

t/ t/
/ dt" — / dt” . (2.44)
t —00
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2.2 Optical cavity in a quantum feedback loop

This applies very well when ¢ < t + At. We next notice that this integral has a
singularity for w = we,y that we must be careful of when evaluating it. To do so,
we shall use a form of the Cauchy principle value theorem. Firstly, we introduce
an infinitesimal term 7 to the exponential to help us evaluate it. Starting from
Eq. (2.43), considering only the " initially and using Eq. (2.44), we have

y

[ gt e

—00

tl

— dt” 2 —i(w—weav) (' —t"")+nt"”
Jim lg(w)|"e
et
= lim w)|?
Jim o)’

— lim |9<W)|2ent’( n _ W Wea) )2)

n—0+ n?+ (w— wcaV)Q n? + (W — Weay
, nem i
= lim |g(w)|” . 5 — : (2.45)
n—0+ n? + (W — Weay) W — Weay

The limit in the first term can be evaluated by noticing it is of the form of a

Lorentzian or Cauchy-distribution, L(x), which is defined as

I
L = — ) 2.46
(z) 722+ A2 (246)
This function is normalised such that
/L(m)dx = 1. (2.47)

It can also be used as a way of defining the J-function due to its unit area.
By taking the limit of v — 0, the curve becomes infinitely narrow and tall but

maintains its normalisation and is hence a J-function. Thus,

L7 _ 5. (2.48)

im —— 5
Y=0 T T2 + 7y

Hence, using Eq. (2.48), we can evaluate the limit in Eq. (2.45) and thus find
t/
H ! 1" 1
[ gt € o) = ) = il -

—0o0

(2.49)
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The first term of this equation is the decay rate of the cavity, while the second
represents a level shift. The level shift has the effect of modifying the energy of a
mode. Its exact form is not important for the work presented here, as it can be
absorbed into the free energy of the system. Hence, it shall be ignored from here
on. Now, without considering the level shift, substituting the result of Eq. (2.49)
into Eq. (2.43), we now have

00 t+At
B = /dw / dt'kd (W — Weay) (2.50)
0 t

where k = 27 |g(w) \2 and is the cavity decay rate. Applying the final two integrals,

we finally arrive at
B = kAt. (2.51)

By using the properties of integrals, one can show that A = 2 Re(B) (and is hence

independent of the level shift). Alternatively, it the integral in A transforms as

t+At %)
/ SN / at" (2.52)
t —0o0

by the Markov approximation. Using this property with Eq. (2.51) and recalling
Eq. (2.39), we can substitute back into Eq. (2.38) to find

1 1
pr(t+ At) = pi(t) — 7 [Hint1, p1(t)] At + K (cpl(t)cT -5 [cle, pl(t)Lr) At .
(2.53)
Substituting this into Eq. (2.16), we finally arrive at
pr = _ﬁ [HintIapI] + Kk | cpic' — 5 [C ¢, PI}+ ) (2-54)

which is the master equation in Lindblad form. Here, the time argument of the

density matrix p; has been dropped for simplicity.
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2.2 Optical cavity in a quantum feedback loop

2.2.2 Master equation for an optical cavity with instanta-

neous quantum feedback

As highlighted in Section 2.1.3, incorporating instantaneous feedback into the
master equation is straightforward. Effectively, we transform the Lindblad terms.
The feedback that we wish to consider here is in the form of a displacement
operator. Details on displacement operators and coherent states can be found in

Appendix A. In order to do this, we simply make the change
c — D(f)c. (2.55)

This means Eq. (2.54) is transformed into

. i 1

pr = 7 [Hint1, p1] + & (D(ﬂ>CPICTDT(5) ) [CTQ pIL-) ‘ (2.56)
Notice the final term [cc, pIL is unchanged, as ¢'DT(8)D(B)c = c'c due to the
unitarity of D(f). This equation is still of Lindblad form, as we could introduce

a new operator L = D(/3)c, meaning we can write the master equation as

. 1 1
pr = _73 [Hintbpl] +K <LPILT - E [LTL’pI] +) : (257)

This equation is of the same form as Eq. (2.54).

2.2.3 Unravelling of the master equation for an optical

cavity inside a quantum feedback loop

We will now introduce the theoretical tools needed to analyse the dynamics of
an optical cavity with continuous laser driving and an optical cavity inside an
instantaneous quantum feedback loop. The master equation that we have derived
here describes the evolution of an ensemble of quantum systems. However, we
shall later need to consider individual quantum trajectories of this system. Hence,
in order to effectively study these systems, particularly in the case of feedback,
we need to consider the unravelled dynamics. We will now introduce this for the
specific example of an optical cavity inside an instantaneous quantum feedback

loop. This shall follow the ideas introduced in Section 2.1.2
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2.2 Optical cavity in a quantum feedback loop

The no-photon time evolution of the cavity field

Following the ideas of Refs. [20, 21, 22|, Section 2.1.2 and the above calculations
from this section, we assume in the following that the free radiation field sur-
rounding the cavity is in general in its so-called environmentally preferred state,
the vacuum state. Denoting the vacuum state by |0) and the state of the cavity

at time ¢ by |¢s(t)), the total state of the system equals

[Ysa(t)) = 10) |¢s(D)) - (2.58)

Using the results of Section 2.1.2 and the preceeding work in this section we
find that the state [2(¢)) evolves effectively with the non-Hermitian conditional

Hamiltonian
Heona1 = Hmﬂ—%hm*c, (2.59)

under the condition of no photon emission in (¢,¢ + At) and in the interaction
picture. As it should, this Hamiltonian is of the same form as the conditional
Hamiltonian in Eq. (2.24). Comparing both equations with the master equation,
we see that the Lindblad operator L of an optical cavity is given by L = c,
while the spontaneous decay rate I' = k. Finally, using Eq. (2.25), we may
calculate the probability of the cavity not emitting a photon in a time interval
(t,t + At), i.e. Py(At). Trivially, this also tells us the probability of the cavity
emitting a photon in this time period (P;(At) = 1 — Py(At)). This is important

for simulating the dynamics of an open quantum system, as we will see later.

Spontaneous photon emission and quantum feedback

Analogously, proceeding as suggested in Refs. [20, 21, 22] and evaluating the
density matrix p7 (t + At) of an optical cavity under the condition of a photon
detection in (¢,t 4+ At) using second order perturbation theory, we find that the

state of the resonator immediately after an emission equals [7]

WE(t+AY)) = ViAte|ys(t)), (2.60)
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2.2 Optical cavity in a quantum feedback loop

up to normalisation. The absolute value of the normalisation constant of this
state squared equals the probability for the emission of a photon in (¢,t + At).

Hence
I(t) = k() (2.61)

is the probability density for the emission of a photon at time ¢. Here (cfc), =
(5(t)|cfe|ws(t)) denotes the mean number of photons inside the resonator at a
time ¢, when prepared in the state |¢s(?)).

If the emission of a photon successfully triggers a feedback pulse, up to nor-
malisation, the state [¢ (t + At)) of the cavity becomes [7, 14]

W (¢ +A) = VrRe|vs(t) (2.62)

in case of an emission, where R is the unitary operator that describes the effect
of the feedback on the resonator field.

The relevant master equations

To obtain the density matrix p(t) of the cavity field, we need to add the density
matrix p§(t) of the subensemble of cavities with no photon emission in (¢, t 4+ At)
and the density matrix pgé (t) of the subensemble of cavities with a photon emission
in (t,t+At). If At is sufficiently small, contributions with more than one emission

remain negligible and

ps(t) = p3(t) + A% (). (2.63)

For this equation to apply, both density matrices p2(¢) and p?(t) need to be
normalised such that their relative size coincides with the probability density for
an emission or no emission at time ¢. Taking this into account and using the
results of the previous two subsections, we obtain the time derivative pg of an

optical cavity with continuous laser driving. It equals

. i 1
pr = —%Q [c—l— cT,pI] + §/<a (ZCpICT — [CTC, pILF) (2‘64)

in the interaction picture with respect to the free energy of the resonator field.
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2.2 Optical cavity in a quantum feedback loop

Now suppose the continuous laser driving is turned off and a detector monitors
the spontaneous leakage of photons through one of its mirrors, as illustrated in
Fig. 3.4. Moreover suppose an instantaneous quantum feedback loop is activated
whenever a photon is detected. Proceeding as described above, we find that the

master equation of the resonator equals

) 1 1
o= 57}/@ <2RlcplcTRI — [CTQ p1}+> + B (1-n)k (2CPICT - [CTC, PI}JF)
(2.65)

in this case, where H.,,q is now of the form
Heoa = —ihkcle. (2.66)

The first term in Eq. (2.65) effectively describes resonators that experience feed-
back, while the second term takes undetected photon emission events into ac-
count. As usual, n denotes the detector efficiency. Moreover, R; denotes the
unitary operator R in Eq. (2.62) after transformation into the interaction picture
with respect to Hy = Hs. In this section, we consider quantum feedback in the
form of very short and strong resonant laser pulses. This means that Ry is the
unitary time evolution operator associated with a laser Hamiltonian with a time-
independent Rabi frequency. Hence R; too is time-independent and is chosen to
be equal to a displacement operator as before. Simplifying Eq. (2.65) eventually
yields

1

o= 5 (QCpIcT — [cle, pIL) +nk (RlcpIcTRI — cplcT> . (267)

As a final step, we may now consider the general case of an optical cavity subject
to continuous laser driving and also quantum feedback. In this case we add the
complete solutions from Eq. (2.62) and Eq. (2.59) with the appropriate choices
for Hiyr and R into Eq. (2.63), which gives exactly Eq. (2.56). Hence, this gives
the same master equaiton that was previously obtained in Section 2.2. However,
the unravelled dynamics will be important in future chapters when the system

needs to be analysed in more detail.
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2.3 Two-level atom with feedback

Numerical simulation of master equation

In some cases, solving the master equation analytically is difficult. In such a case,
a useful way of studying the dynamics of an open quantum system is by use of the
quantum jump approach. This utilises the unravelling of the master equation.

This method can be summarised as follows:

1. Apply the no-photon time evolution operator Ueconq(t + At,t). It is impor-
tant At is chosen to be small compared to the emission rate of the cavity

(At < (F <cTc>)_1>, so as to insure photon emissions are not overlooked.
2. Calculate the probability of emission P; using Eq. (2.25).

3. Call a random number. If the random number is less than or equal to P,
record a photon emission. Reset the system accordingly (apply the Lindblad

operator L to the system and renormalise).
4. Repeat for desired amount of time.

For coherent states |«) this is particularly straightforward, as only the parameter
a describing the coherent state needs to be kept track of in terms of the state of

the system.

2.3 Two-level atom with feedback

We shall now consider another specific simple example of a system that is subject
to quantum feedback. Specifically, we will examine the behaviour of a two-level
atom subject to a rotation on the Bloch sphere (corresponding to some excitaiton
put into the system) upon emission and resonant laser driving. The basic Hamil-
tonian of this system is given by H = Hy + H;, where similarly to the previous

case we have

Hy = Haom + Hpela
= Twooto™ + Z /dw hwal (w)ax(w)

A=1,2 0
Hl = Hatom—ﬁeld + Hlaser 5 (268)
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2.3 Two-level atom with feedback

where w is the frequency of the field modes described by the bosonic annihila-
tion/creation operators a,(w)/al (w) obeying the same bosonic commutation rules
as before and the )\ are the two respective polarisations of light. Furthermore, wy
is the frequency of the atomic system described by the raising/lowering operators
ot /o~. The interaction terms in H; are of similar form to those in the previous
subsection. The atom-field coupling can be calculated in the exact same way as
in the previous case. Once again, the polarisation may be neglected from here
on as it will not affect the dynamics of our system. The laser-driving term in
H,eer now comes from the coupling of the applied laser field to the atom. As
is standard for such quantum optical systems, we assume dipole coupling of the

form
Hywer = ed-E, (2.69)

where d is the atomic dipole moment and E is the electric field being applied
by the laser. As is standard, we shall use a semi-classical approximation here.
Specifically, we take the definitions of D and E to be

d = ex=Do +D*c"
= Egpe ' +c.c., (2.70)

where x is the position operator and we have chosen the laser field to be resonant
with the atom, meaning it too has frequency wy. The expression for d comes

from expanding it in terms of the identity and then simplifying. Specifically,

d = 1x1
= (0]x0) 10) (O] + (O] x [1) |0) (L[ + (L[ x [0} [1) (O] 4 (1] x 1) [1) (1] .
(2.71)
Now, we notice that the diagonal elements (0| x |0) and (1] x|1) must equal zero
due to the symmetric/anti-symmetric properties of the wavefunction. Further-
more, we identify D = e (0] x|1), leaving us with the expression for d in Eq. (2.70).
Now, combining these equations, we can evaluate Hiuger, giving
Hiwer = € (e_i“’“tEo -Do™ + eintEE‘) Do~ 4+ e W'E, . D¢t + eintE(’; . D*a+) )
(2.72)
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2.3 Two-level atom with feedback

The final step is to move into an interaction picture with respect to the free

energy Hamiltonian Hy. In doing so, we find that

Hisa1 = e(e72'Eq-Do~ + Ej- Do~ + Eq-D*o" + ®'Ej - Do) .
(2.73)

We now apply what is known as the rotating wave approximation (RWA), where
terms involving fast oscillating complex exponential terms are removed from the
dynamics. This is well known to be a valid approximation in the weak cou-
pling regime that we are concerned with here, as these terms contribute little to
the evolution of the system. In removing these terms, and identifying the Rabi

frequency ) as

2¢E, - D*
Q= 07 (2.74)
h
we arrive at the final form of Hj.ge, 1, given by
H] I E (Q*O'_ + QO’+)
aser 2

hQ . :

= 5 (0™ +e¥ot) | (2.75)

where in the last line we have now taken €2 to be real and expressed any complex
phase in terms of ¢. Without loss of generality, we may absorb this complex
phase into the definition of the excited state, for example. However, in Chapter
5 we will choose to explicitly consider this phase and hence keep it within the
dynamics.

Following the derivation in Section 2.1 and Section 2.2 and proceeding in the
exact same way, one can show that the master equation describing this system is
given by

B i 1

pl — A [Hlaserhpl] + r (U_p10+ - § [ +O-_’ pl} +) ’ (276)

with the dynamics being in an interaction picture with respect to the free energy
Hamiltonian Hy. The Hamiltonian H.iom_felq behaves exactly as Hgg and Hiager1

replaces Hi, 1. Here, I' is the atom’s spontaneous decay rate. Incorporating
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2.3 Two-level atom with feedback

quantum feedback as outlined above, this master equation is modified to be of
the form
) i
pr = _ﬁ [Hint,bpl]
1
+I' (nR(@)apIg+RT(9) + (1 — 77)0'7p10'+ — 5 [o’Jro'i,pI] +> ,(277)

with R(f) being chosen to be a rotation operator here defined as

B cos(f)  —isin(0)
o) = <—isin((9) cos() ) (2.78)

for 6 € [0,7]. Such an operation could be achieved by applying a strong laser
pulse over a short time period (consider a strong Rabi oscillation over a short
time period). Using this master equation, we may obtain a set of rate equations
describing the dynamics of the system. Using the properties of a density matrix,
we notice that there are only three real parameters needed to describe all the

dynamics of a two level system. If we introduce the notation

z = Re(po)
y = Im(po)
Z = P11, (279)

we may write the density matrix describing the system as

) = (Poo Pm)z( 1-2 OC‘H?J)' (2.80)
P10 P11 Tr—1y Z

Using this notation and Eq. (2.77), we find that

, T
r = ——=x
2
g - %(9(1 92) — Ty + Dysin(26)2)
i o= Qu+Tz(nsin®(f) — 1) . (2.81)

This set of differential equations can be solved in order to analyse the behaviour
of the system. This can be used to plot the population of the excited state of
the atom as a function of time (z(t)). The results for a variety of parameters are

shown in Fig. 2.2.
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2.3 Two-level atom with feedback
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Figure 2.2: Plots of the population of the excited state of a two-level system
subject to laser driving and instantaneous quantum feedback, where the feedback

parameter is varied for each plot. These plots are created with n = 1 and €2 = 10I".

When looking at Fig. 2.2, we see that the dynamics tend towards a station-
ary state. However, this stationary state changes depending on the value of 6.

Explicitly, the stationary state values are given by

T = 0
B I'Q (1 —nsin®(6))
Yo T2 + 202 — I'n (T sin*(9) — Qsin(26))
02
re = (2.82)

I'2 4202 — I'n (T sin®(0) — Qsin(20))

By plotting 2, as a function of 6 for a variety of values of €2, we find that we
may drive the atom into a desired stationary state by controlling the feedback
and laser parameters, as shown in Fig. 2.3. This shows a simple example of how
feedback can be used to control the dynamics of a system. However, there are
more exotic uses that shall be explored in more detail later. This example is
simply used to present how instantaneous quantum feedback can be implemented

in an open quantum system.
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Figure 2.3: Plots of z, as a function of € and for a variety of values of €2. The
stationary state value can be manipulated by changing the parameters. These

plots are created by setting n = 1.

2.4 Summary

In this chapter, we have introduced the theoretical background needed to study
open quantum systems with instantaneous quantum feedback. In particular, we
have derived the Lindbladian master equation for an optical cavity with instan-
taneous feedback in the form of a displacement operator. As we shall see in
Chapter 3, the introduction of quantum feedback in this form can vastly alter
the dynamics of the system. This enhanced behaviour will then be studied for
applications in the proceeding chapters.

Furthermore, we then introduced a two-level atom that is subject to quantum
feedback in the form of a rotation on the Bloch sphere. As this is a relatively
simple system, we showed how this system evolves in time and how altering the
feedback parameters changes its evolution. For example, by choosing appropriate
parameters for the feedback and laser-driving, a desired stationary state can be
chosen. This is in line with many traditional uses of feedback, which focus on

applications such as stabilisation [14]. However, as we shall see in Chapter 5,
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2.4 Summary

even a relatively simple system like this can have uses for quantum technological

applications.

35



Part 11

Physical Behaviour

36



Chapter 3

Non-ergodic dynamics in an open

quantum system with quantum
feedback

Open quantum systems usually reach a unique stationary state with ergodic dy-
namics. In other words, the ensemble averages and the time averages of the
expectation values of open quantum systems are usually the same for most quan-
tum trajectories. Although open quantum systems are in general ergodic, many
classical stochastic processes are not. Hence if classical physics emerges from
microscopic quantum models, there have to be mechanisms which induce non-
ergodicity in open quantum systems. In this chapter, we identify such a mecha-
nism by showing that quantum feedback dramatically alters the dynamics of open
quantum systems, thereby possibly inducing non-ergodicity and a persistent de-
pendence of ensemble averages on initial conditions. As a concrete example we
study an optical cavity inside an instantaneous quantum feedback loop.
Suppose a large number of identical physical systems generate time-dependent
stochastic signals. The dynamics of these systems is called ergodic when any
single, sufficiently long sample of the process has the same statistical properties
as the entire process. By this, we mean that a single sample may yield the same
information as a large number of repeats of the same process. More concretely,

suppose we consider N identical systems with stochastic dynamics, where N is
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large, and

N
. 1
E(A) = Tlg&]&goﬁz;En(A,T) (3.1)
denotes the ensemble average of the expectation values E,, (A, T) of an observable

A after a long time 7. Then the system dynamics are ergodic when also

E(A) = 71i_r>1gol/OTthn(A,t) (3.2)
for all observables A and for all systems n. In other words, the system dynam-
ics are ergodic when ensemble averages and time averages are the same for all
observables and for all possible realisations of the process [24].

A completely generalised definition of ergodicity does not exist currently and
can vary depending on the type of system being considered. In statistical pro-
cesses, the definition provided here is often used. However, in other types of
systems/processes alternatives may be used. For example, in condensed matter
physics in particular, a phase space representation is considered [25]. Here, we
shall adopt the definition given above for the purposes of this study, though it
should be noted that there is equivalence amongst definitions. They differ only
in representations.

Standard examples of physical systems with ergodic dynamics are systems
that eventually lose any information about their initial state. This applies, for
example, to systems whose dynamics result in a unique stationary state [24]. In
this case, the right hand sides of Egs. (3.1) and (3.2) both sum over stationary
state expectation values and are hence equal. In statistical physics, systems
usually reach a unique thermal equilibrium that is independent of their initial
state. Ergodic systems therefore lie at the heart of statistical physics [26, 27].
Nevertheless, an ergodic hypothesis remains hard to deduce from microscopic
equations of motion [28, 29, 30]. Moreover, physical systems whose dynamics
depend forever on their initial state are in general non-ergodic. A particular
class of non-ergodic systems that receive a lot of attention in the literature are
physical systems with chaotic trajectories (see e.g. Refs. [31, 32]). For these, the
right hand sides of Egs. (3.1) and (3.2) are in general different.
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In this chapter, we are especially interested in the ergodicity of open quantum
systems with Markovian dynamics [33]. The ensemble averages of the expectation
values of these systems can be deduced from their density matrix p, which evolves
according to a master equation in Lindblad form [4, 18] as we saw in Chapter 2.
However, to decide whether an open quantum system is ergodic or not, we also
need to have a closer look at its individual quantum trajectories [20, 21, 22]. To do
so, we need to unravel the above master equation in a physically meaningful way
into equations that predict the dynamics of the individual quantum trajectories.
In the case of spontaneous photon emission by a quantum optical system, a
physically meaningful unravelling of Eq. (2.2) is obtained when writing £(p) in
Eq. (2.3) as

L(p) = =7 [Heona:p] +T LpL!, (3.3)
with the non-Hermitian conditional Hamiltonian H.,,q as given in Eq. (2.59).
There are now two main terms contributing to the time evolution of p. The
first term in Eq. (3.3) describes the dynamics of the open quantum system under
the condition of no photon emission. In this case, it evolves according to a
Schrédinger equation but with the system Hamiltonian H replaced by Hcong-
This Hamiltonian no longer describes the total energy of the system but of only
a subensemble. The second term describes the effect of a photon emission. Up
to normalisation, the state vector changes from |¢,(t)) into L |¢),,(t)) in this case.
Furthermore, as we saw in Eq. (2.61), the probability density for an emission to
occur equals I(t) = I' (LTL),, where (LTL), denotes a time-dependent expectation
value. Knowing H, I and L of a quantum optical system with spontaneous photon
emission allows us to generate all its possible quantum trajectories.

Although it is widely believed that open quantum systems with Markovian
dynamics are almost always ergodic, a general proof of their ergodic dynamics
cannot be found in the literature [34] and they must be tested individually. What
has been shown, for example, is that the dynamics of an open Markovian quan-
tum system are ergodic if the system reaches a steady state that is independent
of its initial state [33]. Non-ergodicity seems to require the existence of multiple
stationary states (see e.g. Refs. [6, 35, 36]), which occur only in specially designed

circumstances, such as engineering supplementary decay channels or manipulating
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them to behave differently. This is usually not the case in nature. However, many
classical stochastic processes are non-ergodic and exhibit complex dynamics. Ex-
actly how the complex dynamics of classical systems, including non-ergodicity
and chaos, may arise in open quantum systems and in closed many-body quan-
tum systems is the subject of extensive research [19, 29, 30, 31, 37, 38, 39]. While
in the field of interacting systems this is being extensively studied, including for
open quantum systems [40], it remains an open question for quantum optical
systems.

In this chapter, we identify a mechanism with the ability to induce such com-
plex dynamics in open quantum systems and thereby provide a counter-example
to claims that open quantum systems with a single decay channel exhibit er-
godic behaviour. It is shown that quantum feedback [11, 14, 41, 42] can induce
non-ergodicity even when the quantum system possesses only a single unique sta-
tionary state. As we shall see below, the stationary state of an open quantum
system inside a quantum feedback loop can become a repulsive fixed point of
the system dynamics. When this applies, a system in its stationary state drifts
away, even in the case of only tiny fluctuations. Instead of losing any informa-
tion about the initial state, there can be a persistent dependence of the ensemble
averages of expectation values on initial conditions. To show that this is indeed
the case, we study a concrete example, namely the dynamics of an optical cav-
ity with spontaneous photon emission inside an instantaneous quantum feedback
loop. The quantum feedback-induced non-ergodicity of such cavities has already
been shown to have applications in quantum-enhanced metrology [7].

There are three sections in this chapter. In Section 3.1, we review the dy-
namics of an optical cavity when subject to continuous laser driving to provide a
reference point for later discussions. As we shall see below, the dynamics of the
resonator is linear and ergodic in this case. Afterwards, in Section 3.2, we re-
place the continuous laser driving by instantaneous quantum feedback and show
that this relatively simple change results in significant changes of the system’s

dynamics. Finally, in Section 3.3 we review our findings.
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3.1 An optical cavity with continuous laser driving
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Continuous laser
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Figure 3.1: Schematic view of an optical cavity with continuous laser driving and
spontaneous photon emission. A detector observes the field outside the resonator

and registers the arrival of single photons at random times.

3.1 An optical cavity with continuous laser driv-
ing

For benchmarking and to later get a better feeling of how quantum feedback alters
the dynamics of an open quantum system with spontaneous photon emission, this
section analyses the dynamics of an optical cavity with continuous laser-driving
from an open systems perspective. After looking at the individual quantum
trajectories of the resonator, we derive its stationary state and show that its
dynamics are indeed ergodic. We especially emphasise that if the cavity is initially

in a coherent state, it remains always coherent.

3.1.1 Individual quantum trajectories

First, we have a closer look at the dynamics of the cavity field under the condition
of no photon emission. In the interaction picture with respect to Hy = Hg, the

resonator evolves with the conditional time evolution operator

Ucond1 (t + At, t) = exp <_%HcondIAt> (34)

between photon emissions. Using Eq. (2.59) and applying the Baker-Campbell-

Hausdorff formula, one can show that
Usonat (t + At 1) = e 30(ctel)Argmgrelear, (3.5)

up to terms of second order in At. Now suppose the cavity is initially in a coherent

state |ag(t)). In this case, calculating the effect of the second exponential on
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3.1 An optical cavity with continuous laser driving

laz(t)) is best done using the Fock basis. To apply the first exponential, we use
the general properties of displacement operators with respect to coherent states.
Doing so, we find that the state of the cavity at a time ¢ + At is again a coherent
state, which we denote |a(t + At)). To a very good approximation, we find that

mu+Aw:=e%m%mo—%QAt (3.6)

This equation tells us that

i) — —%Hm@)—%g, (3.7)

without any approximations. Solving this differential equation for an initial co-
herent state |ag(0)), we obtain a general solution for the state |a(t)) of the cavity

field under the condition of no photon emission in an arbitrarily long time interval
(0,1),
i

ar(t) = e 2" ag(0) p

(1 - e—%“t> . (3.8)

Returning to the Schrodinger picture, the state of the cavity becomes the coherent

state |as(t)), with ag(t) given by

K

" |
as(t) = a%wmn—L(yw%ﬂ]gww (3.9)

with ag(0) = a1(0). Using Eq. (2.25), the calculation that lead to Eq. (3.6)

moreover reveals that
Po(At) = exp [—|ag(t)]* (1 — e "2")] (3.10)

is the probability for no photon emission in a short time interval (¢,¢ 4+ At).
Finally, we have a closer look at the effect of a photon emission on the state
of the resonator field. Using Eq. (2.60), we immediately see that the spontaneous
emission of a photon does not change the field inside the resonator, if the cavity
is initially in a coherent state, since coherent states are the eigenstates of the
photon annihilation operator ¢. Hence, Eq. (3.9) not only describes the state of
the cavity field under the condition of no photon emission in the time interval

(0,t), but also describes the state of the resonator in case of emissions.
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3.1 An optical cavity with continuous laser driving
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Figure 3.2: Phase space diagram illustrating the dynamics of a laser-driven optical
cavity with spontaneous cavity decay in the Schrodinger picture. The cavity is
initially in its vacuum state |0) and €@ = 8k. The field inside the resonator
remains always in the coherent state |ag(t)) given in Eq. (3.9). The state of the
cavity follows an outwards spiral until it eventually reaches the stable circular
orbit described by Eq. (3.11).

3.1.2 Long-term dynamics

Fig. 3.2 visualises the trajectory of an optical cavity with continuous laser driving
with the help of a phase diagram. This is possible since the resonator remains
always in a coherent state |ag), which can be represented by a point in the complex
plane. The z-co-ordinate of this point equals the real part of ag, while the y-co-
ordinate coincides with its imaginary part. Suppose the resonator is initially in
its vacuum state with ag(0) = 0. Then ag(t) in the Schrédinger picture describes
an outwards spiral, which starts at the origin and eventually reaches a stable
circular orbit. Eventually, the distance of the complex numbers ag(t) from the
origin remains constant in time. Eq. (3.9) shows that
i

as(t) = —;e—i“}wt (3.11)
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3.1 An optical cavity with continuous laser driving

to a very good approximation, when t is sufficiently large. In the interaction
picture (c.f. Eq. (3.8)), ai(t) assumes the stationary state value aggr,
iQ

o= - 3.12
Qs T - (3.12)

This state is invariant under the no-photon time evolution of the system as well
as being immune to the spontaneous emission of a photon.

Moreover, Eq. (2.61) in the previous chapter allows us to calculate the prob-
ability density I(t) for the emission of a photon at any time t. If the system is
initially prepared in a coherent state |ags(0)), it remains coherent and I(t) simply

equals
I(t) = rlas®t). (3.13)

Substituting Eq. (3.9) into this equation yields

2

I(t) = we ™ as(0)> + % (1- e%m)2 =205 (1 - ¢4 Im(as(0))
(3.14)

Fig. 3.3 shows I(t) for the case where the cavity is initially in its vacuum state

and /(0) = 0. Eventually, I(¢) assumes the constant value I,

Iy, = —, (3.15)

which is the stationary state photon emission rate of the laser-driven optical
cavity. To obtain numerical results, we determine the mean number of photon
emissions within short time intervals (¢, ¢+ At) by averaging over a large number
of quantum trajectories using the numerical method outlined in Section 2.2.3.
We observe relatively good agreement between analytical and numerical results.
This agreement increases when more individual quantum trajectories are taken

into account as the statistical random noise is suppressed.

3.1.3 Ergodicity

To decide whether the dynamics of the cavity field are ergodic or non-ergodic,

we need to check whether we can deduce all statistical properties of this physical
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Figure 3.3: Time dependence of the photon emission rate I(t) of a laser-driven
optical cavity. Asin Fig. 3.2, the resonator is initially in its vacuum state and €2 =
8k. The emission rate I () soon reaches its stationary state value Iy in Eq. (3.15).
A comparison between the analytical result in Eq. (3.14) and a quantum jump
simulation of I(¢), which averages over 10° individual quantum trajectories, shows

relatively good agreement.

system from a single, sufficiently long quantum trajectory. In the previous two
subsections, we have seen that the state of the resonator |a;(t)) at any time ¢
is the same for all possible quantum trajectories with a fixed initial state, no
matter when photon emissions occur. Moreover, we have seen that ay(t) reaches
its stationary state value ag in Eq. (3.12) relatively rapidly. It is therefore not
surprising to find that the experimental setup in Fig. 3.1 is indeed ergodic. The
time and ensemble averages of a laser driven optical cavity with spontaneous
photon emission are the same. This is due to each individual quantum trajectory
tending towards the same fixed point in the dynamics, leading them to equivalence
in the large time limit, independent of their initial state. More precisely, the
unique fixed point in the dyanmics is attractive for all values of a. Indeed, as

is suggested in Ref. [33], a system like the one here with a unique stationary
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3.2 An optical cavity inside an instantaneous quantum feedback loop

Photon emission

L
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Figure 3.4: Schematic view of an optical cavity inside an instantaneous quantum
feedback loop. Now the continuous laser driving is replaced by a random sequence
of pulses. These are triggered by the detection of a single photon at the detector

and displace the field inside the resonator in a well defined way.

state and a single decay channel should be ergodic. Hence in order to obtain

non-ergodic dynamics we must add more complexity to the dynamics.

3.2 An optical cavity inside an instantaneous

quantum feedback loop

In this section, we replace the continuous laser-driving of the resonator with
instantaneous quantum feedback. As illustrated in Fig. 3.4, we assume that the
spontaneous emission of a photon triggers a short, strong, resonant laser pulse,
which can be modelled as a displacement operator. For simplicity, we assume that
the effect of the laser is instantaneous, which applies to a very good approximation
if its length is short compared to the inverse of the cavity decay rate x. In the
following, we see that changing the way in which energy is fed into the system

alters the system dynamics dramatically.

3.2.1 Analytical solutions for an optical cavity inside an

instantaneous quantum feedback loop

In this subsection, we look at finding a solution for the dynamics of the optical

cavity inside a quantum feedback loop. In particular, we shall consider the case
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3.2 An optical cavity inside an instantaneous quantum feedback loop

highlighted in Fig. 3.4 where the continuous laser driving is removed and the only
driving is of the form of instantaneous quantum feedback. The master equation
for this system is given by Eq. (2.67).

Let us first take a closer look at the photon emission term of the unravelled
quantum evolution of our system. Recalling Eq. (2.60), we know that the state
of the system under photon-emission is given by |7 (t + At)) = VAt L [¢s(t)).
In the case of having continuous laser driving and no feedback, we have L = ¢

and |1s(t)) = |a(t)), meaning the unnormalised state after photon emission is

WE(t+An) = Viedtelus(D)
= VEAta(t) |at)) . (3.16)

Hence, a photon emission does not alter the state of the optical cavity and there
is no quantum jump in dynamics. However, in the case that we now wish to

consider, the Lindblad operator is given by L = D(f)c. Therefore, we now have

WE(t+AL) = VeAtD(B)clvs(t))
= VrAta(t)|a(t) + 5) . (3.17)

It is no longer the case that 1% (t + At)) = |ts(t)) anymore, meaning a quantum
jump has occured in the system’s dynamics. Because of this, it is no longer enough
to merely track the system’s no-photon evolution to give a complete analysis of
the quantum system’s evolution. The time of photon emissions is now significant.

However, if we want to consider ensemble averages, we should still be able
to use the master equation to provide rate equations for expectation values, as
the master equation still describes the ensemble average evolution of the system.
Suppose we wish to consider the expectation value of some general operator A.

Then, its time derivative is given by

<A> = —iﬁ ([A,H])) + & <nc*DT(ﬁ)AcD(6)c+ (1—n)cAc — % 4, cTc]+> ,
(3.18)

for a master equation with instantaneous quantum feedback in the form of a

strong laser pulse. Let us now look to find the time evolution of the photon
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3.2 An optical cavity inside an instantaneous quantum feedback loop

number operator n = <cTc>. Furthermore, in our case here the continuous laser-

driving has been turned off, meaning H = 0 here. Then we find that

i = & (nB{ctdecy+nB*{c'cc) + (n 18> — 1) (c'c)) (3.19)

The rate equations unfortunately do not form a closed set, as the displacement
operator in the feedback always creates a new operator that is a function of ¢ and
c' that had previously not been introduced. We therefore get an infinite set of
linear differential equations, which is a characteristic of non-linear systems. This
means that in order to study this system’s behaviour we should use quantum jump
simulations to obtain a numerical solution to the system’s dynamics. Moreover,
we can easily see that by removing the feedback (setting § or n to zero) returns

the rate equation to the typically expected value, which is
n = —kn, (3.20)

which describes an exponential decay in the population of photons inside the
cavity. However, we see in Eq. (3.19) that this is suppressed by the feedback
and may even become an exponential growth, as well as the introduction of the
further new terms. Hence, we see a qualitatively difference between the cases
with and without the feedback.

3.2.2 Non-linear dynamics of ensemble averages

In this subsection, we have a closer look at the time-dependence of expectation
values averaged over a large ensemble of individual quantum trajectories. Since
the cavity field remains always in a coherent state, the density matrix p(¢), which
allows us to calculate the expectation value (A); = Tr (Ap;(t)) of an observable A
at any time ¢, needs to be a statistical mixture of coherent states. Hence, without

restrictions we can assume that
p(t) = [ daPlat)la)al, (3.21)
C

where the P(a,t) denote time-dependent probabilities. Taking this into account,
using Egs. (A.4) and (2.67) and calculating the density matrix p; with gy = 0, we
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3.2 An optical cavity inside an instantaneous quantum feedback loop

find that the cavity possesses a unique stationary state ps. As one would expect,

this state is the vacuum state of the resonator,
pe = 10)(0]. (3.22)

Clearly, when reaching this state the dynamics of the resonator come to a hold,
as the only driving acting upon the system is the feedback, which is dependent
on photon emissions. If the system is in the vacuum, it cannot emit photons
and therefore cannot be driven away from the vacuum. However, Fig. 3.5 shows
that often the cavity does not reach this state. For a wide range of initial states
las(0)), there is a significant probability for the mean number of photons inside
the cavity to continue to grow in time. Moreover, Eq. (3.10) is now exact for all
times At. Hence, we see that for all |a(t)| > 0, there is always a finite probability
for the cavity to emit a photon. Upon emission of a photon, the feedback may
increase the size of «(t), thereby increasing the probability of emission.

To calculate the probability density I(¢) for the emission of a photon at time
t averaged over a large ensemble of individual quantum trajectories, we now have
a closer look at the dynamics of the photon number operator. Using Eq. (3.18)
and setting A = cc and taking into account that I(t) = & (c'c); and [c,cl] = 1,
the differential equation yields

i) = —mQ/Cda -y (latB2—|a)] Pla,t) o (3.23)

for the density matrix pi(¢) in Eq. (3.21). In the absence of any feedback, i.e. for
n = 0, Eq. (3.23) simplifies to the simple linear differential equation I(t) =
—k 1(t). However, in the presence of sufficiently strong feedback, the n-term
dominates the dynamics of I(¢) and makes it non-linear. For relatively large
values of n and 3, I (t) even becomes positive and the mean number of photons
inside the resonator grows in time. As we have seen in Ref. [7], the phase space
volume occupied by the resonator grows in time in case of sufficiently strong

instantaneous quantum feedback, which is often the case for non-ergodic systems.

3.2.3 Instability of the stationary state

The aforementioned dynamics are in stark contrast to other quantum optical

systems with spontaneous photon emission. Like the experimental setup that
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Figure 3.5: Heat-plot showing the dependence of the probability x on the initial
coherent state |ar(0)) of the resonator. Here y denotes the probability that
coherent state |ag(t)) of the cavity is such that |ay(t)] < 0.1 after a time ¢t = 1051
Hence it equals the probability that the cavity eventually reaches its vacuum
state to a very good approximation. The plot is the result of a quantum jump
simulation which averages over 10* quantum trajectories for 25000 different initial

states uniformly separated. In this simulation we have set 5 =2 and n = 0.5.

we studied in Section 3.1, quantum optical systems usually occupy a constantly
shrinking or fixed phase space volume. Eventually they reach a stationary state
that is independent of their initial state. In other words, the stationary state of
a quantum optical system is usually an attractive fixed point of its dynamics. In
contrast to this, as we shall see below, the stationary state of an optical cavity
inside a quantum feedback loop becomes repulsive if the feedback is sufficiently
strong.

Suppose the cavity is initially in its vacuum state and a small perturbation
moves the resonator into a coherent state |a(t)) with |ar(t)]* < |8|*>. When this

applies, Eq. (3.23) simplifies to

I(t) = =" (L=nlB]%) les(t)]?. (3.24)
The right hand side of this equations becomes positive when

n|BF > 1. (3.25)
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3.2 An optical cavity inside an instantaneous quantum feedback loop

This shows that the ensemble average of the mean number of photons inside the
resonator increases further in time in case of sufficiently strong feedback. The
stationary state of the resonator is no longer an attractor of the system dynamics
but a repulsive fixed point. This behaviour is illustrated in Fig. 3.6, which shows
the time dependence of the mean cavity photon emission rate I(t) for quantum
feedback pulses of different strength, i.e. for different values of 5. As expected,
the photon emission rate I(t) only converges to zero when £ is relatively small.
In fact, for any given initial state, we can determine I (0), as at this point
the coherent state is unique and known. Following from the experimental setup

shown in Fig. 3.4, if we take § = |a|, we may re-write Eq. (3.23) as
10) = —r*al?[1 -7 (Jaf* + 2Re(a)|al])] - (3.26)

For this, we can gain a lot of information about the future behaviour of the
system. Firstly, we see that there exists a threshold where I (0) is either positive

or negative. This is found by setting Eq. (3.26) equal to zero, which yields
nlal (Ja| +2Re(a)) =1 = 0 or |aj=0 (3.27)

Choosing feasible values for the parameters in Eq. (3.27) we may identify if the
intensity initially increases or decreases. Furthermore, we know that the intensity
is proportional to |a|?. Hence, we know that if I(t) > 0, |a| is also increasing
initially. Therefore, it seems clear the ensemble average intensity will always
increase. For the cases with an initially decreasing ensemble average, it is not
as clear whether it will always decreases or whether in a long enough amount of

time it will begin to increase again.

3.2.4 Persistent dependence of ensemble averages on ini-

tial states

Perhaps even more surprising than the instability of the stationary state is the
fact that the dynamics of the ensemble averages of expectation values depend
strongly on the initial coherent state |ag(0)) of the cavity, even after long periods
of time. In contrast to many other quantum optical systems, information about

the initial state of the quantum system is never lost. This behaviour is illustrated
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Figure 3.6: Time dependence of the photon emission rate I(t) for different feed-
back parameters 5. As in previous figures, we assume «;(0) = 2 and n = 0.5. The
figure is again the result of a quantum jump simulation, which averages over 10°
individual quantum trajectories. For relatively small values of /3, I(t) tends to
zero. However, as [ increases, the dynamics of the cavity change and the mean

number of photons inside the resonator continues to grow in time.

in Fig. 3.7, which shows the time-dependence of the photon emission rate I(t)
of the resonator for different initial states |ag(0)) with as(0) = |ag(0)|e'¥. The
amplitude of |ag(0)| and the feedback parameter 5 are the same in each case, but
the considered phases ¢ differ for different curves. The figure clearly illustrates
that information about ¢ is not lost. The emission rate I(t) does not converge
to a single value. On the contrary, the distance between curves that correspond
to different values of ¢ even increases in time.

This interesting and highly unusual feature of open quantum systems opens
the way to novel applications. For example, we recently showed that an optical
cavity inside an instantaneous quantum feedback loop can be used to measure
the phase shift between two pathways of light with an accuracy that exceeds the

standard quantum limit [7].
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Figure 3.7: Time dependence of the photon emission rate I(t) for different initial
states |ag(0)) with varying phase ¢. Here |ag(0)] =2, 8 = 2 and n = 0.5. The
figure is again the result of a quantum jump simulation which averages over 10°
possible trajectories. The figure illustrates that there is a strong dependence of

the dynamics of ensemble averages on the initial state of the resonator.

3.2.5 Individual quantum trajectories

As in Section 3.1, we may also have a closer look at the individual quantum
trajectories of the resonator. As before, we model the time evolution between
photon emissions by a non-Hermitian conditional Hamiltonian. Without laser
driving, Q@ = 0 and Hcnq is now of the form as in Eq. (2.66), where there is only
a damping term. From Eq. (3.8) we see that the cavity evolves in the interaction

picture into the state |ag(t)) with
ar(t) = e 2% oy(0), (3.28)

in this case, if it is initially prepared in the coherent state |a1(0)). The probabil-
ity Py(At) for no photon emission in a time interval (¢,¢ + At) is still given by
Eq. (3.10), which is later taken into account when we simulate quantum trajec-

tories.
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3.2 An optical cavity inside an instantaneous quantum feedback loop

Next we have a closer look at the effect of a spontaneous photon emission.
Again the state of the cavity remains unchanged, if the emission of a photon
goes unnoticed. However, if the emission of a photon is detected and successfully
triggers a feedback pulse, the state of the cavity changes from |aq(t)) into |ay(t +
At)) = Ryloy(t)), with Ry being the displacement operator given in given in
Eq. (A.4). Using the properties of displacement operators (see App. A for more
details), we find

oa(t + AL)) = |aa(t) + ), (3.29)

under photon emission given that a feedback pulse is applied at a time ¢t. The
state of the resonator is no longer invariant under photon emission. Furthermore,
even when all parameters are kept the same, every realisation of the described
process now results in a different quantum trajectory. This leads to quantum

jumps in the dynamics.

3.2.6 Non-ergodicity

The phase space diagrams in Fig. 3.8 show random samples of individual quan-
tum trajectories in the Schrodinger picture. Figs. 3.8(a)—(c) and Figs. 3.8(d)-
(f), respectively, depict the same ten runs of an experimental simulation. In
Fig. 3.8(a)—(c) we have ag(0) = 2 and in Fig. 3.8(d)—(f) we have ag(0) = —2,
while the feedback pulse in both cases is given by § = 2. There is a gradual
zoom from (a) to (c¢) and from (d) to (f) to clearly show the difference between
the dynamics of the resonator field for relatively large and for relatively small
mean photon numbers. Most importantly, there are now two different types of
dynamics. Many of the shown quantum trajectories move further and further
away from the vacuum state. Once the amount of excitation inside the cavity
reaches a certain threshold, the mean number of photons inside the resonator is
likely to keep increasing. For other trajectories, the mean number of photons
inside the resonator remains relatively small. Those trajectories are extremely
likely to eventually reach the vacuum state, where the cavity cannot emit another

photon and the dynamics of the system comes to a hold.
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Figure 3.8: Phase space diagrams illustrating the dynamics of a random sample
of ten possible quantum trajectories of an optical cavity inside an instantaneous
quantum feedback loop with g = 2 and n = 0.5. All trajectories are the result of
a quantum jump simulation of length ¢ = 10!, In (a)-(c), we consider an initial
state |ag(0)) with ag(0) = 2. One trajectory eventually reaches the vacuum state,
while all others move further and further away from the origin. In (d)—(f), we
have ag(0) = —2. Now we see that only five of the ten trajectories diverge, while
the other five appear to be converging. The diagrams in every row only differ by

the size of the phase space volume, which is shown.

Moreover, Fig. 3.9 shows the time-dependence of the amplitude of ag(t) for
the same runs of the experiment as in Fig. 3.8. Now the existence of two different
types of dynamics becomes even more evident. We see that either the amount
of excitation inside the resonator grows very rapidly in time or the cavity field
approaches its vacuum state with |ag| — 0. This should not be surprising when
considering the effect of the feedback on the two parameter regimes. On one
hand, photon emissions at a relatively high rate attract more feedback pulses,

thereby further increasing the amount of excitation inside the resonator. On the
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Figure 3.9: Explicit time dependence of the amplitude |ag(t)| of the states |ag(t))
of the individual quantum trajectories shown in Fig. 3.8. These diagrams illus-
trate even more clearly than Fig. 3.8 that there are two types of dynamics. Ei-
ther the mean number of photons inside the cavity increases in time and keeps
on growing or the electric field amplitudes |ag(t)| eventually becomes relatively

small.

other hand, in the absence of any photon emissions the no-photon time evolution
with the conditional Hamiltonian H.,,q continuously reduces the field amplitude
las(t)| (c.f. Eq. (3.28)). This is due to the fact that not emitting a photon
gradually reveals information about the quantum state of the resonator, which
then needs to be updated accordingly [20]. Because of the fact that the cavity
randomly exhibits two different types of dynamics, the statistical properties of
the resonator field can no longer be deduced from a single, sufficiently long run
of a single experiment. Consequently, the dynamics of an optical cavity inside an
instantaneous quantum feedback loop are non-ergodic. The system now does not
have a unique stationary state.

How likely it is for a single quantum trajectory to exhibit a certain type of
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behaviour depends strongly on the initial state of the resonator. This is illustrated
in Fig. 3.5, which shows the probability for an individual quantum trajectory to
eventually reach the vacuum state as a function of the initial state |ag(0)). For
example, if the cavity is initially in |0), Fig. 3.5 shows that it remains there with
unit probability. However, when moving the initial state of the cavity field away
from the vacuum, it becomes more and more likely that the resonator keeps on
accumulating photon excitations. For sufficiently large values of ag(0), effectively
all the possible trajectories of the cavity field diverge. As we shall see below, the
vacuum can become a repulsive fixed point of the system dynamics, even when

averaged over a large number of repetitions of the same experiment.

3.3 Conclusions

This chapter addresses the question of how the often relatively complex dynamics
of classical systems might arise in open quantum systems. For example, individ-
ual trajectories of open quantum systems with Markovian dynamics are usually
ergodic and rapidly lose their dependence on their respective initial state [33].
In contrast to this, classical systems often evolve according to a set of non-linear
differential equations. Classical stochastic processes are often non-ergodic and
even chaotic, whereas classical systems usually maintain a dependence on initial
conditions [24, 31, 32]. Nevertheless, it is widely believed that classical dynamics
emerges from the behaviour of microscopic quantum systems. Quantum physics
is believed to underly all other less complex physical theories. However, less
is known about the mechanisms which induce classicality. The search for such
mechanisms is an active area of research [19, 29, 30, 37, 38, 39].

This chapter identifies quantum feedback as a tool that dramatically alters
the dynamics of open quantum systems. As an example, we study the stochastic
dynamics of the electromagnetic field of an optical cavity inside an instantaneous
quantum feedback loop. It is shown that the dynamics of ensemble averages, like
the mean number of photons inside the resonator, can become non-linear even in
the absence of non-linear interactions. In the presence of sufficiently strong feed-
back, the only fixed point of the dynamics of the cavity, i.e. its unique stationary

state, can become repulsive. Moreover, it is no longer possible to deduce the the
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dynamics of ensemble averages from individual quantum trajectories, which im-
plies non-ergodicity. The dynamics of ensemble averages can depend strongly on
the initial state of the cavity field. This feature can be employed, for example, in
quantum-enhanced metrology [7], which we will later see in Chapter 5. In sum-
mary, the dynamics of even relatively simple quantum systems can become much
more complex in the presence of back actions from the surrounding environment.
We have thus provided a counter example to the idea that a Markovian quantum

optical system with a single decay channel is ergodic in general.
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Chapter 4

Comparing hidden Markov
Models and hidden quantum

Markov models

Hidden Markov Models are widely used in classical computer science to model
stochastic processes with a wide range of applications. This chapter concerns
the quantum analogues of these machines — so-called Hidden Quantum Markov
Models (HQMMs) [10, 11]. Using the properties of Quantum Physics, HQMMs
are able to generate more complex random output sequences than their classi-
cal counterparts, even when using the same number of internal states. They
are therefore expected to find applications as quantum simulators of stochastic
processes. Here, we emphasise that open quantum systems with instantaneous
feedback are examples of HQMMs, thereby identifying a novel application of
quantum feedback control.

In classical computer science, a Markov chain is a memoryless stochastic ma-
chine, which progresses from one state to another on a discrete time scale. Since
their introduction in 1906 by Andrey Markov, the properties of Markov chains
have been studied in great detail by mathematicians, computer scientists and
physicists alike [43]. In the meantime, more complex versions of stochastic ma-
chines, like Hidden Markov Models (HMMs) [44], have been introduced. These
progress randomly from one internal state to another, which remains unobserved

(hidden), while producing a stochastic output sequence. HMMs are widely used
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for the simulation of stochastic processes [44, 45, 46]. Applications include speech
recognition, image analysis and the modelling of biological systems.

Over recent years, several attempts have been made to extend the definition of
HMDMs into the quantum world and to utilise the properties of quantum systems
to generate more complex stochastic output sequences [10, 47, 48, 49, 50]. For
example, in 2011, Monras et al. [10] introduced HQMMSs. These are machines that
progress from one quantum state to another, while generating classical output
symbols. To produce an output symbol, a so-called generalised measurement or
Kraus operation [23] is performed on the internal state of the machine. One
way of implementing a Kraus operation is to use an auxiliary quantum system.
In every time step, the internal state of the HQMM interacts with its ancilla,
which is then read out by a projective measurement. After every measurement,
the ancilla is reset into its initial state, while the internal state of the HQMM
remains hidden.

A Kraus operation is the most general operation that a quantum system can
experience, which is why Kraus operations are a vital part of the definition of a
HQMM given by Monras et al. [10]. In a previous attempt to introduce quantum
analogues of HMMs, Wiesner and Crutchfield [47] defined so-called quantum
finite-state generators, which only involved unitary operations and projective
measurements. In this way, they only obtained a subset of HQMMSs, which are
less powerful than their classical analogues. In contrast to this, HQMMs are able
to produce more complex output sequences than HMMs of the same dimensional
size.

Several ways of implementing HQMMs have already been identified. Firstly,
as pointed out in Ref. [10], one way of implementing HQMMs is the successive,
non-adaptive read-out of entangled many-body states. Another example of a
HQMM is the time evolution of an open quantum system on a coarse grained
time scale At, which produces a random sequence of classical output symbols.
Already in Ref. [50], Sweke, Sinayskiy, and Petruccione use the language of HMMs
to model open quantum systems. The purpose of this chapter is to highlight
the connection between HQMMs and open quantum systems with instantaneous
quantum feedback [14]. In this way, we identify a way of implementing an even

wider set of HQMMs.
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Like HQMMSs, open quantum systems evolve randomly in time. Taking this
perspective, the open quantum system itself provides the internal states of a
HQMM, while its surrounding bath plays the role of the ancilla, which is con-
stantly reset into an environmentally preferred state [19]. The continuous in-
teraction between the internal states and the bath moves the bath away from
its preferred (einselected) state, thereby producing a measurable response that
manifests itself as a random classical symbol. The effective dynamics of such
a machine when averaged over all possible trajectories can be described by a
Markovian master equation [20, 21, 22]. When describing an open quantum sys-
tem in this way, its accompanying output sequence is ignored. Here we suggest
not to do so and to use the output sequences of open quantum systems to simu-
late stochastic processes. Like HMMs, we expect HQMMs to find a wide range
of applications [10, 51, 52].

Quantum feedback is a process in which the classical output symbols produced
by an open quantum system are used to change its internal dynamics. current
applications of quantum feedback control can be found, for example, in Quantum
Information Processing [14], where it is especially used to control state prepara-
tion [53] and quantum transport [17], as well as the applications presented in this
thesis. In these applications, the feedback is used to guide the internal dynamics
of a quantum system. In contrast to this, this chapter proposes to use quantum
feedback to manipulate the classical output sequences of open quantum systems.
We have already seen in the previous chapter that quantum feedback can sig-
nificantly enhance the dynamics of an optical cavity. Hence, it is reasonable to
assume that the same can be done for the purpose of a HQMM, as an optical
cavity with quantum feedback can be used to model a HQMM.

There are four sections in this chapter. Section 4.1 discusses the mathematical
treatment of HMMs and defines HQMMs. Afterwards, using the theoretical back-
ground of open quantum systems described in Section 2.1.4, we show how open
quantum systems with instantaneous quantum feedback are examples of HQMMs
in Section 4.2. In Section 4.3 we consider a numerical example to compare HMMs

and HQMMs. Finally, we summarise our findings in Section 4.4.
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4.1 Hidden Quantum Markov Models

4.1 Hidden Quantum Markov Models

In this section, we discuss Hidden Markov Models and provide some examples of
their behaviour and dynamics. We will then introduce quantum versions of these

machines.

4.1.1 Hidden Markov Models

The simplest Markovian machine is the Markov chain (MC). These are machines
that stochastically evolve in time, where the evolution to a certain state depends
only on its current state. More complex versions of these machines are HMMs.
These are machines that evolve randomly from one internal state to another too.
Now though, in every time step, an output symbol is produced. Only the output
symbol is detected externally, while the internal state of the machine remains
hidden (hence the hidden part of the name). We define the set of all possible
internal states as § = {Xs}gn_l, where n is the number of bits the internal state
of the machine consists of. Similarly, we also define a set of all possible outputs
for the machine as A = {i,}. ', where m is the number of bits the output
contains.

In order to describe the evolution of these machines on a coarse-grained time-
scale, we introduce the transition matrix 7. A transition matrix is an evolutionary

map of the form
T:8§—=38. (4.1)

Transition matrices linearly transform one state or probability distribution of
states to another. The transition matrix is normalised so as to preserve the nor-
malisation of a probability distribution of states. The key difference between the
MC and the HMM is that the internal state of the HMM remains hidden; we
never actually know what state it is in. Hence, the information obtained comes
only from the output states. This may reveal some information about the inter-
nal state depending on the specific properties of the system. Consequently, the
time evolution of a HMM is characterised through a set of transition matrices 75,

where x denotes the output symbol generated during the respective time step.
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4.1 Hidden Quantum Markov Models

In the case of an n-bit machine with m different output symbols, the system is
characterised by m transition matrices of size 2" x 2". An individual transition
matrix T}, is not normalised like T and hence does not preserve normalisation.
The magnitude of the state after the application of T} is the probability of ob-
taining the symbol = after the respective evolutionary map. Consequentially, the

individual transition matrices relate to the total transition matrix by

T = éTx , (4.2)

which describes the evolution of the internal state averaged over all possible
output symbols or when the output is unknown. As such, this is in fact the
transition matrix for a MC.

The probability of a specific output sequence can be calculated now using
the transition matrices. For example, if the initial probability distribution of the
internal states of the HMM is given by a column-vector py, then the probability
to obtain the outputs abc...def, where a is the first symbol produced and f is
the last, is given by (see eg. Ref. [10])

plabe...def) = qT¢T.Ty... T.T,T, Do - (4.3)

Here, 17 is a row-vector with all of its components equal to 1, the purpose of which
is solely to provide a scalar probability. In this study, we shall just consider 1-bit
machines where m = n = 1. By this, we mean the internal state can be one of
two states (A and B). Furthermore, the output can also be one of two states (0
and 1). This is shown pictorially in Fig. 4.1, where all possible transitions are
shown for the 1-bit machine.

The conditional probabilities are now defined as p(isy1, Xsi1|Xs), where X
is the internal state at time s, X ;1 is the internal state at time s + 1 (the
state immediately after X) and i5y; is the output made during the evolution
Xs — Xi1. We may define the transition matrices for a specific measurement

(output), Ty and T7. These are given by

_ ( p(0.Al4) p(0,A|B) _ ( p(LAJA) p(1,AB)
T“‘<p<o,B|A> p(O,B\B>> nd T1—<p<1,B|A> p(l,B\B))'(4'4)
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4.1 Hidden Quantum Markov Models

P(1,B|A)

pLAIA) P(0,81A) N _easie)

P(0,A|B)

p(0,A[A) , p(0,B]B)
p(1,A[B)

Figure 4.1: Diagram showing all possible transitions a 1-bit state ({A, B}) and
1-bit output ({0,1}) a Hidden Markov Model may make. A solid line represents
an output of ’0” and a dashed line an output of ‘1" and the associated probabilites

with each transition are shown.

From Eq. (4.2), we know that the total transition matrix is therefore
T = Ty+T). (4.5)

Hence,

_( p(A1A) p(AB)
ro= (p<B\A> p(B|B) ) (4.6)

where we have used that p(0, A|A) + p(1, A|A) = p(A|A). Imposing that the
conditional probabilities are normalised in the correct way, we can now impose

two constraints on the system. These are simply

p(0, AJA) + p(1, AJA) + p(0, B|A) +p(1, B|A) = p(A|A) +p(BJA) =1
p(0, A|B) + p(1,A|B) + p(0,B|B) + p(1,B|B) = p(A|B)+p(B|B)=1.
(4.7)

Hence, we have eight variables and two constraints, meaning we have six free
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4.1 Hidden Quantum Markov Models

parameters. We define our six free parameters as

p = p(AlA) =p(0,AlA) +p(1, A|A),
= p(B|B) =p(0,B|B) +p(1, B|B),
p = p(1,AlA),
Py = p(1,BlA),
q = p(1,B|B),
¢ = p(1,AlB). (4.8)

In order to make sure all probabilities are properly normalised, we must also

impose that

0 <p1r< p

0 <1< ¢

0 <py< 1-p

0 <¢ < 1—q. (4.9)

Hence, we may now express the transition matrices as

T, — ( P—n 1—q—QQ)
l-p—p) q—a ’
y4! Qi
T, = :
! ( p’1 q1 )
_ _ p 1l—gq
T%+ﬂ(}m . ). (4.10)

These matrices can be used to find the probability of a certain sequence. For

example, the sequence 1010 can be found by evaluating

If we only care about the output at certain points, we can use the total transition
matrix to evaluate in-between points. So, if we wanted the probability to get a

"1° at the first and fourth points say, we could find this by evaluating

p(Liey, lims) = TTT*Tip, (4.12)
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4.1 Hidden Quantum Markov Models

where 1,7 indicates the probability of obtaining a ‘1’ at time step T

In general, a HMM will also have a well-defined stationary state. If we apply
the total transition matrix to generate a probability distribution and it is un-
changed, we must be in the stationary state. In doing so, it can be shown that

this stationary state, pi is given by

. 1 1—gq
Des = —2—p—q<1—p)' (4.13)
It can be checked straightforwardly that indeed T'pys = ps. This property is in
part what makes these machines ergodic. In the same way that we considered
ergodicity in Chapter 3, we require that a time average of the systems dynamics
is equivalent to an ensemble average after a long enough time. In this case, we
specifically require that a time average of the output sequence of a machine is
equivalent to an ensemble average. As the machine has a well-defined unique
stationary state in general, it will be ergodic. There are extreme cases that do
not provide ergodicity however, such as p = ¢ = 1. In this case, the stationary
state is not defined and the output sequence depends entirely on how it is initially

prepared and so does not satisfy the requirements for ergodicity.

4.1.2 Hidden Quantum Markov Models

Analogously, a HQMM with a certain probability distribution of its internal state
populations can be described by a density matrix, pg. This system can be thought
of as being composed of some number of qubits, N. In order to produce an output,
we may couple these internal qubits with some ancilla qubits. The Stinespring
theorem [54] tells us that for a general evolution we require as many ancilla qubits
as there are internal ones. We may of course have extra ancilla qubits, but this
should not necessarily create any increase in complexity. In every time step, the
system evolves and produces an output symbol. Again, only the output symbol
is detected externally, while the internal state of the machine remains hidden. In
contrast to HMMSs, the time evolution of a HQMM is governed by a set of Kraus
operators K,,, where the subscripts m coincide again with the output symbols

of the machine. Using the same example as above, the probability of the output
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4.2 Open quantum systems as HQMMs

abc . ..def occurring is now given by

plabe...def) = Tr (KfKeKd...KCKbKapSKlKgKE...K;KQK}).
(4.14)

The Kraus operators evolve the system in time, but are different from the transi-
tion matrices for HMMs. This is due to the quantum system’s evolution being able
to produce quantum coherences, which do not have a classical analogue, rather
than just producing a statistical mixture. Ultimately, this is what differentiates
the two machines.

If the output symbol is ignored, then the density matrix ps(t) of a HQMM
evolves within a time step (¢,t + At) such that

ps(t+ At) = i K ps(t) KT (4.15)

The above Kraus operators K, should form a complete set to allow for simulta-
neous measurements. This means they need to obey the condition in Eq. (2.27)
for the density matrix ps(t + At) to be normalised. More details can be found in
Ref. [10].

Kraus operators are more complex than the transition matrices described for
HMDMs, as briefly mentioned above. This also results in the Kraus operators being
complex in general. As such, their parametrisation is less straightforward than
that of transition matrices. Therefore, rather than consider a general analysis
of HQMMSs, we shall consider a specific implementation. Specifically, we shall
consider an open quantum system with feedback and show how it can be used
to implement a HQMM. For completeness the full parametrisation through real
parameters of a HQMM can be found in Appendix B, though it will not be used
for the numerical comparison of HMMs and HQMMs in Section 4.3.

4.2 Open quantum systems as HQMMs

Comparing the description of open quantum systems in Section 2.1.4 with the
definition of the HQMM in Section 4.1, it is relatively straightforward to see

that open quantum systems with instantaneous quantum feedback are concrete
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4.2 Open quantum systems as HQMMs

examples of HQMMs. For example, the system studied in Chapter 3 could be
used as an implementation of a HQMM. Though they are examples of HQMMs,
they are not necessarily the most general examples. To show that they are indeed

examples of HQMMs, we will now distinguish two cases of their dynamics.

4.2.1 Subensemble with energy transfer into the environ-

ment

We now recall the work from Section 2.1 to describe the two subensembles of
the dynamics of the system. The first case is the one where the bath has been
reset into its pointer state, |0)p, within (¢,t+ At) after having evolved into |m)g.
As shown in Section 2.1.4, ps(t + At) is a statistical mixture of subensembles.
The equations in that section and their given interpretation also tell us how pg(t)
evolved in At in case the state of the m-th bath mode changed due to the system-
bath interaction Hamiltonian, which is followed by a feedback operation R, by
a Kraus decomposition. More precisely, we find that the density matrix of the

corresponding subensemble equals

ps(t + Atlm > 1) = K, ps(t) K} (4.16)

in this case, with the operator K,, given by
N
Km = Z gnn’,m Lnn’m v At (417)
n,n’/=1

for m > 1, as suggested by Eq. (2.26). As we shall see below, K,, is a Kraus

operator which acts on the internal state of the open quantum system.

4.2.2 Subensemble without energy transfer into the envi-

ronment

The remaining terms in the above master equation describe the time evolution of
the open quantum system under the condition that the surrounding bath remains

in its preferred state |0)g. In this case, ps(t) evolves within At into

ps(t+ Atlm =0) = Kyps(t) K] . (4.18)
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4.3 Numerical Comparison

Up to first order in At and using Eq. (2.26), the corresponding operator K, can

be written as

Ky = exp (—%HwndAt> (4.19)

with the non-Hermitian Hamiltonian H,,q given by

. 00 N
1 *
Hcond — HintI - éh Z Z Snnl,mgn"n”’,m L,Lun///’ann/’m . (420)
m=1nmn/n" n"=1
The last term in this equation is crucial for the density matrix ps(t + At) in

Eq. (2.33) to remain normalised.

4.2.3 Comparison of Kraus operators

To show that open quantum systems with instantaneous feedback are examples of
HQMDMs, we now only need to identify the operators K, in Eqgs. (4.17) and (4.19)
with the Kraus operators in Eq. (4.15). Summing over all of the above described
subensembles with their respective output symbols given by m = 0,1,..., we
immediately see that Eq. (4.15) applies. Since a density matrix pg(¢), which
evolves according to the master equation of an open quantum system in Lindblad

form remains normalised, we moreover have

Tr (Z K ps an) = Tr (Z K! K, ps> —1. (4.21)

This means Eq. (2.27) too is satisfied. Open quantum systems with instantaneous
feedback are indeed examples of HQMMs.

4.3 Numerical Comparison

We now present a more quantitative comparison of HMMs and HQMMs. Our aim
is to demonstrate that HQMMSs can produce more complex dynamics than those
of HMMs. There are many different statistical tests that can be conducted to
determine the performance of these machines with respect to their output symbol

sequences. In both cases, this is classical data, which can be analysed by classical
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4.3 Numerical Comparison

statistical measures. In this particular case, we shall use a two-point correlation
function and the overall probability of detecting a ‘1’. The two-point correlation

function will be defined as

p(Li1]1e)

Corr(1444,1
(tH t) p<1t+1>

(4.22)

This function describes the likelihood of a ‘1’ at a time ¢ + 1 given there was a
‘17 at time ¢. It is also renormalised by the overall probability of obtaining a ‘1’
at the time t + 1. Here, we shall choose t to be sufficiently large such that it is

the stationary state. Hence, we may redefine the correlation as

p (1t+1|1t)
p (155) .

As the system is assumed to be in its stationary state, the term p(1;,1) becomes

Corr(1441,1;) = (4.23)

p(lg as in the stationary state all single point probabilities are independent of
the past. In order to obtain values for this function, we numerically evaluate it
for a large number of combinations of the free parameters. For the HMM, we
randomly choose sets of parameters for the transition matrices that satisfy the
requirements upon them. For the HQMMSs, we randomly choose parameters that
satisfy the requirements of being a Kraus operator for the specific system that we
have analysed, which is an open quantum system with instantaneous quantum
feedback. In doing so, we may run numerical simulations of these machines for
long time periods such that we may assume that they reach their stationary state.
We then calculate the value of p(1ls) and the correlation. The results of this are
shown in Fig. 4.2.

Comparing the two graphs, we see that the HQMM covers a larger area than
that of the HMM. This tells us that for machines with comparable resources, the
quantum machine may be capable of more complex statistics than its classical
counterpart. Despite this, the difference between the two is not large. This is
to be expected though, as any significant quantum advantage would come from
allowing quantum correlations to be generated between the qubits, which cannot
exist classically. Therefore, we expect this difference to grow drastically for a

larger number of resources.
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Corr(lir, 1)

0 0.2 0.4 0.6 0.8 1
p(lss)

Figure 4.2: A statistical representation of the output of (a) a HMM and (b) a
HQMM. We see both graphs appear to have the same funcitonal shape, but (b)
seems to cover a larger area than (a), indicating that the HQMM is capable of
more complex behaviour with a comparable amount of resources. In each figure

10% points are shown.

4.4 Conclusions

Motivated by the popularity of Hidden Markov Models (HMMs) in classical com-
puter science, this chapter has a closer look at the quantum analogues of these
machines — Hidden Quantum Markov Models [10]. Section 4.1 defines HQMMs
in terms of Kraus operators. When comparing Section 4.1 and 2.1.4 in Section
4.2, it becomes obvious that open quantum systems with random classical output
sequences are examples of HQMMs. As an example to show the superiority of
HQMDMs over HMMs, a numerical comparison was conducted in Section 4.3. In-
deed, we found that the HQMMSs do exhibit more complex behaviour than their
classical counterparts. This chapter has proposed not to ignore the random clas-
sical output sequences of open quantum systems, since they could find interesting
applications as quantum simulators of stochastic processes.

We have seen that HQMMs are capable of greater statistical power than of
HMDMs. However, the results presented here do not show a significant difference,
as the region occupied in Fig. 4.2 is only slightly larger for the HQMMs compared
with the HMMs. As highlighted, this is to be expected due to only using one
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(qu)bit. When using more resources, we expect to see a more significant differ-
ence. A difficulty in doing this is the computational time required to simulate
such a system. Particularly in the quantum case, the number of free parameters
will vastly grow in moving up to a larger number of (qu)bits. Despite this, it
would be possible to obtain results by using more sophisticated computing sys-
tems. This would be an interesting extension to this work. One way of achieving
superior complexity may be to use the optical cavity scheme described in the
previous two chapters, which occupies a larger state space than that of a single
qubit. This would provide a continuous set of internal states rather than a dis-
crete system like that of a qubit, which may offer significantly enriched dynamics
in possible output sequences.

Finally, it might be worth noting that the above analysis of open quantum
systems with instantaneous quantum feedback only allows for an environmental
back action when the system-bath interaction changes the bath into a state that is
different from its environmentally preferred state, |0)g. This need not be the case.
Physically, it is possible to design open quantum systems that experience feedback
also or only when no exchange of energy occurs between system and bath. In this
case, the open quantum system can no longer be modelled by a master equation.
However, the effective system dynamics would remain Markovian and could be
described using the language of HQMMs.

A further extension to this study may be to look for a true quantum-classical
boundary. The Clauser-Horne-Shimony-H olt (CHSH) Bell inequality is often
used to determine whether a process is quantum or classical [55, 56]. In Fig. 4.2,
by comparing the areas occupied by the classical and quantum machines, it may
be possible to identify a boundary between the two regimes. However in order
to do so, a much more thorough analysis would need to be performed. Also,
as already commented upon, the difference between the two cases appears to
be minimal for the single (qu)bit case. However, when using a larger number of
resources, this distinction is expected to grow. At this point, knowing the location
of the boundary would be useful as it would allow us to determine whether a

process is likely quantum or classical solely by analysing its output statistics.
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Chapter 5

Quantum jump metrology

We have already seen one example of how the dynamics of an open quantum
system can be used to enhance the dynamics of a quantum system with quantum
feedback, namely the Hidden Quantum Markov Model described in Chapter 4.
We now consider another. This example is a quantum metrology scheme, based
in part on the work published in Ref. [7]. We begin in Section 5.1 by providing
a brief overview of (quantum) metrology. We then proceed in Section 5.2 to
introduce parameter estimation theory and the Fisher information, which are
important tools in assessing how well a physical system can perform measuring
a parameter. Afterwards in Section 5.3, we use these techniques to analyse a
new approach, which we call quantum jump metrology. Finally in Section 5.4, we
analyse a practical setup that could be implemented in a lab setting, based on the
techniques introduced in Section 5.3. We then conclude in Section 5.6, where we
discuss the implications of this work and potential further advancements based

upon the results in this chapter.

5.1 Quantum metrology

The ability to measure a quantity is fundamentally important for many appli-
cations, not just in physics. Therefore, developing novel methods of conducting
measurements with enhanced precision is of significant interest. One way of do-
ing this is by exploiting the properties of quantum physics. Quantum metrology

has been extensively studied in the literature [1]. Nevertheless, new schemes are
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still being developed. In particular, these schemes typically involve measuring
the phase difference between two pathways of light. Later, in Section 5.4, we will
consider a novel example of such a setup.

In general, there are two main strategies for reducing the uncertainty in an
experimentally measured quantity. One method is to repeat the experiment many
times. Another is to use more of an appropriate resource N, in every run of the
experiment. However, increasing N is not always possible. Suppose we want to
measure the phase shift ¢ caused by a delicate material with the help of a standard
light interference experiment. Increasing the number of photons passing through
can increase the accuracy of every phase measurement but also limits the lifetime
of the sample [57, 58, 59]. In this case, it is important that every run of the
experiment is as accurate as possible. To allow for a fair comparison of different

measurement schemes, the error propagation formula

Ap = —’Afx(if) (5.1)
O

can be used to calculate the accuracy Ay of a given signal M(y) [1]. Here
AM/p) is the standard deviation of a signal M () and denotes the uncertainty
(or resolution) of M(y), while the visibility, |0M (¢)/J¢|, tells us how sensitive
M (p) is to changes in ¢. We see here that it is not enough to find a signal
that is highly sensitive, as it must also have a low uncertainty itself to deduce
information about the parameter to be measured.

Using N independent photons, the scaling of the lower bound of the uncer-
tainty of the phase measurement between two pathways of light, A@gass, 1S given
by the standard quantum limit (SQL),

A<)Oclauss X N_0.5~ (52)

There are different ways in which this scaling can be improved. One way is to
expose the incoming photons to a non-linear or interacting Hamiltonian [60]. In

this case, the uncertainty of a single phase measurement, Ay on_1n, Scales as

ASpnon—lin X N_O’.Bka (53)
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where k£ denotes the order of the present non-linearity or interaction. However,
highly-efficient optical non-linearities are hard to implement in general. Another
way to obtain an enhancement is to replace the incoming independent photons by
entangled or correlated ones [61, 62, 63, 64]. Using entangled states as probes, the

measurement uncertainty A@guant can be as low as the Heisenberg limit, which is
AQquant X N7, (5.4)

To extract information from highly non-classical photon states [65, 66, 67, 68,
69, 70, 71, 72, 73, 74], quantum metrology schemes may use techniques such as
quantum feedback, photon parity measurements, probes with fluctuating number
states and photon subtraction [75, 76, 77, 78, 79]. Although it is possible to
realise multi-photon entanglement in the laboratory [80], quantum metrology has
not yet become readily-available for a wide range of applications. This is largely
due to the experimental difficulty associated with producing large-scale entangled
states, which are usually generated probabilistically.

In the next section, we review parameter estimation theory and establish
where bounds such as the SQL and Heisenberg limit come from. This analysis is
important as it allows us to calculate the ultimate precision bound for a system

and hence tells us if it is possible to achieve a quantum enhancement.

5.2 Parameter estimation theory and the Fisher

information

In order to see the need for quantum metrology, we shall consider a brief math-
ematical analysis of parameter estimation theory and give an overview of the
Fisher information and Cramér-Rao bound. The classical Fisher information is
useful in determining the precision of an estimator ¢(x) of some parameter ¢.
The estimator $(x) is assumed to depend on the value x € RY for some N € N, of
a real random vector X defined over a Kolmogorov probability space. The vector
x is the data to be used to determine ¢. The Fisher information associated with
the probability density p, is defined by

Ploo) = [ aap,(olo, np, e = [ s P80 (55)
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where the second equality follows from carrying out the differentiation using the
chain rule. The Fisher information is additive for independent sources of knowl-
edge; F(p) = F(p1) + F(p2) whenever p(z1,z2) = p'(x1)p?(x). This in part
justifies its identification as an information.

The Cramér-Rao bound gives a lower bound on the precision of an estimate
¢ using the Fisher information. The bound is

1 . 1

F(p,) i <A90>i¢ - F(p,) ’

where for an unbiased estimate <A¢)§¢ = 0. The proof of Eq. (5.6) involves a
2

(A%, > (5.6)

straightforward application of the Cauchy-Schwarz inequality ||z||||ly|| > |(x,y)
applied to the inner-product defined over the function space [81, 82].

In practice one gathers information about a physical system in the form of a
list of numbers obtained by querying the system. The values xy can be viewed
as the result of querying a physical system N times, which would be equivalent
to having an ensemble of N identically prepared independent systems that have
the same state p, = p,(2;), Vi = 1,...,N. More generally, systems that are
independent but not necessarily identically prepared, are described by a product
distribution p,(x) =[], p.(x;). For such a distribution the Cramér-Rao bound
and the additvity of the Fisher information yield the bound

1

52 > — .
(A0, 2 Sz (5.7)

where F™* = max,, F(pl,(2;)). The number N is called the resource and is what
was discussed in the previous section in terms of the limits. It is the number
of times one has queried the system to gather information in the form of a list
of numbers x. The bound from Eq. (5.6) yields the so-called standard quantum
limit (SQL) scaling of 1/+/N for the lower bound of VIAGT), .

In quantum metrology one considers a quantum system whose density ma-
trix p, depends on an unknown parameter . According to quantum theory,
a measurement of the physical system yields an outcome x with probability
py(x) = tr(Exp,), where Ey is a positive operator-valued measure (POVM)

describing the measurement process. The quantum Fisher information can be
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defined as

Falpy) = max F(p,(x)). (5.8)

The quantum Cramér-Rao bound

1
(Ap?)y, = (5.9)
’e Folpy)
then follows from the Cramér-Rao bound (5.6). The Quantum Fisher information
is additive in that Fo(p, ® p) = Fq(p,) + Fq(p,) whenever the composite state
P = P, @ p, varies with ¢ according to d,p, = ilp,, h, ® I* + I' @ h] with
hl;? being a Hermitian operator. In this case, for an uncorrelated N-part state

P = ®fi1 pfp the quantum Cramér-Rao bound yields

(AGY),, > @ (5.10)
where F3*™* = max; FQ(pZD). The above bound gives the standard quantum limit
scaling for the precision. Since each system making up the N-part composite sys-
tem is queried once in a measurement, the number N coincides with the number
of queries made.

One way to obtain an enhancement over the SQL-scaling of 1/N given in
Eq. (5.10) is to consider an N-part system which is prepared in an entangled
state. This is since for an entangled state the Fisher information is not addi-
tive the bound in Eq. (5.10) does not follow from the Cramér-Rao bound. It is
then possible to improve upon the SQL-scaling to obtain the Heisenberg scaling
(Ap?),, ~ 1/N?[81, 82]. The crucial ingredient in obtaining this enhancement is
the breakdown of additivity of the quantum Fisher information due to the pres-
ence of correlations within the N-part system. Then, although not always, it is

possible that the Fisher information will scale greater than linearly.

5.3 Quantum jump metrology

We will now introduce a method of creating non-additive Fisher information that

can produce a non-linear scaling with the resource without the need for preparing
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an entangled state. There exist already some alternative schemes that do not
require entanglement [5, 6]. Here, we present a theoretical analysis of one such
approach, by calculating the Fisher information for a simple toy model in the
form of a two-level atom. The scheme can easily be extended to a larger system
size and therefore has scalability. Unlike schemes that require entanglement, this
scheme could easily be scaled up in an experiment. We demonstrate here that
in order to obtain an enhancement in the uncertainty scaling, all that is required
are correlations. Entanglement is one special example of such a correlation, but
in general it is not unique. In this chapter, we show that the temporal correlation
generated by the photon emission statistics of an open quantum system may also
provide an enhanced scaling in precision. As such, we introduce a novel method of
quantum metrology that could enrich the field and find use in many technological
applications.

Although quantum metrology schemes without entanglement have already
been proposed in the literature [5, 6, 7], it is not necessarily clear exactly where
the enhancement comes from. In this section, we present a thorough analysis of
the Fisher information to study where the necessary correlations are introduced.
In particular, we shall study open quantum systems with instantaneous quantum
feedback. As we saw already in Chapter 3, these systems may have highly com-
plex and non-linear behaviour. These systems may therefore be able to facilitate
quantum-enhanced measurements. Furthermore, we then see when these correla-
tions are sufficient to generate an enhancement and therefore identify the type of
process that may be useful for quantum metrology. The ideology presented here
can potentially be implemented in real schemes in order to develop novel schemes

for practical applications.

5.3.1 Correlated distributions yield non-additivite Fisher
information

Temporal quantum correlations [83, 84] and sequential measurements [85, 86, 87]

in open quantum systems are known to constitute an interesting resource for

technological applications. To illustrate this, we show in the following that sub-

sequent measurements on a single quantum system are in general equivalent to
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single-shot measurements on an entangled state of several systems. Suppose a
two-dimensional quantum system is in an initial state |1)) and subsequent gener-
alised measurements are performed, which can be described by two Kraus oper-
ators Ky and K of the form

K, = [&)l. (5.11)

Here [£y) and |&;) are two orthogonal states with ({y|¢1) = 0. However no such
constraint is imposed on the tilde-states |&y) and [€;) [23]. In case of two mea-

surements, the initial state of the system changes according to

KoK,
v i

KoK

up to normalisation factors, which we neglect here for simplicity. Moreover sup-

)
W) — i , (5.12)
)

pose we perform a single-shot measurement of Ky and K on two quantum systems

prepared in an effective state |1eg),

[Veir) = +/Poo [§0) @ |€0) + v/Por [€0) ® [€1)
+v/P10[61) @ [§o) + /P11 [€1) @ [&1) (5.13)

with the coefficients p;; equal to
bij = ”KjKi |¢>||2 (5.14)

It is easy to see that both measurements yield the outcome “i5” with exactly the
same probability. This means the states |1)) and (o) effectively describe the
same process. However, |¢g) is in general an entangled state. For example, if
Ko = [61)(&| and Ky = [£0)(&1], then [veg) = /Po1 [§0) @ |€1) + /P10 [€1) @ o),
which can be maximally entangled. Taking this into account, one can show that N
successive measurements on a single system are in general equivalent to a single-
shot measurement of N entangled quantum systems. This fact can be exploited
for quantum metrology when using Kraus operators that depend on the unknown

parameter.
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The analysis of the previous section shows that enhancement over the SQL-
scaling can be obtained when additivity of the quantum Fisher information fails
to hold. The quantum Fisher information is simply a specific type of classical
Fisher information having the form of Eq. (5.8). Of course one can consider
the precision of parameter estimates without restricting one’s attention to the
quantum Fisher information. The SQL-scaling seen in Eq. (5.7) follows from
the Cramér-Rao bound in Eq. (5.6) when the Fisher information is additive, i.e.,
when the probability density p,(x) is uncorrelated; p,(x) = [y po(z?). When
there are correlations present within p,(x) the SQL-scaling does not follow from
the Cramér-Rao bound, which allows for the possibility of obtaining enhanced
precision. One way to achieve such enhancement is to consider a distribution of
the form p,(x; Ex) = tr(Exp,) in which p, is an entangled quantum state and
Ey is a POVM. However, this is by no means the only way to obtain a correlated
distribution p,(x). The use of entanglement is not the only means by which to

obtain enhanced precision [60].

5.3.2 Producing temporal correlations

In the context of non-linear optics it is well-known that 1/N* scalings can be
achieved when there are k-body interactions within the N quantum systems
[60]. Indeed, super-Heisenberg enhancements can be obtained even with an initial
product state. Therefore Ref. [60] provides an example of an enhancement that
does not rely on entanglement. Another example can be seen in considering the
time evolution of open quantum systems. In a variety of examples [5, 6, 7], an
enhancement can be obtained without having to utilise an entangled state.

In this section we consider a different approach. Our aim is to determine
precision bounds on parameter estimates when the queries of a system are rep-
resented by parameter-dependent POVMs. For example, on short timescales a
photon number measurement of the radiation field surrounding an atom yields
outcome 0 corresponding to no photons or 1 corresponding to one photon. If
the measurement’s back-action on the atom is parameter dependent their effect
on the atom can be described by parameter-dependent Kraus operators Ky 1(p).

These operators describe quantum jumps of the atom based on the outcomes of
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measurements made on the environment and they must satisfy the completeness
relation given in Eq. (2.27). The operator K, describes the effect on the atom if
there are no photons detected, whereas K describes the resetting of the atomic
state after a photon is detected. A sequence of such jumps specifies a quantum
trajectory within the atomic Hilbert space. See Chapter 2 for a more details.

Such parameter-dependent queries could be realised physically by connecting
the photodetectors that monitor the radiation field around the atom to a laser
directed toward the atom. The laser applies a pulse with unknown phase ¢
whenever a photon is detected by the photodetectors. In this case only the
Kraus operator K; would be p-dependent. Of course, this is merely one example,
and there may be many other ways to implement sequential POVM queries that
depend on an unknown parameter of interest. We could also consider a qubit
that interacts with an ancilla, which is measured and reset after every discrete
time step of the evolution of the system. The evolution of the internal system
and the measurements of the ancilla may also be described by Kraus operators.
Our goal is to find a scheme that is capable of quantum-enhanced measurements
without the need for entanglement.

Firstly, we shall demonstrate that the output of an open quantum system
does indeed possess correlations in general. To illustrate this, we shall consider a
system for which there are two possible queries with corresponding Kraus opera-
tors Ky and K; as an example. The distribution of outcomes after N sequential

queries is given by

Po(x) = tr(K,\ K, K, pK! Kl Kl ), (5.15)

N—-1°""" TN—-1 TN

where p is the initial state of the system and z; = 0,1 is the outcome of the
i'th measurement. In general the distribution p,(x) is correlated, i.e., is not of
the product form Hf\;l p(z"). Even when the reduced dynamics of the system
are Markovian, the distribution p,(x) does not result from a Markov chain of
outcome events. To see this note that at each step + = 1,..., N the operators
Ky, respectively select subensembles of systems for which outcomes 0,1 were

obtained. The complete ensemble at step i is therefore represented by a density

82



5.3 Quantum jump metrology

matrix

pali) = T(p,i — 1))
= Kop,(i — VK] + Kip,(i — VK], (5.16)

where T denotes the Markovian evolution map that propagates the system’s state

to the next step. Consider the example N = 3. We have

tr<Kx3Kx2Kx1 pK:J([nKJCQK;d)

, (5.17)
tr(Hp, Ky, pKll KL)

P«p(l‘3|$2aI1) =

whereas

tr(K,, K, T(p)KI K1
polasfas) = TR TR ), (5.19
(K, T(0) )

In general the right-hand-side of Eq. (5.18) is not equal to the right-hand-side
of Eq. (5.17), therefore the random variable sequence X; — X5 — X3 is not a
Markov chain. Since the state of the system after each measurement depends on
the outcome obtained, the probability density p,(x) can become highly correlated
throughout the course of the N-measurements. The presence of correlations in
the distribution in Eq. (5.15) means that the SQL-scaling does not necessarily

follow from the Cramér-Rao bound for the associated Fisher information.

5.3.3 Implementations

To illustrate the idea of determining precision bounds within the context de-
scribed above we consider some simple examples involving just a single qubit. All
of the examples considered could be constructed using a qubit and ancilla setup
and applying simple operations to these. In the first cases, we shall examine a
system that does not produce an enhancement, even when the Fisher informa-
tion is constructed to be non-additive. After this, we shall consider a single atom
allowed to decay freely, but is subject to parameter-dependent back-action upon

photon emission.

33



5.3 Quantum jump metrology

Simple examples without enhanced precision

Our first example turns out to produce the usual SQL scaling and allows us to
identify sufficient conditions for obtaining the SQL scaling. In this example we
assume a qubit system with two Kraus operators chosen as

Ky = ( COS(;@ 0 ) K, = < 0 Smégﬁ) ) . (5.19)

cos(p) sin(ep)

This evolution could be generated by taking an ancilla initially prepared in |0)
and performing a Pauli operation o, = |1) (0] 4+ |0) (1] on the system qubit and
ancilla with probability sin?(¢). By then measuring the ancilla in either state |0)

or |1), we obtain the above Kraus operators, which satisfy
Koo = Ki,, K4+ EK =1 [KoK]=0. (5.20)

The second property together with the first ensures that the K, are indeed Kraus
operators. Since Ky = cos(¢)1, the K, commute, which makes them amenable
to analytic calculations. Moreover K; = sin(y) o, so that K2 = cos?(p)1 and
K? = sin®(p) 1. For this choice of Kraus operators and for fixed ¢ the number
of different values of p,(x) is only N + 1, because if x and x’ contain the same
number of zeros and ones then p,(x) = p,(x’). Since tr(p) = 1 for any initial

state p, if x contains k, zeros we get

—ks
pe(x) = tr(K3 K7 p)

2 () s ) i) (5.21)

= cos™™ () sin

where we have used the cyclicity of the trace and the first and third properties in
Eq. (5.20). The x are binomially distributed in that the number of x’s with &,
zeros and N — k,. ones is (é\i ). We can calculate the Fisher information (Eq. (5.5))
associated with p, as

_ [awpw(X)P
F=2. 70

X

N
N
= Z (k )(N — 2k, + N cos(2¢))? COSQ(krl)((p) sinQ(N*krl)((p)

kz=0
= 4N, (5.22)
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Thus, for the choices in Eq. (5.19) we get the standard quantum limit scaling
from the Cramér-Rao bound in Eq. (5.6);

9 1
(AP > (5.23)

This result is due to the nature of the distribution p,(x), which can in fact be
written as a product distribution [, p,(;). To see this, note that in this par-
ticular example p,(z;) = p/,(z;) whenever z; = x;, so pl, is actually independent

of i. Over all steps @ = 1,..., N there are only two possible probabilities;

£ (0) = p,(0) = tr(K3p) = cos’(p)
p(1) = py(1) = tr(KZp) = sin’(p) (5.24)

We therefore have
po(x) = cos™ (p) sin® V) (0) = p, (0)= p (1)V

= H po(7) - (5.25)

We can define the single-shot distribution pf, as the pair pg, = (p,(0), p,(1)). The

associated single-shot Fisher information is

Fo=F(pp)= ) %
_ 4 cos® () sin®(yp) N 4 cos?(ip) sin®(p)
cos?(¢p) sin®(¢p)
L (5.26)

and since the Fisher information is additive for a product distribution we obtain

N N

Flp,) =Y F(py) =4 = 4N, (5.27)

as expected.
This SQL scaling follows from the use of the product distribution described
in Eq. (5.25). Sufficient conditions for obtaining a product distribution appear

to be that the K, are Hermitian and share an orthonormal eigenbasis {|b;2)},
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and that the initial state p is one of the corresponding spectral projections, i.e.,
p = |b1) (b1] or p = |b2) (ba|. In the example above the first and third conditions
in Eq. (5.20) imply that the K, are Hermitian and share a common orthonormal

eigenbasis that may or may not depend on . We have in this case that

Ko(0) = Y Ae(9)1ba) (bul (5.28)

n=1,2

where in general the eigenvalues depend on . If p = |by) (by] say, then for x = 0, 1

po(x) = tr(Ku(0)*p) = As()?,

Pp(X) = p¢<o)k1p¢(1)N—kI = H Po(i) (5.29)
i=1

where k, is the number of x; = 0, and N — k, is the number of x; = 1, in the
string x. In order to get a ¢-dependent result the eigenvalues A7 must depend
on . Alternatively if the (A\?)? are independent of n as in the example from
Eq. (5.19) above, then p can be a completely arbitrary density matrix and the
same result will follow. In this case both K&l are proportional to the identity

K2 = )21, so that py(x) = tr(K2p) = A2 for any normalised p.
The most straightforward way to obtain a correlated distribution p,(x) ana-
lytically is to consider an initially correlated state, i.e., a mixture p = p|by) (by|+

(1 —p) |ba) (ba| (the off-diagonal elements can be arbitrary). We then obtain

po(x) =(Ag)™ (1 — (X)) *p
+ )™ (1= () (1 - p), (5.30)

where we have used the completeness of the Kraus operators (A3)? + (A\})? =
1, n=1,2. If p=0,11in Eq. (5.30) then p is one of the eigenprojectors of the

K, and only one component of the sum survives. Similarly if
(A)? = ()" = (Aa)?, (5.31)

with x = 0,1, then the p-dependent components in Eq. (5.30) cancel and one
obtains a product distribution p,(x) = (Ag)*=(1 — (X\g)*)V ", as in the exam-

ple from Eq. (5.19). Another example of a set of Hermitian commuting Kraus
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operators is

(0l B (R )

which are such that A} = cos(¢) = A\} and A2 = sin(p) = A}. Note however that
A2 =1—(A2)2# (A3)? and (A1)? =1 — (A\})? # (A\})?, so that Eq. (5.31) does
not hold. We therefore obtain from Eq. (5.32) the distribution

21%( 2(N—kz)<

Pe(X) =p cos™ (p) sin ®)
+ (1 — p) sin®= () cos? ™=k () . (5.33)

This is not generally a product distribution. However, the associated Fisher in-
formation is extremely close (oscillates around) to 4N for all values of p and .
This result indicates that having a correlated distribution is necessary but not
generally sufficient to improve upon the SQL scaling. It remains to identify a cor-
related distribution that achieves the latter and hence provides an enhancement.

An alternative approach to those above would be to take inspiration from the
dynamics of open quantum systems. Specifically, when an open quantum system
interacts and creates an excitation within its environment, the system is reset.
We shall call such an event an emission. Typically, such systems are reset to the
ground state. However, they may be reset to any state in general. An example

of such a system could be described by the Kraus operators Ky and K; given by

Ko =10) (0] + e 2" |1) (1], K, =vTAt|1)(1].
(5.34)

Here, At is the time iteration between measurements and I' is the decay rate of
the system. Now, we reset the system to the excited state, |1), in the case of
emission. This can be related to the two-level atom system studied in Section
2.3. We may now calculate the Fisher information once again, where we take I'

to be the parameter to be probed. Calculating the Fisher information, we find

N  for T>0
F(N)N{ Nt Foo - (5.35)

Again therefore, we find that we obtain no improvement beyond linear scaling

for all I > 0. Hence, we find that even having non-additive Fisher information,
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we are not necessarily able to surpass linear scaling. This is in agreement with
previous work showing that there cannot be an enhancement in measuring the

decay rate of a system [88].

Example giving enhanced precision: A two-level system with parame-

ter dependent resetting

Let us now finally consider a different scheme, with Kraus operators given by

Ko = [0){0] +e 272 |1) (1
Ky = sin(p)\/7At|0) (1] + cos(p)\/ YAt |1) (1] . (5.36)

Here, we reset into a state that is a function of a parameter ¢. This is the system
introduced in Section 2.3. Such feedback could be made by two short laser pulses
applied t oeither side of a two-level atom, where completely in phase (¢ = 0)
the state would be reset to |1). These Kraus operators satisfy the completeness
relation from Eq. (2.27) so long as At is sufficiently small. In this scheme, we

calculate the Fisher information with respect to ¢ and in doing so we find
F(N) ~ (N*-N+¢), (5.37)

where c is a small constant.

For large N, this function should scale according to N2. Hence, we find that
we may achieve scaling in line with the Heisenberg limit using this system. We
find again that the Fisher information of this system varies with ¢ as well. A

good fit for this variation is given by
F(N,p) = sin’(p) (N> - N+c), (5.38)

where ¢ is a small correction made for the fit. This is shown in Fig. 5.1, where
a fixed value of ¢ has been chosen and the Fisher information has been plotted.
Furthermore, in Fig. 5.2, we see a plot of the Fisher information over a range

of values of p. We see clearly a non-linear growth. There are also points where
(2n—1)m
—
These singularities have been neglected to allow for a smooth plot in Fig. 5.2, as

the Fisher information appears to diverge. We find such cases at ¢ =
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Figure 5.1: Fitted plot of the Fisher information for the Kraus operators given in

Eq. (5.36) for ¢ = 497 and with At = 107*I'"!. The trend is clearly not linear

and is therefore beyond the standard linear scaling of classical systems.

they are artefacts of the simulation process where probabilites of events become
vanishingly small.

As well as varying the Fisher information with the phase, we may also vary
other parameters. The above constructed example is highly physically motivated.
However, the Kraus operators may be constructed in a more artificial way that
doesn’t necessarily reflect a physically motivated system, but still models an

allowed implementation. Suppose in general our Kraus operators are of the form

b (50) me (S HAERY

where 0 < A < 1. Furthermore, we may choose an initial state given by the

density matrix
p = bl0) {0+ (1 -0)[1)(], (5.40)

where 0 < b < 1.
For most cases, the Fisher information is highly non-linear initially, but be-

comes linear very quickly. For the cases where the Fisher information is non-linear
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Figure 5.2: Fitted function of the Fisher information for the scheme described
by the Kraus operators in Eq. (5.36), again taking At = 107*T'~!. We see that
the Fisher information is maximised around 7/ 37” and also appears to grow non-

linearly at these points.

for longer, its absolute size is significantly smaller. This parameter regime corre-
sponds to the physically motivated scheme above (i.e. A ~ 1 ). However, these
results show a proof-of-principle that enhanced scaling can be generated in an
open quantum system with no entanglement. It is highly possible that a system
occupying a larger Hilbert space would persist with enhanced scaling for longer.
It is also not clear how long the systems with enhanced scaling would continue as
such at this point. As an example, we consider A = 0.9 and b = 0.1. The results
of such parameters are shown in Fig. 5.3. Here, we see that the behaviour is very
complex and does not follow a simple trend and could be investiagted further as
an extenstion. However, for the purpsoe of this study we are only interested in a

proof-of-principle that enhanced scaling can be obtained in this scenario.
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Figure 5.3: Fisher information as a function of the parameter ¢. Each curve
shows a different number of time steps N, as illustrated by the key. Here the
free parameters are chosen to be A = 0.9 and b = 0.1. We see a steady increase

in the Fisher information for all values of ¢. However, the peak value seems to

T /3T

(neglecting the singularities) moves further from 7 /< as N increases.

5.3.4 Application to a two-level atom with controlled re-

setting

To give an example of a concrete system where this advantage in scaling can be
found, we again consider a two-level atom with parameter dependent resetting.
Following the dynamics described in Eq. (5.36), this corresponds to resetting the

system into the state

[4™") = cos(p) |0) —isin(p) [1) (5.41)

after photon emission. For these dynamics, the probability of the system prepared

in the state |¢P") not emitting a photon in a time T', Py(T), is given by

Py(T) = cos*(p) +e T sin?(p). (5.42)
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In such a case, the probability of the system emitting a photon in that time period

can be written in general as

P(T) = /dtw(t) (5.43)

with

w(t) = —%Po(t) = I'sin*(p)e . (5.44)

The measurement that we are interested in making for this scheme will be the
average number of photons emitted in a time T', N(T). For simplicity, we will
assume the state at time ¢ = 0 has the form of |[¢*"). Hence, N(T) can be

calculated by expressing it as a sum of the form
N(T) = > np(n,T), (5.45)
n=1

where p(n,T) is the probability of the system emitting n photons in a time 7.
This probability can be expressed as

s = (1] / dtaw(ty) | Py (T — 1), (5.46)

i=
ti—1

where we take ty = 0. If we consider the case where we wait for a large amount

of time such that we may take T — oo, we find these integrals factorise nicely,

meaning
T
lim dt, w(t, —t,_1) = sin*(p),
T—00
tn—1
lim Py(T —t,) = cos?(p). (5.47)
T—o0

Hence, we find that the probability for n photons is given by

p(n) = sin®"(p) cos’ (i) (5.48)
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The average number of photons emitted for T — oo can now be calculated by
substituting Eq. (5.48) into Eq. (5.45), giving

N(0) = Znsinzn(go)cosQ(go). (5.49)

This is nearly a geometric series. After appropriately modifying it, it can be
shown that

r

' = —. (5.50)
; (1—1)
Taking r = sin®*(y), we hence find
N(co) = tan®(yp). (5.51)

This function matches expectations, as we see that for the case where the system
is reset to the excited state, we see an infinite number of photons, whereas when
it is reset to the ground state we see no photons. This is shown in Fig. 5.4.

For the purposes of metrology, we want a signal we can scale with time. As
such, we can calculate how this signal scales for finite T". By not imposing 7" — o0,
the integrals no longer factorise nicely. Nevertheless, a solution can still be found
for p(n,T'), which is given by

-Ir

e I sin®"(

p(n.T) = sin® () cos’(p) + P

X ((FT)” —cos’(9) > n (rT)m> . (5.52)
m=0
Summing up to the limit where n — oo is now more difficult to resolve. Although
the limit is well defined, it is not straightforward to explicitly calculate analyti-
cally. Hence, for simplicity, all results involving this term will be approximated
by choosing a large finite value for n. In doing so, N(T') can be calculated to
a very good approximation. In Fig. 5.5, we see how this function behaves as a
function of ¢ at a variety of times 7.

This signal clearly displays dependence on the parameter ¢ that grows in

time. Hence it should be possible to use this signal to extract information about
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Figure 5.4: Plot of N for T — oo for the two-level atom as a function of the
feedback rotation parameter . As expected, if the atom is reset exactly into the
excited state after emission there will be an infinite number of photon emissions

for T — oo.

w. In order to calculate the uncertainty in ¢, we use the error propagation
formula in Eq. (5.1). Specifically for this example, we shall use the variance for a
more direct comparison with the Fisher information, where we take the square of
Eq. (5.1). Plotting as a function of ¢ for a variety of times T, we see in Fig. 5.6
how the uncertainty in ¢ changes in time. In particular, the error decreases in
time. However, the uncertainty appears to reach a fixed point that depends on
the value of ¢ being considered for large 7', which is reached faster the further ¢
is from 7 in the range ¢ € [0,7]. Also, the error is able to reach a lower value
for a large amount of time the closer it is to §. Hence, to maximise the scaling it
appears that we should choose a value of ¢ is close to 7. Taking ¢ = 1.5, we now
plot (Ag)? as a function of time 7. This is shown in Fig. 5.7. Here, we see the
scaling is surpassing that of the standard quantum limit. In fact, the scaling of
the error is better than the Heisenberg limit at its steepest point. However, this
doesn’t necessarily mean that the error has gone beyond the overall Heisenberg
limit.

Crucially, we see that there is an enhanced scaling present for this measure-
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Figure 5.5: The plot of N now does not go to infinity, as a finite amount of time
is considered. The curve has a similar functional shape to the case of infinite time
and hence demonstrates the validity of the calculations. Here, the sum is taken
up to n = 1000.

ment scheme. Although this measurement is not necessarily an optimum measure-
ment, it serves as a proof-of-principle that an enhanced time-dependent scaling
can be found for a relatively simple system with quantum feedback. Indeed, there
are many ways in which this system can be developed further, including going to
a larger system size or performing a more complex measurement, such as using
photon correlations. In Fig. 5.7, we see that the uncertainty in ¢ seems to be
levelling off to a fixed value. This is also suggested in Fig. 5.6 for other values of
. If we move to a larger system size, the overall uncertainty should be reduced
further. This is because in a larger system size two initially close together points
in the relevant space can move further away from each other and hence become
more distinguishable. In the next section, we consider another more complex
system that cannot be solved analytically that also produces enhanced scaling
without requiring exotic quantum states and hence offers relative experimental
simplicity. In particular, this system occupies a large state space that allows for

more persistent scaling.
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Figure 5.6: Uncertainty (Agp)2 plotted as a function of ¢. Initially, the uncertainty
is minimised at multiples of w. However, these uncertainties do not decrease in
time. As T increases, the optimum value of ¢ for measurement moves closer to

5. This result is again produced with a sum up to n = 1000.

5.3.5 The estimator

In order to use the results presented here for a metrological application, the
estimator ¢ needs to be found. This can be done by interverting the measurement

signal in order to make ¢ the subject, givng an equation of the form
Y = .... (5.53)

For a simple interferometric setup, this is straight forward. For example, if N
photons are inserted into one arm of an interferometer with a phase shift of ¢ in
one arm (like that in Fig. 1.1), the number detected in the two output arms (A
and B) will be

Ny = %(1—1—608(@))]\7, NB:%(l—cos(go))N, (5.54)

with Ny + Ng = N as required. Hence, rearranging we may write

2N,
= cos ! (—A — 1) ) 5.55
7 N+ N (55
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Figure 5.7: Considering the uncertainty (Agp)z as a function of T for fixed value
of ¢ (¢ = 7). For illustrative purposes, scaling according to the SQL (~ =) and
the Heisenberg limit (~ 7%) are shown. We see that the scaling of our system lies
between these two. At its steepest point, the scaling of the two level atom goes
beyond that of the Heisenberg limit. However, this does not mean the uncertainty
is beyond the absolute value of the Heisenberg limit. The results are produced

with a sum up to n = 1000 again.

This provides the estimator for the system in terms of the experimentally mea-
sured quantities Ny and Ng.

For the system we describe here, inverting our measurement signal to give ¢
in the form of Eq. (5.53) is not straightforward. In general, this is something that
may be obtained (at the least by some numerical method) but is not determined
here explicitly. Here, we shall accept the enhanced scaling calculated by the error
propogation formula given in Eq. (5.1) and accept that the estimator could be

determined for use in a real experiment.
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Figure 5.8: The proposed quantum-enhanced metrology scheme involves two main
stages. (a) During the preparation stage, a laser experiences an unknown phase
@ before entering the resonator, thereby preparing the cavity in a coherent state
|a) with « as in Eq. (5.56). (b) During the measurement stage, the continuous
laser driving is replaced by an instantaneous feedback loop. Whenever a photon
is detected, with a finite detector efficiency 7, the feedback laser displaces the
resonator field with a fixed phase that can be set to zero without loss of generality.
Whether or not the feedback pulse increases the energy inside the cavity and how

often it is triggered depends strongly on ¢.

5.4 A quantum-enhanced metrology scheme with
the single mode coherent states of an optical

cavity inside a quantum feedback loop

As a concrete example of a scheme that achieves quantum-enhanced metrology
without entanglement, we now present analysis of the scheme proposed in Ref. [7].
This scheme involves the use of a laser-driven optical cavity inside a quantum
feedback loop, as described previously in Sections 2.2. As we have seen already,
quantum feedback can perturb the system in a way that generates non-linear
behaviour and complex correlations.

In this section, we propose to measure the unknown phase shift ¢ between two
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pathways of light using a leaky optical resonator inside an instantaneous quan-
tum feedback loop. As illustrated in Fig. 5.8, the quantum-enhanced metrology
scheme that we propose here consists of two main stages. Firstly, the preparation

stage prepares the cavity field in a coherent state |«) with
a = |a|e¥. (5.56)

Afterwards, during the measurement stage, the cavity is placed inside a quantum
feedback loop. Whenever a photon is detected, a laser pulse is applied, which
does not experience the unknown phase ¢. The pulse displaces the field inside
the resonator in a certain direction, thereby providing the reference frame for
the proposed phase measurement. For the feedback pulse to be approximately
instantaneous, it needs to be short compared to the average cavity photon life
time 1/k. In the following we extract information about the unknown phase ¢
from the temporal quantum correlations in the spontaneous photon emissions of
the optical resonator. The measurement of these correlations does not require
highly-efficient single photon detectors. Hence realising the experimental setup
in Fig. 5.8 is feasible with current technology [89, 90, 91].

As we shall see below, the only density matrix p of the cavity field with a
vanishing time derivative p = 0 is the vacuum state. When starting in this state,
the system remains there and never experiences a feedback pulse. However, in
general, the cavity field remains in a single-mode coherent state |a) with a # 0.
In many cases, « increases rapidly in time. Unlike most quantum optical sys-
tems with spontaneous photon emission, the ensemble average of the resonator
never reaches a stationary state [41, 92], as we saw in Chapter 3. The final state
of the cavity depends very strongly on the phase ¢, which has initially been
imprinted onto the resonator (c.f. Eq. (5.56)). Moreover, the temporal quan-
tum correlations of the single trajectories of the cavity field cannot be expressed
as first-order expectation values and do not evolve according to a set of linear
differential equations. Their non-linear dynamics is what allows us to perform
better-than-classical phase estimation. Using the dissipative dynamics of open
quantum systems [11, 13, 14, 18], Refs. [5, 6] already designed quantum metrol-
ogy schemes that exceed the standard quantum limit. The main advantage of the

scheme that we discuss here is that it is relatively easy to realise experimentally.
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Our quantum-enhanced metrology scheme should be of practical interest until
highly-entangled many-photon states become more readily available.

The quantum-enhanced metrology scheme that we propose here extracts in-
formation about the unknown phase ¢ of the initial state in Eq. (5.56) by per-
forming N successive measurements on a single quantum system. This means,
our scheme is equivalent to performing single-shot measurements on a combina-
tion of N entangled quantum systems. Instead of multi-partite entanglement, we
use temporal quantum correlations [93, 94]. The main resource of our quantum
metrology scheme, i.e. the number of queries posed during each run of the experi-
ment, hence equals the number of successive measurements on the cavity field. In
other words, it essentially equals the number of time steps in which the cavity ei-
ther emits a photon or not, which is proportional to the duration of the proposed
experiment. As long as the behaviour of the cavity field generates temporal quan-
tum correlations with non-linear dynamics, actual physical entanglement does not
need to be present [60]. We are therefore not in contradiction with previous work
that claims entanglement is required to go beyond standard scaling, as in such
cases only linear generators of change in the unknown parameter are considered
[61, 62].

Before presenting the exact metrology scheme, we briefly review some of the
physical behaviour of the optical cavity with quantum feedback. In particular,
we highlight the key long term behaviour that allows an enhanced measurement

to be performed.

5.4.1 Long term behaviour

Before presenting the metrology scheme, we briefly review the work done in Chap-
ter 3. In particular, we remind ourselves of the long-term behaviour of an optical

cavity inside a quantum feedback loop.

Convergence without feedback

Previously in Chapter 3, we have seen that the coherent state |ays) in Eq. (3.12)
is invariant under the no-photon time evolution of a laser-driven optical cavity.

Furthermore, we know that this state is also invariant under the emission of a
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Figure 5.9: (a) Phase diagram illustrating the dynamics of the single-mode co-
herent states |a) of the cavity field during the measurement stage. The initial
states of the resonator form a circle centred about the origin. The lines show the
occupied state space of the states corresponding to ¢ € [g, 37“] at a later time
t. As time elapses, the circle turns into an increasingly stretched ellipse. States
that correspond to different phases ¢ move further and further away from each
other. (b) Dynamics of the cavity field under the condition of a photon emission
at t = 0, which triggered an instantaneous feedback pulse. Both graphs are the
result of a quantum jump simulation based on the calculations in Section 2.2.3,
where we assume a detector efficiency of n = 0.5 and consider 10° repetitions of
the experiment. Here the feedback pulse is given by f = |a| with @ = 2. The
dash-triple dot lines extended from the original semi-circle represent the trend of

the evolution of the states corresponding to ¢ = 7 and ¢ = 37“
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photon due to it being a coherent state (see Appendix A). Consequently, |cags)
is the stationary state of a laser-driven optical cavity without feedback. Once
the cavity reaches this state, it no longer evolves in time. Indeed, one can easily

check that the corresponding density matrix pg = |ags)(as| solves p = 0.

Divergence with feedback

Combining the stationary state condition p = 0 with the master equation in
Eq. (2.67), we can calculate the stationary state of the laser-driven optical cavity
inside an instantaneous feedback loop. From the discussion in Section 3.2.2, we
know that the field inside the resonator in this case too remains always in a
coherent state, if initially coherent. This implies that the stationary state, if it
is ever reached, has to be of the form of Eq. (3.21), i.e. a statistical mixture of
coherent states |«) with weighting P(«). However, the master equation (2.67)
does not possess a stationary state of this form except for a = 0, where the
dynamics become trivial. However, from what we have seen in Chapter 3, we
know that this stationary state is a repulsive fixed point in the dynamics and
many quantum trajectories diverge away from this point in general. From this
we conclude that the laser-driven cavity with instantaneous quantum feedback
that we consider in this chapter does not reach a stationary state in general
[41, 92]. It exhibits a much richer dynamics than what was previously assumed
[95, 96]. This even applies if the continuous laser driving is turned off, unless the
cavity is initially empty.

Fig. 5.9 illustrates the non-linear dynamics of an optical cavity inside an in-
stantaneous quantum feedback loop with the help of a so-called phase diagram.
This diagram represents coherent states |a) as points by using the real part and
the imaginary part of a as coordinates. It is the result of a numerical simulation
which averages «(t) over a large number of quantum trajectories. Different times
t and a wide range of initial states |a) with ¢ € [3, 27] and with « as in Eq. (5.56)
are considered. As one can see, the half circle representing these initial states de-
forms rapidly into an increasingly stretched ellipse, thereby constantly increasing
the phase space volume occupied by the cavity field. In Fig. 5.9(b), the cavity

field is initially in the same state as in Fig. 5.9(a) but experiences a feedback
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pulse at t = 0 with 5 = |a|. In this case, the constant growth and stretching of
the phase space volume of the cavity field is even more pronounced. For example,
a cavity in an initial coherent state with ¢ = 7 and a photon detection at ¢ = 0
never emits another photon and never experiences another feedback pulse. On
the contrary, a cavity with ¢ # 7 is likely to emit many photons, thereby at-
tracting an exponentially-increasing number of feedback pulses. As a result, the
distance between two coherent states |aq(t)) and |as(t)) corresponding to two

different phases ¢, and ¢, increases rapidly in time.

5.4.2 Quantum-enhanced metrology scheme

Now we have all the tools needed to analyse the quantum metrology scheme

illustrated in Fig. 5.8. It consists of two main stages:

1. The preparation stage. A continuous laser field experiences an unknown
phase shift ¢ before entering an optical cavity, as illustrated in Fig. 5.8(a).
The main purpose of this stage is to prepare the field inside the resonator
in a coherent state, which depends on ¢. For simplicity, we assume that
the cavity is driven for a time which is relatively long compared to the time
scale given by the laser Rabi frequency and the cavity decay rate. This
approach prepares the resonator in its stationary coherent state |ag) in
Eq. (3.12) with the phase ¢ encoded into the phase of a™.

2. The measurement stage. Here the continuous laser driving is turned off.
Instead the optical cavity evolves freely, while experiencing instantaneous
feedback pulses, as illustrated in Fig. 5.8(b). These are triggered by the
observation of a spontaneously emitted photon with a finite detector effi-
ciency . We assume that every feedback pulse displaces the field inside the

cavity by an amount § given by

B = ol (5.57)

which is independent of ¢. This means the feedback laser provides a refer-
ence frame. The measured phase is indeed the relative phase between the

phase of the driving laser used during the preparation stage and the phase
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of the feedback laser (with respect to the interaction picture). All photon

detection times should be registered.

As we shall see below, temporal quantum correlations reveal information about

¢ with an accuracy above the standard quantum limit.

Resource counting

To identify the main resource, N, of our metrology scheme, we take inspiration
from the approach by Zwierz et al. [63] and assume that N equals the query
complexity of our scheme. Each time the phase ¢ is probed, a resource is used.
In every time step, we perform a (conditional) phase dependent operation on
the system. Continuously observing the leakage of photons through the cavity
mirrors means a continuous probing of the unknown phase . As illustrated in
Fig. 5.10, every time step can be seen as one query posed and hence provides
one resource count. The amount of time 7', which the system spends within
the measurement stage during each repetition of the experiment, is therefore the
most relevant resource of our quantum metrology scheme. To calculate Ay as a
function of T', we now simulate a relatively large number of quantum trajectories
of the experimental setup in Fig. 5.8 using the methodology which we introduced
in the previous section and then use the error propagation formula in Eq. (5.1) to
analyse the precision of the proposed experiment. For completeness and to allow
for a comparison with other quantum metrology schemes, we also consider the
mean number of photons passing through the unknown phase ¢ as a resource N.
In our scheme, this number is essentially given by the mean number of photons
2

|ags|? inside the resonator at the end of the preparation stage.

Accuracy of intensity measurements

Let us first have a closer look at the average photon emission rate I(7) of the
cavity at a time T after the preparation of the initial coherent state |ag) in
Eq. (3.12), which depends on the unknown phase ¢. To calculate I(7") numeri-
cally, we divide the time interval [0, 7] into relatively short time intervals At. We
then use the quantum jump approach [20, 21, 22] described in Section 2.2.3 to

simulate a relatively large number of possible quantum trajectories of the cavity
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Figure 5.10: Circuit diagram of the time evolution of the experimental setup in
Fig. 5.8 during the measurement stage. The black dots indicate that the bath
is measured in every time step, n = 1,..., N, and when a photon emission is
detected triggers the operator U(p) to act on the cavity. This process provides

information about the state of the cavity and the unknown phase, .

and average over the respective number of photon emissions in (7,7 + At). The
result of this simulation is shown in Figs. 5.11 and 5.12. While Fig. 5.11 shows
the average photon emission rate I(7') as a function of T for different phases ¢,
Fig. 5.12 shows the I(T") as a function ¢ for different times 7. Both logarith-
mic plots illustrate that the dynamics of the mean number of photons inside the
resonator depends indeed very strongly on the initial coherent state |ags) of the
cavity field.

Next we investigate the accuracy of a measurement, which uses the strong
dependence of I(T") on ¢ to deduce information about ¢. Figs. 5.11 and 5.12 show
that this dependence is maximised for ¢ around 0.3 7. We therefore consider in
the following the signal M = I(T') and ¢ = 0.37 as an example and calculate
the accuracy of the proposed quantum metrology scheme Ay using the error
propagation formula in Eq. (5.1) as a function of 7. The standard deviation
in this equation is obtained through statistical analysis of the simulation data
created by many quantum jump simulations described in Section 2.2.3, while
the sensitivity is found by finding the gradient between two very close phases.

Again we average over a large number of quantum trajectories. The result of this
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numerical simulation is shown in Fig. 5.13. To a very good approximation, we
find that

Ap(T) o« T for ¢ =0.37. (5.58)

This means, using only intensity measurements, the experimental setup in Fig. 5.8
does not allow us to beat the standard quantum limit in Eq. (5.2). In fact, we
almost saturate this limit. This is to be expected as the dynamics of the mean
number of photons inside the cavity obeys a master equation, which represents a
set of linear differential equations. Moreover, intensity measurements are essen-
tially classical measurements. Finally, it should be noted that the fit In Eq. (5.58)
is an approximation, as the data appears to be showing a more complex depen-
dence whose exact functional form will not be investiagted here. However, it
seems safe to conclude that the scaling of Ap(7T') does not exceed the standard

quantum limit.
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Figure 5.11: Average intensity I(7') plotted on a Log,, scale, as a function of
the time, 7', after the preparation of the initial coherent state, |ay), for various
2

unknown phases, ¢. This simulation assumes |ag|* = 4, n = 0.5 and averages

over 108 trajectories and is generated by the quantum jump method.
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Figure 5.12: Average intensity /(7") plotted on a Log,, scale, as a function of the
unknown phase, ¢, for different times, T. As in Fig. 5.11, we have |ag|? = 4,
n = 0.5 and average over 10° trajectories and is generated by the quantum jump
method.

Accuracy of second-order correlation function measurements

A comparison between Figs. 5.9(a) and (b) suggests that measurements of the
joint probability to detect a photon at a time ¢ and at a time ¢’ should be able
to reveal information about ¢ more efficiently than measurements of the average
photon intensity I(7"). This joint probability is known to quantum opticians
as the second-order photon correlation function G (t,'). Hence, according to
probability theory, G (t,t') equals

Gt = II{), (5.59)

where I(t|t') denotes the probability for the detection of a photon at a time ¢
conditional on the detection of a photon at ¢’. Second-order correlation functions
are usually normalised by the product of the photon emission rate at ¢’ and at
t. Taking this into account and dividing Eq. (5.59) by I(#')I(t), we define the
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Figure 5.13: Dependence of the accuracy, Ay, on the length of the measurements
stage, T, in the case of intensity measurements. Here, ¢ = 0.3 7, |agl? = 4,
n = 0.5 and we averaged over 10° trajectories. The black line illustrates the

approximate fit given in Eq. (5.58).

renormalised second-order correlation function, ¢ (t,t'), by

It

gt = 10

(5.60)

This correlation function describes correlations between photon emission events
without depending on the detector efficiency 1 with which these events are reg-
istered. It can therefore be measured accurately, even when using imperfect
detectors with n < 1.

In the following, we assume that M = ¢g®(T,0) is the actual measurement
signal used to obtain information about the unknown phase ¢. As we shall see,
this measurement signal also contains a dependence in the unknown parameter
. Hence, using the same techniques as before, we may test how well we can
determine ¢ from this signal. To determine the accuracy Ay of this approach
as a function of the length T of the measurement stage, we again simulate a

relatively large number of quantum trajectories and average over all of them. The
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Figure 5.14: Second-order correlation function ¢ (T,0), as a function of the
duration of the measurement stage, 7', for various phases ¢. Again we assume
2

lags|? = 4, 7 = 0.5 and averages over 10° trajectories and is generated by the

quantum jump method.

results of this simulation are shown in Figs. 5.14 and 5.15, which are analogous
to Figs. 5.11 and 5.12 in the previous subsection. As expected, the correlation
function ¢®(T',0) too exhibits a very strong ¢-dependence. This dependence is
most pronounced when ¢ = 7. As suggested by Fig. 5.9, we have ¢(? (T,0) =0
for sufficiently large detector efficiencies 7 and ¢ = 7, while ¢®(T,0) rapidly
tends to unity for all other angles. Indeed Fig. 5.14 shows very large differences
between neighbouring curves, when ¢ is close to 7, even when ¢ is varied only by
a relatively small amount. Moreover Fig. 5.15 shows a distinct spike at ¢ = 7 as
a function of ¢. This spike in the second-order correlation function is what allows
us to distinguish this phase with a very high accuracy Ay from other close-by
values of ¢ due to a very high visibility |0M/d¢y|.

This is confirmed by Fig. 5.16 which shows the dependence of Ay on the
resource 1" for phase measurements based on the second-order correlation function

for the optimal case of ¢ = 7. To calculate this quantity we use again the error
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Figure 5.15: Second-order correlation function ¢g®(T,0) as a function of the

unknown phase, ¢ for various times, T', with |a|? = 4 and = 0.5 averaged over

108 trajectories and is generated by the quantum jump method.

propagation formula in Eq. (5.1) and average over a relatively large number of

quantum trajectories. We now find that
Ap(T) o T°™ for p=m (5.61)

to a very good approximation. This accuracy clearly beats the standard quantum
limit. In other words, measurements of the second-order photon correlation func-
tion of the photon statistics of an optical cavity inside an instantaneous quantum
feedback loop can be very sensitive to phase fluctuations.

This is not surprising, since measurements of the second-order photon corre-
lation function ¢'® (T, 0) require the detection of single photons. This is different
from intensity measurements which are essentially classic measurements. These
can be done without high-resolution single-photon detection. Moreover, second-
order photon correlations are an intrinsic property of the individual quantum
trajectories of the cavity field. They cannot be calculated with the help of a lin-

ear master equations but require the quantum jump approach [20, 21, 22], which
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Figure 5.16: Accuracy Ay of the proposed metrology scheme as a function of
the duration of the measurement stage, T', for measurements of the second-order
correlation function ¢ (T,0) around ¢ = 7 to maximise the sensitivity of the
proposed scheme. As before, we assume |ag|? = 4, n = 0.5 and average over 10°

trajectories. The black line shows the approximate solution in Eq. (5.61).

we introduced in Section 2.2.3. The conditional dynamics of the individual tra-
jectories of the cavity field is in general non-linear. For example, between photon
emission, the cavity field evolves in a non-linear fashion with the non-Hermitian
conditional Hamiltonian H.ong in Eq. (2.59), which requires a constant renormal-
isation of the state vector of the quantum system. In summary, it is the mea-
surement of the temporal quantum correlations in an open quantum system that
allows us to exceed the standard quantum limit. This observation is consistent
with analogous observations by other authors [5, 6, 83, 84, 85, 86, 87].

A more standard method of resource counting in quantum metrology is to
consider the average number of photons that passed through the unknown phase
@ as the resource V. This approach can also be applied to the quantum-enhanced
metrology scheme which we propose here. Performing quantum jump simulations,

averaging over many quantum trajectories and using again the error propagation
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Figure 5.17: Accuracy, Ayp, of the proposed metrology scheme as a function of
the initial mean photon number, |ag|?, for measurements of the second-order
correlation function ¢g®(T,0) and ¢ = 7. Here, n = 0.5 and we average over 10°
trajectories generated by the quantum jump method. To remove noisy fluctua-
tions in the signal in time, we take a sample of uncertainties over a fixed period of
time, find the average uncertainty in that period and compare this average to the
same time average for other initial states. The black line shows the approximate
solution in Eq. (5.62).

formula in Eq. (5.1) with M = ¢g®(T',0), we now calculate the dependence of Ay
on the average population of the initial coherent state inside the cavity, which
is given by |ag|?. The result is shown in Fig. 5.17. For the parameters that we

consider here, we find that
Ap(lasl?) o (Jas) " for =7 (5.62)

to a very good approximation. Eq. (5.62) too clearly beats the standard quantum
limit. In practical applications, it might be best to consider both the duration
of the measurement stage and the number of photons that passed through the

sample as a resource. Numerical results for such an experiment are shown in
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Figure 5.18: Accuracy Ay plotted on a Log;,-Log;, scale, when both the duration
of the measurement stage, 7', and the initial mean number of photons, |ag|?, is
taken into account and the second-order correlation function g (T, 0) is analysed.

Here we have n = 0.5 and we consider 10° repetitions of the experiment.

Fig. 5.18. When we have two scalable resources, our scheme allows more freedom
in gaining information about the phase ¢ with high accuracy, even when one of
the resources is constrained. More precisely, if the number of photons that can be
used is limited for example, a coherent state with a smaller average phton number
la|” can be used and allowed to run for longer instead of running an experiment
with a larger number of photons for a shorter amount of time to obtain the same
precision.

Once again, in order to use this scheme for a real experimental application,
the estimator should be obtained. As the results presented in this section are
completely numerically generated, the estimator cannot be analytically obtained.
However, the estimator could be approximated by fitting a curve to the mea-
surement signal in Fig. 5.15 and inverting it as described in Section 5.3.5. This

has not been done here as the goal was to demonstrate the scaling, but could be
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obtained if required as described.

5.5 Comment on ultimate limits of scaling for

metrological systems

While a lot of theoretical work predicts enhanced scalings in the uncertainty of
an unknown parameter ¢, it is often assumed that the system conducting the
probing is completely noiseless. However, if noise is incorporated into the phase
estimation calculations, the results can be extremely damaging to the resulting
scaling. As described in some recent studies [97, 98], the introduction of nose
into the measurement process can reduce the optimum scaling to that of the
standard quantum limit, but enhanced with a constant factor. Depending on the
magnitude of the noise or loss (whatever form it may take), the scaling gradually
reduces towards this standard quantum limit scaling for increasing number N at
a rate determined by this.

In the work presented here, no such random noise or loss is considered explic-
itly. Despite this, there are two points that should be noted. Firstly, in the scheme
presented in Section 5.3, we have seen scalings in the Fisher information that grow
at an enhanced rate. However, for certain parametric choices, the Fisher infor-
mation eventually changes to growth at the standard linear rate. In this work
this has not been investigated, as the goal was to present a proof-of-principle
in generating enhanced scalings by beens of quantum feedback. Furthermore, in
the case of a solid example where we considered the average number of photons
emitted by an atom N in a time 7', we also found the enhancement wore off after
a large amount of time T (or resources N). Whether this is due to intrinisic
noise in the system, perhaps due to the random nature in which the parameter
is encoded into the system, or something else is not known.

Secondly, in the case of an optical cavity as discussed in this section, we did
not see a decline in scaling for larger values of 7. Whether this is due to not
taking T to a large enough size to properly see this effect or whether it is simply
because we have not inserted any noisey effects into the system is not known at

this stage. However, because of the experimental setup presented here (i.e. the
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5.6 Conclusions

use of coherent states), we would expect this system to be rather robust to most
forms of noise. Hence, we should expect that any decline in scaling enhancements
would be highly suppressed.

A final difference with this work from the general scaling results discussed
in Refs. [97, 98] is that in our analysis and proposed schemes we only probe the
output sequence generated by a quantum system. Essentially, the internal system
is never directly measured. This differs from previous work where the focus is
on either measuring a system (with or without its environment also measured)
directly. Instead, we take advantage of the temporally correlated output signals

produced by an open quantum system.

5.6 Conclusions

In this chapter, we have presented an analysis of a novel approach to quantum
metrology, using the temporal correlations generated in open quantum systems.
To do this, we have calculated the Fisher information of the dynamics of a quan-
tum jump analysis of an open quantum system. This has led to an identification
of how useful correlations may be induced that allow a better-than-classical pa-
rameter estimation scheme.

Our scheme highlights that by making the resetting of the system after emis-
sion into the environment dependant upon the unknown parameter, the Fisher
information may scale non-linearly and hence offer an enhancement. However,
this is not the case for all parameter regimes. In particular, when the scaling
is non-linear, the absolute size of the Fisher information is small. However, we
believe this may be combated in a more sophisticated scheme away from our toy
model approach, either with a larger Hilbert space or allowed to run for a longer
time. Because of this, our scheme should be of particular interest for technolog-
ical applications, as it offers a feasible method of obtaining enhanced scaling in
the laboratory without extreme experimental difficulty.

Furthermore, we then proposed a quantum metrology scheme to measure an
unknown phase ¢ between two pathways of light with an accuracy above the
standard quantum limit. Our scheme is based on a laser-driven optical cavity

inside an instantaneous quantum feedback loop, as illustrated in Fig. 5.8. The
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5.6 Conclusions

measurement process includes two main steps. Firstly, during the preparation
stage, a continuous laser experiences the phase shift, ¢, before entering the cavity
field. Its purpose is to prepare the cavity in a coherent stationary state which
depends strongly on this phase. Secondly, during the measurement phase, the
cavity experiences only the quantum feedback loop. Whenever the spontaneous
emission of a photon is detected, a laser pulse, which does not experience ¢ and
provides the reference frame for the proposed phase measurement, is activated
and displaces the resonator field in a controlled way.

In the scheme with an optical cavity inside a quantum feedback loop, we
have assumed that the detector that monitors the cavity during the measurement
stage determines its second-order photon correlation function ¢(®(T,0). This
means, it essentially measures the joint probability for the detection of a photon
at the very beginning (at ¢ = 0) and at the end (at t = T') of the measurement
stage. As shown in Section 5.4.2, this second-order correlation function can be
used to determine @ with an accuracy Ay that scales better than what can be
achieved classically according to the standard quantum limit in Eq. (5.2). For
the parameters that we consider in this chapter, we find that Ay scales as T
(c.f. Eq. (5.61)). If we consider instead the mean number of photons seen by
the unknown phase ¢ during the preparation stage as the main resource of our
quantum metrology scheme, we find that Ay scales as (‘ass‘2>,0,65 (c.f. Eq. (5.62)).

To achieve this quantum enhancement, our metrology scheme uses the tem-
poral correlations of an individual quantum system instead of using multi-partite
entanglement. It is worth noticing that subsequent measurements on a single
quantum system are in general equivalent to single-shot measurements on multi-
partite entangled states. Temporal quantum correlations, which cannot be pre-
dicted by a linear master equation, constitute an interesting approach for tech-
nological applications [83, 84, 85, 86, 87]. As shown in Chapter 3, the dynamics
of the individual quantum trajectories of the cavity field inside an instantaneous
feedback loop is indeed non-linear and depends very strongly on the initial state
of the resonator, which encodes the unknown phase ¢ [41, 92]. As illustrated in
Fig. 5.9, there is constant stretching and growths of the initially occupied phase
space volume. The distance between two different states |ag) and |ap) which

correspond to different ¢ and ¢, increases rapidly in time.
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5.6 Conclusions

The main advantage of the quantum metrology scheme which we propose
here is that its experimental realisation is relatively straightforward. As men-
tioned already above, we do not require highly-entangled many-photon states.
Although the proposed scheme requires a relatively good optical cavity, it does
not require highly efficient single photon detectors. This is due to the definition
of the correlation function g (¢, ;) being independent of a detectpor efficiency
1. High-quality optical cavities and relatively fast photon detectors are already
available in many laboratories worldwide (see for example Refs. [89, 90, 91]).
We therefore believe that our quantum metrology scheme will be of significant
practical interest until highly-entangled many-photon states become more readily
available.

It should be possible to generalise the results described in this chapter to
larger and more sophisticated systems. In particular, it is possible to generalise
the scheme described in Section 5.4 by interfering the emitted light by multiple
cavities in a linear optics network. In doing so, it is possible to create multiple
fixed points in the dynamics. These fixed points should be able to take advantage
of the enriched dynamics to gain a quantum-enhanced measurement scheme. This
system should not only be more sensitive than the previous, but also capable of
measuring multiple phases with persistent enhanced precision. This could find
potential applications in quantum neural networks and quantum machine learn-
ing, as well as in quantum metrology. Also, a further method in which the phase
estimation could be improved may be to use higher order correlation functions
than the second-order ones considered in this work. Already in quantum imaging
it has been shown that the use of higher order correlation functions can improve
resolution [99]. It is reasonable to speculate that this may also be true for the
system under consideration here, though it has not been explicitly investigated
at this stage. In particular, it may be the case that the achievable scaling ap-

proaches the Heisenberg-limited value for higher order correlation measurments.
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Chapter 6

Conclusions

This thesis has presented a novel approach to understanding open quantum sys-
tems with instantaneous quantum feedback. We began in Chapter 2 by presenting
a theoretical model to analyse these types of quantum systems. This involved
a general derivation of the quantum optical master equation before applying to
two concrete systems: a laser-driven optical cavity and a laser-driven two level
atom, both of which had quantum feedback incorporated. The former of these
two systems is the main focus of all the proceeding work in the following chapters.
In Chapter 3 we presented work that shows the behaviour of a relatively simple
system like a laser-driven optical cavity can become significantly enriched by the
presence of quantum feedback. In particular, we found that the dynamics are no
longer ergodic and do not always reach a well-defined stationary state.

Building upon this knowledge, we then considered two applications. Firstly,
in Chapter 4, we considered a computer science based application in Hidden
Quantum Markov Models. In that study, we found that even in the most primitive
of systems a quantum-enhancement is present. If this is scaled up to a larger and
more general system, the enhancement should become even more pronounced,
as in other quantum systems. The other application considered was a quantum
metrology scheme. In Chapter 5 we demonstrated how a quantum enhancement
can be achieved without the need to prepare highly complex states. This presents
a significant advantage over standard methods, as the experimental difficulty is
reduced. This is due to both the ability to control an open quantum system with

quantum feedback requiring relatively simple techniques and also the appropriate
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resource being time allows for measurements with the resource number being high
with relative ease.

There are of course still some difficulties in implementing the ideas presented
within this thesis. For instance, in implementing the proposed metrology schemes,
the feedback is analysed as if it is exact. An imperfect implementation of this
scheme could result in errors reducing the accuracy of the measurements being
made, which could propagate errors through the measurements. The exact effect
of this could be investigated further to determine how robust the system is to these
errors. However, the potential advantages of this method should still outweigh the
possible experimental imperfections in potential implementation. Furthermore,
the systems considered are rather primitive. In the case of the two-level atom, a
larger number of qubits could be used for example. This may lead to even better
scaling in the uncertainty:.

Furthermore, the investigation into Hidden Quantum Markov Models found
only a minimal enhancement over the classical Hidden Markov Model so far.
As already stated though, this should not be too surprising as the more exotic
behaviour typical of quantum systems usually requires more than a single qubit.
Advancing to larger systems should show further enhancements that are expected
to be much more significant. As Hidden Markov Models have many applications
in classical computer science (see Refs. [44, 45, 46] for some examples), Hidden
Quantum Markov Models should be expected to also have many applications
in the future as computer science begins investigating quantum speed-up. The
potential implementation using open quantum systems and quantum feedback
offers a feasible implementation that could be conducted with currently available
technology.

Moreover, the architecture described in this thesis may also be able to be
used as the building blocks for a quantum neural network or quantum machine
learning. As we have shown, open quantum systems with quantum feedback offer
a speed-up in determining a parameter. This is essentially the aim of neural
networks: how quickly can we resolve if a given input is a specific symbol/value?
By combining many of the systems considered here together (e.g. in the form of a
network of cavities), it may be possible to develop a neural network architecture.

Quantum neural networks and quantum machine learning are rapidly growing
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fields with many exciting potential applications [8, 9]. As such, the work done
here has scope to provide novel insights into this new field in the future, as well

as extensions to the applications already considered.
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Appendix A

Coherent states

Coherent states are often called the “most classical” quantum states. The reason
for this is that they have a minimum uncertainty. Despite this though, they
are still capable of exhibiting interesting quantum behaviour if treated in an
appropriate way, as is shown throughout this thesis. Here, coherent states are

formally introduced and their basic properties analysed.

A.1 Definition

The Glauber formalism is the most commonly used form used to describe a co-
herent state [100] and is what shall be used here. A coherent state |a) is defined

as the eigenstate of the photon annihilation operator a, meaning
ala) = alay, (A.1)

where « is a complex number with |oz|2 being the average number of photons in
the coherent state |a). This has an interesting physical corollary, as the emis-
sion/detection of a photon from a coherent state does not change its state. This
is because of the statistical nature of coherent states. Specifically, the reason for
this and that we must consider an average number of photons for a coherent state
is that it is an infinite superposition over the Fock space that obeys Poissonian

statistics. Specifically, in the Fock space it has the form

o) Z J_ In) . (A.2)
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A.2 The displacement operator

Fairly straightforwardly, it can be shown that applying the annihilation operator
to the definition in Eq. (A.2) does indeed reproduce Eq. (A.1). Interestingly, al-
though coherent states are eigenstates of the annihilation operator, the creation
operator acting upon them is non trivial. It creates so-called photon added co-
herent states, which now behave like displaced excited Fock states (i.e. non-zero
Fock states). In fact, the creation operator does not have an eigenstate. These

states are not used in this thesis and so shall not be analysed further.

A.2 The displacement operator

An important operator that is commonly used with coherent states and that
is used as the form of the feedback discussed in this thesis is the displacement
operator. This operator displaces a coherent state in phase space by a complex

parameter. It is defined as

D(B) = exp (5 ¢ — g c) , (A.3)

where ( is the complex number parametrising the displacement. Applying this

operator to a coherent state |«) gives

D(B)|a) = la+p5). (A.4)

Hence, the displacement operator simply adds its parameter to that of the coher-
ent state, giving another coherent state.

An interesting case of the coherent state is when « is set to zero. In this case,
Eq. (A.2) gives exactly the vacuum state, i.e. |a = 0) = |0). Hence, all coherent

states may be considered as displaced vacuum states, as
la) = D(«a)|0) . (A.5)

This is why coherent states have minimum uncertainty, as they are fundamentally
ground states displaced in phase space rather than true quantum excitations

created by a creation operator.
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A.3 Displaced creation and annihilation operators

Im(5) -

Figure A.1: Phase space diagram of a coherent state initially prepared in the
vacuum. A displacement of 3 is made onto this coherent state, translating it in

phase space to a new position without altering any of its other properties.

A.3 Displaced creation and annihilation opera-

tors

Rather than acting on a state, the displacement operator can also be acted upon
operators. In particular, we shall consider the effect of applying it to the creation
and annihilation operators. Let us consider D(8)cD(f) first. It can be shown

that

eXYe ™ = Y+[X,Y]+%[X, X, Y]] +..., (A.6)

by an extension of the Baker-Campbell-Hausdorft forumula. Now, choosing X =

B*c — Bcl where D(3) = e ™ and Y = ¢, we may evaluate D(3)cD(f3). Noticing

that here [X,Y] = 3 and all higher order commutators equal zero, we find that
DH@)eD(F) = c+B. (A7)

Similarly, one can show that

D'(B)'D(B) = c+pB*. (A.8)
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A.3 Displaced creation and annihilation operators

These relations become important when attempting to solve rate equations for

quantum systems with feedback in the form of a displacement operator.
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Appendix B

Parametrisation and stationary
state of a HQMM

Using the properties of quantum systems, we can place some restrictions on the
allowed values of the Kraus operators. This is much more complicated than that
of the classical machines however, as would be expected. Hence for simplicity and
to be able to efficiently study these machines, this study shall instead just consider
numerical simulations of the above described implementation of a HQMM. For
completeness, we shall present an overview of the parametrisation process, though

this will not be used for the numerical comparison in the next section.

B.1 Matrix Elements of the Internal Density
Matrix

It is important that we are able to calculate the elements of the density matrix
representing our system, otherwise we have no way to simulate all possible ma-
chines numerically. Let p;; be the density matrix of the internal state at time
t + 1, and p; be the density matrix at the iteration before, time ¢. Then the

element p,;, can be picked out by

1

(alpesalb) =D (al RO, 60) {lé) (el (104)pe{0a]) [e5) (5l px) BT (6104 10)

1,5,k=0
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B.1 Matrix Elements of the Internal Density Matrix

1

= (alpralb) = Y (alR(Ok, 61) (els) (@il pel) (&l pw) BT Ok, ) [B),  (B.1)

i, k=0

where |€;) = (0ale;) = {]01), |1;)}, with the subscripts A and I corresponding to
ancilla and internal respectively. It now becomes useful to express the |§;) terms

of the measurement basis. We write

1€0) = €59 10p0) + €510 + €9 [ 1p0) + €1 pn1), (B.2)
16) = €010m0) + €910m1) + €810} + €0 11). (B.3)

It is possible to write the components of the density matrix in vector form, namely

. péi ﬁu ﬁu 11313 ﬁm Péo )
GEIF B P ol | S R
piit Ap A Az Au P11

where

Ay = i<x|R(9k;5k)<ﬂk|§m><§n|ﬂk>RT(9ka5k)|y> (B.5)
k=0

with
m={ Vo 25 B9
={ Vil ®7)
={ st (B3)
(s o

In order to look for conditions on the matrix A, we may write the [;) terms in
the basis given above. The components of matrix A can then be expanded as

below.

1
An = Z (5(()2)5(%2)* cos” () + 5(()2)§§2)*6_i5’“ cos (6y) sin (6y,)

k=0
+ 550)552‘)*615}6 cos (9k> sin (ek) -+ glk glk sin <9k) > ,
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B.1 Matrix Elements of the Internal Density Matrix

1

Ay = ST (e cos® (01) + E € e cos (61) sin (61)

k=0
I éO)géi)*ez&k cos (0y) sin (6;,) + ék ﬁ)* sin? (6}, ) ;

1

Ay = Z (58?582)* cos? (0,) + 55?5%2)*6%6’“ cos (6y,) sin (6y,)

k=0
FEE e cos (6) sin (0) + €PE" sin (0) )

1
A14 - Z ( (()?éé?* cos ( ) + 5&)5% € 10k COS <0k) sin (9k>

k=0
_i_él)g(()i)*ezék cos (0y) sin (6;,) + 5119 flk sin (Gk)> )

1

Ay = Z(—féz)ﬁég)*eidk cos(@k)sin(Qk)—i-f(o)flk cos? (6)
k=0
— €0 e sin? (0) + €€ e cos (04) sin (64) )
Az = i(—éé?fé?*e“k cos (6x) sin (0;) + €5 €11 cos? (05)
k=0
R sin® (B) + €176l e cos (6 sin (61) )
Az = Z (= &0ei e cos (6) sin (6,) + EV€" cos? (64)
k=0
— D€ e sin? (0) + €10 cos (61 sin (01) )
ay =3 (= &ein e cos (B sin (6) + &V €L)" cos® (6)
k=0
- 1 f()k "e*% sin® (ek)+§1k fug "€ cos (6r) sin (Qk))
1
Az = Z(—féz)féz)*e_wk cos (0y) sin (6x) — 5(0)* ~20% sin? (6,)
k=0
FEDER cos? (00) + £ e cos (B) s (8) )

1

Agy = D7 (= €l e cos (04) sin (65) — EV€0)"e 2 sin® (6)

k=0
FERER" cos? (B1) + € e cos (6)sin (6) )
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B.1 Matrix Elements of the Internal Density Matrix

1

Agy = D7 (= €llel) e cos (04) sin (65) — EVEL" e sin? (6)

k=0
FEE cos? () + ElDE e cos (6,)sin (6,) )

1

Ay = Z ( _ §éi)§éi)*6_iék cos (f) sin (6x) — glk e~2% gin? (6,

k=0
R cos” (61) + €€l e cos (6) sin (6) )

1
A = Z ( el sin? (6,) — &5\ e~ cos (6;) sin (6)

k=0

— €D cos (0,)sin (0,) + €D cos? (01) )
1

Ap = 3 (€0l sin® (8y) — €€ e cos (61) sin (61)
k=0
— €€l e cos (0u) sin (0,) + €0€11) cos” (04) )
Ay = i:@wé?an<> S e cos (6)) sin (65)
k=0
— 160" e cos (01) sin (01) + €17 cos” (01) )
Au = Z (&6 eli) sin? (B0) — €8ty e cos (B sin (61)
k=0
— 5&)6&)*6"5’“ cos (0y) sin (6x) + fil)fﬁ)* cos® (6}, ) : (B.10)
It is now clearer to see where some of these conditions occur. Namely, these

are Alg = ATS? A42 = AZ37 A21 = A;l, A24 = A§4, A22 = A§3 and A23 = A§2

Furthermore, it must be true that

2 2 2

ag(i) = 1- a(()%) a(()(i) — a&%) and (B.11)
12 1 NE

‘agl)‘ = )O‘(()o)’ - ‘O‘m ‘ - ‘ago) ) (B.12)
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B.2 Stationary State

meaning we also have that A5y = 1 — Ay; and Ay = 1 — Ayy. Hence, we may

write A as

All A12 ATQ A14
A21 A22 A23 A24
Ay Ay Az Ay

1 - All A42 AZ2 11— A14

A= (B.13)

B.2 Stationary State

As with all the machines we consider, it is vital that they form a stationary state
for our analysis of them. Using the notation defined in eq. (B.4), for a stationary

state p™, we must have

oo An A A, Au P00
SS SS
z 1o A Ay A Agy P =
P = e s e 0L | = A5, (B.14)
P10 21 23 22 24 Pio
Py 1—An Ap A, 1-—Auy It

This is an eigenvalue problem, where the stationary state is the eigenvector cor-
responding to the eigenvalue 1, i.e. ApSS = (1)p. Using eq. (B.14), with the
fact that for a density matrix we must have pgg + p1; = 1 and py; = pj,, the com-
ponents of the stationary state density matrix can be found from the equations

below.

poo = Auipoo + Arzpor + (Ar2p01)” + Ara (1 — poo) ( )
po1 = Aapoo + Aepor + Asspgy + Aaa (1 — poo) ( )
pro = Aspoo + Asspor + (Azepor)” + Asy (1 — poo) (B.17)
pi1 = (1 —An)poo+ Aspor + (Aspor)” + (1 — Awg) (1 — poo) )

where the ”ss” notation for stationary state has been dropped for convenience. It
is clear to see from the above equations that py1 = pj, as required. To satisty poo+
p11 = 1, we must have Re (A12p01) = —Re (Agap01). This is true automatically
due to the orthogonality constraint of the states. The simultaneous equations
above can be solved to give the density matrix components in terms of the A;;

terms or the 5](2 terms.
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B.3 Specific Outputs and Probabilities

B.3 Specific Outputs and Probabilities

In a similar way to what was done for the HMM, we can create sub-transition

operators for the HQMM, namely A = A© 4+ AM
for the HQMM from the way we have defined it, specifically the A

. This can be done quite simply

terms come

from the |z) measurements and the A1) terms come from the |1;) measurements.

The matrices A©® and AM are analogous to the matrices Ty and T} that were
used for the HMM. Then, we can write

with,

A

A0 L A@)
Al AR AL A A AR Ay A
Ay Ay Ay A | LAy Ay Ay Ay
Ag Ay Ay Ay Ay Ay Ay Ay
Al AR A AR A AR Ay AY

(€808 cos? (8,) + €50 €80)" e cos (61) i (6
—I—Slk £0k “e'% cos () sin (Ay,) + 512 512 " sin? (6,)
<£0k fOk cos® (6,) + 582)589)*67"5’“ cos () sin (6y,
FER G cos () sin (6) + 61" sin® (6)
<§0i €07 cos? (61) + €58 e cos (6),) sin (6
FER e cos () sin (0) + £1/611 " sin® (6)
<£0k £0k; cos® (60,) + £Ok 5119 e~ cos () sin (6
el e cos (6,) sin (8,) + 50657 sin? (6,
(= &l e cos (B sin (61) + €€ cos? (64)

£1k é’Ok *e2i0k sin? (6) + 5§°)5§§?*elék cos (0y) sin (6,) ) ;
(— E06e cos (6 sin (6) + EDEL" cos? 6

—flk 501)*62i5k sin? (0r) + f(o)ﬁﬁ)*e";k cos (0) sin (6y,) ) ,

\_/\/\_/\_/\_/\/\_/\_/
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B.3 Specific Outputs and Probabilities

k
A

k
A

k
Ay

k
Ay

k
AR

k
ALY

k
Al

k
A

(= &ei e cos (B sin (61) + &€ cos? (64)
(€ e sin? (6) + €11 cos (61) sin (61) )

(= E06e cos (B sin (6) + 00" cos? (6

—¢l 501>*e2i5k sin? (6;) + €)W cos (6),) sin (6;) ) :

< §0k *e~i% cos (0r) sin (6x) — 5(()2)&2)*6_2"5’“ sin? (6;,)

+£12 50(,1 " cos? (Oy) + 5§2)5§‘,?*e*i5k cos (0) sin (6y,) ) ,

(= et e cos (03) sin (64) — €€l"e 25 sin? (6))

+£4) @i " cos® (6) + € €417 e % cos (6) sin () )

< §0k fOk e~ cos (6 sin (6),) — §éi)§§g)*e_2i6k sin” (6,

0" cos? (0,) + €430 =% cos (6),) sin (0) ) :

(= €e) e cos (03) sin (64) — €507 25 sin? (0))

+E soi " cos? (0) + E(U €L cos (64 sin (6) )

50 §§2)*e_i5’“ cos (0y) sin (6,)

(1)§ ek cos (6 sin (6,

01 sin (6y,) + {i?ﬁﬁ)* cos? (6, > :

(B.20)

These parametrisations can be used to describe a general HQMM. However, they

are clearly computationally difficult to implement. Hence, we shall use the specific

example of an open quantum system with instantaneous quantum feedback as a

concrete example to study the behaviour of a HQMM.
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