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ABSTRACT

The foundational theory of quantum enhanced metrology for parameter estimation is of
fundamental importance to the progression of science and technology as the scientific
method is built upon empirical evidence, the acquisition of which is entirely reliant on
measurement. Quantum mechanical properties can be exploited to yield measurement
results to a greater precision (lesser uncertainty) than that which is permitted by classical
methods. This has been mathematically demonstrated by the derivation of theoretical
bounds which place a fundamental limit on the uncertainty of a measurement. Further-
more, quantum metrology is of immediate interest in the application of quantum techno-
logies since measurement plays a central role.

This thesis focuses on the role of quantum correlations and uncertainty relations which
govern the precision bounds. We show how correlations can be distributed amongst lim-
ited resources in realistic scenarios, as permitted by current experimental capabilities,
to achieve higher precision measurements than current approaches. This is extended to
the setting of multiparameter estimation in which we demonstrate a more technologically
feasible method of correlation distribution than those previously posited which perform
as well as, or worse than, our scheme.

Furthermore, a quantum metrology protocol is typically comprised of three stages: probe
state preparation, sensing and then readout, where the time required for the first and last
stages is usually neglected. We consider the more realistic sensing scenario of time being
a limited resource which is divided amongst the three stages and demonstrate the most
efficient use of this resource.

Additionally, we take an information theoretic approach to quantum mechanical uncer-
tainty relations and derive a one-parameter class of uncertainty relations which supplies
more information about the quantum mechanical system of interest than conventional
uncertainty relations. Finally, we demonstrate how we can use this class of uncertainty
relations to reconstruct information of the state of the quantum mechanical system.
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Chapter 1

Introduction

1.1 Thesis Outline

In classical mechanics a system can be modelled as a collection of particles, each with
a definite position and momentum. In contrast to this, it is a fundamental property
of the quantum mechanical model that the state of the position and momentum of a
particle has some inherent uncertainty. Quantum mechanics utilizes the mathematical
framework provided by linear algebra in order to produce predictions, with unpreceden-
ted accuracy, on the probabilistic nature of measurement outcomes. Furthermore, this
mathematical framework predicts natural behaviour which cannot be reproduced within
a classical framework. These non-classical phenomena are quantum mechanical properties
which can be harnessed and exploited in modern technologies. A fundamental use of such
quantum technologies is the bootstrapping of the quantum theory, describing how to per-
form enhanced precision measurements, with the technological progress on which theory
is reliant. This particular area of research is collectively known as quantum enhanced

metrology and is the focus of this thesis.

In chapter 2 and 3 we provide essential background on the mechanics of bosonic and
fermionic systems respectively. In chapter 4 we review quantum enhanced metrology and
parameter estimation while introducing the theoretical tools required to understand the
results that follow. In chapter 5 we explore the role of quantum correlations in optical
quantum metrology and moreover, we present schemes for both single and multiparameter
estimation strategies which are better suited to practical implementation than the current
proposed strategies and can return equivalent, or higher, precisions. Chapter 6 begins

by addressing the traditional three stage quantum metrology protocol which consists of
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preparation, sensing and readout. Regarding time as a limited resource in such protocols
motivates the proposal of concurrent sensing during the probe preparation and readout
stages which we show outperforms it’s sequential preparation-sensing-readout counterpart.
In chapter 7 we give an overview of entropic measures in information theory. In chapter 8
we present a generalised uncertainty relation based on a specific entropy measure known as
the Rényi entropy and apply this bound to a system state of particular interest in quantum
metrology. This yields an infinite class of uncertainty relations and as such, provides far
more information on the underlying physical system than the generic uncertainty relation
can supply. This notion is furthered in chapter 9 where we establish an “information
scan” using the aforementioned Rényi entropies and apply this technique to system states

of particular interest in quantum metrology. In chapter 10 we give concluding remarks.

In the subsections that immediately follow, we review some of the underlying physical
and mathematical principals that form the building blocks of quantum mechanics and
give a brief overview of the development of metrology, the more experienced reader may

wish to advance to chapter 2.

1.2 Quantum Mechanics

1.2.1 Entanglement

Entanglement is fundamental phenomenon from which some of the most peculiar aspects
of quantum mechanics emerge such as nonlocality which is the mechanical interaction of
objects that are spatially separated or as Einstein famously disparaged it as “spooky ac-
tion at a distance”. This was brought to attention in 1935 through the EPR paradox [1]
which was put forward to highlight the incompleteness of the Copenhagen interpretation
of quantum mechanics (this interpretation takes the wavefunction to be a mathematical
object that predicts the probability of specific outcomes of an experiment), however in the
same year Erwin Shrodinger introduced the counter-intuitive notion of “Verschréinkung”
roughly meaning “entanglement” [2] (alongside his famous thought experiment of a cat
that has curiously entered a state of being simultaneously dead and alive based on quantum
mechanical principles). Shrédinger emphasises the importance of this concept in stating “I
would not call [entanglement] one but rather the characteristic trait of quantum mechanics,
the one that enforces its entire departure from classical lines of thought”. This recogni-

tion of the fundamental importance that entanglement manifests eventually facilitated
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the resolution of the paradox and now has experimental evidence based upon violations
of the so called “Bell inequalities” [3, 4]. In particular, violation of the Bell inequalities
challenges the assumption of locality and shows it to be mathematically inconsistent with
the underlying theory of quantum mechanics [5]. Even so, whether evidence of nonlocality
is demonstrated by the evidence supporting the violation of the Bell inequalities depends
on the interpretation of quantum mechanics employed and this is still an area of highly
active debate which strays into the all-encompassing territory of philosophy. Our interests
lie in the utilisation of entanglement as a resource to be exploited, some particularly fruit-
ful applications of entanglement include quantum cryptography including key distribution
[6, 7, 8], quantum teleportation [9, 10], the development of quantum computers [11] and
quantum enhanced metrology [12, 13] which is the area of investigation for this thesis.
Though entanglement has many useful features it is not without it’s drawbacks; it is ex-
tremely fragile and susceptible to unwanted interaction from it’s environment and it is
not possible to impart entanglement on spatially separated objects i.e one cannot “in-
crease” entanglement between objects that are not directly in contact (but entanglement

can persist over spatially separated regions once established).

1.2.2 Dirac Notation

Here we introduce the notation used throughout this thesis, it is referred to as Dirac
notation or “bra-ket” notation and is used to describe a quantum mechanical system’s
physical state and evolution. This notation is not only compact and concise, it is designed
to describe quantum mechanical systems that cannot be described by position and mo-
mentum alone, examples of this include the two-level atom and the single quanta of light;

the photon.

A general state of a quantum mechanical system is denoted by the “ket” [¢), which is

a vector built of component basis vectors |i)
N

W) =) eili) (1.1)
i
where ¢; € C are the normalising coefficients and the basis states |i) are an orthonormal

basis of the N-dimensional vector space which describes the physical system and thus the

inner product (i|j) = ¢; ; which is the Kronecker delta given by
0 ifi;

1 ifi=j



and it is now apparent that

N
(W) = Z lei)? =1 (1.3)

where this condition is known as “normalisation”. Furthermore, given a vector
N
(0l =) b5 (il (1.4)
J

the inner product or “overlap” of this and (ket) vector (1.1) is
N N
(olv) = | 2_b; Gl (Z ¢i m)
j i

N
=> blc; (1.5)

Note that since the states are represented by vectors, the terms are interchangeable. The (-|
is known as a “bra vector” and as we’ve already seen the |-) is referred to as a “ket vector”,
this constitutes the “bra-ket” notation more commonly referred to as Dirac notation. Asis
now evident, Dirac notation is simply another way of writing vectors but done so in a way
that distils the minimum amount of information required to perform quantum mechanical
calculations. It is useful to highlight this by introducing the notion of operators; given a

quantum mechanical operator A, it is always possible to find states |\;) such that
AN =N |\) (1.6)

hence, |\;) are referred to as eigenstates of A with eigenvalues );. As a consequence of the
spectral theorem, A; € R and the eigenstates form an orthonormal basis i.e. (\;j|\;) = ;5

so the operator can be written

N
AZZMW) (Al - (L.7)

The notion of using operators to model physical observables is covered more formally in
the following subsection. For now, in order to see how Dirac notation translates, consider

the more general operator written in matrix representation

A A Az ... AN
A1 A Az ... Aoy

ANt An2 Ans ... Apnn




which acts on the vector

C1

C2

CN

in the same way that the operator

A= Ap 1) Q)+ A1) 2|+ A1z (1) (3] ... A1 [1) (V]

+ A1 [2) (1] + A22[2) (2] + A23(2) (3] ... Aan [2) (V]

+ An1[N) (1 + An2 [N) (2| + Ans [N) (3] ... Ann [N) (V]

(1.8)
acts on the vector
[Y) =c1]1) +c2|2) +¢3]3) + ... +en |N) (1.9)

then it is clear that operator in its eigenbasis is one in which all off diagonal terms are
zero i.e A;; = 0, Vi # j; an operator of this form is referred to as diagonalised. A special

case of such operator is known as the Identity matrix and is of the following form

N
I= Z i) (i (1.10)

which, when applied to a general state of the same dimension, has the following effect

N N N
ﬂ|¢>=<2|¢><z‘|> chm =Zc¢|i>=w> (1.11)

hence, the Identity operator returns the state it acts upon. Note that up until now, only
finite dimensional systems have been considered i.e vectors and operator of size N however,
there a many systems that require the limiting case of N — oco. Although the mathematics
required is different and more involved, the same underlying physical principles outlined

here still apply [14].

1.2.3 The Postulates of Quantum Mechanics

The physical laws presented here underpin the entirety of quantum theory as a formalism
for predicting the probabilistic outcomes of measurements on a system. In particular, given
an ensemble of identically prepared systems, the aim of quantum theory is to accurately
predict the underlying probability distributions of measurement outcomes. With that, the

postulates of quantum mechanics are as follows
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1. The state of a quantum mechanical system is represented by a state vector |i),
taken to be of unit length, which exists in a state space known formally as a Hilbert
space H. This implies that if two vectors [¢1),[12) € H then it is possible for the
superposition of these to yield a vector |1)) = ¢ |[¢)1) + c2 |2) with [¢p) € H where
c1,c2 € C. Additionally, the Hilbert space associates a complex number to any
two state vectors defined within the Hilbert space via the inner product i.e for any
[Y,|o) € H, 3 (W|p) = ({(¢|Y))* € C. Strictly speaking, the “bra” belongs to the
dual space of H and defines a linear map from the Hilbert space to the complex
numbers Ly : H — C. For a state vector to be of unit length it must satisfy the

normalisation condition | (1|2)) |2 = 1.

2. All quantum mechanical observables are represented by Hermitian operators of the

form
A= NN (A (1.12)
=1

where |\;) are the eigenstates satisfying A |\;) = \; |\;) with the eigenvalues );. In
general, the action of the operator on the state vector alters the state itself however,
in the special case where the system exists in an eigenstate of the operator the system

remains unchanged by measurement.

3. The eigenvalues of the observable A represent the only possible outcomes upon meas-
urement of A. Since A is a Hermitian operator this implies \; € R as expected of
measured results. These quantized results of measurement are the very manifesta-
tion of quantum theory. Moreover, the complete set of eigenstates S = {A1, ..., An}
form an orthonormal basis with (A\;|\;) = 0; ; Vi, j; this set forms the linear span of

the Hilbert space denoted [S] = H.

4. For a general state [¢)) = 3., ;)\, a measurement of observable A will return the
eigenvalue A; given by the conditional probability P(A = \i; [¢)) = | (\i]¥) %, the
overlap (A;|1) is referred to as the probability amplitude. The expectation value (in

the usual statistical sense) of observable A for the state |¢)) is given by

b WA o ey
=y = WA = X e (1.13)

In practise, this number is obtained by performing a large number of measurements

on an ensemble of identically prepared systems.
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5. Once a measurement of a general observable A has submitted an eigenvalue A;, all
subsequent measurements of observable A on the system will yield the same value

Aj. This is interpreted as the “collapse of the wave function” onto the eigenstate ;.

6. The state vector of the system evolves in time in accordance with the time-dependent

Shrodinger equation

. d A
i [9(8)) = H [4(2)) (1.14)

where |1)(t)) is a time-dependent state vector that moves along a trajectory through
the Hilbert space. As a consequence of the conservation of probability, this evolution
preserves the normalisation of the states and is thus referred to as unitary evolution.
An operator U is defined to be unitary iff UTU = I. Equation (1.14) gives the unitary
—iHt/h

time evolution operator U(t) = e so a system initially in state |1(0)) evolves

to [¢(t)) = U(t) [4(0)) = e—iHt/h |1(0)) thus preserving normalisation.

We note that the number of postulates given can vary depending on convention, here we

have given a relatively comprehensive account.

1.2.4 Mixed states and Density Matrices

So far, we have considered quantum systems in known states denoted by the vector |¢),
we now formally refer to this as a pure state. Here we consider the case where the state
of a quantum system is not completely known i.e the system can be in state |¢;) with
probability p;, we refer to this as an ensemble of pure states - from which we can construct
a mathematical object for the mixed state given by the so called density matriz
p=> pili) (il (1.15)
i=1
here we shall explore some of the properties of the density matrix. As such, let A be
a general observable and let {|e1),|es),...,|en)} be an orthonormal basis on the Hilbert
space, the trace of A is defined by [14]
N
Te[A] =) (ei Ales) (1.16)

=1
then taking a general state vector defined on the Hilbert space, we find

N N

Wl AY) = (| Ales) (eiliy) = (eilw) (] Ales)

=1 =1

(eil PyAle) = Tr[Py A (1.17)

I
.MZ

=1
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where ]% = [¢) (¢| is known as a projection operator; these are explored in detail in

section 4.1.2. Tt is clear that the conditional probability P(A = \j; |1)) = Tr[P,P;] and

from the linearity of the trace function we consequently have

Zpip%fi
=1

(W Alyp) = Zpl Al =T = Ty[pA] (1.18)

and similarly P(A = A\j;p) = Tr[ﬁpj]. In essence, the density matrix embodies an exten-
sion of the type of mathematical object that constitutes a probability measure. This can

be seen more clearly via the following properties of the operator:

2 (Wl plE) > 0, V[)
3. Trlp] =

and in general, any operator satisfying these properties is a density matrix. It is useful
to clarify the language here, density operator and density matrix are used equivalently,
a quantum state of which we have full knowledge is known as a pure state |¢)) and has
an equivalent density matrix representation p = [¢) (¢|, a quantum state of which we
have partial knowledge is known as a mixed state i.e a mixture of different pure states
from the ensemble. A notable mathematical difference is that for pure state Tr[p?] = 1
and for mixed states Tr[p?] < 1. So far we have rephrased some of the basic notions of
quantum mechanics in terms of density matrices, a final example of this is to consider
unitary evolution of the system that is in the initial state |¢;) with probability p; and thus
enters the final state U |1;) with probability p;. Then it follows that the evolution of the

density matrix is given by
p= sz i) (x| — ZpZU i) (i UT = UpUT. (1.19)

We can then determine the time evolution of a system in a mixed state (taking the states

|1i) to be time dependent)

=S| (o) o+ 1 (5 ) (1.20)

then using the Schrédinger equation and noting that for the bra

—m (il = (vl H (1.21)



it follows that

% — z'lﬁzi:pi [(ﬁ|¢¢>> (Wil = i) (Wi’ﬁ)}

= —[H, ] (1.22)

It is possible to give an intrinsic characterisation of the density matrix [15] which is
achieved by using the three mathematical properties listed above, in this way a refor-

mulation of quantum mechanics in terms of density matrices is possible.

1.2.5 The Schrodinger, Heisenberg and Interaction Pictures

In the Schrodinger picture, the quantum states evolve in time (governed by the Schrédinger
equation) and the operators are time independent, this is given by (1.14). In the Heisenberg
picture, the time dependency exists in the operators and the states are time independent.
Using the subscripts S and H to distinguish between the Shcrodinger and Heisenberg

pictures respectively, we have

~

() = U(t — 1) [(t:)) g = e HE/M (1)) (1.23)

and we define

() = U7t =) [9(1)) s = [ (t)) s - (1.24)

It is clear that the expectation value of an arbitrary operator should be the same regardless

of the picture used, thus

(W(1)]s As [(t)s = W) s U = t)UT(t = t:) AU (t — ) U (t = t;) [¥(1)) 5
= (W) A 19 (1) g (1.25)

where we have defined
Ay =Utt —t;)AsU(t — t;) (1.26)

as the Heisenberg operator. An importance consequence of this is the evolution equation

0

"
"ot

Ay = [Ag, H] (1.27)

which is known as Heisenberg’s equation of motion. Note that if an operator commutes

with H we can conclude that the associated physical observable is conserved over time.
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Another widely used and extremely helpful picture is the Interaction picture. In order
to understand this picture it is first useful to introduce the following Schrodinger picture

Hamiltonian
H=Hy+V (1.28)

where, Hy is the “main” Hamiltonian and V is an “interaction” or “perturbation” term.
The utility of this decomposition is that we can use Hy to put the time dependence into

operators and use V to give the evolution of states. If we let

W(t»[ _ ez‘Hot/h W(t»s (1.29)
then we have
() = ~Hoe T (1)) g + 0 i (1) (1.30)

then defining the Interaction picture operator to be Vi = eiflot/hY7 e =iHot/h o have

0 .

tho [0(0)r = Vi[¥(t); (1.31)
and finally, for an arbitrary Interaction picture operator A; (t) = eitlo/ hflse_“%/ " we find
the following equation of motion

mgtfi[ = [A;, Hy) (1.32)

note the subtle difference in signs with the density matrix evolution operator (1.22).

1.3 Metrology: An Overview of the Science of Measurement

“To measure is to know” - Lord Kelvin

Empirical investigation is the acquisition of evidence, through sensory experience, that
verifies or falsifies claims of reality. The practise of empirical investigation can be traced
back to classical antiquity, these investigations have been described by the natural philo-
sophers of ancient Greece such as Thales and Aristotle [16]. The scientific method is
built upon empirical evidence, the acquisition of which is entirely reliant on measurement.
Indeed the scientific method consists of question, hypothesis, prediction, testing and ana-
lysis - it is the testing aspect that employs empirical investigation. The outlined scientific

method has been employed since the middle ages (notable pioneers include Galileo Galilei
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and Johannes Kepler) and has since been refined and bolstered by the additional steps of

replication, peer review and data sharing.

Our ability to measure the natural world thus imposes a fundamental limitation on sci-
entific progress. This immediately raises the fundamental question of what defines evidence
however, a shift in intuition neatly bypasses such ambiguity through demanding that the
nuance must lie in the question asked; measured evidence is that which answers empirical
questions (hypothesis) i.e one must ask the right questions. How to do this is far beyond
the scope of this thesis, instead the focus of the following work is on how to improve upon
probing the universe for precise information. Crucially, measurement cannot prove a sci-
entific hypothesis, it can either disprove, or act as statistical support, to a current working
hypothesis. Metrology encompasses both the experimental and theoretical aspect of the
measurement itself. Significant developments in classical metrology include the develop-
ment of telescopes, clocks, the refutation of the ether by Michelson and Morley (1887)
and the discovery of the atomic nucleus by Rutherford (1911) to name a few. Modern
metrology primarily concerns itself with the measurement of particles, the discrete nature
of which results in Poisson noise or “Shot noise” as we shall refer to it. This is easily
conceptualised by counting electrons, or indeed by counting photon numbers. A specific
understanding of the origins of shot noise can be exemplified by a simple coin tossing ex-
periment; after a great many number of coin tosses N > 1, the number of occurrences of
heads and tails will be approximately equal nj/n; ~ 1 however for relatively small N there
can be a significant difference in the number of occurrences of heads and tails ny /n; > 1 or
np/ne < 1. Nonetheless, upon repeating such an experiment of small N the difference in
outcomes will fluctuate significantly and it can be proven that this fluctuation reduces as
1/vvN where v is the number of experimental repeats. Hence in order to reduce the noise
(increase the precision) of a measurement we can simply increase the number of resources
used. However this may not always be possible, for example it may be desired to probe
a fragile living sample (e.g DNA combing [17]) which would be denatured if too many
photons are incident upon it, another such example includes trying to illuminate a distant
object where only a few photons are reflected thus reducing the number of measurements

[18]. To overcome this limitation of precision we turn to quantum mechanics.

Quantum enhanced metrology utilizes purely quantum mechanical correlations in order to

enhance the precision of measurements. Measurement is at the core of quantum mechanics
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as is evident from the postulates 1.2.3 and the language used which deals with observ-
ables, outcomes and expectation values. A natural question can arise: what distinguishes
measurement from any other kind of interaction in quantum mechanics, an interesting
question but beyond the scope of this thesis which follows the aforementioned postulates.
Regardless of interpretation, quantum metrology has been successfully used in applica-
tions such as gravitational wave detection [19], biological physics and medicine [20]. A
key theoretical result is the use of entanglement to obtain a precision that scales with the
number of particles as the Heisenberg limit 1/N which is a VN improvement over the

shot noise limit.
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Chapter 2

Bosonic Systems

In this chapter an overview is given of bosonic systems corresponding to the quantised
electromagnetic field. With this we introduce some of the more prolific states in quantum

optics and investigate the properties of particular interest to quantum metrology.

2.1 The Quantum Harmonic Oscillator

2.1.1 Field Quadrature Operators

Quantum optics treats the electric and magnetic fields as Hermitian operators, the ubi-
quitous method used to arrive at this treatment is to decompose the fields into modes and
to treat each mode as a quantum harmonic oscillator [21, 22]. To achieve this, it is useful
and concise to define the non-commutative, non-Hermitian field operators a! and a which

satisfy the following commutation relation
[a,a7] =1 (2.1)

One method that facilitates the emergence of this relation is to simply use the correspond-
ence principle for classical position and momentum i.e replace the variables with their

corresponding Hermitian operators, this gives the commutation relation
(G, p] = ih. (2.2)

The classical Hamiltonian that describes the single mode confined to a cavity of volume
V' is given by

1 1
H== /dV {eOEi(z,t) + —B(z,t) (2.3)
2 Ko
where ¢y and pg are the vacuum permittivity and permeability respectively, z,y and z are

orthogonal spatial dimensions, ¢ is the temporal dimension and the electric and magnetic
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fields are given by

2\ 12
Ex(z,t):<‘2/€0> o(t) sin(k2) (2.4)

By(z,t) = (M(;;O) (?ZZ) " G(t) cos(kz) (2.5)

where w is the frequency of the mode. Hamiltonian (2.3) can then be neatly rewritten,
using the correspondence rule (as postulated and demonstrated by Bohr, Heisenberg and

Jordan (1926) [23]), in the following form

~ 1 . R
= (7 + ) (2.6)

which is the Hamiltonian for the 1-dimensional quantum harmonic oscillator (QHO). At
this point it is convenient to define the creation and annihilation operators in terms of the

position and momentum operators
i = (2hw) "2 (wg + ip) (2.7)
al = (2hw) ™% (wg — ip) (28)
which reproduces eqn. (2.2) and reveals the following form of the Hamiltonian of the QHO
N Ant 1
Hg =hw | aa —|—§ . (2.9)

Furthermore, we are now able to define a specific type of operator, in terms of the creation
and annihilation operators, that act like the position and momentum operators but are

scaled to be dimensionless; these are known as quadrature operators
X =——(a+ah (2.10)
P=—(a—al (2.11)

noting that the factor 1/4/2 is chosen by convention and is sometimes taken to be 1/2, thus
one should take particular care to keep track of factors of 2 when using these operators.

With this it is simple to find
[X,P] =i. (2.12)

This non-commutivity leads to an important consequence that distinguishes quantum
optics from the classical formalism. To see this, it is instructive to first recall [24] that for
two operators satisfying [121, E] = C, it follows that

AAAB > Z|(C)| (2.13)

N
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where AA and AB are the standard deviations of the respective operators and (C’) is the

expectation value (in the usual statistical sense) of the operator C , hence

1

A’XA’P > (2.14)

Since variance quantitatively captures the spread among the outcomes as deviation around
the mean, it can be used as a measure of uncertainty (or equivalently, certainty) of an
expectation value (or equivalently, the average measurement outcome) thus we deduce
that simultaneous knowledge of a quantum mechanical system’s position and momentum
is fundamentally limited. This is in stark contrast to classical mechanics with which one
can, in principle, attain certainty about a system’s position and momentum simultaneously.

A more general statement can be made by defining the general quadrature operator

~ 1 . .
X, = ﬁ(ae—zA + afe?) (2.15)

then we have that for any two quadrature operators Xy and X Ar/2 (which for A =0
corresponds to (2.10) and (2.11) respectively) i.e any two operators associated with field
amplitudes that are oscillating with a phase difference of 7/2, the following commutation

relation holds
(X0 Xgnyo] =1 (2.16)

and pairs of such operators are referred to as canonically conjugate. From this, we obtain

the uncertainty relation for general conjugate pairs of quadrature operators

APXO\APX g > (2.17)

e e

2.1.2 The Number Operator

Another important Hermitian operator that can be constructed from the creation and

annihilation operators is the number operator, this is given by
n=ala. (2.18)

In order to gain some intuitive understanding of this operator, it is useful to introduce the

number states |n). These can be defined as the eigenstates of the QHO Hamiltonian

Foln) = hw (n + ;) In) (2.19)

or equivalently, the eigenstates of the number operator

n|n) = n|n) (2.20)
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which thus form an orthonormal set, consequently

> n)(n| =T (2.21)
n=0

and (n|m) = 0y m. The individual actions of the creation and annihilation operators upon

the number states are given by

aln)y =+v/nln—1) (2.22)
atln) =vn+1|n+1) (2.23)

i.e the creation and annihilation operators raise and lower the photon number by one
respectively. With this it is evident that the number operator serves to count the number
of photons that exist in a given state and the vacuum state is represented by |0), a single
photon is given by |1), two photons by |2) etc. In fact, the general number state can be

given in terms of the vacuum state and the creation operator as

(ah)"

n!

n) = 2L 10). (2.24)

2.2 Coherent States

Following the introduction of the creation and annihilation operators along with the num-
ber states, a natural question arises; do eigenstates of the creation and annihilation oper-
ators themselves exist and if so, what are they? With hindsight, this question is answered
by introducing the (Glauber) coherent state [25] which, in the number state basis, is given

by

) = e~laP/2 Z \F In) (2.25)

where a = |ale? with 6 € [0,27] so that in general, a € C. From this we have

ala) = e°2 3 Zin)

n—0 n:

_lapaN- _
—e nin—1
;mxﬂ )

= ala) (2.26)

thus |a) is the eigenstate of @ however it is essential to note that |«) is clearly not a right

cigenstate of af. Nonetheless, it does follow that

(ala’ = (a]a))! = (a]a)! = o™ (o (2.27)
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so |a) is a left eigenstate of af. The coherent state can be defined by the condition of
being an eigenstate of the annihilation operator and it’s coefficients in the number state
basis can be deduced from this [21]. Evidently, the coherent state is a superposition
of the infinity of number states. This constitutes the state of the QHO which behaves
“most classically” while implicitly being a quantum mechanical state, furthermore this
state accurately describes the monochromatic light produced by lasers. With this we
review some of the properties of the coherent state. The expectation value of the general

quadrature variable (2.15) with respect to the coherent state is given by

(al XxJa) = { (ae™™ +a'e™) |a)

| 1

al —

V2
1 . ,

= —(ae"™ + a*e?) (2.28)

V2

and for X’f, the expectation value is found to be

(a] X21a) [a%—m + (ah2e?* 1 2ata + 1} o)

[N

= {a|
1 . .

=3 [a2ef2“\ + (a*)2e¥ 1 2|al? + 1] (2.29)

thus the variance of the general quadrature variable for all coherent states is

. . . 2 1
AXE = (o X} o) - ((al Kala)) " =3 (2:30)
and furthermore, for any conjugate pair of quadrature observables X » and X Am/2 the

following uncertainty relation holds for all coherent states

AXIAXS = i (2.31)
which saturates the bound given by (2.17). In other words, coherent states minimise
the product of uncertainties of conjugate observables, it is for this reason that coherent
states are also referred to as minimum uncertainty states [26]. It’s helpful to visualise
the coherent state via phase space plots and to do so we first note that from (2.28) the
expectation values in the dimensionless position and momentum quadratures are revealed
to be (X) = (a + a*)/v2 = V2Re(a) and (P) = (o — a*)/iv/2 = v/2Im(a) hence the
complex plane of o models phase space (that has been scaled to be dimensionless). Fig.2.1
displays such plots of the quasi probability distributions known as Wigner functions [27]
for the vacuum state and a coherent state. We shall explore the Wigner functions in more
detail in the following subsection, for now we are only interested in the phase space plane

it affords. By inspection of the plots given in Fig.2.1, the coherent state is revealed to be



18

4 0.288 0.288 s 0.288
. 0.256 . 0.256 . 0.256
S 2} 0224 3 = 0.224 3 St . 4 Mo224 »
E 01923 £ 01923 £ 01925
= g @ 160 B Q L 160
g 0 ‘ 0160 8 ‘ 060 § 0160 £
I 0128 % | 0128 % | 0128 %
] ] ]
& -2 0.096 & = 0.096 & af 0.096 &
~ 0.064 ~ 0.064 ~ 0.064
—af 4 [{0.032 0.032 s 4 [{0.032
0.000 0.000 0.000
-4 -2 0 2 4 [ 0 2 4 -4 -2 0 2 4
(X)=V2Re(a) (X)=V2Re(a) (X)=V2Re(a)

Figure 2.1: Plots of Wigner functions for vacuum state (left) coherent state with o = 2

(centre) and coherent state with o = v/2-+iv/2 (right). Taking o € R displaces the vacuum

state along the position axis whereas taking o € C displaces the vacuum in the plane of

phase space. Note that the vacuum state is equivalent to a coherent state with o = 0.

the vacuum state displaced in phase space and can indeed be defined in such a manner,

as we shall see by the introduction of the so called displacement operator

D(a) = e’ "4, (2.32)

It is immediately apparent that Df(a) = e~@@'+0"a — D(—q) = Di(a)D(a) = I,
hence the displacement operator is unitary. To see how the displacement operator defines

a coherent state, it is useful to first recall the Baker-Campbell-Hausdorff formula (also

known as the disentangling theorem)
A+B A B ~3lAB] _ B, A 3AB] (2.33)

which holds iff [4, [A, B]] = [B[A, B]] = 0. With this, it follows that

D(a)|0) = e*@' =" |0)

— ea&Tefa*defé\aP[dT,f&] |0>

= eadl gmadg—3lal” |g) (2.34)
then since e~ |0) = |0), we have
X niat\n
A 112 a™(a")
Dla)|0) = =3 3 T gy — 1) (2.35)
n=0

where we have used (2.24). This is perhaps the most revealing definition of the coherent
state since it is now straight forward to give the parameter o = |a|e?® physical meaning;
|| is the magnitude of displacement from the vacuum and 6 dictates the direction of the

displacement. Moreover, many useful properties are easily unveiled by the displacement

operator such as

(ala) = (0] DY() D() 0) = (0]0) = 1 (2.36)
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hence the coherent state is normalised. Another useful operator theorem which states

(A48 + S [A[AAB]+ - @3

enables us to inspect how the displacement operator transforms the annihilation operator
Di(@)aD(a) = a + [-aa! + a*a,a) + - =a+a (2.38)

from which it immediately follows that Df(a)atD(a) = af + o* (using the potentially
subtle fact that (AEC)T = C’TBTAT). Consequently, the expectation value of the number

operator is found to be

(o] @ |a) = (0] DY (a)AaD(a) |0)
= (0| DY (@)a' D(a)DtaD(a) |0)

= (0] (&' 4 o) (@ + @) |0) = |a|?. (2.39)

Additionally, the for two distinct displacement operators we find

~

D(a)D(B) = eot'=e"aehat ="
— (im(ap®) (atp)al—(a*+5%)a
= ™) D+ B) (2.40)

where we have used [aa — o*a, Ba’ — B*a] = af* — a*B = 2ilm(aB*). Tt is then simple

to find that the overlap of two coherent states is given by

(Bla) = (0] D'(8) D(a) |0)

— o 3(BP+al*~28%a) (2.41)

2.2.1 The Wigner Function

In Fig.2.1 we introduced the Wigner function in which enabled a phase space representation
of the coherent state to be given, following the work of [21] the Wigner function itself is
detailed here. For pure states, the Wigner function is defined as

o0

W(z,p) = % . P* (a? — %) W (37 + g) /Mg (2.42)

where |z £ ¢/2) are the eigenstates of the position operator and ¥ (x4 q/2) = (x + q/2|¢)
etc. Importantly, the Wigner function is a quasi-probability distribution since (2.42)
can take negative values which arise for some non-classical states, as demonstrated in

subsection 2.4. Indeed, negativity of the Wigner function is a good indicator of quantum
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mechanical interference however, not all quantum mechanical states necessarily display

negative regions of the Wigner function. Integrating (2.42) over momentum we find

/Z W(x,p)dp = /0; ( (x — %) Y (a: + g) dq /00 P4/ dpdg

Sy P P
= [¢(z)[? (2.43)

and similarly by integrating (2.42) over position we find [° W(q, p)dz = |¢(p)|* where
©(p) is the probability amplitude of the momentum space related to the position space
probability amplitude via a Fourier transform. In other words, the integral of the Wigner
function over position or momentum gives the respective conjugate probability distribu-
tion. This can be generalised further [22] in that the integral of the Wigner function over
any quadrature variable X, must be positive semi-definite. Hence, the Wigner function

gives a useful phase space representation of optical states.

2.3 Squeezed States

2.3.1 Quadrature Squeezing

In the previous section we reviewed the “most classical” state of the QHO system, here
we will look at one of many non-classical states. The squeezed state is defined to be a
state whose variance in the general quadrature variable is less than that of the vacuum (or

equivalently less than that of the coherent state). The mathematical statement is then

AZX, < (2.44)

| =

and from the uncertainty relation (2.17) it is clear that for a conjugate pair of quadrature

operators, if we have (2.44) then this imposes the condition

A’ Xy inyp > (2.45)

| =

and of course the reverse is true; A2X A2 < % = AZX, > % Clearly the variance in
any given quadrature has become dependent on A, the state is said to be squeezed in the
quadrature of smaller variance. Squeezed states are generated by the so-called squeezing

operator

5(0) = ex 5107 - cah?]) (2.46)
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where ¢ = re® € C with r € [0,00) and ¢ € [0,27]. Note that much like the displacement

operator, the squeezing operator is unitary since
A 1., N
5110) = exp (3¢ — ¢(a1) =5(-0 (2.47)

thus S’T(C )S (¢) = L. To reveal how the squeezing operator results in reduced quadrature
uncertainties consider the action of the squeezing operator on the general state |t¢)) which
gives a squeezed state |1(¢)) = S(¢) [4). For now, we shall aim to inspect the variances
of the dimensionless position and momentum quadratures (2.10) and (2.11) respectively.
In order to accomplish this, it is useful to know how the squeezing operators transform
the annihilation operator (from which the action on the creation operator immediately

follows) which, through use of (2.37), is found to be

ST($)asS(¢) = acosh(r) — a'e™® sinh(r) (2.48)
ST(¢0)atS(¢) = af cosh(r) — ae™ sinh(r) (2.49)

hence
(WO ale(Q)) = (] (acosh(r) — a'esinh(r) ) [1) (2.50)

and further

(W02 [1(Q)) = (¥] (@ cosh?(r) — (2a%a + 1) cosh(r) sinh(r) + (a2 sinb(r) ) |15).
(2.51)

For a specific example, the simplest squeezed state to investigate is the squeezed vacuum

¢) = 8(¢) |0) for which it is immediately clear that (X) = (P) = 0. Then using (2.51) we
find

(cosh2 (1) 4 sinh?(r) — 2sinh(r) cosh(r) cos(¢))

(cosh?(r) + sinh?(r) + 2 sinh(r) cosh(r) cos(¢)) (2.52)

Setting ¢ = 0 results in squeezing in the position axis

1 |
A*X = 56*2’“, AP = 562’“ (2.53)

i.e, since r € [0,00), uncertainty in the position quadrature decreases with increased
squeezing while uncertainty in momentum increases hence this is referred to as position

quadrature squeezing. Setting ¢ = 7 gives

.1 |
A*X = 562’“, AP = ie*% (2.54)
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which evidently describes momentum quadrature squeezing. This can be furthered to

encompass the general quadrature operator for which the variance is found to be

A2X, = - [e¥sin®(\ — ¢/2) + e ¥ cos* (A — ¢/2)] . (2.55)

DO | =

Squeezing of the vacuum state in various quadratures is demonstrated in Fig.2.2, as pre-

viously noted the Wigner function is negative for some non-classical states, the squeezed

states are a notable exception in being non-classical states that have entirely positive

Wigner functions.
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Figure 2.2: Plots of Wigner functions for the squeezed vacuum state with ¢ = 0 (left)
¢ =7 (centre) and ¢ = w/2 (right) and r = 1/2 for all. This corresponds to squeezing in

the position, momentum and general quadrature axis respectively.

It is useful to inspect some of the overlaps of squeezed states with other common optical

states. Firstly, the squeezed vacuum state takes the following form in the number state

basis
IC) = \/W Z V2mm,)'em9(tanh(r))m |2m) (2.56)

the overlap of two squeezed vacuum states is then found to be

N sech(r)sech(r’) 1/2
(cleh = <1 — ei(¢'=¢) tanh(r) tanh(r’)> (2.57)

where ¢’ =1/ ¢?’. The overlap of a squeezed vacuum with a coherent state is given by

(a]¢) = v/sech(r) exp (—;(a*)%w tanh(r)) elol’/2, (2.58)

Finally, we note that the expectation value of the number operator with respect to the
squeezed vacuum is given by
(I ley = (015(¢)'a'S(0)S($)as(¢) [o)
= (0| [a' cosh(r) — ae™* sinh(r)][a cosh(r) — a'e’ sinh(r)] |0)

= sinh?(r) (2.59)
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hence as squeezing is increased, the photon number increases or in other words, squeezing
the vacuum state requires energy input and results in a non-zero mean photon number in
the resultant state. As we have seen, the vacuum is a special case of the coherent state
and similarly the squeezed vacuum is a special case of the more general squeezed-displaced

vacuum states which are given by

. ¢) = D()S(¢) [0) - (2.60)

It is crucial to note that the squeezing and displacement operators do not commute

[S(¢), D(a)] # 0. In fact, by using (2.49), we have

S$(O)D(a) [0) = 5(¢)D()S(=¢)S(¢) [0)
= exp [04(&T cosh(r) 4+ e~ sinh(r)) — o (a cosh(r) + a'e sinh(r))S(¢) | |0)
= D(acosh(r) — a*e*® sinh(r))S(¢) |0)

=17 (2.61)

where v = accosh(r) — a*e® sinh(r). Thus,

@, ¢) = D(@)S(¢) 0) = S(()D(~)[0) . (2.62)

The translation of the annihilation operator under the joint action of the squeezing and

displacement operators is given by

~ ~

S1(Q)D(@)aD(@)S(¢) = ST(¢)(a + )5 (¢)

= acosh(r) — a'e’ sinh(r) + a (2.63)

and similarly for the creation operator

~ ~ ~

STODY (a)al D(a)S(¢) = al sinh(r) — ae™™ sinh(r) + o (2.64)
then it is straight forward to find that
(@,¢la o, ¢) = ST(¢) DT (@)aD(a)S(C)
= (0] (@ cosh(r) — a'e’® sinh(r) + ) |0)
=« (2.65)

and similarly (o, (| a |, ) = o*. With this the expectation value of the general quadrature

operator is revealed to be non-zero

(o, ¢ Xn |o, ¢) = —=(ae™™ + a*e) (2.66)

1
V2
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and furthermore,
(a,C| X} o, ¢) = % (e*"sin®(\ — ¢/2) + e > cos* (A — ¢/2)) + % (ae*i/\ + oz*e“‘)2
(2.67)
so that the variance of the general quadrature operator with respect to the displaced

squeezed state is found to be

A2X, = < (e¥sin® (A — ¢/2) + e ¥ cos? (A — $/2)) (2.68)

N

which is precisely the expression of the variance for the squeezed vacuum state (2.55)
thus the expectation value is dependent only on the displacement while the variance is

dependent only on the squeezing. The Wigner function for the squeezed-displaced vacuum

is plotted in Fig.2.3
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Figure 2.3: Plots of Wigner functions for the vacuum state (left), the squeezed vacuum

state with r = % and ¢ = 0 (centre) and the squeezed-displaced vacuum state with r = %,

¢ =0 and o = 2 (right).

2.3.2 Practical Generation of Squeezed Light

A widely practised method of generating quadrature-squeezed light uses a device known
as a “parametric down converter” in which a nonlinear medium is pumped by a field of
frequency w,. From this pump field a signal field is generated via the conversion of some
of the pump photons into pairs of identical (signal) photons each of frequency w = w,/2.

Following the work of [21] we give an account of the process here. The Hamiltonian

governing the process is given by

H = hwata + hiwpb'd 4 iy a6 — (a')2b] (2.69)

where, a and b are the annihilation operators (for brevity we have dropped the “hat”
notation for these operators) for signal and pump modes respectively and 2 is the

second order nonlinear susceptibility (of the medium). Now by making the “parametric
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approximation” i.e by assuming the pump field is a coherent classical field which loses no
photons over the duration of the process, denoted by time %, the field state is given by
|Be~rt) where 8 = |B|e? with @ € [0,27] and the operators b and b are approximated

by Be~“rt and B*e™rt respectively. The Hamiltonian then becomes
H = hwa'a + ih[n*a®e“»t — p(al)?e ! (2.70)

where, n = x? 3 and the irrelevant constant term in the Hamiltonian has been dropped.

Transforming to the interaction picture yields the Hamiltonian
H[(t) —ih [n*GQei(wPwi)t - n(aT)Zefi(wp72w)t (271)

whose time dependency is overcome by choosing the classical pump field frequency to
be w, = 2w thus defining the relationship between pump and signal photons. The final

Hamiltonian is the given by
Hy =ih[n*a® — n(a’)?] (2.72)
and the associated unitary time evolution operator is given by

Up(t) = exp (n*ta2 - nt(a*)2>

= exp ((x?[8le")"ta? — x?|8|e"¢(a)?) (2.73)

which we compare to the familiar form of the squeezing operator (2.46) and discern the
relationship between the physical parameters involved in the parametric down conversion

and the compact form of the squeezing parameter used in (2.46)

r=2¢®[Blt

= 2. (2.74)

2.4 Gaussian and Non-Gaussian States

2.4.1 Gaussian Probability Distributions

So far, we have encountered the “most classical” and quadrature squeezed states of the
QHO. If we are to inspect the probability distribution function (PDF) of each of these
states in the position and momentum quadratures we find that each is a Gaussian distri-
bution as depicted in Fig.2.4. To see this more concretely, we first find the overlap of a

general coherent state with o € R

i0 Lol o (efa)”
lea) =e 2 Y Ve n) (2.75)

n=0
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Figure 2.4: Plots of position and momentum probability distributions for a coherent state
with o = 2 (left) and for a squeezed vacuum state with » = 1/2 and ¢ = 0 (right). All

are Gaussian PDFs.

with the general quadrature state (the eigenstate of X as given by (2.15)) in the number

state representation

X0 = Y (@0l ie X 2e A, (X)) [n) (2.76)
n=0

where, H, (X)) are the Hermite polynomials of degree n. Hence, for the overlap we find

i0 - 2/2 imA o? oo ()"
(Xy|e"a) = (2™m!)~ e XA EMANH (X)) e 2 mln
e = 3 () %32 KA
1 s 1 1 . .
=7 1exp (—2(X§ + a2)> > mHn(XA)(Q_Ee”‘e’ea)" (2.77)
n=0
noting that a € R, hence |a|? = 2. Then using the following relation
— 1 2
D Hy(a)t" = et (2.78)
n!
n=0

we find

2
1 L o ‘
— 771 exp (—2(X§ + a2)> exp <—2e2l(’\+9)a2 + \@ez(’\’LG)aX,\) - (279)

. 1 , .
(Xyle?a) = 71 exp (—(Xf + 042)) exp (—2_162Z(A+9)O¢2 + 2(2_%61(A+9)Q)X)\> .

thus the PDFs of a coherent state with § = 0 for the conjugate quadrature variables X

and X o are given by

F(Xo) = |(Xo|a)|? = m~ e~ (Komv2a)? (2.80)

_1 X2
F(Xnjo) = (Xppola)? = n72e "2, (2.81)



27

Comparing this to the general form of a Gaussian distribution

f(z) = aexp (_(“‘_b)z) (2.82)

2c2

it is clear that both (2.80) and (2.81) are (normalised) Gaussian PDFs. Similarly for the

squeezed vacuum state, the overlap is given by [22]

2

(X5¢) = (27A%X,) "V exp < I A)ngA [1 —isin(2X — ) sinh(2r)]> (2.83)

where the variance A2X), is given by (2.55) hence, taking ¢ = 0, the PDF's of the squeezed

vacuum state for the conjugate quadrature variables Xy and X/, are found to be

F(Xo) =7 Y2exp (=X3e* +7) (2.84)

F(Xppp) = n 2 %ore (2.85)

and again, in comparison to (2.82) the PDFs are revealed to be Gaussian even though
the states are non-classical. At this point we note that the displacement operator governs
the first statistical moment (the mean) of the Gaussian PDF and the squeezing operator
governs the second moment (the variance). Furthermore, the probability amplitudes given

by ¥(Xx) = (Xa[¥) and (X y7/2) = (Xayr/2|¢) are related by the Fourier transform

5 L[> i
W) = oy [ FO Xy )Xo (2.56)

2.4.2 Non-Gaussian States

As a first example of a state with a non-Gaussian PDF in phase space, we inspect the
number states |n) (as given by (2.24)) also referred to as Fock states [28]. In Fig.2.5 we
see the Wigner functions take on negative values implying the quantum (non-classical)
nature of the Fock states and clearly the nature of the position and momentum PDFs are

more exotic than Gaussian. Indeed, inspection of the overlap with the general quadrature
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Figure 2.5: Plots of Wigner functions for the Fock states |n) with n = 1 (left) n = 2

(centre) and n = 4 (right).
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variable reveals

(n|Xy) = i 2" ml) éw_%e_xi/Qe_im)‘Hm(X)\) (n|m)
m=0
= (2"n!)"znde XA 2e i (X)) (2.87)
thus the overlaps for the Fock states with the quadrature states for X = X and P = X /o
only differ by a phase factor and thus F(z) = F(p) which is demonstrated in Fig.2.5.
Furthermore, Fig.2.6 shows the overall non-Gaussian structure of the PDFs for various

Fock states.

A A ) N 2\ —) / \ £

o / 035 03 \ ——F
——Fm ——Fm [ [
035 \ I [ |

Figure 2.6: Probability distribution functions for the Fock states |n) with n = 1 (left)

n =2 (centre) and n =4 (right). All PDFs display an overall non-Gassian structure.
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Figure 2.7: Plots of Wigner functions for odd cat states with ¢ = 0 and ¢ = — (left) and
with ¢ = /2 and ¢ = —7/2 (right).

We now turn our attention to the following state
[0Gs(6,9)) = N&*(6,0)(lea) % ) (2.88)
where the normalising factor is given by

[e7

NE(¢, ) = [2 Le (exp(aQei((i’_@) + eXp(aQei(d’_‘i’)))} K . (2.89)

This state is a superposition of two macroscopic states and as such, this type of state
is known as a “cat state” in reflection of Shrédinger’s thought experiment. When the
constituent superposition states are ¢ = 7 out of phase the state is referred to as an “even
cat state” for the “4” case and an “odd cat state” for the “-” case, this is because the
even and odd states contain only even or odd numbers of photons, this can be seen from

the simple example of ¢ =0 and ¢ = 7

5 2n
(0, 7)) = 2N (0, m)elel*/2 ZO % 12n) (2.90)
B _ a2 a2n+1
Wag(0,7) = 2N (0, m)e ol /27;) IR 12n 4 1). (2.91)

The Wigner functions for two examples of odd cat states are plotted in Fig.2.7 where
interference fringes - a manifestation of the quantum superposition principle - are clearly

visible. The probability distribution of the general quadrature variable for state (2.88) is

given by

FE(Xx, 6, 0) = [ (XaltGs(, 0)) 7
= (Xa[YEs(0, 9)) (VEg(¢, D) XA)
= (Xals(0.8) ((alvEs(9.6)’

= (NE)? (1Xalea) £ (Xa|e%a)) [((Xa]e%a) + (Xa]e%a))] . (292)
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Everything we need here is given by (2.79), we find
. - 1 1 .. .
(Xy]e*a) + (Xy|e*a) = 1 exp (—2(X§ + a2)> [exp <—2621(>\+¢)O¢2 + \@ez(’\+¢)aX>\>

1 oy, s s
+ exp <—2€21(>\+¢)0é2 + \/iel(’\+¢)aX,\> ]
(2.93)

thus the general probability density function is given by

=

FE(Xn0,0) =7 3(Ny )

1 1 5, )
exp <—2(X§ + a2)> [exp <—2621()‘+¢)a2 + \/§el(A+¢)aX>\>

2
+ exp <—;e%()‘+";)a2 + \/iei()‘ﬂ;)aX)\) ]

(2.94)

Finding a specific state-variable probability distribution function is then simply a matter
of inputting the desired phase values A, ¢ and é As an example we shall inspect the usual
probability distribution functions of orthogonal quadrature variables zo and x /; for the

even cat state

Wig(¢ =7/2,6 = —m/2)) = N (lia) + |—ic)) (2.95)

which gives the following

F* (w0, /2, —m/2) = 73 (NF)?

+ exp <—;(—1)ﬁ2 + ﬂ(—i)ﬁxo) ]
(2.96)
thus,
Ft(wo,m/2,~7/2) = = 13 (NF)?| exp (—‘"‘f) (&2 4 ¢=1v20m0) '2
=773 (NJ)?| exp (-?) 2 cos(v/2o) 2
= dn~ 3 (N)2e 8 cos (V2Bup). (2.97)

where we have used cos(z) = (e 4 e~%*)/2. Through very similar working we find for the

conjugate variable (i.e for A = 7/2)

FH(rjo,m/2,—7/2) = 47r_%(/\/;)26_$3f/2_2ﬁ2 coshQ(\/ﬁﬁxﬂ/z). (2.98)
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Noting further that sin(z) = (e —e~*) /2 and sinh(z) = (e* —e~*)/2 we can immediately

conclude that the probability distributions of the conjugate quadrature variables for the

odd cat state are given by

F(zo,m/2,—7/2) = 477*%(/\/’3‘)267373 sin?(V/2Bx0)

and

F (o m/2,—m/2) = dn 3 (N2 727 sinh? (V261 2)

(2.99)

(2.100)
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Figure 2.8: Probability distribution functions for odd cat states with ¢ = 0 and 45 = -7

(left) and with ¢ = 7/2 and ¢ = —= /2 (right). Both PDFs display an overall non-Gassian

structure.
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Chapter 3

Fermionic Systems

3.1 Two-Level System

All elementary fermions are spin-1/2 particles [29] meaning that observation of the mag-

netic quantum number along any one axis yields the eigenvalues +1/2 only, this is predicted

through solving the Shrodinger equation for angular momentum. This phenomenon was

first measured in the famous Stern-Gerlach experiment [30] which was designed to test the

“intrinsic angular momentum” (spin) of silver atoms, the values of which were expected

to be integer valued which would have required the observation of three fringes. Contrary

to the expected results, only two fringes were observed and thus the conclusion was that

the silver atoms had intrinsic angular momentum of 1/2. As these spin-1/2 particles can

only be observed in one of two states they are often referred to as two-level systems; these

are among the simplest of quantum mechanical systems. The spin operators (Sz, Sy, S-)

can be described in terms of the Pauli matrices

which satisfy the following commutation relations

(02, 0y] = 2i0,, [0y,0.] =2i0,, [0:,04] = 2i0y.

(3.1)

(3.3)
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The eigenvectors of the Pauli matrices are denoted by

gal=) = 1), ale) = — )
oyl = ), 0, 10) =~ [0)
s ) =), ol =— 1) (3.4
where,
RN e N A ML E AR |
(3.5)

and from this it is evident that

I, ) =

1 , 1
n+ill), |o)= NG

which reveals that any pure state of a two-level quantum can be written as a superposition

=) =

(I =)
(I =il}) (3.6)

Sl
S

k]
!

of the basis vectors |[1) and |]) thus, taking 6 € [0, 7] and ¢ € [0, 27], a general pure state

vector of a two-level system can be written as

) = cos (5 ) 1t + < sin (5 ) 1) (3.7)

where we have taken the coefficient of |1) to be real and positive since it is only the
relative phase of the basis states that has physical consequence. It is then possible to use

parameters 6 and ¢ to specify a vector in spherical coordinates
7" = (sin 0 cos ¢, sin @ sin ¢, cos ) (3.8)

which submits a useful representation of the general two-level system i.e any state of a
spin-1/2 particle can be represented by the vector 7 this is known as the Bloch sphere
representation and is depicted in Fig.3.1. Furthermore, the Pauli matrices, along with
the 2 x 2 identity matrix I (sometimes denoted og), form a basis for the 2 x 2 vector
space of Hermitian matrices. This means that any operator on the spin-1/2 Hilbert space
(H = C?) can be represented by a linear combination of the Pauli matrices and thus the

general density matrix of a two-level system can be given by
p==(I+7-7) (3.9)

where ¢ = (04, 0y,0,). Furthermore, pure states have |7] = 1 and exist on the surface of

the Bloch sphere while mixed states have |7] < 1 and thus exists within the sphere.



Figure 3.1: The Bloch sphere representation of a two-level system such as a spin-1/2
particle. The choice of axis that represent the |0) and |1) state are arbitrary but conven-

tionally taken to be along the positive and negative z axis.

3.2 N Spin-1/2 System

We now extend the two level system to that of an N spin-1/2 system. We begin by
considering a system of two spin-1/2 particles which exists in a Hilbert space described
by the tensor produce of the individual spaces of the two particles H = C? ® C2, here the

basis states can have the property of being either symmetric

1
or antisymmetric
1
—=(d =) (3.11)

V2
which is determined by how the state changes when any two spins are swapped - a property
bosons do not have. For a system of N spin-1/2 particles, the Hilbert space is given by
Hy = (C*)®N and the associated spin operators are sometimes referred to as “big-spin

operators” or “collective spin operators”, given by

N
1 .
Jo = 5 Za&’), for a € {z,y, z} (3.12)
i=1
which satisfy the commutation relation

[ J] = ietP ], (3.13)
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where e#¥? is the antisymmetric tensor (such that €”¥* = 1). This reveals the uncertainty

relation
1
A%@A%@;31¢@>. (3.14)

The dimension of the Hilbert space for this N spin-1/2 system is Dim(Hy) = 2V i.e it
grows exponentially with the number of particles. We now introduce the so-called “Dicke

states” |j,m)y. These states must satisfy two conditions, the first is that

where j € {0,1, ..., %} for N even, j € {%, %, s %} for N odd, m € {—j,—j+1,...,5} and

the subscript of |-) 5, denotes a state of the IV spin-1/2 system. For the second requirement

we must introduce the “total spin” operator
JP=Jr 4+ T2 (3.16)
then the state |j,m), is a Dicke state if it satisfies both (3.15) and
T2 lgim)y =30+ D15 m)x (3.17)

or in other words, a Dicke state is defined to be the simultaneous eigenstate of J, and J>
(hence these two operators commute). Akin to the creation and annihilation operators

(2.23) and (2.22), we are able to define the raising and lowering operators

Jeljsm)y = V(G +1) —m(m £1) [ m £ 1)y (3.18)
which satisfy the commutation relations
J_,Ji) = =20, [J..Je]=%Je, [J% Je] =0. (3.19)

The j = N/2 subspace is one of particular interest, the Dicke states are completely
symmetric in this subspace [31] and m € {—N/2,...,N/2}, thus there are N + 1 of
these states. In this subspace it is sometimes helpful to relabel the Dicke states as
IN/2,m)y = |N/2,n— N/2) = |n)y. There is an underlying connection between the
model of quantised angular momentum and the model of two uncorrelated QHO’s which
we will explore here. It is first useful to define

N N
N, = a$a¢ =5 +J, and N_ = aI% =5 - J, (3.20)
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which, upon acting on a Dicke state in the j = N/2 subspace, returns the number of

spin-up and spin-down particles as the eigenvalue

ala |[N/2,m)y = @f + m) IN/2,m) 5 (3.21)
alay |N/2,m)y = (]QV - m> IN/2,m) - (3.22)

If we rewrite this as Ny |ny,n_) = nyny,n_) and N_|ny,n_) = n_|ny,n_), then in

complete analogy with the creation and annihilation operators (2.23) and (2.22) we have

(11 |7’L+,7’Lf> = \/n++1|n++1vn*>v a¢|n+,n,> = \/7’L+|7’L+—1,’I’L7> (323)
aI ny,n_) =+/n_+1ng,n_+1), ap|ngy,n_)/n_"|ng,n_—1) (3.24)

and as such we are able to obtain any general eigenstate of Ny and N_ by repeatedly

applying a$ and aI to the vacuum state but this requires redefining the notion of the

vacuum state since we have the ground state |[N/2, —N/2) = 1)®N (all spins down) and
the “roof state” |N/2,N/2)y = [1)®N (all spins up), thus we define the vacuum state to
be |0,0) so that

ap[0,0)y = 0= a, [0,0) (3.25)

and

Tyn4 CLT n_
Ing,n-)n = ( T) ( i) 10,0) - (3.26)

With this, it is straightforward to see that

a$a¢|n+,n,> =vn-(ny+1)|ny+1,n_—1) (3.27)
aiaT Iny,n_) =+vny(no+1)|ng —1,n_+1) (3.28)

then substituting ny — j+m and n_ — j —m we find the eigenvalues to be exactly that
of (3.18). Furthermore, it is now natural to use j = (ny + n_)/2 and m = (ny —n_)/2

which reveals that the raising and lowering operators (3.18) are composed of
Jy =alay, J_=ala (3.29)

and additionally, the general Dicke state can be written
(ab)7+m (a)im

V(i +m)(j —m)

|]7m>N =

10,0}y (3.30)
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3.3 Coherent Spin States and Rotations

There are multiple ways to define the Coherent Spin State (CSS), we begin with a specific
example and establish the notion of a CSS in the j = N/2 subspace in which we can utilize
the symmetry properties. In this setting the CSS can be regarded as the “most classical”
state of N spin-1/2 particles or indeed of N two-mode bosons [32, 33] and are realised by
placing all N particles in the same (arbitrary) superposition state of the two modes

IN/2, (6, 6)) = \/% [cos <g) a] + e sin (Z) aT} o0, @an

and hence are parametrised by 6 and ¢. It is simple to find that for a single spin-1/2
particle oriented along the z-axis is AZO'ZAQO'y = % . % and since the CSS is a separable

state of N spin-1/2 particles it immediately follows that

AT, =A%), = g (3.32)

thus the CSS is characterised by having equal variance in the directions orthogonal to the
axis of spin orientations (parametrised by € and ¢). A general coherent state, i.e in the

jth subspace, can be given as a superposition of Dicke states

J

m=—i
where,
o\ /2 . ,
em(0) = (j ijm> cos(0/2)7 ™ sin(6/2)7 ™ (3.34)

hence the PDF of a CSS is a binomial distribution

2j

G ool P = (3 Jprema -y (3.3

An alternative representation of the CSS is given by the stereographic projection of the

spherical coordinates 6 and ¢ to ¢ € C via

¢=e “tan (g) (3.36)

thus the CSS becomes
i . 1/2 i+m
. 2j ¢/ .
) = . 5 | 3.37
MﬁNWEXHW>(HMW“mN 337
A particularly useful definition of the CSS is that it must be simultaneous eigenstate of

the J2 and 7-.J operators where J = (J,, Jy, J.) and the associated eigenvalues are j(j+1)
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Figure 3.2: Representation of a CSS on the unit sphere.

and j respectively. This allows the visualisation of the CSS as given in Fig.3.2 where it
is characterised as a point on the unit sphere specified by # and ¢. The CSS can then be
regarded as a displacement of a “reference CSS” where the displacement is modelled by a

rotation operator
R(0,$) = exp(—if.J - i) (3.38)

which acts to rotate the reference CSS about the unit vector @ by the angle 6. Indeed,
taking the reference CSS to be the Dicke state |j, —j), and the unit vector to be 7 =
(sin ¢, — cos ¢, 0) in the zy-plane, then we find

‘jv (9, ¢)> = R(Q’ d)) |]’ *j>N

= exp[—i0(Jy sinp — J, cos 9)] |4, —7) n
0 ) ] 0 QN
= [cos <2> + (e 0y — €®o_)sin <2)] (3.39)

then considering the symmetric j = N/2 subspace, the reference state becomes [N/2, —N/2) \, =

1V®Y | and using (3.4) we find

N/2.(6.0)) = [cos (5 ) 1+ sin (5 ) 1) - (3.40)

which is precisely the CSS (3.31) which was introduced as the state of all (independent)
N spin-1/2 particles in the same (arbitrary) superposition state. A physical example of
this is the application of a magnetic field to the reference state |¢>®N, Taking the free

Hamiltonian of the N spin-1/2 system to be Hy = wJ, and an external classical magnetic
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field to be governed by the Hamiltonian Hp = —’yg - J where v is the gyromagnetic ratio
of the spins, the total Hamiltonian is H = Hy+ Hp = cujz — 75 . J and from this we can
prepare the general CSS given by (3.40) via one of the two following methods: applying
the magnetic field

—Bsing
é = B cos (341)
w/y

yielding the Hamiltonian H = B sin gbjx — Bcos gbjy. Evolving our reference state within

this classical external magnetic field for time ¢t = 6/B returns the CSS given by (3.40).

3.4 Spin Squeezing

N/2 Spin

Squeeze

CSS

Figure 3.3: Schematic representation of Spin Squeezing of a N spin-1/2 system which
constitutes a coherent spin state (CSS). The squeezing process introduces quantum mech-

anical correlations into the system.

In analogy to the notion of squeezing in the QHO system (section 2.3) we can define

spin-squeezing by conditions on the variance for complementary observables i.e since we
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have [J,, J5] = i€*7.J, and thus

2
A%, AT > | <JZ> | (3.42)

we can quantify spin-squeezing by the condition
J.
A%J, < H;H for a#~y (3.43)

which would signify spin-squeezing in the « direction. Then for two general orthonormal

vectors 777 and 7la, we can define the squeezing parameter

2A2Jﬁ1
— 44
=T (3.44)

where the subscript H is used to highlight the underlying connection to the Heisenberg

uncertainty relations, if €% < 1 then the state is squeezed. Considering the CSS (3.40)
with n in the z-direction and introducing ng to be in the z-direction it can be shown [34]

that

o 11— (i)

i = = [sin(0)] (3.45)

|7 - 72|
which implies that by varying 6 the CSS can be squeezed but as we have seen, this is

clearly not the case and as such we conclude that 51%1 is not a reliable quantifier of spin

squeezing.

An alternative spin squeezing operator has been proposed by Kitagawa and Ueda which
relies on the idea of “mean spin direction” (MSD). We have previously established that
the variance of the coherent state in the bosonic system is equal in all directions whereas
the variance of the CSS is dependent on 7 and has a prior direction; the MSD, which is

given by

Mg = ——=—. (3.46)

with this we define 77| to be the unit vector in the direction perpendicular to that of the

MSD. The spin-squeezing parameter is then given to be

5% _ min (.A2Jm) _ 4 min (AzJﬁl) (3.47)
j/2 N

where j = N/2 and the minimisation is over all directions 77, . It can be shown that for a

CSS A%J;, = j/2 and thus we have for a CSS A%J;, = N/4 and as such, {5 = 1. A spin

state is said to be squeezed if fg < 1.
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Another squeezing parameter of particular significance in quantum metrology is that pro-

posed by Wineland et. al [35] in the context of Ramsey spectroscopy. The squeezing

parameter g is the analogue of the bosonic squeezing parameter, the parameter intro-

duced here exhibits a deep connection to sensitivities provided by rotations of angular

momentum states. This is a consequence of using the CSS as a noise-reference state. To

portray this idea, we consider a spin state |1)) and take the MSD to be in the z-axis (so

(Jz) = 0= (Jy)). Using the error propagation formula

Af(x)

T
ox

it can be shown that

and indeed for general MSD we find

For the CSS, the phase sensitivity is found to be

(Ad)css =

2

The squeezing parameter is then given to be

2 A2¢ B NA2J;,

BT (A2%)css ()2

which is in fact related to parameter £g by

] 2
2 _ L_’ 2
“r (u >|> &

and since j = N/2 > | (J) |, we have that &2 < &5,

3.4.1 One-Axis Twisting

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

There are multiple ways of producing squeezed spin systems as quantified by the above

measures [35, 36, 37|, here we investigate a particular method of spin squeezing known as

“One-Axis Twisting” (OAT) which uses the following Hamiltonian (in units of &) for a

system of N spin-1/2 particles

Hoar = xJ?

(3.54)
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so that the unitary time evolution operator that constitutes the OAT operation is given
by Uy (t) = exp [—itHpar]. Note that the twisting is often modelled along the z-axis and
is applied to a CSS with all spins aligned with the z-axis, here we have reversed the roles

of the respective axes. Hence, a spin-squeezed state can be written in the form
[oar) = exp (—itxJ3) j, =) = exp (=i0.3/2) |j, —j) (3.55)

where 6 = 2yt is the angle through which the CSS is twisted. It is well known [34, 36] that
for sufficiently large N and sufficiently small || such that N|6|? < 1, the optimum value of
the spin-squeezing parameter (the value which minimises variance) scales as 512% ~ N—2/3,
Two notable differences between spin squeezing and bosonic squeezing (2.46) are that
while (3.54) influences the quantum fluctuations, it also gives rise to a small rotation and
for longer interaction times (3.54) yields non-Gaussian states such as oversqueezed states
and maximally entangled GHZ states [38]. The resulting spin squeezed state is highly
sensitive to rotation operations (3.38) about the y-axis. Practical implementation of spin
squeezing via OAT has been demonstrated to be very viable and has been carried out with

BECs [39, 40, 41, 42] as well as with atomic ensembles [43, 44, 45, 46].

Visual Representations of Spin Phase Space

Akin to the Wigner function introduced in section 2.2.1 which is implemented as a visual
representation of phase space for the QHO, here we introduce phase space plots of fi-
nite spin systems. Indeed the so-called spin-Wigner function [47, 48] gives the analagous
quasi-probability distribution for the finite spin system. However, we choose to utilize an
alternative representation known as the spin Q-function. Before doing so it is useful to
note that since the CSSs form an overcomplete basis

47
27+1

/ 49213, (6,6)) (G, (0,6) |y = (3.56)

an arbitrary state of a finite spin system (for fixed j) can be expressed in the CSS basis

b= / dQP(6,) |7, (6.6)) n (. (6.6)| (3.57)

where the function P(6, ¢) is generally chosen to be a smooth function [32] and is not
unique to the particular state p. In spherical coordinates, for fixed j, the spin Q-function
is defined as

2j + 1

Q.0) =~

(4, (0,9) p 13, (0,¢)) (3.58)
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Figure 3.4: Plots of the spin Q-function for the Dicke state |N/2,m) with N = 20 and
m = 0 (left), the CSS [})®Y with N = 10 (centre) and the squeezed spin state (right)
where the OAT Hamiltonian (3.54) has been applied to the CSS.

From this it is possible to discern that Q(6,¢) > 0, V0, ¢ and the spin Q-function is nor-
malised [ dQQ(6,¢) = 1. Plots of the Spin Q-function are depicted in Fig.3.4. Although
it may not be immediately clear from Fig.3.4, the spin squeezed state (right) deviates
from the geodesic of the sphere; this is a consequence of the aforementioned rotation (the
twisting) that the OAT evolution imparts on the CSS during the squeezing of quantum

fluctuations.

3.4.2 Two-Axis Twisting

Another method of spin-squeezed state creation is that of “two-axis twisting” (sometimes
referred to as “two-axis countertwisting”) [36] which involves the simultaneous twisting, in
both the clockwise and anti-clockwise, around two orthogonal axis which lie in the plane
normal to the MSD of the initial state |j, —j), this has the effect of cancelling out the
rotation (the twisting) that occurs in the OAT case. This is depicted in Fig. 3.5. The

associated Hamiltonian is composed of the raising and lowering operators (3.18)

Hyar = in(J2 — J?) (3.59)

where 7 dictates the magnitude of squeezing. This method of spin squeezing is in fact
analagous to the bosonic squeezing (2.46), indeed we will show in the following section
that in the N — oo limit, we recover the bosonic squeezing operator. The disadvant-
age of TAT in comparison to that of OAT are the complexities involved in the practical

implementation, though some viable approaches have been demonstrated [49, 50, 51].
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Figure 3.5: Plots of the spin Q-function for the CSS |1)®" with N = 10 (left) and the
squeezed spin state (right) where the TAT Hamiltonian (3.59) has been applied to the
CSS.

3.5 Bosonic limit

Here we review how j-subspace spin systems with finite dimensional state spaces cor-
respond to bosonic QHO systems with infinite dimensional state spaces in the so-called
“bosonic limit”. Considering the j = % symmetric subspace of the N spin-1/2 system,

the raising and lowering operators (3.18) take the form

N
Jr =Y Vn+ DN —n)|n+1)y (n|y (3.60)
n=0
N
Jo=) Vn(N—n+1)|n—1)y(nly (3.61)
n=0

where the Dicke state |5, m)y = Ton— %)N = |n) . Additionally, the operators (3.20)
can be written in the form ay = Zgzo Vn|n — 1)y (n|y and a$ = ZnNgol vn+1lin+1)y (n|y

with which, we arrive at the Holstein-Primakoff transformations [52]

T

Jy o arat
= T
J_ a,aq
ode 1— Ev ay (3.63)
then taking the limit N — oo reveals
N T N e =a (3.64)
lim EE. lim a4 =a (3.65)

N—oo /N N—oo
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where a, af are the QHO creation and annihilation operators which obey the bosonic

commutation relation [a,a’] = 1. Furthermore, for finite N, we have

[j J+] :H—ZG%LT

N 11 (3.66)

I I ] A “ar T s
thus [\/ﬁ, \/N} ~ I = — =~ 0. The operator ajaq counts the number of spins in the
|1) state, thus if the number of spins in the excited state is small compared to N the
spin system can be treated approximately as an optical QHO system. Noting that we are
free to scale Hamiltonian (3.59) by 1/N (which physically corresponds to scaling of the

magnitude of squeezing) it is clear that

Ngnoo TAT_NE)noo”’ N N
=1n (a2 - (aT)2> (3.67)

which is exactly the Hamiltonian that governs squeezing of bosonic systems (noting that
(3.59) can be generalized such that n € C). Additionally, it is known [32, 33] that in
the limit N — oo the spin coherent state converges to the coherent state of the QHO
|¢) ;v — |¢) and moreover, in the limit { — 0, we retrieve the bosonic vacuum state which

corresponds to the limit
lim [})*Y = |0). (3.68)
N—o00

When N is finite, the spin coherent |(/v/ ), state is well approximated by the coherent
state |¢) under the condition |(| < v/N. It is now clear that a natural transition exists

between the N spin-1/2 system and the bosonic QHO system.
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Chapter 4

Quantum Enhanced Metrology

and Parameter Estimation

4.1 Measurements

4.1.1 Classical and Quantum Measurements

Consider a system of N particles, classically this can be described the RV phase space
and the state of the system is given by a probability distribution on this phase space.
A subtle underlying question of this description arises about what the information given
by the probability distribution represents. This is an interpretational question, the de-
bate of which is beyond the scope of the present work, however it is important to clarify
which interpretation we use here; we directly utilize the interpretation that probability
distributions are subjective by nature [53] so the state of a system represents an observer’s
knowledge of system variables. Classically, a perfect measurement would yield the value of
the variable of interest and the system enters a state of complete knowledge. An imperfect
measurement would leave the system in a state of incomplete knowledge thus introducing
uncertainty. Such classical measurements are performed through system-apparatus meas-
urements in which a variable of the apparatus is coupled to the system variable of interest
(e.g electrical voltage coupled to the momentum of a voltmeter needle which ultimately
varies the position on a dial). Inference of the system variable comes through the probab-
ility distribution of the apparatus variable. Imperfections may exist between the coupling
of these variables or may be introduced independent of the system in the form of noise

affecting the apparatus.

Measurement of a quantum mechanical system is fundamentally different to a classical
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system in that an observer may have the maximal amount of knowledge about the system
yet the measurement outcome can still not be determined. In other words, maximal know-
ledge of a quantum mechanical system does not imply complete knowledge and thus, in
general, uncertainty remains. As such, measurement outcomes themselves are described
by probability distributions. This naturally opens up an interpretational debate of know-
ledge e.g attributing the incomplete knowledge to hidden variables [54], again we circum-
vent such a discussion and take an operational approach by using quantum mechanics as
a tool to calculate predictions of experiment. From the postulates of quantum mechanics
(see section 1.2.3) it is evident that the notion of knowledge of a quantum state can only
refer to predictions of future measurement outcomes since measurement fundamentally
changes the state. This implicit uncertainty associated with measurements of quantum

mechanical systems is the main focus of the following work.

4.1.2 Projective Measurements

From the 2nd postulate of quantum mechanics (see section 1.2.3) we have that any

quantum mechanical observable is given by
A= x ) (A (4.1)
i=1

where | ;) are the eigenstates satisfying A |\;) = \; |A;) with the eigenvalues \;. The “but-
terfly operator” |\;) (\;| = 7 is a projector operator which projects onto the eigenstates
of A with eigenvalue );. This can be generalised to include degenerate eigenvalues [53];
if the eigenvalues of A are Nj-fold degenerate, the butterfly operator is replaced by the

projector 11, = 2;21 |Ai, 7) (N\iy 7] and the observable is given by

A=Y NI (4.2)
i=1
The projectors are orthonormal, that is ﬂ,\f[/\/ = 5)\’,\/1:1,\ which is equivalent to the

statement that the subspaces onto which they project are orthonormal i.e if the set
{IA1),]A2),...} constitutes an orthonormal basis for the Hilbert space of the system, the
projection operators |\;) (A;| and |\;) (A\;| are orthonormal. Note that in general, ob-
servables that commute represent observables that can be measured simultaneously. The

algebraic definition of projection operators is given by [14]

3 =11, Il =T, (4.3)
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that is to say, any operator that satisfies conditions (4.3) is a projection operator. From

this we find the sum of projectors is indeed a projector
(ﬂ)\+ﬂ)\/)2 :ﬂi—l—ﬁg\/ —f—ﬂ)\ﬂ)\/ +ﬂ)\/ﬂ)\ Zfb\—f—ﬂ)\/ (4.4)

for A # ). Performing a measurement of a system variable at time ¢ that then takes
a duration of time T, results in the following probability of measurement outcome A
Pr[A(t) = A = ((t)|10x [¥(t)), and as a consequence of wave-function collapse (see

section 1.2.3) the (conditional) state vector is given by

W)
VWO ()

It is important to note that the projection operator is in general non-unitary, that is unless

(t+T)) = (4.5)

one keeps track of all measurement results the projection operation is an entropy increasing
process and does not preserve normalisation. These results are easily generalised form the
discrete case to the continuous case [53]| by taking the projection operator to a projection
density operator that satisfies the orthonormality condition II(z)II(z') = &(x — 2/)II(x)

where (z|2') = §(x— ') is the delta function. For a measurement of observable X we have

X = /OO oI1(z)da (4.6)

and the associated conditional probability of obtaining outcome in the infinitesimal inter-

val £ and x + dz is Pr[X' € (z,z +dx)] = | (z]p(t)) |*d.

Modelling quantum mechanical measurements via projective observables is inherently lim-
ited, indeed upon considering a photodetector which must absorb quanta of light for de-
tection to be made possible, it is clear that the state of the photons after detection is
not an eigenstate of the number operator since the photons have been destroyed. More
fundamentally, a system is never measured directly in experiment; a system is coupled to
an apparatus which is directly coupled to the variable of interest and an observer sub-
sequently measures the changes in the apparatus much like in the classical case described
in the preceding subsection. This of course can involve many steps and couplings; as an
example again considering a photodetector, if we wish to measure an atom this can be
coupled to a mode of the electromagnetic field which can generate a current which can
modify a display which emits more photons etc. this is known as a von Neumann chain.
This motivates the following review of system-apparatus measurements which first require

a formal introduction of quantum entanglement.
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4.1.3 Entanglement

The states we have looked at so far have all been single mode states, we now turn our
attention to the effects of including multiple modes. We begin with a two-mode system
consisting of modes a and b, the composite state of the two-mode system can be encapsu-

lated by the tensor product of the two modes

W) = 1), @ [0y (4.7)

and when such a representation is possible the state is said to be separable, however forms

of a two-mode system exist where such a state cannot be factorised for example

(W) = N ([9)a [#)y + 1903 [9)4) (4.8)

where, A/ is a normalising factor. Note that the notation of the tensor product varies in
the literature with equivalence between |¢), ® [p), = [¥), @), = [¥, ¢),, and subscripts
are often omitted. When a composite state cannot be written as a tensor product i.e when
it is not separable it is said to be entangled, indeed this is the definition of entanglement.
Entanglement is a pivotal resource in quantum enhanced metrology, it is important to note
that mode entanglement is just a single form the general phenomenon which is dependent
on the division of the Hilbert space, which describes the system of interest, into subsystems
[55]. As a concrete example, we shall inspect the two-mode Fock state [1),|1),. It is
instructive to recall the “first quantisation” of the electromagnetic field (which offers an
equivalent yet alternative description of photons) where, although photons are bosonic,

the notation used is that of distinguishable particles; for N photons we have
n) = |n1); @[n2)y @--- @ |nn)y (4.9)

where mode m; contains the ith photon and the total number of photons is given by
N =ni+n2+ ...+ ny. The subscripts on the kets have been included to discern the
representation of these distinct particles from the representation of various modes which
the kets usually denote. If we are then to rewrite the two-mode Fock state in this way, we
must take into account the indistinguishability of the two photons which demands that
all possible permutations of particle arrangements must be included in order to maintain

symmetry, hence

1), 1), = j§<|a>1 1B); + b, a)) (4.10)

so although the two-mode Fock state is clearly mode separable, the division of the Hilbert
space into “particle” subsystems reveals entanglement. This subtle point is of particular

importance when considering squeezed states as we shall see in the following chapter.
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4.1.4 von Neumann Measurement Schemes

A system-apparatus measurement scheme is known as a von Neumann measurement
scheme, this can be broken down into two steps: i) coupling of the system variable of
interest with an apparatus variable ii) a projective measurement of the apparatus vari-
able. If we are to consider the apparatus device to be a needle on a dial, the Hamiltonian

governing the measurement interaction is given by
H=gt)A® P, (4.11)

where, A is the observable of interest and P; is the conjugate momentum of the canonical
position variable of the apparatus device ¢4 such that ¢4, Pd] = ih and ¢(t) as a coupling
impulse function (corresponding to a non-zero value for only a very short time) and is

normalised so that

/ g(t)dt = 1. (4.12)

Following the calculation presented in Ref.[56], a brief analysis of the coupling process is
given here. The position of the needle is determined by the position operator ¢ such that
Gqa|r) = x|z) where z and |x) are the respective position eigenvalues and eigenvectors
of the measurement device’s needle. There is a continuum of possible eigenstates of the
position operator on our device’s Hilbert space so a general state vector of the device can

be decompose to

6(z)) = / o) |7} da (4.13)

where, ¢(z) is a functional probability amplitude which is reasonably assumed to be given

by
d(z) = (2rA) T /48, (4.14)

a normalised Gaussian distribution, of zero mean and variance A(= Agg). Turning our
attention to the system that we wish to measure, a general state vector can be decomposed

N
) = Zai ) (4.15)

where o; € C is the probability amplitude of obtaining the i*" eigenvalue of A upon
measurement. Since we are interested in the interaction between the system and the

apparatus device, we must consider the tensor product of the measurement device’s Hilbert
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space and the quantum system’s (that we wish to measure) Hilbert space H = H; ® Hq,

thus we will be considering the direct product of the vector states

) @ |p(x Zaz/¢> ) la;) ® |z) dz (4.16)

To inspect how this full system state vector evolves in time, we apply a time evolution

operator (a solution of the Shrodinger equation) which is given by

U(t) = exp(—iHt/h) (4.17)

Applying this to the system-device product space state vector (4.16) in conjunction with
the (time-dependent) Hamiltonian (4.11), the evolution of the system over time is thus

given by

U [0} ® |6(2)) = exp (—/Hdt) ) ® |6(2))

= exp(—iA ® Pd/h) V) @ |o(x))

(4.18)

from which we gain meaningful insight by inspecting the operator gy, over some interaction
time interval T. Using the fundamental theorem of calculus in combination with the

Heisenberg equation of motion, we find
4
14(T) — Gq4(0) = dt——
4a(T) — Ga(0) /o 9t

T

= H,§q)dt

| gt

T

-

T

-

:ai

APy, Ga)dt (4.19)

St .

(—ih)Adt

St .

where the final equality is true for eigenstates of A only. It is then evident that Ga(T) =
Ga(0) + a; so we infer that the system evolves each state vector by taking g4 to g + a;.

Decomposing the general state vectors in terms of the eigenbasis allows us to write

U(t) [¥) @ |o(x Zazlaz ® |p(z — a;))
(4.20)

= Zai /(QWA)}le(x‘“)QMA la;) @ |z) dx

thus the system and apparatus device become entangled. The probability density of

measuring the device’s pointer in state 2/, given by a projective measurement on the
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apparatus, is found to be

p(@) = (), ()| UT (@) |2) (& | U () [, () = | (2| U(t) |9, d(2)) |2
2
Za}f (a;] (=l / ZOZZ‘ |la;) (Qﬂ-A)—ie—(z—ai)QMA \z) dz

2
= (21A)"2 Za}‘ai (azlai) e~ @0 /4B (1|2 dp
i,J
2
= (21A) "2 Za;aigije—(x—ai)z/ué(x —2)dz
€T 17‘7

= (278)73 Y JayPem(x/ a0/

)

a multinormal distribution with many modes. It is then apparent that the process has
shifted the initial Gaussian distribution to another multivariate Gaussian distribution
dependent on the eigenvalues of the system observable. Note that this projective meas-
urement disentangles the system and apparatus; this can be seen through inspection of

the (normalised) final state

~

Vp(a') p(a’)

where M, = (z/| U(t) |¢(x)) is an operator that acts only on the system Hilbert space Hs.

4.2 Uncertainty Measures

Quantum parameter estimation concerns itself with the ability to encode and decode in-
formation onto, and from, quantum mechanical states of a system of interest. Since, in
general, only partial knowledge is attainable even with total knowledge of the prepara-
tion of a system state, an ensemble of identically prepared states is necessary. Given this
statistical nature, a natural question arises concerning how to quantify the fundamental
uncertainties involved in these processes. These uncertainties establish the fundamental
limits of encoding and decoding information, after doing so we can then ask how to op-

timally encode and decode information on quantum mechanical systems.

4.2.1 Helstrom-Holevo Lower bound

The first ultimate quantum limit for precision in quantum parameter estimation was in-
dependently established by both Holevo [57] and Helstrom [58] in the context of quantum
communication. Following the work of Milburn and Wiseman [53] we review the so called

Helstrom-Holevo lower bound and further the notion of uncertainty measure to that of the
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Fisher information. The underlying method to address optimality is to minimise a cost
function associated with the error of the estimated parameter of interest. Firstly, to get
a feel for precision bounds we review the derivation of the Helstom-Holevo lower bound
by considering the probe state (given as a density matrix) pg, the encoding of information

onto the probe is given by

po — px = X peiXG (4.22)

where G is a Hermitian “generator” operator and X is the parameter of interested to be
estimated via the measured parameter X, (the decoders best estimate of X) provided by
observable X.. The disparity between X and X, comes about from the possibility of a
systematic bias b(X) = (X.)y — X and the score function is given by the mean-square

(Xe — X))y = A2X, 4 [b(X)]? (4.23)

where the variance of the estimator (in px) is given by

A%X, = Tr[(X. — (X.)x)?px]- (4.24)
We note
d(Xe)x <§(§>X = —iTr [[Xe, G]px} (4.25)

and from the general Heisenberg uncertainty relation
2 2a o 1 ¢ A 2
A2X, A6 > Z‘Tr [[Xe,G]px] ‘ (4.26)
which reveals the lower bound

(Xe = X))y > Ell< C.3) b*(X). (4.27)

ERaACl
(AG)?) x
Considering the case of no systematic bias b(X) = 0 which implies (X.)y = X, thus

1
2
Xz e, (4.28)

where we have set X = 0 by acknowledging the commutativity of G with the unitary
parameter transformation. Note that for canonically conjugate observables [X , G] =1, it

is clear that this result follows immediately from the Heisenberg uncertainty principle.
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4.2.2 The Fisher Information

To address the notion of optimality and to introduce an uncertainty measure that will be
used extensively in the following work, we present a derivation of the so-called “Fisher
Information” based on that presented in Ref.[59]. To begin with, we explicitly define the
likelihood function which is the probability of obtaining data s when the true value of the
parameter we wish to estimate is 8, thus for a given probability function fy, the likelihood
is given by L(f|s) = fo(s) and the likelihood function is given by L(-|s). So if we have
fo,(s) > fo,(s), we infer that 0; is a more accurate value (closer to the true value ) than
f2. Note that L(f|s) is not the probability of 6 given that we have observed s. Generally,
we are interested in a point estimate of 6 so a value that maximises L(6|s) is desirable
hence we define 6(s) such that L((s)|s) > L(6]|s), V6 and refer 4(s) as the maximum like-
lihood estimate (MLE). Calculating the MLE often requires using optimisation methods
of calculus and as such we require fy(s) to be a continuously differentiable function of 6.

To this end, we define the log-likelihood function
I(-]s) = In[L(]s) (4.29)

noting that L(0(s)|s) > L(A|s) = I(A(s)|s) > 1(0]s). Furthermore for a sample (s1, ..., s, ),

the likelihood function is given by

n

L(0s1, ... sn) = [ ] fo(s:) (4.30)

i=1
which gives the log-likelihood as
n
1(O]s1,r50) = > In[fo(s:)] (4.31)
i=1

and since it is generally a simpler task to differentiate a sum than it is a product, the
advantage of the log-likelihood is revealed. In fact, this property is so useful that it’s

derivative is defined as the score function

al(0]s)
S(0|s) = 4.32
0s) =" (132
and then it is clear that the MLE is found by solving the equation
S(0s) =0 (4.33)

and ensuring that this solution is a local maximum at 9(3) by checking the following
condition is satisfied

aS(0)s)
0

_9°1(0)s)

<0. (4.34)

0=0(s)
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Now, suppose we have X, 0 € R and the following conditions:

W exists for each ,
and
Ey[S(0]X)] = /Oo er(x)dx =0
along with
* 0 (9ln[fy(x)]
/_ 55 (fe( )> =0
and finally
< 192 1n[fo(x
/Oo 8[9‘29()]‘]09(x)dx < 0.

Noting that in general

Ofo(z)  O0ln[fy(x)]
0~ op '@

* Ofp(x) ,
/_OO 20 dzr = 0.

Furthermore, condition (4.37) can be rewritten

o= [ 2 (292 )

we can rewrite (4.36) as

- [an;;w . (alg;wy] (o)

N /Z {8213(992&) + 52(9\%)] fo(x)dz

2 i
_ 5 [8 2(092' ) 4 52(9\95)] |

So with this and conditions (4.36) and (4.38) we can finally rewrite (4.37) as

2

Varg(S(0]1X)) = Eg[S*(0]1X)] = Ey ( 3892

The quantity on the left of (4.42) is defined as the Fisher information F(6)

Moreover, if Ep[S(0|X)] = 0 the Fisher information is given by

/fe <31Hf9( )]) e

1 (9fg(x)
ol < 20 )dw.

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

= Vary(S(0|X)).

(4.43)
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We also highlight the quantity

F(s) = TR oo (4.44)
which is referred to as the observed Fisher information, this serves as a measure of how
concentrated the log-likelihood function is at its peak. An important result that utilizes
the Fisher information is a bound known as the Cramér-Rao bound [60, 61] which states
that the variance of an unbiased estimator is as least equal to that of the inverse Fisher

information, that is

A20 >

30 (4.45)

where v is the number of repeats of the estimation procedure.

4.3 Quantum Fisher Information

Since the systems we wish to investigate are quantum mechanical, if we wish to use the
notion of Fisher information as a quantifier of uncertainty it is necessary to extend it’s
definition to encompass the fundamental aspects of quantum information. Some deriva-
tions of the so-called “quantum Fisher information” adopt a geometric interpretation of
the quantum measurement process [53, 62] in which the signal information parametrizes a
path through the space of quantum states and as such, signal detection becomes a matter
of abstract spatial distinguishability. Here we take the approach of Ref. [63] and begin
by introducing the symmetric logarithm derivative (SLD) as the self-adjoint operator Ly

that satisfies

9y _

1
= —|L L 4.4
20 2[ P9 + poLo) (4.46)

and recall the Born rule fy(z) = Tr[lI;pg] where {IL,}, [dzIl, = I are the elements of
a positive operator-valued measure (POVM) and py is the density matrix representation
of the state of interest parametrised by 6. From this we find 9y fy(z) = Tr[Ogpelly] =
Re{Tr[ppll;Lg]}. The Fisher information (4.42) then becomes

_ [ g Re(TrlplL Lo]}?
F(0) = /_ e (4.47)
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then maximising the Fisher information by optimising over the quantum measurements

we find

2
o ~ Tr[pGH:vLQ]
F6) < /oo d Tr[ppll,)

e VoV
B /—oo do T / Tr[peIl,] \/>L9\ﬁ

< / dx'Tr [Hngpg Lg]

= Tr[LgpgLy]

— Trlpy L] (4.48)
where now define Fy(#) = Tr[pgL3] to be the quantum Fisher information. We have thus
shown that the Fisher information of any quantum measurement is bounded below by
the quantum Fisher information (QFT). Clearly the SLD is a comparatively cumbersome

mathematical object to work with hence we aim to derive a more accessible form of the

QFT in terms of the eigenvalues and eigenvectors of py where pg |A;) = A\; |\;) so that
dpe Ipe
— A A
(%), <|( )
= §[<>\i’ Lopo |Aj) + (Xil poLo | ;)]
1
= 51X (Lo)ij + Ai(Lo)ij] (4.49)

which can be solved to reveal the SLD as

(Nil 36 1)

Lg)i; =2 4.
then using the fact that
1
Fo(6) = TrlpgL3] = 5 (Tr[L3po] + TrlLopoLy) (451)
we find the QFI to be
8/)9
4.52
=S Mgl (452)
If we are to consider the pure state pg = [1) ()| = p2, then we have
dpy _ Opg Opy 3P9
—_— == 4.53
o0 — o0 "o T on” (4.33)

so from (4.46) we have Ly = 2% and

()]

=4[ O (9)) — [ (' (0)(0)) ] (4.54)

Fg(6) = 4Tr
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where [¢)/(0)) = % |1(6)). Note that from (4.48), it immediately follows that

1 S 1
vE(0) — vFg(0)

A% > (4.55)

where the latter most inequality is referred to as the quantum Cramér-Rao bound.

4.4 Mach-Zehnder Interferometer

Interferometry exploits the principle of superposition in order to impart and subsequently
infer information of an external physical field of interest. A renowned and early use of this
experimental technique is the 1887 Michelson and Morley experiment [64] in which the
speed of light was shown to be constant, thus paving the way for special relativity. Our
interests lie in a specific kind of interferometer known as the “Mach-Zehnder” interfero-
meter (MZI) [65, 66] as depicted in Fig.4.1. The aim is to measure the phase shift ¢ as
precisely as possible which results in the question of what to input into the MZI in order

to do so? This is answered in the following.

Input 1 . a / c

Input 2

Figure 4.1: A Mach-Zehnder interferometer (MZI) consisting of two inputs states of light,
a linear crystal referred to as a beam splitter (BS) which allows the states of light to
interact, a phase shift ¢ on one arm (relative to the other arm), a second beam splitter
which allows for an interference interaction between the now phase-shifted light and finally

two photodetectors output of the MZI.

4.4.1 Independent Photons

To begin answering this question, it is useful to first note that the effect of each beam

splitter is to transform the input creation operators according to the following

al 1 (1 i\ [df

— — (up to an arbitrary phase) (4.56)
al V2 i 1 az
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and the overall effect of the MZI, with a phase shift on path b is thus given by

Q—+

1 (1 3\ (e o\ (1 i)\ [af

Hi
va\i 1)/ \o 1) i 1) \d

o —

. T
_ sin(¢/2)  cos(¢/2) e (4.57)
cos(¢/2) —sin(¢/2) ail

where, al, aL are the creation operators at the output. To gain some physical insight into

the MZI let us consider sending a single photon into input 1 so that we initially have

‘17 O>a,b = a'{ ’07 0>a,b — Sln(¢/2)al ‘07 0>c,d + COS(¢/2)QL ’07 0>c,d

= sin(9/2) |1, 0}, , + cos(6/2) 0.1), , (4.58)
thus the probabilities of detecting a photon at outputs ¢ and d are respectively given by
P, =sin*(¢/2), Py = cos*(4/2). (4.59)

Generalising this to a beam of N independent photons being sent into input 1 is straight-
forward since the number distribution of the photons at the output port is binomial. The
probability mass function thus gives the joint probability that m and N —m particles are

detected at ports ¢ and d respectively as

N!

N m pN—m

m

sin?™(¢/2) cos®™ ™) (¢/2).  (4.60)

We also have for a binomially distributed variable x over r experimental repeats with
probability of success p, the mean (expected) value and the variance of x are respectively

given by

() =r-p, (Az)*=r-p(1—0p) (4.61)
thus the mean number of photons and respective variance at output c are

sin?(¢)
4

(ne) = Nsin?(¢/2), (Ane)* = N cos?(¢/2)sin®(¢/2) = (4.62)

with similar analysis and results for output d. So from (4.62) we are able to infer the phase
shift by simply counting the number of photons at each output. Moreover, considering

the propagation of errors

(Ag)? (4.63)
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it becomes apparent that we have everything we need to determine the precision to which

we know the measured phase. So, using that agf = % sin(¢), we find

4
N2sin?(¢)
1
VN

this is the expected classical result otherwise known as the “Standard Quantum Limit” or,

(Ag)? = N cos?(¢/2) sin®(¢/2) =

1
N

= Ap = (4.64)

as will be referred to hereafter, the “Shot Noise Limit” (SNL). An increase in the number

of resources N yields a greater precision.

4.4.2 Coherent State

Here we investigate the effects of sending a coherent state |«) into mode a and not sending
anything (which is equivalent to sending the vacuum state |0)) into mode b as depicted in

Fig.4.2. We also take this opportunity to analyse the unitary operations that model the

/\¢\ ’

BS BS
b \ d

Figure 4.2: An MZI with a coherent state input in mode a and a vacuum state in mode b.

o) a

0)

action of the beam splitter and phase shift. We begin with the Hamiltonian of the linear

crystal that constitutes the beam splitter which is given by
Hy = hw(a'a +b'b 4 1). (4.65)

The beam splitter can be described by the interaction Hamiltonian (in the Sherédinger

picture) given by
V = hr(e%a’b + e %ab) (4.66)

from which we can show that [Hp, V] = 0 (which implies total photon number is conserved).

Furthermore, we find

Vi(t) = efot/hyemtHot/h — v — pig(e™alb 4 e abl) (4.67)
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in other words, there is no time dependence. Hence the interaction picture evolution is

given by
(1)) = e irueaTbreTab) 1)) (4.68)

Noting that the parameter k is dependent on the properties of the dispersive linear crystal,
we can choose the crystal properties to fix this parameter and similarly we can choose the
crystal thickness to fix the interaction time ¢ and as such it is useful to define 8 = kt.

With this we define the unitary evolution operator
Upg = e~ 0((a’bte™¢abh)) (4.69)

then setting § = 7/4 (which in practise amounts to careful arrangement of x and t) yields
the widely used 50:50 beam splitter. The action of a beam splitter on coherent states |«a)

and |B) (one in each mode) is then given by

*

(a+ b)] exp [\%(bf _af) -

6*
V2

«

V2

(0%

V2

(a' +b)

(b aﬂ 0), 10),

(4.70)

Ups o) |6) = exp [

then using the BCH formula (2.33) we find

Uns o) 19) = exp | Paf = ] exp | 22001 - 2 o), 1),

=[(a = B)/V2),|(a+B8)/V2),. (4.71)

Turning our attention to the phase shift operation, we have in the interaction picture
Hy = hw (aTa + ;) (4.72)
which, in the Schrodinger picture, gives the interaction Hamiltonian
V = —hka'a (4.73)

and since [V, Hy] = 0, photon number is preserved and V; = etHot/hyy g—iHot/h — Y/ g6 that
the unitary action of Vr is given by

—iVit/h

Ups =e = ¢idala (4.74)

where ¢ = kt. Returning to the scheme of sending a coherent state |a) into input 1 and
the vacuum state |0)) into input 2 of the MZI, we now have the initial state |¢;) = |),, [0),
and the final state
lvg) = UpsUpsUgs i)
= UpsUps |a/V2), |a/V2),
= Ups|a/V2), |e?a/V2),

= |a(l - €?)/2), la(l+¢?)/2), (4.75)
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b acts only on mode b. The measured intensities at the outputs

noting that here, Upg = €’
will then be

_ ol

1o =201~ cos(6) = P sin*(9/2)
ol?
I;= |2|(1 + cos(¢)) = |af? cos?(¢/2) (4.76)

note that the measured intensity is equivalent to the probability of a detection at the given

output. The mean and variance of the detected photon number are found to be

(n) = la|* cos(¢)
A%n = |af?sin?(¢) (4.77)

then from (4.63), we find

_ lolsing) 11
A9 ol (—sin(@))] ~ Tol ~ Vi e

where we have used the fact that the average number of photons in a coherent state is

given by 7 = (7)) = |a|?.

4.4.3 Entangled Photons

Since quantum mechanics permits correlations amongst photons we can manipulate and
exploit these effects in order to improve upon the precision given by the SNL, indeed this
is the aim of quantum enhanced metrology. An insightful such example of these techniques
is given by preparing the resources (before the phase shift) in the so-called “NOON state”
- a highly correlated state of the original N resources. More concretely, the NOON state is
a maximally entangled state comprising of a macroscopic superposition of all N photons
on one path of the MZI and all N on the other. The state (before the phase shift) is given
by

[9v00n) = Z=(IN.0)qy+ ¢ [0.3),,) (179)
where the value of the phase 6 is determined by the specific preparation of the state (it
is not the phase shift of interest) which is a notoriously difficult process in itself [67] but
has been experimentally achieved [68, 69] for up to and including states of size N = 5. It
then becomes apparent that all N photons will be subject to the phase shift on the one
path or nothing will experience the phase shift (¢f. independent resource case where half

would and half would not)

[W(¢)noon) = —=(eN?|N,0),, + €N |0,N),,). (4.80)

Sl
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Choosing 0 = 7/2 and using (4.57), the overall effect of the MZI on the NOON state is

that all photons will be detected at either output ¢ or output d with probabilities
P.=sin?(N¢/2), P;=cos*(N¢/2) (4.81)

thus the observed interference fringes vary N times faster than the outcome fringes of
sending N independent (uncorrelated) resources through the MZI. Indeed the average

detected photon number is given by
(n) = cos(No) (4.82)
and the variance is found to be
A?n = sin?(N¢) (4.83)

then using the propagation of errors (4.63) the precision is found to be

sin?(Ng) 1
(—Nsin(N¢))2 N2

A% = (4.84)

hence A¢ = 1/N. This is the optimal rate at which the accuracy of a measurement
can possibly scale with resources and is known as the Heisenberg limit [70]. This can be
mathematically proven by calculating the QFT of the NOON state (as shown below) since

the QFI implicitly optimizes over all possible measurements.

4.4.4 QFI Example

So far we have been bounding the precision of the parameter estimates by the propagation
of errors given by (4.63). Here we take the NOON state example above and find the
associated quantum Cramér-Rao bound via calculation of the QFI. For convenience eqn.

(4.54) is given again here
Fo(¢) = 4 [0 (&)[W(9)) — | (¥ (9)]1(9)) ] (4.85)
where here we have

¥(9)) = [(¢)nvoon) = —=(e?|N,0),, + €70, N), ) (4.86)

Sl

and

[ (¢)) = %eiw IN,0). (4.87)

The relevant state overlaps are then found to be

Wl = (T3 oo (v ) < I8 sy
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and

iN

1, N
WD) = (7N (N0l =i 0, N) =™ |N0) = = (4.89)
so that the QFI is given by
2 AT |2 2
FQ:4<Z\;—”2V ):4-]2 = N? (4.90)

and the quantum Cramér-Rao bound becomes

_ (4.91)

A¢p > = —
¢2 N

which is the ultimate precision capabilities of the initial NOON state since the QFI impli-
citly optimises over all possible measurements. At this point we take the opportunity to
give a more concrete definition of the Heisenberg limit in conjunction with the Cramér-Rao
bound. There is some discrepancy in the literature with regards to what is specifically
meant by the Heisenberg limit, the general consensus being that it is the regime in which
the precision scales as the inverse of the resources used. We take the following strict
definition that for a precision given by

k
Ap = Ne where, ¢ <1 (4.92)

for some constant k£ and where N is the mean number of resources used, the Heisenberg
limit is attained when ¢ saturates its bound. So we cannot achieve a scaling better than g =
1 but can aim to minimise k. As evidenced by the NOON state, a 1/v/N enhancement in
precision over the SNL is achievable in principle when using the same number of resources
but employing correlations. This seems like a fantastic result but the NOON state has some
drastic drawbacks; as previously mentioned it is very difficult to prepare, but moreover, it
is extremely susceptible to decoherence once prepared. Indeed if we take a rough model of
decoherence to be a measurement made by the environment on the system, the qualitative
effect of decoherence becomes apparent - the superposition of the state must collapse onto
one of its components
iNg
¥(9)voon) = é(w N0}, + €0, N),,) — § 0D gy
eNj0,N), (2)

so if we obtain case (2) we clearly cannot determine any information about the phase of
interest ¢. However, if case (1) is obtained it may seem like we can infer some information

about ¢ but this is now a global phase and thus unmeasurable. Taking the more rigorous
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quantum jump approach [21] yields a mathematical description of the state given by the

density matrix

1 A . A A
P zie—%(e“\’d’ IN,0) + N0, N)) (V% (N, 0] + M (0, N|)

DO | =

+ 5 (L=e)> " Cul(In, 0) (n,0] +10,7) (0, ) (4.94)
1

where, ¢ is the time of evolution and + is the rate that photons are lost by the field (the
emission rate) which here, is dependent on the number of photons N. Our interest lies in
the first term of (4.94) containing information on the phase shift of interest. This term is
associated with an exponentially decreasing factor dependent on - hence this term rapidly
falls off leaving the much more probable classical result given by the second term which

contains no information on the phase shift.
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Chapter 5

Quantum Correlations in

Quantum Enhanced Metrology

In this chapter, the role of quantum correlations in the setting of optical quantum en-
hanced metrology protocols are investigated. In particular, two distinct types of quantum
correlations used in probe states are identified and contrasted in terms of the precision

enhancements and the practicalities of implementation.

This chapter is based on the papers:

(1) Practical quantum metrology with large precision gains in the low photon number re-
gime, P A Knott, T J Proctor, A J Hayes, J P Cooling and J A Dunningham, Physical
Review A 93, 033859 (2016)

(2) Local versus global strategies in multiparameter estimation, P A Knott, T J Proctor,

A J Hayes, J F Ralph, P Kok and J A Dunningham, Physical Review A 94, 062312 (2016)

5.1 Quantum Correlations

A quintessential application of quantum enhanced metrology involves the utilisation of
quantum mechanical correlations (i.e correlations present in nature that cannot be un-
derstood through a classical description) among the resources that constitute the probe
state (typically particles such as photons or cold atoms), this can result in higher precision
measurements with lower particle flux. This is especially useful for biological sensing [20]
where radiation incident on the sample could appreciably damage it [71]. Another relev-
ant potential application is that of gravitational wave detection [19] where the mirrors can

suffer from distortion if the photon flux is too high [72, 73]. Here we focus on optical MZI
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schemes where we investigate how to use quantum correlations in order to improve on
the SNL, much like in the NOON state example given in the subsections 4.4.3 and 4.4.4.
Moreover, we pay close attention to the type of correlations we employ and in anticipation

of this we identify two distinct types of correlations:

e Intramode correlations are the interdependence of resources established within a

spatial mode of the MZI.

e Intermode correlations are the interdependence of resources established between

the spatial modes of the MZI.

In the example of the NOON state, entanglement establishes correlations between spatial
modes hence the scheme utilises intermode correlations. The reader is also reminded that
the practicalities of these particular probe states posit severe limitations in the practical

metrological usage of them. A renowned example of the use of intramode correlations is

Moving
Mirror

Input 1

Detector

Figure 5.1: The gravitational wave detection scheme as proposed by C. Caves [74] using
a Michelson interferometer. A squeezed vacuum state |() is injected into the previously

unused port thus introducing intramode correlations into the scheme.

the scheme put forward by Caves in 1981 [74] which modified the usual usage of a Michelson
interferometer (essentially a MZI folded in on itself and is in fact mathematically equivalent
in its description). The original scheme involved a coherent state of light being injected
into one of the ports of the interferometer and the other port was left unused (equivalent to
a vacuum state |0) input) as displayed in Fig.5.1. A gravitational wave imparts a change in
the path length of only one arm of the interferometer which consequently shifts the position

of the associated mirror and results in a phase difference between the light on different
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arms of the interferometer. Caves introduced intramode correlations to this scheme by
analysing the effects of injecting a squeezed vacuum state into the previously unused arm of
the interferometer. Using this technique with N resource photons and squeezing strength
¢ = re® it can be shown that phase estimates can be made, in principle, to the following

precisions

€ for N>r

VN
A¢ = ﬁ optimising over r (5.1)
% optimising over measurements

and furthermore, it has been shown [75] that when photon losses are accounted for in the
limit of large photon number N, this scheme is actually optimal which, in stark contrast
to the intermode-correlated probe states, demonstrates the robustness of the intramode
correlations approach. Given that both the NOON state example and the Caves scheme
can in principle achieve the Heisenberg limit and that they rely on inter- and intra-mode
correlations respectively, we investigate the usefulness of each type of correlation and put
our findings to use by introducing previously unexplored probe states that are constructed

based on the following investigation and yield large precision gains.

5.1.1 QFT for Path-Symmetric Pure States

Q

Pa

|¢zn> BS

DV

Figure 5.2: The general interferometry scheme used in the following investigation. Path

symmetric states are used to exploit the natural symmetries of the MZI.

The following exploits the natural symmetries of the MZI in that we only consider pure,
path-symmetric states, as depicted in Fig.5.2. It is first useful to note that if the phase is
imprinted onto the probe state through a unitary operator of the form U(¢) = exp(i¢O)
we are able to rewrite the QFI (4.85) as

Fo = 4((0%) — (0)°) = 4(A%0). (5.2)
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The probe state in Fig.5.2 undergoes a phase shift that affects each mode and is of the
form U = expli(¢aata+ ¢pbTb)], then defining OF = (afa£bb) and ¢+ = ¢, & @) we have

U = expli(¢pTOT + ¢~ 07)] (5.3)

noting that the phase difference ¢~ = ¢, — ¢ is the quantity of interest. There are
some subtleties of phase estimation that must be addressed here and have been detailed
in Ref. [76]; if the phases ¢, and ¢ are both defined relative to some reference phases
(independently) then the estimation of ¢T is a two parameter problem requiring a two-
parameter form of the QFI (known as the quantum Fisher information matrix). On the
other hand, if no reference phases are available then the sum ¢ is of no relevance and must
be averaged over, however for a path-symmetric pure state it has been shown [76] that the
QFT is unaffected by such phase averaging and is in fact given by Fp = A2 (afa — b'b) =
Var[aTa — bTb] then since the number operators are given by 7, = a'a and 7, = bb, the

QFTI can be expressed as

Fo =2 ({#2) = (a)” = (fia @ o) + (2a) (i)

= 2 (var[fia] — covlfia, 1)) - (5.4)

where we can replace n, with n; in the variance term. Furthermore, we note that it has
been shown [77] that for all path-symmetric pure states the optimal measurement scheme
is to perform mixing of the two modes via a balanced beam splitter and count the photon
number at the outputs. From this we can in fact rewrite the QFI once more in a form that
plainly reveals the role of intra- and inter-mode correlations. To this end, we introduce
the Mandel Q parameter defined as Q = (var[n,] — (7q))/ (fq) and the mode correlation
factor J = cov|ig, np]/var[ng], it is then just a case of simple rearrangement to arrive at

the following form of the QFI

Fq

n(l+Q)(1-J) (5:5)

where 7 is the average photon number in each mode and as noted in Ref. [78] the mode
correlation factor is bounded —1 < J < 1 in contrast to the Mandel Q factor which has
no upper bound. Since the Mandel Q parameter is a variance based quantity whereas
the correlation factor is covariance based, this immediately suggests that the intramode
correlations can contribute more to precision gains than the intermode correlations. The

following work looks to investigate and exploit this indicative result.
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5.2 Squeezed-Entangled State

Since it is clear that both intra- and inter-mode correlations can contribute to precision
enhancements, we introduce a state that utilises both types of correlations which we refer

to as the Squeezed-Entangled state (SES) and is of the form

where the normalisation factor is given by

N = [2 (1 + C()Shlw)] _1/2. (5.7)

In order to find the QFI, as given by (5.4), we first evaluate the term

varliia] = (¥sps| (a'a)’ [¥sps) — ((Wsps| alalvses))?
= N2 (Cl(ata)* |¢) = N (¢ aTalc) (58)
where we have used a(0), = 0, then noting that the last term is simply the average photon
number of the squeezed vacuum state and is well known to be (¢|afa|¢) = sinh?(r) we are

left with the task of evaluating the first term which, using the shorthand S(¢) = S can be

expressed as
(| (aTa)?|¢) = (0] STaTSSTaSSTal S STas |0) (5.9)

then using the transformations given by (2.49) we are left to deal with a lot of terms but
due to the action of the annihilation operator on the vacuum state many of the terms

vanish and we find
(¢|(aTa)?|¢) = 2sinh?(r) cosh?(r) + sinh*(r) (5.10)

so that
var[fig] = N2 sinh?(r) [2 cosh?(r) + sinh?(r)] — N*sinh?(r). (5.11)

For the covariance term in (5.4), we immediately note that again from the action of the

annihilation operator on the vacuum state

(Whses| haf [Vses) = N2, 0]+ (0,¢]) atab™d (|, 0) + 10,¢)) =0 (5.12)

and moreover, since we are dealing with path symmetric states we have (fn,) = (). The

expression for the covariance is then

cov[ng, np| = (Ngnp) — () (i)
= —((tbsps|a'a|vsEs))?

= —N*sinh?(r) (5.13)
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Figure 5.3: [79] Plots of the quantum Fisher information for the NOON state, the Squeezed

Entangled State (SES), the Separable Squeezed Vacuum (SSV), the Caves’ Squeezed-

Vacuum-Coherent-State (SVCS) and the Squeezed Cat State (SCS).

and the QFT is found to be

Fg = 2 (var[ng] — cov]ig, np))

= 2N?sinh?(r) [2 cosh?(r) + sinh?(r)] . (5.14)
The mean number of particles in the whole state is given by
n =2 (Ysps|alalbsps) = 2N ((|ala ) = 247 sinh*(r) (5.15)

where the factor of 2 is due to the symmetry of the modes. The QFI can then be rewritten

as

Fo=n <2 + ;’A?_;Z) (5.16)
then for 7 > 1 we have N'? ~ 1/2 and thus Fg ~ 7i(3n+2) which, in the asymptotic limit,
is a factor 3 improvement over both the NOON state and the probe state used in the Caves
scheme. In Fig.5.3 we compare the QFI of these probe states in addition to another notable
state — the separable squeezed vacuum state (SSV) — given by |[¢ssv) = [(), ® [()
which can be made using only Gaussian operations and is the optimal such state with
Fo= n242n. From the plots in Fig.5.3 it is apparent that in the low photon number regime
n ~ 1, the precision gains are even more substantial with F(vsgs) ~ TF(1)nvoon) and
moreover, the potential for precision gains through the use of the SES and in particular,

through the use of the combined intra- and inter-mode correlations, is clearly depicted.
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5.3 Squeezed-Cat State

Although the SES shows great potential for high precision gains, the practicalities of
engineering such a state severely impede it’s metrological use. The underlying reasons
become apparent when considering the fact that the SES is a coherent superposition of
the NOON state and although techniques exist for creating NOON states [67] the non-
linearities required for this are difficult to implement in practise. Furthermore, the result
(5.5) suggests that the largest contribution in sensitivity should come from the Mandel
Q parameter i.e intramode correlations. This motivates the investigation into a more
practically viable, intramode correlated probe state. In order to find such states, we turn
our attention to the non-Gaussian Cat States as given by (2.88) which are superpositions
of coherent states and analyse the effect of squeezing on these state. The squeezed cat

state (SCS) is then given by

lpscs) = NS(Q)(Ja) +[—a)) (5.17)

where the normalisation factor is given by N' = (2 + 26_20‘2)_1/ 2. For phase estimation as

depicted by Fig.5.2, a two-mode state must be considered so we investigate the state

[Vscs) = [vscs), ® lwscs)y (5.18)

so this probe state does not exhibit any mode entanglement and thus it does not exhibit
any intermode correlations. The QFI is now calculated using (5.4) and noting at once
that cov|fig, 7p) = 0 since the state is mode separable thus Fy = 2var[n,]. With this, after

some algebra we find
Fo = 4(st + 53) + 202 (kcq — s4) + 20t [es — K84 — (ke — 82)°] (5.19)

using the shorthand where, s, = sinh(k(), ¢; = cosh(k() and & = (2 — 2e729°)(2 +

26*20‘2)*1. Furthermore, the average total photon number can be found to be
i = 257 + 202 (key — 52) (5.20)

from which it is evident that the QFI cannot be expressed directly in terms of n. Note
that in the limit of @ — 0 the QFI becomes Fp = n? + 2n which is exactly that of
the SSV. Since the SSV is the optimal Gaussian state, it is clear that this non-Gaussian
outperforms all Gaussian states. In Fig.5.3, the QFI is optimised over a and ( and it
is apparent that the SCS provides vast improvements over the NOON state, the Caves
state and the SSV. Some small gains over the SES are achieved by the SCS but it’s
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Figure 5.4: Plots of the Wigner functions for the Cat State (left), the Squeezed Cat State
(centre) and the phase-shifted Squeezed Cat State (right). It is evident that squeezing the

cat state reduces the overlap of the fringes of the states before and after a phase shift.

crucial advantage over the SES is that it has been experimentally realised [80, 81, 82].
For example, the method of Huang et. al [82] initially prepares two separate squeezed
vacuum states and subjects one to a 7/2-phase shift before interacting the states in a
beam splitter of variable transmissivity, finally a photon number counting measurement
is performed on a single mode thus heralding the SCS on the other. The SCSs they are
able to produce are of 67% fidelity and of amplitude || = /3. In principle, one could
directly apply squeezing [83, 84, 85] to a Cat State since there are a myriad of techniques
to experimentally generate Cat States [86, 87, 88]. In order to gain some intuition on
what is generating these high precision gains we turn to the Wigner function, as defined
in subsection 2.2.1, to help visualize the measurement protocol. The Wigner function and
the QFI are in fact related through a mathematical object known as the fidelity where
for the state |¢) and the infinitesimally phase-shifted state [¢)(d¢)) the fidelity is given by
F = | {(y(6¢)|¥) |? [89]. In turn, the fidelity is given in terms of the Wigner function as

F:w/fmmwmw (5.21)

thus if the overlap of the Wigner function of the state before the phase shift with the
Wigner function of the state after the phase shift is small, the QFI will be large. Hence it
is desirable for a phase shift to result in as little overlap of the associated Wigner functions
as possible. Indeed from Fig.5.4 it is evident that the precision enhancement comes from
the small overlap of the fringes - which is a manifestation of the quantum interference of the
superposition state - of the state of the probe before and after the phase shift which is given
by a rotation in phase space. Clearly, the greater the squeezing, the smaller the overlap and
consequently, the greater the sensitivity. The detection scheme is a combination of mode
mixing and photon counting; photon resolving detectors are an area of active research
[90] and devices of high resolution in the low photon regime have been demonstrated

[91, 92, 93] which is of particular relevance to this the present work. By considering this
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classical Fisher information, this measurement scheme can be shown to be optimal [79].
This has demonstrated that intramode correlations alone can provide substantial precision
gains and has the advantage that the preparation of these probe states are more practical
than their intermode-correlated counterparts. Furthermore, it was shown in Ref. [79] that

the SCS demonstrates the potential for robust phase measurements up to 27% loss.

5.4 Multiparameter Estimation

=)=

Preparation : Measurement

2

Figure 5.5: The general setup of a quantum optical multiparameter estimation scheme in
which the “preparation” stage involves the creation of an M-mode probe state which is
subject the g = (01, ...,05r) linear phase shifts and subsequently the multiple parameters

2

¢; for i € {1,...,d}, which are functions of 5, are read out in the “measurement” stage.

It is often desirable to estimate multiple parameters at once, gravitational wave detec-
tion is one such instance [94] in which knowledge of quantities such as direction and polar-
isation of the wave are desired. Under this generalisation, we once again ask: which type of
quantum correlations can better offer practically attainable, higher precisions? Multimode
entanglement schemes which simultaneously measure all parameters have been shown to
offer substantial precision gains [95], however this scheme only deals with fixed photon
number states (a constraint that is relaxed in the following work) and it has also been
shown that multimode entanglement can be detrimental to quantum metrological proto-
cols [96, 97]. The general problem of multiparameter estimation is depicted in Fig.5.5, the
aim is to estimate d parameters given by the vector qg = (¢1, 2, ..., ¢q). In order to estab-
lish a precision bound on the ith parameter, the notion of QFI is extended to encompass
multiple parameters. To this end, we introduce the quantum Fisher information matrix

(QFIM) which is defined by [63]

—, -,

F = ($(O)| (LiLm + L L) [¢(3)) (5.22)
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where L; is the symmetric logarithm derivative, given by

Ly =2 (|00(8)) ((3)| + [(6)) (O ()] (5.23)

with |90 (¢)) = 8%% l(4)). The imprinting of the phase information of multiple paramet-
ers onto some (d_; independent) multimode probe state [¢) is mathematically modelled by

the unitary operator

d
U(¢) = exp (z > ¢>iO}-> (5.24)
i=1

where the operators denoted by O; are Hermitian and are mutually commutative [Ol, O]] =

0, Vi, j. With this, we find the QFIM reduces to
Fl% = cov[0;, Oj] (5.25)

where the covariance is taken with respect to the initial (qg independent) state [¢)). For
the case of optical M-optical mode phase estimation, as given in Fig.5.5, we take 0; = g,

the number operator, so the phase shift generator is given by
M
Uf) =exp | i) _0;n; (5.26)
j=1

where, as will become apparent in the specific examples that follow, d < M and ¢; is a

function of 0;.

5.5 Local vs. Global Strategies

Multiparameter estimation schemes in the context of optical quantum metrology schemes
have been shown to offer precision enhancements [95, 98, 99] but the origin of these
enhancements is not known. This issue is investigated here through considering how the
types of correlations used affect the precision enhancements furthermore, the practicalities
of such schemes are highlighted here. As such we define a “local estimation strategy” as a
scheme in which the input ((g independent) state is separable and the final measurements
made are attained using exclusively local operations. This means that in a local multimode
estimation strategy, each parameter can be estimated individually. With this we define
a “global estimation strategy” as any strategy that is not local. We now present two

examples of global schemes with local analogues and show that for probe state with unfixed

photon number, a key resource for high precision gains is a large photon number variance.
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Figure 5.6: A network of quantum sensors modelled by a multimode collection of parallel

Mach-Zehnder interferometers, each of which yields a phase difference to be measured.

5.5.1 Parallel Interferometers

The first example considered is essentially a generalisation of the MZI to the multipara-
meter setting, this can be thought of as a network of quantum sensors and has practical
application to gravitational wave detection [94]. Using Fig.5.5 as a starting point, we take
M = 2d, where the ith interferometer is given by the modes 2i—1 and 2i with i € {1, ...,d}
and we re-parametrize the phase shifts to the phase sum and difference within the ith in-
terferometer (the latter quantity being the parameter of interest) i.e ¢+ = ;1 £ 02; as

depicted in Fig.5.6. Consequently, the phase shift operator takes the form of

U(¢) = exp <¢Z [@-,o} + %OHD (5.27)

i=1
where, gz; = (¢1-y ey Og— P14+ ---, @g+) and the Hermitian generating operators are given
by
A 1, . .
Oii = 5(7121;1 + nl) (5.28)

thus the QFIM takes the form ngi = 4COV[Oii, Oj:i:]. Since we are dealing with a network
of MZIs, we are again able to exploit the natural symmetries and as such we consider states
that are symmetric with respect to swapping interferometer labelling and symmetric with
respect to swapping the modes in each interferometer hence the variances of all the modes
are equal var[n;] = var[n;| = V. Furthermore, the covariances of two modes within the
same interferometer are equal for any two interferometers Co;—12; = C2j-12; = Clntra
where C; ; = cov[n;, ;] and additionally Coi—1; = Com—1n = Crnter for j # 2i — 1,21
and n # 2n — 1,2n. For the case of both parameters taking “+” the QFIM can then be

expressed as

F:I: o = Coi_12j—1 + C2j £ C2;2j—1 £ Coi—_12; (5.29)
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and for the case of opposite signs we find
Fi?tjx = Ci-12j-1 — C2i2j £ Coi 251 F Coi-125 (5.30)

from which it is evident that Fi? - = F{? . =0, Vi # j and that F{? . = 4Clyra, Vi # J.
For the case of i = j we have Fz'?tﬁ = 0 (off-diagonals of the QFIM) and Fi?tﬁ =
2(V %+ Crytra) (diagonals terms of the QFIM). The QFIM can then be expressed as

p@ - |2V~ Gl 0 (5.31)

0 M
where, I is the d x d dimensional identity matrix and M = A(I + wZ) with A = 2(V +
Cntra — 2Cnter), W = 2Cmter/(V + Crntra — 2Cmter) and Z is the d x d dimensional matrix of
all 1’s. Calculation of the corresponding quantum Cramér-Rao bound requires finding the

inverse of the QFIM and consequently the inverse of M, indeed the inverse of any matrix

of the form M is given by

1 w
Mtl=2(1-—17T .32
)\< 1—|—wd> (5:32)

but this term is not of physical consequence as we are interested in the ¢;- terms only; this
quantity is required only for the calculation of the terms of interest. The inverse QFIM is

then

2(V — Clagra) 1T 0
pa 2 fners) (5.33)
0 M1

and the bound on precision for the parameter of interest is found to be

A%¢;- > L

= m (5.34)

noting that this is for the individual phases. From this we can conclude that the variance of
the probe state’s photon number and the correlations within an individual interferometer
are the only quantities that affect the precision of the phase estimate and hence entan-
glement between interferometers (sensors) is not necessary. Further understanding can be
attained by rewriting (5.34) in terms of the Mandel Q parameter and the correlation para-
meter which for multimode schemes, are given by Q; = (V; — ;) /n; and Ji; = Cij//ViV;
respectively. Since in this example all modes have the same Q; we denote Q; = Q and we

have for the correlation parameter J;; = Cntra/V = J so that (5.34) becomes

1
2n(14+ Q)1 —J)

Ap— > (5.35)
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where, n = n; = (n;) is the average photon number in the individual ith mode. Noting
again that Q is not bounded above but the correlation factor is bounded by —1 < 7 < 1,
it is apparent that correlations between modes within each interferometer can provide a
maximum of a factor 1/4/2 improvement, so there is far greater potential for precision

gains through increased photon number variance which contributes to the Q parameter.

Generalised Entangled Coherent State

In the established setting of a network of parallel interferometers, we now contrast specific
global and local strategies through the analysis of a multimode entangle state and the
analagous mode separable state. For this, the generalised entangled coherent state (GECS)
is introduced as

[bac) =Ny > Da(ay) [0) (5.36)

aeM

where D,(y) is the displacement operator (2.32) acting on the ath mode, N is the
normalisation factor, M is the set of M = 2d modes and |0) is the vacuum state of the

M = 2d states. The precision bound is found to be

d d
A2 > N 5.37
96C 2 R agP 1)~ Ny(Ny + 1) (5.37)

where the total average photon number is Ny = |ay|?/[1+ (2d — 1)el2s*] and for lag| > 1
it follows that Ny & |ay|?. Noting that if each interferometer is considered separately, the
standard quantum enhanced precision is the Heisenberg scaling A%¢ > 1/(2n)% = d?/N?
where the total average photon number N = 2dn, it is then clear that the GECS yields
an order d improvement over the standard quantum enhancement. Now, consider the

analagous mode-separable unbalanced cat state (UCS) given by
[Yues) = Ne(lac) +110)%2¢ (5.38)

where N, is a normalisation factor and v € R is a weighting parameter. The precision
bound is found to be
d N d

Alpyos > N T
N. (|ozc|2 vl ﬂ) N, (gdec n 1)

(5.39)

where, N. = 2d|ac|?/(12 4+ 1 + 2ve~1*<[*/2) and the approximation holds for |ae| > 1.
For a balanced cat state (v = 1) the precision bound scales as the standard quantum
enhancement, but when taking v? to scale with d the bound scales an order of d better

i.e the mode-separable UCS performs just as well as the GECS. Moreover, holding the
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total photon numbers equal N, = N, and taking |a.|, |y > 1, then for v? > 2d we
have A2¢pcs < A2¢pae. Not only can the UCS provide higher precision estimates, all
measurement operations are local and can be achieved via two-mode mixing and photon
counting which, as previously mentioned, is the optimal measurement for path-symmetric
pure states [77]. In contrast to this, global measurement strategies generally require much

more practically demanding measurement techniques.

5.5.2 Multimode Quantum Enhanced Imaging

Here we investigate a scheme put forward by Humphreys et. al [95] in which d phase
shifts are measured relative to one reference mode akin to quantum imaging protocol
[100, 101, 102]. Again using Fig.5.5 as a starting point, we take M = d + 1 to be the
number of modes and q; = (¢1, ..., 0q) where, ¢; = 0; — Oq11. Setting 0411 = 0 gives the
generator of ¢; to be n; and as such the QFIM becomes FZ? = 4cov[n,, ;]. Once again
there is a symmetry in the system that can be exploited, thus we take symmetry between
the d modes of the probe state (this does not include the reference mode in general) which
gives V; = V; =V, Vi,jand C;; = Cp,p = C, Vi # j,m # n so it immediately follows
that Fif =4V, Vi and F|J = 4C, Vi # j. The QFIM then takes the form

FQ =4V -0) (11 + 57 (_7 CI) . (5.40)

Again, the inverse of a matrix of this form is given by

) 1 c
F) = vy (H V- 1)CI> (5.41)

so that the bound on the precision estimate is given by

A2, > V4 (d-2)0C

SV OVt d-1] (542)

Again, further understanding can be gained through expressing this bound in terms of the

Mandel Q parameter and the mode correlation function J = C/V
f(d,T)

A%¢; > 5.43
¢ “4n(14+9)(1—-J) ( )
where 7 is the average photon number in the individual mode and
1+(d-2)T
d =—— " ~1 for d>1. .44
f(d, ) TFd=1)7 or d>> (5.44)

Again, since the correlation factor is bounded and the Mandel Q parameter is not bounded
above, it is clear that multimode correlations can only provide a small constant factor to

the precision enhancements on the estimates.
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Generalised NOON State
Here we build upon the specific example provided by Humphreys et. al which uses the
generalised NOON state which is given by

1

[Yan) = \/7772

[IN,0,...,0,0) + |0, N, ...,0,0) + ... + (0,0, ..., N,0) + 70,0, ..., 0, N)]
(5.45)

where v € R is a weighting parameter for the reference mode. The precision bound is

given by
2 (d+9*)(1+7%)
A pan = 1IN (5.46)
which is minimised at v = d*/4
14 Vd)?
A2y > LTV vd) (5.47)

4N?

which is an order d improvement over the standard quantum enhancement, note that v = 1
gives equivalent scaling. This demonstrates the benefits of a global estimation strategy for
states of fixed total photon number, we now consider the larger class of states which have
fixed average photon number. To this end, the mode-separable unbalanced “NO” (UNO)

state is introduced
[Yuno) = Nu(IN) +v|0)M (5.48)

where Ny is the normalisation factor and v € R is a weighting parameter. Setting v =
1 gives the same precision bound scaling as M individual NOON states. Setting v =
\/d—i—’y72—1 (or indeed just demanding v o \/&) yields the precision scaling (5.46) given
by the GNS. A multimode measurement is required for the GNS [95] whereas the UNO
state scheme only requires a collection of single mode measurements to be performed
after the phase shifted probes have mixed with the reference mode (the particular mixing

mechanism depends on the particular probe state used).

5.5.3 General Procedure

From the previous analysis, it has become apparent that the key characteristic for the large
precision gains in multimode optical quantum metrology schemes is strong correlations
within each mode and as such, multimode entanglement is not an essential property to
this end. Considering the GNS, the precision enhancements can be attributed to the

scaling of the Mandel Q parameter where, denoting the order of scaling by O(-), we have
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Q = O(din) = O(N) as opposed to O(7), so for fixed ni the global strategy grows with
number of modes d but since the Q is a local property of the individual mode, the same
scaling can be achieved through a judicious choice of a mode-separable state. Indeed, for a

general M-mode path-symmetric state |¥), it is possible to construct a single-mode state
oo

(V) =D [(n|¥)[|n) (5.49)
n=0

so that by construction, the M-mode separable state [¢(¥))*™ and the global state |¥)
both contain the same average number of photons and Q(|¥)) = Q(|¢)*™). Therefore,
the separable analogue of any multimode scheme can be tuned to outperform the global
strategy which can only exhibit a factor of v/2 improvement over the separable state before

any modifications are made to it.

In this chapter, we have shown that local estimation schemes can perform just as well
and even surpass global estimation strategies. Moreover, local strategies offer import-
ant practical advantages such as flexibility in the distribution of resources in the probe
state over the modes, easier probe state preparation as entanglement is not necessary
and robustness to local estimation failure; if estimation fails on one mode, the rest of the
measurements are still valid whereas this is not the case for a global scheme due to the

multimode entanglement.
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Chapter 6

Quantum Metrology with Time as
a Limited Resource: Concurrent

State Preparation and Readout

In this chapter we analyse the traditional quantum metrology protocol under the real-
istic condition of time being a limited resource and propose a more effective use of this
resource. This is achieved through the investigation of an N spin-1/2 system used for
magnetic field sensing. We investigate two distinct protocol; one of which explicitly takes
into account non-negligible state preparation and sensing times while the other also in-
cludes non-negligible readout times. Using the natural transition from the N-spin system
to the optical setting provided by the N — oo bosonic limit, we are also able to perform a
similar analysis in the optical setting. It is revealed that entanglement does not necessarily
improve upon classical sensing schemes and furthermore, that the time limited resource is

used more effectively if we are to concurrently sense during state preparation and readout.

This chapter is based on the paper:

Making the most of time in quantum metrology: concurrent state preparation and sens-
ing. A J Hayes, S Dooley, W J Munro, K Nemoto and J A Dunningham, 2018 Quantum
Science and Technology, 3(3), 035007.

6.1 Magnetic Field Sensing and Two-Axis Twisting

A quantum metrology protocol is typically ordered into three stages: i) Probe state pre-

paration, in which quantum mechanical correlations are introduced to a system that will
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be used as a probe. Examples include the generation of spin squeezed states [103] or of
Cat States [104, 105]. i) Sensing, in which the probe is subject to, and consequently
altered by, a parameter of interest. The quantum mechanical correlations introduced in
the preparation stage increase the probe’s susceptibility to alterations caused by this para-
meter beyond classical limits. i7) Readout, in which a final measurement is made on the
altered probe state enabling estimation of the parameter of interest. The three stages of
the protocol take a combined time 7 as depicted in Fig.6.1. Usually, the state preparation
and readout times are assumed to be negligible, so that the total time 7 can be devoted to
the sensing stage. If the state preparation and readout times are non-negligible, however,
7 should be divided between the three stages [106]. This leads to a trade-off since, for
example, too much time given to state preparation subtracts from the available time for
sensing, while too little time devoted to state preparation may not provide enough time

to generate the most sensitive state. We investigate three schemes A, B and C' (as shown

< T >
H 10> - RS-

-
-«

T >
B) 1o ) DN - V)
t >

«— I —> =

Figure 6.1: In scheme A, the magnetic field is applied over the entire time 7, by the
operation DW(T). The spins remain in a separable state throughout. In scheme B, the
two-axis twisting operation gn(t’ ) generates a sensitive entangled state before exposure
to the magnetic field through f)w(t). In scheme C the spins are subject to the operation
Uw,,,(t’ ) (as defined in section 6.1.3) which exposes them to the magnetic field during
the twisting operation. Each scheme ends with a measurement of the final state |t;)

(i € {A, B,C}), which we assume can be done in a negligible time. For a fair comparison,

between the three schemes, each is constrained by the time 7

in Fig.6.1) which model a classical, a traditional quantum and a “concurrent” quantum
metrological protocol respectively. The initial “unprepared” state is taken to be the CSS

|¢)®N . In order to quantify the effectiveness of each scheme we use the quantum Cramér-
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Rao inequality,

1
Nz

where the frequency w = B is proportional to the magnetic field B, so that the problem

(5&)]' 2 (61)

of estimating w is the same as the problem of estimating B when the gyromagnetic ratio
7 is known, furthermore j € {4, B,C}, v is the number of experimental repeats and F} is

the quantum Fisher information which, for w = 0, is given by

Fy = 4 [(0u510u5) + | {510005) ], g (6.2)

with the final state |¢;) and [0,v;) = 8% |4;). To make this measure more succinct, we

quantify the sensitivity by the dimensionless measure which uses the above to give

(Vordw;) ™ < \/Fy/T, (6.3)

this bound can be saturated for an optimized measurement of [¢;) and v > 1.

6.1.1 Scheme A

The effect of a magnetic field on the initial CSS is described by a rotation operator as
discussed in section 3.3 hence, for a magnetic field applied in the y-direction for time 7,

the initial state |1)®" becomes |194) = Dy () [1)®Y where
D, (1) = e~He and M, = wJy/VN. (6.4)

Note that for later convenience the Hamiltonian H,, has been scaled by a factor of 1/v/N.
The particular effect of this scheme is then to rotate the initial CSS around the y-axis
through the angle ¢ = wr/v/N. Since no entanglement is introduced into the system at
any time during this scheme’s evolution, this scheme can be regarded as classical. As
such, this scheme sets the benchmark for the subsequent quantum metrological schemes

to surpass and we find that the dimensionless sensitivity is given by
(Vvrow)) "t < /Fj/r=1 (6.5)

6.1.2 Scheme B

An archetypal aspect of quantum enhanced metrology is the production, and use of, en-
tangled states of a given system in order to improve on schemes that do not exploit this
quantum phenomenon such as scheme A. As we have seen in chapters 4 and 5, entan-

glement can lead to high precision gains but the time taken for preparation of the probe
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state and readout is assumed to be negligible. Here, we regard time as a limited resource
and as such we take into account the time required for entangled state preparation in
scheme B. The particular type of entangled state we investigate is the spin squeezed state
generated by TAT (see section 3.4.2). Thus, beginning with the “unprepared” CSS |¢)®N,

the system evolves under

Sy(t') = exp[—it'H, /1], where, H, = iln(J?> —J2)/N (6.6)
which, if preparation and readout times are neglected, can lead to sensitivities of w at the
Heisenberg limit (v/z7éw)™' = v/N (which has been scaled here by a factor of 1/v/N due
to the prior scaling introduced in the Hamiltonians). Following the TAT preparation, the

state is exposed to the magnetic field for time ¢ giving the final state

[Wp) = Du(t)Sy(t) [1)EY (6.7)

where we ensure that the total run time of scheme B is limited to 7 by constraining
t' =7 —t (so that if ¢ — 0 then ¢t = 7 and scheme B converges to scheme A). A Bloch
sphere representation of these operations on a coherent state are given in Fig.6.2 to aid
understanding of these operations. Note that for ease of visualisation, the z axis of the
Bloch sphere has been inverted so the CSS ]¢>®N is pictures at the top of the sphere. An
analytic expression of the QFI, Fz, is intractable and as such we calculate it numerically.
Before doing so we note that scheme B can be completely characterised by the number
of spins N, the total run time in units of 1/n given by n7 and the ratio of sensing time
to total run time ¢/7 ; all three of these parameters are dimensionless. The sensitivities
in relation to these parameters are given in Fig.6.3. It is apparent from these plots that
there exists values of n7 and N for which scheme B gives no advantage over scheme A.
This shows that two-axis twisting is not guaranteed to provide improvements in sensitivity
when state preparation time is taken into account. However, values of n7 and N do exist
for which it is clear that scheme B does give improvements over scheme A, for judicious

choices of sensing time t/7.
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Twist

Figure 6.2: Bloch Sphere representation (with inverted z axis for ease of representation)
of a) a rotation operation around the y axis, as given by equation (6.4), applied to the

CSS |¢>®N and b) a TAT operation as given by equation (6.6).

The size of the parameter space can be reduced by numerically optimizing over ¢/ for
each n7 and N as displayed in Fig.6.4 . From this we are able to conclude that since the
optimal sensing time (t/7)opt = 1, the entire time resource 7 should be used for sensing

i.e there should be no TAT and scheme B reduces to schemes A.
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Figure 6.3: These plots show that for a sufficiently small value of n7 (e.g. n7 = 0.4 in the
upper plots), scheme B gives no improvement over scheme A. For a sufficiently large value
of 7 (e.g. n7 = 4 in the lower plots), both scheme B and scheme C can give a better
sensitivity than scheme A (i.e the two-axis twisting state preparation is worthwhile), if

the sensing time t/7 is optimised.
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Figure 6.4: The upper plots show the optimised sensitivity bound max,,.(v/F;/T) as a
function of 7, and the lower plots show the corresponding optimal sensing times, (¢/7)opt-
Comparison of schemes reveals that scheme B gives no advantage over scheme A for
nT < 0.5. Scheme C, however, does better than scheme A for all values of 57, although

the advantage vanishes as nT — 0.

For extremely large measurement time or extremely strong squeezing (nT — oo) the
preparation time ¢t becomes negligible compared to 7 and as previously mentioned, this

results in sensitivities approaching the Heisenberg limit.

As discussed in section 3.5 there exists a natural transition from the fermionic N spin-1/2
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system to the bosonic QHO system. Indeed, in the N — oo limit it is possible to calculate
an analytic expression for the sensitivity measure v/ Fp/7. Making use of (3.64), (3.65)
and (3.68) we have

JimJyp) = Do (1) S,(£)[0) (6.8)

where we have used “tildes” to distinguish these bosonic operators (as given by (2.32) and

(2.46)) from their spin operator counterparts. Using (2.48) we find

(Vvrdwp) ™t < /Fp/T = 262177(1_”7) (6.9)
T
which we can optimise over ¢/7 and find, in the N — oo limit, that if n7 > 0.5
62777—1
NGG } 1
T/ix[ BT 7 e (6:10)
1
(t/T)opt — 27777_ (6.11)

while for nT < 0.5 we find

max [\/ﬁ/r} =1 (6.12)
(t/T)opt — 1 (6.13)

as depicted in Fig. 6.4. Thus, in the bosonic limit, scheme B improves upon scheme A
only if 7 > 0.5. If this condition is not met then (¢/7)op — 1 and scheme B reduces to
scheme A. These analytical results for the bosonic system are in broad agreement to the

numerical results for the finite N spin-1/2 system.

6.1.3 Scheme C

In scheme B the probe state’s exposure to the magnetic field is compartmentalised into
probe state preparation and sensing. Here we consider scheme C' in which we aim to utilise
the limited time resource 7 more effectively by applying the magnetic field and preparation
operations concurrently which is in fact representative of a more realistic sensing scenario
where it is not possible to switch off the magnetic field during the state preparation stage
of the protocol. In order to achieve this, the probe state is first subject to the unitary

transformation

ﬁw,n(t/) = exp [—it’(]ﬁ[w + ﬁn)/h} (6.14)
where,

H, + H, = hwl,/VN +iln (jQ - JE) /N (6.15)
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is the sum of the TAT and magnetic field Hamiltonians (6.6) and (6.4). This evolution
occurs for a time t' then the TAT is stopped while the probe state continues to evolve

under the magnetic field for time ¢ so the final state is given by
[1hc) = Dus(t) Uusn () |1 (6.16)

where again, the total run time is limited to 7 by constraining ¢’ = 7 — ¢ so that in the
limit ¢ — 0, scheme C' reduces to scheme A. The numerical plots for /F¢ /7 are given in
Fig.6.3 from which it is clear that scheme C' consistently outperforms scheme A — even
in parameter intervals where scheme B did not. Indeed it is apparent that the concurrent
preparation and sensing scheme C outperforms the sequential scheme B and is a more
efficient use of the resource 7. Moreover, by optimising over ¢/7 as shown in Fig.6.4, it is
evident that scheme C outperforms both schemes A and B V 57 and the sensitivities for
all three schemes converge to 1 as n7 — 0. Additionally, for scheme C it is clear that for
small n7 we have (t/7)opt = 0 meaning that in such a case the TAT and magnetic field

should be applied concurrently throughout the protocol.

It is again feasible to find an analytic expression for the sensitivities in the bosonic limit,

we find
Tim_[e) = Dalt) () [0) (617)

then using the expansion (2.37) we find the bound on the sensitivity to be

t 1 1
-1 < _(t 2nT(1—t/7) _ .
(VvTdwe) ™ <N/ Fo/T <7_ + 2777_) e 2 (6.18)

which is plotted in Fig.6.3. Optimising over ¢/7 in the N — oo limit, gives

Htl/EiX [\/Fc/T] — 27177_ (62777— -1) (6.19)
(t/T)opt = 0 (6.20)

as demonstrated in Fig.6.4. Furthermore, we can calculate the ratio of these quantities to

reveal
max,, [vFo/7] _ e(l—e™217)  fornr > 0.5 (6.21)
maxy [@/T] er(eQW —1) fornpr <0.5
thus,
waxy, [VFo/T) (6.22)
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from which we infer that in the bosonic limit, scheme C performs just as well, or out-
performs scheme B for all values of 7. Moreover, the optimal strategy is again found
to have the TAT and the magnetic field operating concurrently throughout the protocol
which again, is consistent with our results for finite N. Additionally, the largest possible
improvement (as nT — o0) is found to be

maxy /- [\/%/T] —ers
e [VFE] =~ 2.7, (6.23)

This protocol (in the bosonic limit) has been investigated further to include an alternative

method of analytically proving that concurrent state preparation and readout outper-
forms the analagous sequential scheme (see Appendix.B), and furthermore we analyse the
effects of including optical loss for which we find that scheme C' persists to yield superior

performance than that of schemes A and B for all varying parameters.

6.2 Magnetic Field Sensing and One-Axis Twisting

In the preceding section we demonstrated how concurrent state preparation via TAT
and sensing of a magnetic field can outperform traditional sequential sensing schemes.
However, as mentioned in section 3.4.2, TAT is challenging to implement in practise and
furthermore, optimal readout strategies were assumed which may also be impractical.
Additionally, the readouts were assumed to be preformed over a negligible time interval.
Here we introduce and investigate modified versions of schemes B and C' motivated by

practicality and denote these as schemes B’ and C’ as represented by Fig.6.5. In schemes B’

- -
- »>

B') | )eN - Tx(t’) 1 bw(t) 1 T—x(t,) _.
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Figure 6.5: In scheme B’, the one-axis twisting operation Tx(t’ ) generates a spin squeezed
state before exposure to the magnetic field through ﬁw(t). The “echo” (anti-squeezing)
operation T;(t’ ) = T_(t) (as introduced in section 6.2.1) is applied before the final
measurement. In scheme C’ the spins are exposed to the magnetic field during the OAT

and echo operations. For a fair comparison, each protocol is constrained by the time 7.

and C’, OAT is used to generate entanglement in the probe state and as discussed in section
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3.4.1 this is a practically viable approach. Moreover, a readout stage is incorporated
which is motivated by the work of Davis et.al [107] which uses an “echo” readout method.
An echo readout is the time reversed (inverse) of the entangling preparation operation
which can simplify the final measurement [108], can overcome strict requirements on the
resolution of the final measurement [109, 110] and have been demonstrated in recent
experiments [107, 111]. We further these echo measurement studies by investigating how
sensitivity gains are affected when a limited time resource must be divided between non-
negligible state preparation and readout times and the sensing. Restrictions on time as
a limited resource could be enforced, for example, by decoherence, by the stability of our

equipment or by the fact that the quantity we want to measure is rapidly changing.

6.2.1 Scheme B’

The initial “unprepared” state is again taken to be the CSS |¢>®N which is subject to an

OAT operation (as introduced in section 3.4.1) for time ¢’

T () = exp [—it’ﬁx /h} , where fI, = hyJ2/N (6.24)
resulting in a spin squeezed state. A Bloch sphere representation of the OAT operation
is given in Fig.6.6. The state is then exposed to the magnetic field for time ¢ which
amounts to a rotation of the state about the y-axis by ﬁw(t) = exp {—itﬁ[w/h} Finally,
the inverse of the state preparation OAT operation is applied for time #', i.e the operator

A

T;(t’ ) = T\ (t') is applied for readout. The Final state is then given by
[pr) = T (') Do ()T (¢) [1) (6.25)

where we impose the constraint ¢’ = (7 —t)/2 in order to limit the run time of this scheme
to time 7. After the echo operation the (collective) observable jy is measured then by the
propagation of error formula, the error in the estimate of the small scaled magnetic field
w is

1
(5&)3/ = —=

NG

AJ,
O (Jy)

(6.26)

w=0
where, the standard deviation of J, in the state [¢p/) is |AJ,|u=o = VN/2. In order to
calculate the denominator of (6.26), following the derivation given in [107], we first rewrite
the expression in the form

1t

‘aw <jy> |W=0 = \/N

N [T I D), ] 1Y (6.27)
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Figure 6.6: Bloch Sphere representation (with inverted z axis for ease of representation) of
a OAT operation, as given by equation (6.24), on the CSS |¢>®N, In contrast to TAT, the

resulting reduction in quantum fluctuations is not in line with any of the primary axes.

and express the operator in the commutator of (6.27) in the form
r NG oA N it xJ2/N i s i s —it'xJ2/N
T_X<t )JyTX(t) =e€ z —§J++§J_ e x
_ 6—i7rjy/2 (_ieit'x(sz—l)/NjJr + ijeit'x(—zjz—n/N) eiwjy/2 (6.28)
2 2
then upon substitution of (6.28) into (6.27) we obtain a lengthy expression comprised of

eight expectation values such as
(BN J2 2Tz | 1) BN (6.29)

where |+)%V = eim /2 |1V In order to evaluate this type of expectation value, we follow
the method given in the appendix of [32] which takes the approach of differentiating the
generating function. Indeed, with the intention of evaluating the example expectation
value (6.29), it is shown that

Xa(o,8.7) = (+PN e e |4) 2N

N

= %e*W + %eﬂ/Q(a +1)(y+1) (6.30)
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with which we find

S gl T 82
+ QN Jze—Zzt xXJz + QN _ |:X :|
(+ DN = gl |
B=—2it'x/N
NNV -1) X\ —2it'x/N
=— [cos <N e . (6.31)
Applying this method to all eight terms reveals that
. tVN(N —1), . -
100 () oo = DT i (0()) cos™ 2 (010)) | (632

2

where 0 = x7(1 —t/7)/(2N). Finally, the sensitivity is found to be
(Vvrdwp) ™t = (t/7)(N — 1)|sin (6(t)) cos™ =2 (6(t)) | (6.33)

which, similarly to the TAT schemes, depends only on three dimensionless variables N, ¢ /7
and x7. Thus, plots of the sensitivity (6.33) against these parameters are given in Fig. 6.7.
Furthermore, a numerical optimisation is over ¢/7 is performed and plotted in Fig.6.8 from
which we infer similar behaviour to that of the TAT scheme B; for small x7, OAT does
not ensure sensitivity gains over the classical scheme A. In such cases, the limited time
resource is best used in the sensing stage. However, it is also evident from Fig.6.8 that as N
increases, the threshold value of x7 for precision gains over the classical scheme decreases;
for N = 10, scheme B’ outperforms scheme A for x7 = 11.5 whereas for N = 100 this
value decreases to Y7 = 8.2 from which we can extrapolate that for larger N, scheme B’
can outperform scheme A for weaker squeezing strengths or for shorter run times. In the
bosonic limit N — oo, using (6.33) it is straightforward to find that the sensitivity is

lim (vrréwg) ! = xr(r=t) (6.34)

N—o0 2T

which we can analytically optimise over ¢/7 and find

r?/aTX [(Vrrowp) ™' — % (6.35)
(t/T)opt — % (6.36)

which reveals that in order for scheme B’ to outperform the classical scheme A (which
has sensitivity (/r7dwp/)~! = 1) in the bosonic limit, we require x7 > 8 otherwise OAT
is not worthwhile. Furthermore, from equation (6.36) we can conclude that it is optimal
to use half of the run time 7 for sensing and a quarter each for preparation and readout
i.e it is optimal to use half the run time 7 distributed evenly over the echo measurement

protocol.
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Figure 6.7: These plots show that for a sufficiently small value of x7 (e.g. x7 = 4 and
N = 10), scheme A gives a better sensitivity than scheme B’ and scheme C’. For a
sufficiently large value of x7 (e.g. x7 =50 and N = 10 or N = 100), both scheme B’ and

scheme C’ give a better sensitivity than scheme A, i.e the spin squeezing is worthwhile.
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Figure 6.8: The upper plots show the optimised sensitivity bound max; . [(\/UTéw)_l]
as a function of y7. These plots are optimised over time, but not over measurements, in
contrast to Fig.6.3 and Fig.6.4 which are optimised over both. We choose the measurement
in line with the scheme of Davis et.al [107]. Comparison of schemes reveals that when
N = 10 scheme A outperforms scheme B’ for x7 < 11.5 and scheme C’ for x7 < 5. These
threshold values decrease for larger N. For very large x7, the sensitivities of schemes B’
and C’ converge. The lower plots show the optimal sensing time (/7)opt as a function of

XT.
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6.2.2 Scheme '’

Analogously to scheme C' in which TAT is applied concurrently with sensing, we investigate
the effects of extending the sensing time of schemes B’ to be concurrent with the echo

measurement protocol using OAT. The initial state evolves for time ¢’ by the operation

Vo (#) = exp [—z’t’(f[w + 1) /h] (6.37)
where,
H, + H, = hwd,/VN + hxJ?/N (6.38)

after which the OAT is turned off and the squeezed spin state evolves under the magnetic
field for a time t. Lastly, the echo readout is carried out by reversing the OAT component
of the evolution but importantly the magnetic field component is not reversed. The final

state is then given by

W)C’> = Vwrx(t/)bw(t)vw,x(t/) |$>®N (6‘39)

where, once again the run time 7 is constrained by ¢’ = (7 —t)/2. The sensitivity is again
quantified by the propagation of error formula, as given by (6.26), however due to the
complexities of calculating the numerator, the sensitivities for varying t/7 are calculated
numerically and plotted in Fig.6.7. Optimising over ¢/7, as given in Fig.6.8, reveals that
scheme C’ always outperforms scheme B’. Furthermore, it is evident from Fig.6.8 that
scheme C’ outperforms the classical scheme A for a wider range of xy7 than scheme B’ e.g
for N = 10, scheme C’ outperforms scheme A for x7 2 5 compared to x7 = 11.5 for that

of scheme B’.

We now derive an analytic expression for the sensitivity in the bosonic limit. Firstly,
we take the N — oo of preparation operator (6.37) using the Holstein-Primakoff trans-

formations

Vo () = lim V(1)

N—oo

= exp [tw(a—al) —it'x(a+ah)? (6.40)

where we have used “tilde” to distinguish this bosonic operator from the spin operator

6.37). The final state of scheme C’ in the bosonic limit is thus
(

i o) = Vo, () DOV (t') [0). (6.41)
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Defining P = —ial +ia, it is straightforward to find that the standard deviation of Pin

the state (6.41) is |AP|,—o = 1. Then by iterative use of (2.37) the expectation value is

found to be

and since we have

it becomes apparent that

N—o00

then by optimising over ¢/7 we find

max [(ﬁTéwcr)fl] — ==

t/T

(t/T)opt — 0.

lim (vvréwe) ! = %(1 -

(6.42)

(6.43)

(6.44)

(6.45)

(6.46)

Thus in the bosonic limit, scheme C’ provides an advantage over scheme A for y7 > 4.

Furthermore, comparing this to (6.35), we see that in the bosonic limit, scheme C’ provides

a factor 2 improvement over scheme B’. Additionally, equation (6.46) implies that optimal

sensitivity is attained when OAT is applied concurrently with the magnetic field for the

entire run time 7.
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Chapter 7

Entropy in Information Theory

In ordinary discourse, information is often equated with knowledge or meaning and is thus
a property of a single message (or single event or single measurement outcome etc.). In
information theory, information is not concerned with the individual messages and their
associated content; the focus is on all messages a source can possibly send. The informative
aspect of a single message is not its content or meaning, it is the fact that of all the possible
messages that could have been sent, that particular message was received [112]. Entropy,
in the context of information theory, is a measure of the unpredictability of information
content. More formally, the entropy of a random variable X measures the amount of
uncertainty about X before we learn its value. Equivalently, we can take the reverse view;
the entropy of a random variable X quantifies how much information we gain about X, on
average, after we learn its value. In this chapter we shall explore the notion of entropy in
the aforementioned context, along with various types of entropy measures and how such

measures can be applied in a physical framework.

7.1 Hartley and Shannon Entropy

7.1.1 Hartley Entropy

Entropy in information theory becomes a probabilistic concept. The first to introduce an
entropic measure of information was Hartley (1928) [113] who posited that measurement
of an element of a set of size N requires logy(N) bits of information where one “bit” (the
unit of information) is the information needed to distinguish an element of a pair. A
simple example of this is the state of a coin, of which there are two possibilities - heads or
tails, so to fully describe this system we need logy(2) = 1 bit of information. A key feature

of this measure is the additivity property. Indeed, we demand that the information gained



98

from independent events (elements) must be the sum of the partial information of each
event. If we consider the set E' comprising the disjoint union of M lots of the N-tuples
Ey, Es, ..., Epr we then need logy (M) bits of information to determine which of the Eyy
sets the element belongs to and a further logy(N) bits to determine which element of the

E; set is the considered one. This is encapsulated by Hartley’s measure since
logy (NM) = logy(N) + logy(M). (7.1)

This measure holds if the events we wish to describe are equiprobable, but if we have
information on the probabilities of the events i.e if we have knowledge about the likelihood
of specific outcomes, then an adjustment can be made to incorporate this into a more

accurate model for prediction.

7.1.2 Shannon Entropy

Shannon’s aim was to characterize the information gained from an event based on the
probability of the event occurring [114, 115]. To see how this was achieved, let E be the
disjoint union of the sets F1, ..., F, with N, ..., N, elements respectively. Suppose that
each element of E is equiprobable and we are only interested in finding the Ej, subset
in which a given element of E belongs. The information needed to specify a particular
element of F is given in two parts; we must first identify the subset Ej which contains
the element and second, locate the element within the subset which, by Hartley, requires
log,(NNg) bits of information. Taking Y ,_; Ny = N we also have (again by Hartley) that
logy(N) bits of information are needed to specify an element of E. Thus by the additivity

principle, we have
logy(N) = I, + logy (Ng) (7.2)

where I is the amount of information needed to specify the Fjt, subset. Hence,

I, = log, (JJV\;) (7.3)

and with this, it is plausible to define the information needed to specify the Ejth set which
the element belongs to as the weighted average of I

" Ny
I= —1I .
Nk (7.4)
k=1

where % = py. is the probability that the element belongs to the subset Ej. Thus we have

- 1
I=> pilog, () (7.5)
el Pk
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which is the entropy of the probability distribution P = (p1, ..., pn) or as it’s better known,
Shannon’s entropy. So according to Shannon, to characterise an element of the set £ where
the associated probabilities of its elements are (pi, ..., pn) (under the condition > py = 1)
we need I =) ), pylogy (é) bits of information. Further understanding of this measure
can be gained by applying it to physical quantum mechanical measurements of a random
observable where the probability of the kth measurement outcome is given by pg, this will
be our avenue of investigation (predominantly for continuous random variables, for which

the notion of Shannon entropy is generalised as given in the following section).

Formally, Shannon’s entropy is given for n € N and V,,, the set of all probability distri-
butions P = (p1,...,pn) = (p(m1),...,p(my)) on (my,...,m,) as a measure of information

given by a function I(P) : V,, — R which satisfies the following axioms
1. Continuity: I(P) is continuous in all of its arguments

2. Additivity: The information gained from two independent experiments is the sum

of the information from the experiments

3. Monotonicity: For uniform distributions the information increases with n i.e. for
Py = (1/n,..,1/n) and Qu = (1/k,...,1/k) with k,n € N we have k > n =
1(Qu) > I(Py)

4. Branching: The measure of information is independent of how the process is di-
vided into parts. That is, for (p1,...,pn), n > 3, divide m = {mq,..,m,} into
two blocks A = (my,...,ms) and B = (mgst1,...,my), and let pa = > 7, py and

PB = Y1 Pk Then I(P) = I(pa,pp) + pal (b, 22 ) 4 ppl (21, 2 )

T pa e 7" pB

5. Bit Normalisation (Convention): The average information gain for two equally likely

messages is one “bit” i.e I(1/2,1/2) = 1.

It is apparent that any change towards the equalisation of the probabilities py, ..., pr leads
to an increase in the entropy I(P), reaching a maximum for the uniform distribution
p1 = ... = pp, = 1/n. Shannon went further and asked: what is the minimal amount of
physical resources required to store the information being produced by the source on the
condition that the information can be reconstructed at a later time? The result, known as
Shannon’s noiseless coding theorem [114], turns out to be the entropy I(P), that is I(P)
bits of information are required per message from the source - a much celebrated result of

notable importance. We now introduce an useful entropic measure that will be elaborated
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upon in the following section. For now, let p; and ¢; be two probability distributions of

the same index i, then the relative entropy of the distributions is given by

I(pillgi) = sz’ log; (Z)
=—-I(X) - Zlogg(qi). (7.6)

This gives an entropy-like measure of the closeness of the two probability distributions. It
can be shown that I(p;||g;) > 0 with equality iff p; = ¢; [L16]. The relative entropy provides
a fundamental building block for other entropic quantities e.g by the non-negativity of
the relative entropy it can be shown that for a random variable X with d outcomes,

I(X) < logy(d) which yields the subadditivity of the Shannon entropy;

I(X,)Y)<IX)+I(Y) (7.7)
where
I(X,Y) == pijlog(pi,) (7.8)
i,J

is the joint entropy which is a measure of our total uncertainty about the pair of random
variable (X,Y) and p; ; = p;p; is the joint probability distribution. Considering the two
random variables X and Y, we ask how the information content of X is related to the
information content of Y7 To answer this we turn to two entropic quantities referred to
as the conditional entropy and the mutual entropy. Suppose we have acquired I(Y') bits
of information about the pair (X,Y’), the uncertainty we are left with about this pair is
associated with a lack of knowledge of X given that we know Y (which, in general, shares

some information with X). The entropy of X, conditional on knowing Y, is given by
I(X|Y)=I(X,Y)—-I(Y). (7.9)

The mutual information of X and Y provides a measure of the amount of information X

and Y have in common and is intuitively defined by

I(X:Y)=I(X)+1(Y)-I(X,Y)

(7.10)

there are a myriad of relationships between Shannon’s entropic quantities that give insight
into overall functionality of entropy and a lot of this understanding can be heuristically
encapsulated by the “entropy Venn diagram” (see Fig.7.1). Some final results on these

entropic measures:
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Figure 7.1: [116] The “entropy Venn diagram”, with the discrete Shannon entropy of
the random variable X denoted by H(X), allows the heuristic deduction of many of the

entropy inequalities but is not a completely reliable guide.

e The chaining rule for conditional entropies states for any set of random variables

Xl, ---7Xn and Y, then I(Xl, ,Xn’Y) = Z?:l I(XZ’Y, Xl, "'7Xi—1)
e Mutual information is not always subadditive: I(X,Y : Z) L I(X : Z)+ I(Y : Z)

e Mutual information is not always superadditive: I(X; : Y1)+1(Xs : Y2) ¢ I(X1, X2 :
Y1,Ys)

7.2 Differential Entropy

The differential entropy is a generalisation of the discrete Shannon entropy to what one
can consider to be the continuous Shannon entropy; the (linear) entropy of a continuous
random variable [117]. We must first clarify what it means for a random variable to be
continuous. Let x be a random variable with a cumulative distribution function F'(z) =
[f p(u)du = Pr(x < z). If F(z) is continuous, the random variable is said to be
continuous. If ffooo p(z) = 1, then p(x) is called the probability density function (PDF)
for x. The set where p(xz) > 0 is called the support set of x. With this, the differential

entropy H(x) of a continuous random variable x with a PDF p(z) is defined as

H() = - /S p(a) log, (p(x)) dz (7.11)

where S is the support set of the random variable . It is noted that as with every defini-

tion involving integrals, we implicitly include the statement “if it exists”. This applies to
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both the density function and the entropy integral itself. H(x) is often written as H(p(z)),
a function of probability density since that is where the dependency of the function lies
(rather than the random variable). H(p(z)) reaches its maximum for a given support set,
log, (b — a), for the uniform distribution p(x) = 1/(b — a) in [a,b] an zero elsewhere. So,
intuitively, every change towards the equalisation of the PDF's p(z) yields an increase in
the differential entropy. Note that for b—a < 1 = logy(b—a) < 0 thus, unlike the discrete
Shannon entropy, the continuous Shannon entropy can be negative. The volume of the
support set (i.e the continuous analogue of cardinality for the discrete support set) is given
by 2H (p(z)) = glogs(b—a) — p_ ¢ > () as expected. One can interpret the differential entropy
as the logarithm of the equivalent side length of the smallest set that contains most of the
probability. Hence, a low entropy implies that the random variable is confined to a small

effective volume and a high entropy indicates a widely dispersed random variable.

There is an important difference between the discrete and continuous Shannon entrop-
ies; the discrete Shannon entropy is uniquely determined by the probability measure over
the message, whereas the continuous Shannon entropy’s value is relative to the coordinate
system. In other words, the continuous Shannon entropy is coordinate dependent and
since information measures should not depend on the way we choose to describe a situ-
ation [112], extra care must be taken when using the differential entropy. Indeed, if we

change from (z1, ... to (y1, ..., Yn) the new entropy is given by

/ / <§) log, <p(ﬂf1..-xn)J <;C>> dyi...dyn (7.12)

where J <%> is the Jacobian of the coordinate transformation. Then changing variables

to (z1...x,) we find

H(y) / / p(1, ...zn) log, <J<z>>dm1...dxn. (7.13)

In the continuous case the entropy can be considered a measure of randomness relative
to an assumed standard, namely the coordinate system chosen with each small element
dxy, ...,dxr, given equal weight. However, entropy differences are coordinate independent
in the continuous case and thus provide a measure for differences in information. For
random variables x,) with joint PDF p(x,y), we can define the conditional differential
entropy H(x|Y) to be

HOY) = — / Pl ) logy (p(zly)) dxdy
— H(GY) — HOY) (7.14)
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as p(z|y) = p(x,y)/p(y). The relative entropy D(p||q) between the two PDFs p and ¢ is

defined by
p
DOﬂM)Z:/pk%2<q> (7.15)

noting that D(p||q) is finite iff the support set of p is contained within q. The mutual

information I(x;)) between two random variables with joint PDF p(z,y) is defined by

J(X;y)::J/pCﬂxﬁlogz<pcmlo)dxdy>

p(x)p(y
= D(p(z,y)|lp(z)p(y))
= H(x) — H(x|Y)
= HY) - HY|x). (7.16)

It can be shown that the properties of the relative and mutual information for the continu-
ous case are the same as for the discrete case. The relationship between continuous and
discrete entropy can be established via the following; consider a random variable y with a
range divided into increments of length A and with a PDF p(x) (see Fig.7.2). Assuming
the PDF is continuous within each increment, the mean value theorem yields a value z;

within each increment such that

(+1DA
(@) A = /A p(@)da. (7.17)

Introducing the quantised random variable

ﬂx} 4

Figure 7.2: [117] Quantisation of a continuous random variable.

A=, if iIAN<x<(i+1)A (7.18)
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then the probability that Y& = z; is

(i+1)A
P, = / p(z)dr = p(z;)A. (7.19)
1A

The entropy of the quantised version is given by
(e}
I(x®) = =) Pilogy(P))
—00

= — Z Ap(z;) logs(p(zi)) — ZP(»’W)A logy(A)
= — Z Ap($i) 10g2 (p(iﬂz)) - logZ(A)
(7.20)

noting that Y p(x;)A = [ p(z) = 1. The first term in 7.20 then approaches — [ p(z)logy(p(z))
as A — 0 by the definition of Riemann integrability (iff the integral is well defined). It
then follows that

I(x?) +logy(A) — H(P), asA —0 (7.21)

i.e the entropy of an n-bit quantisation of a continuous random variable is approximately

H(x) 4+ n.

7.3 Rényi Entropy

7.3.1 Discrete Rényi Entropy

Rényi’s view of the formulation was slightly distilled in the sense that he considered
(7.5) attainable through two (main) postulates; additivity and linear averaging of the
information measure [118]. Additivity demands the total information received from the
outcomes of two independent events is equal to the sum of the two partial events thus an

information measure must satisfy

I(pq) = Z(p) + Z(q) (7.22)

assuming further that Z(1/2) = 1 and Z(p) is monotonic then it follows that

I(p) = log, (1) . (7.23)

p
The postulate of linear averaging implies that the total amount of information received will
be the average of the individual pieces of information received, weighted by the probabilit-

ies of their occurrences. More formally, for the possible measurement outcomes Ay, ..., A,
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with the respective probabilities P = (pi, .., p,) where outcome Ay yields Zj bits of in-

formation then, on average, we receive
n
I(PL) =Y ik (7.24)
k=1

bits of information, where I = (Z3,..,Zy). Note that (7.24) is independent of any outcome
Ag. Tt is then obvious that (7.5) is a consequence of these two postulates. It is well
known that the linear mean is a widely used way of averaging but not the only way.
Rényi’s insight was to employ the general theory of means to the information measure.
The general theory of means [119] states that a mean of the real numbers with weights

D1, P (such that py >0, ) | pp = 1) is an expression of the form

¢! (Z sO(wk)pk) (7.25)
k=1

where, ¢(z) is an arbitrary, strictly monotone function on the reals. Following the formu-
lation of the Shannon entropy but using (7.25) as opposed to the linear mean then the

amount of information associated with the probability distribution P = (py,..,py) is then

Ilpr) =" (é v (logz <plk>> Pk> (7.26)

and similarly

I(PI) =" <Z SO(Ik)pk) (7.27)
k=1

This gives rise to the question; does an arbitrary choice of ¢(z) actually produce a reas-
onable measure of information that adheres to the postulate of additivity? Indeed, the
postulate places a critical restriction on the choice of ¢. If ¢(x) is linear then (7.26) and
(7.27) reduce to (7.5) and (7.24) respectively. The only other functions satisfying this are
the exponential functions. To gain some insight on this we consider £ to be the union of
the two independent events &1, & from which we obtain Z;, and ;. bits of information with
probabilities pp ans g respectively. Thus the total information received is Z;, + J; with
probability ppgr (h = 1,...,m ;k = 1,..,n). Taking the average amount of information
obtained from the union of the two events £ to be the sum of the average amounts of

information received from the two independent events, then (7.27) yields
o (Z > pnaee(Tn + jk:)) = ! <thso(lh)> +¢! (Z qw(ﬁ)) . (1.28)
h=1 k=1 h=1 k=1
This must hold for arbitrary, finite, discrete probability distributions P = {py} and Q =

{qx} with arbitrary associated numbers 7, and J. If we choose J, = J independently of
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k then from (7.25) we have

<Z pre(Tn + T ) (Z pro(Tn ) (7.29)

h=1
Then from the theory of means [119] we have that (7.29) can hold only for linear or
exponential functions, where the former results in Shannon’s entropy. Let us then take
¢(z) to be an exponential function of the form ¢(z) = 2'~%2 where a # 1. From this we

obtain

Lo(P) =

n
i ~log, (kzl pg> . (7.30)
This can be considered a measure of information for a # 1. However, for a < 0 this
measure will become infinite as p; — 0 i.e. this measure becomes overly sensitive to small
probabilities. Furthermore, the = 0 case must be excluded as it yields an expression
that is independent of the probability distribution (Zo(P) = logy(n), dependent only on
the number of events). Thus for o € R \ {0,1}, Z,(P) is a measure of information of
order av with the probability distribution P = (p1,..,p,). This is how Rényi referred to

the measure (7.30), now it is more commonly referred to as the Rényi entropy. Note that

L Jogy (3r_1 pY)

lim Z,(P) = lim

a—1 a—1 %(1 — a)
n n -1
= <Z logg(pk)p%> (ZP?) (-n
k=1 k=1 a=1
“ 1
= ;Pk logy <pk)
=1 (7.31)

hence, Rényi’s entropy is a generalisation of Shannon’s entropy (7.5).

7.3.2 Geometric Interpretation of the Discrete Rényi Entropy

Probability mass functions (PMFs) can be visualized geometrically as points in a vector
space known as the simplex with the axis given by the normalised probabilities [120].
For an n-dimensional random variable, the simplex A,, consists of all possible probability

distributions;

A, = {p = (p1,opn) ER", i >0, > pi= 1,Vi}. (7.32)

i
To illustrate this, consider the 3-dimensional simplex for the variables (x,y, z). The space

of all such distributions is a tetrahedron with vertices (1,0,0), (0,1,0),(0,0,1). This is
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2 n i
A TP = ||p||;(cntr0py o — Norm)
k=1
H-'{u—norm of p raised power to o) p=(p;- P2 P3)

P =(p,.py)

Figure 7.3: [120] The 2- and 3-dimensional representations of the probability simplex with

the entropy a-norm of arbitrary point (or PMF) p.

demonstrated in Fig.7.3 along side the n = 2-dimensional case. Any point in the simplex
represents a different PMF and thus each PMF can be characterised by it’s distance to

the origin. Then defining

Ip@)]la = (Zp%> !
k=1
= Y Va(X) (7.33)
which implies
Va(X) = [lp(@)l[a- (7.34)

Recalling that the p-norm of an m-dimensional vector Z is given by

Il, = (Zmrp)p. (7.35)

we have that the a-information potential V,(z) can be interpreted as the «a power of the
PMF a-norm. More formally, the discrete Rényi entropy takes the o — 1 root of V()
and rescales it by the logarithm. From this is becomes apparent that the role of « is to
specify the norm to measure the distance of p(z) to the origin within the simplex. Then
from the theory of norms [121] it is evident that « is in fact altering the importance of the
small values versus the large values in the set. With this we can interpret the Shannon
entropy (o — 1) as the functional value of the 1-norm of the probability density. In fact,
the 1-norm of any probability density is, by definition, always 1. As Rényi’s entropy is a
scalar that characterises densities, it is useful, in order to gain further insight, to display

the contours of equal Rényi entropy in the simplex for several a. In Fig.7.4 the isoentropy
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contours are plotted as a function of a. Notice that as « get closer to zero, the values
inside the simplex exhibit little change. For higher values of o we see that the contours
have rotated by 180 degrees and as « increases the changes with respect to the origin are
emphasised. For a > 1, the Rényi entropies are monotonically decreasing functions of the
information potential V,, and for o < 1, Renyi’s entropies are monotonically increasing
functions of V. In other words, the entropy maximisation is equivalent to maximisation of
the information potential and entropy minimisation is equivalent to information potential

minimisation.

[001) [001] [001]

[101] =02 [o10] [100] [010] [100] a=1 [010]

[001)

[101] a=2 [o10] [100] a=4 [010] [100] =20 [010]

Figure 7.4: [120] The 3-dimensional probability simplex isoentropy contours (contours of

equal Rényi entropy) for various values of a.

7.3.3 Continuous Rényi Entropy

Similarly to the Shannon entropy, it is possible to define the information measure of order
« for the case of continuous distributions confined to a finite interval on R. Let f(x)
be an arbitrary positive density function on the interval [a,b], let F, = |, k(f:l)/ " f(z)dz
and furthermore, let us denote the information quantity of order p for the corresponding

discrete distribution F,, = {Fy,x} by Z(F,,) then it follows that

Ip(fn) =

1 n
—log, S rp ). (7.36)
p k=1



109

Just as for p = 1 [118], it can be easily shown that if the integral ff f(x)dx exists (as it
does for 0 < p < 1) then for p > 0

b
Z,(f(z)) = lim (Z,(F,) —logy(n)) = ! ’ log, (/ f(x)pdx) (7.37)

n—00 1—

the proof of which can be found in Ref.[118]. Since logy(n) represents the entropy of
the uniform distribution, we can interpret the continuous Rényi entropy as the gain in
information provided by the experimental results F,, relative to the uniform distribution.
The right hand sight of (7.37) is formally referred to as the information quantity of order p
assigned to the PDF f(x). We refer to this quantity as the continuous Rényi entropy. The
continuous Rényi entropy has properties similar to the corresponding differential entropy

(p—1)egforp=1,Z,(f(x)) can be negative as well.
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Chapter 8

A One-Parameter Class of

Uncertainty Relations

In this chapter we explore the notion of uncertainty relations within quantum mechanics.
In particular we take an information-theoretic approach to the investigation of applica-
tions of entropic measures within this setting. This culminates in a novel derivation and
application of an infinite family of uncertainty relations which are in fact a generalisation

of the familiar uncertainty relations derived and used in quantum theory.

This chapter is based on the papers:

(1) New class of entropy-power-based uncertainty relations, P Jizba, A Hayes and J A
Dunningham, 2017 J. Phys.: Conf. Ser. 880 012054

(2) One-parameter class of uncertainty relations based on entropy power, Petr Jizba, Yue

Ma, Anthony Hayes and Jacob A Dunningham, Physical Review E 93, 060104(R) (2016)

8.1 Uncertainty Relations

8.1.1 Variance-Based Uncertainty Relations

In section 2.1 the uncertainty relation (2.17) (in units of k)

A2X\APX g > (8.1)

|

was introduced as a mathematical consequence of the non-commutativity of the operators
involved. Historically, this concept was first introduced in a quantum mechanical context
by Heisenberg (1927) [122] and is famously known as the Heisenberg uncertainty principle

however this often conflates two subtly different ideas; the concept of quantum mechan-



111

ical uncertainty relations and the idea that a measurement of a physical system must
necessarily disturb the system itself. While the latter is true, and indeed the notion that
Heisenberg posited, this is not the underlying concept of uncertainty relations that we in-
vestigate in the following. Uncertainty relations emerge as a consequence of fundamental
properties of quantum mechanics and they impose a trade-off on the precision between
position and momentum when a simultaneous measurement is performed. The underlying
reasoning can be interpreted via wave mechanics in that a function and its Fourier trans-
form cannot both be sharply localised or it can be interpreted through matrix mechanics
in that non-commutative observables cannot have simultaneous eigenstates. These ideas
were developed independently by Kennard (1927) [123] within the mathematical formal-
ism of quantum mechanics, this initial result states that for the pair of conjugate variables
position & and momentum p, the amount of information we have on one of the variables

places a fundamental limit on the information attainable on the other and reads

N | St

Tz0p > (8.2)

where, 0, and o, are the standard deviations of the position and momentum respectively.
We now refer to Heisenberg’s original result as the “error-disturbance” relation [124] in
order to distinguish it from Kennard’s result. A pivotal development was the generalisation

of Kennard’s relation by Robertson (1929) [125] to encompass arbitrary conjugate variables
A . 1 ~ A
o(A)o(B) > 1| (4. B) (53

which was in turn generalised by Schrédinger (1930) [126] to include statistical correlations
captured by non-zero covariance terms between the observables

2

AZANZE > (;qfx, B)) - (4) <B>) - ];m, BY) (8.4)

where {A, B} = AB + BA is the anti-commutator. The next major development con-
cerning this type of uncertainty relations came from Arthurs and Kelly (1965) [127] who
incorporated a quantum mechanical apparatus as discussed in section 4.1.4 into the meas-
urement scheme and Arthurs and Goodman who generalised the measurement scheme for
arbitrary complementary observables. This analysis included the condition of unbiased-
ness, that is to say that the expectation values of the system of interest can be directly
estimated from the outcomes of measurements performed on the apparatus. With this, it
was found that the measurement outcome is composed of two distinct types of uncertainty;

the inherent quantum mechanical fluctuations and the error in the measurement, this is
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encapsulated in the following

o' (A)o'(B') 2 o(A)a(B) + e(A)e(B) = [ ([A, B]) | (8.5)

where o/ (A’) and ¢/ (B') denote the standard deviation of the apparatus for the arbitrary
complementary observables and €(-) is the error in the measurement. The unbiasedness
condition was later removed by Ozawa (2003) [128]. This allowed Ozawa to claim that the
original Heisenberg error-disturbance relation can be violated but it can be shown [129]
that this is a result of the definition of the error and disturbance having no correspondence

to the accuracy of estimation.

8.1.2 Entropic Uncertainty Relations

Prompted by the shared properties of the Fisher information and the Shannon entropy,
Stam (1965) conjectured that the Shannon entropy could be used to form an uncertainty
relation. This was confirmed independently by Hirschman (1957) [130] by proving that
the sum of the Shannon entropies of the absolute value squared of any function f(x) € L?

and its Fourier transform is non-negative, i.e for

f(z) = / h exp(i2mzy)g(y)dy (8.6)

—0o0

with a convergent integral in L?, it follows that
H(|fI*) + H(lg]*) > 0. (8.7)
Additionally, Hirschman conjectured a tighter bound (as did Everret [131])
2 2 €
(1) + H(gP) = (5) (8.8)

which was later proven by Beckner (1975) [132]. This was adapted to a quantum mech-
anical uncertainty relation by Bialynicki-Birula [133] which showed that the Shrédinger

(8.4) and Robertson VURs (8.3) can be derived from this entropic uncertainty relation.

8.1.3 Entropy Power Uncertainty Relations

Here, with the aim of constructing a generalised uncertainty relation, we introduce another
mathematical object related to entropy that was first introduced by Shannon [114] in the
context of communication theory, it is known as entropy power (EP). For the differential
entropy, as given by (7.11), the entropy power N(x) of the random variable x € RP is
defined by the quantity that satisfies

H(x) = H (VNGO - Z¢) (8.9)
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where Z¢ is the Gaussian vector with zero mean and unit covariance matrix. That is to
say, the EP is the variance of what would be a Gaussian random variable that has the
equivalent differential entropy as the random variable of interest. Hence if the variable of
interest is in fact Gaussian, the EP is simply the variance of that Gaussian. However we
are not limited to the analysis random variables which submit Gaussian PDF's as we shall
see in the following and to facilitate this we first generalise the notion of EP using the
Rényi entropy. In units of bits, the pth Rényi entropy power (REP) N,(x) of the random
variable x € R is found to be [114, 134]

1
Np(x) = 5-p" /Po %000 (8.10)

where 1/p + 1/p’ = 1 with p € RT. This is the solution of
7,00 =, (/N0 20 ) (1)

where Z, is the continuous Rényi entropy as defined by (7.37). This also has the property
that N,(x) = N(x) as p — 1. With the aim of deriving an uncertainty relation we now

introduce the Beckner-Babenko theorem [132, 135]: let
0@ = [ miigag (312)
RD
then for p € [1,2] the following inequality holds
)PPy < P2 (8.13)

where, p and p’ are Holder conjugates and

ey = ([ 1rra) (5.14)

for any F' € LP(RP) where L? is the function space defined using the p-norm for finite

dimensional vector spaces. Choosing /F(7) = | f(¥)| we can rewrite inequality (8.13) as

/ r
([, 7owma) " ([ @) <easorees e

where r = p/2 —1,t =p'/2 — 1 and since 1/p+ 1/p’ = 1 we have that t = —r/(2r + 1).
Furthermore, given that p € [1,2] we have r € [-1/2,0] and t € [0,00). Taking the

logarithm (in base 2) of each side of the inequality and multiplying through by -1 gives
1 1
1o (F?) + T (FY) 2 ~logy [2(1 4 7)) + - logy [2(1 + )] /2 (8.16)

which, in the limit of ¢ — 0 and r — 0_, reduces to the Hirschman conjecture for the

differential Shannon entropy [130]

H(F®) + H(FD) > log, (g)D (8.17)
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The semidefiniteness of the RE (Z,(x) > 0,Va, x) renders (8.16) impractical. Inequality

(8.16) can be rewritten in terms of REPs to give

1
N (FOY)Np (FU) > — (8.18)
1672
and since t = —r/(2r + 1), this constitutes a family of inequalities that are characterised

by a single parameter. The right hand side of (8.18) constitutes a universal lower bound
since it is not dependent on any parameter, this is not the case for (8.16). We now consider
this bound in a quantum mechanical setting by taking the position and momentum wave-
functions ¢ (&) and 1ﬂ(ﬁ), these are state vectors that are related to each other through
the fact that they are Fourier transform duals

—

TN dp

w@) = [ e (5.19)
for which [119] ||¢]|2 = ||¢]|2 = 1. Defining
FO@) = @rh)PMy(Varha),  fOF) = (2rh) P (V2rhp) (8.20)

where the factors of (27h)P/* are included so the wavefunctions adhere to the form of the

Fourier transform as given in the Beckner-Babenko theorem. Then using the fact that
(1)2 2y D
L(IfF) = Lp([917) — 5 loga(27h), (8.21)

inequality (8.16) then becomes

o 1+m\22 1 1+\ "/
T 2 T . 2 > 2] —1 _ 22
ad9F) + T (9F) 2 10w (F520) T+ 1o () (522

which in terms of REPs gives

. h2
Ny ([P Ny ([9]%) > vy (8.23)

which resembles the familiar Robertson-Sherodinger VUR with the crucial difference of
being a family of uncertainty relations characterised by a single parameter (since ¢ and r

are dependent on each other).

8.2 REPUR for Gaussian States

In the following, we intend to investigate the uncertainty relation (8.23). The inspection
of the bound (8.23) for the various Gaussian states requires the PDFs of the general
quadrature variable z) i.e the eigenvalue of the relation Xy |zn) = xx|zy) where the

quadrature operator is given by (2.15). Consider a general Gaussian function

f(z) = aexp (M) (8.24)

2c2
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where a is the amplitude of the distribution, b is the mean value at which the distribution

is centred and c is the standard deviation. The entropy power of (8.24) is then given by

0 2 (14t¢)
el Tuen(52)"]

1 _1
Nipe(f(2)) = g(l +1)7r2 (8.25)
then let y =z — b = dy = dx, (and integration limits remain unchanged), thus
12 arn [ —2(141)
1+1¢)"% < log, [a »/:oo dy exp oz :|
Nia(f(a)) = EE ( ’ ) : (8.26)

2

/ e e dy = \/? for Re(k) >0 (8.27)
. 2

so with k = $ (and hence Re(k) > 0 as t,r € [~},00) and ¢ > 0 by definition) we have

We have

1
wj% logs [a““)w% (1+t)*%2%c]

Niw(f(a) = 5L
(1+t)*% 2 o _1 12
:27a ta “(2m) t(1+t)tc ¢
7T
1
= —(*2ma®) a2 (8.28)

2T

thus N1.4(f(2)) is independent of the parameter t iff ¢?2ma® =1 as ¢,a € R. To inspect
the conjugate variable, we must take the entropy power of the Fourier transform of the
probability amplitude of f(x) to give f(p) however, we have that the Fourier transform of
a Gaussian distribution is also a Gaussian distribution. The above argument then holds
exactly for the entropy power of the conjugate variable’s PDF (trivially replacing “t” with

“r”). Then we find for a general Gaussian PDF

1
t

(22ma?) "t (622ra%) ra 242 > (8.29)

NP1 (F0) = 1 ;

12

where, f (p) is the Fourier transform with amplitude @ and standard deviation é. So for
2

¥ 2 =

general Gaussian PDFs the bound is saturated under the condition (c?*2ma?)~ % (ma?)~

1. Furthermore, for Gaussian states the PDF must be normalised i.e.

/Z f(@)de = a/z d exp <_(‘””26_2b)2> ~1 (8.30)

so, making the usual substitution y = z — b and using (8.27), we see
av2re=1 (8.31)

thus for Gaussian states the entropy power is given by

L o

Nia(f(x)) = 5-a (8.32)



116

independent of the parameter ¢. The bound (8.23) becomes

Ni(f(2)) N (f(p) = %ﬂa—zé—z

(8.33)

Considering a probability amplitude of the PDF described by (8.24) we have for general

quadrature variable

P(za) = Vaexp (m‘b)) (5.3)

4¢2
with the conjugate probability amplitude given by the Fourier transform which we define

as

T _ K\2
$(@rpr/2) = Vaexp (wﬂb)) (8.35)

4¢2

which, due to the Gaussian nature of the probability amplitudes of the conjugate quad-
rature variables satisfies the relation oxoy /o = 1 where o) = V2¢ and Orpr/2 = V2¢.

This is equivalent to ¢¢ = 1/2, so substituting this into (8.33) then enables us to conclude

1

N1st(F(22)) N1 (FRr (@2 pmj2)) = 1 (8.36)

i.e all Gaussian states saturate the bound (8.23) independent of the family of parameters ¢
and r. In the following, we shall demonstrate this result by applying it to Gaussian states
prominent in quantum metrology.

Coherent State

From equation (2.76) which is restated here for convenience, the overlap of the general

quadrature state with a coherent state is given by

(23] B) = m~ e~ 3@ — 3 MO F2 42 OO (8.37)

Setting ¢ = 0, the PDFs of a coherent state for the conjugate quadrature variables zg and

T /o are given by

F(zo) = |(wo| B)|? = n~ 3¢~ (@0 V20)? (8.38)

—z2
F(@ry2) = (ol B)|> = w26 /2 (8.39)

as illustrated in Fig.8.1. The Shannon entropy, which corresponds to » = ¢ = 0, is found
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Figure 8.1: Plots of position and momentum probability distributions for a coherent state

with 8 = 2. Both are Gaussian PDFs.

to be

—+00

(0] B)|* logy (|(x0l B)[?) dao

/ 1’0""52) —5524‘\@5900 log, < T~ 46 2(5‘30+52 —562+fﬂx0 > dx
too f 1 \/i 2
/ 12 e (@0—V26)? log, (7‘(‘7567(3:07 #) )dxo. (8.40)

Then making the change of variable zq = o9 — v/28 = dxo = dZ(, we have

+00 - -
Ty (Zo) = —/ T3¢ %0 log, (Tr_%e_ﬂcg) dzo

—00

1 _a Too L, too 9
= §7r_5 logy () / e odzy + (logye)m™ 2 / e Pozgdx

—00 —0o0

=

1 1
= ﬁ(logQ(ﬂ'))\/E"i_ (IOgQ(e))ﬁ

= % 10g2(67'[') (841)

oI
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where we have made use of the Gaussian integral results fj;o e dy = /7 and
fj;o e 22dy = @ Similarly, we find for the conjugate variable

“+o0o
Ty (2ns) = — / (2 218) 2 1ogs |(n 21 8) 2

—00

/+Oo
—00

2
2

W_%6_%(z‘rr/2+’82)€_%eiﬂ52+\/§eigﬁxr/2
2
dZEﬂ-/Q

= % log, (em) (8.42)

*l(mi/gJFﬁQ)e—%ei”52+ﬁei%,&rw/2

too [ R _1 g2
= — 7 2e /2logy(mT2e /2)dwy g

thus the entropy powers for both conjugate variables are given by

1 po(Ltogy(em)) _ 1

Ni(z0) = N1(2y/2) = e 5

(8.43)

so that Ni(xo)N1(7y/2) = 1 saturating the bound as expected.

We now calculate the so called “min-entropy” with respect to the momentum-like quad-

rature variable (r — oo, which forces t = —1/2):

o +oo .
Totings) =t tows ([ doa(Flaeps))

—0o0

log, (dxﬂ/Q . max[}"(xﬂ/g)a])

a—oo ] —

— lim % (logg(dxy /o) + arlogy(max|F(x,/2)]))

a—0o0 —

= — logy (max[F (27 /2)]) (8.44)

NG

where, from (8.37), F(z,/2) = (2|8 |* = 7= 3¢ "%/ and hence, max[F (2, /0)] = 7 2.

With this, equation (8.44) yields

To(ry2) = 5 loga(m). (8.45)

For the conjugate variable we find

+o0 1
s(an) = oy loes ([ (ol )2 )
2

+oo
= 2log, </ dmg(w_ée_(m_‘/iﬁ)Q)é)

= log,(272) (8.46)

and the according entropy powers are found to be

1 1
Ni(wo) = 5. Noolieps) = 5 (8.47)
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thus

Ny (20} Nowli2) = 7. (5.48)

again saturating the bound (8.23) as expected. For the min-entropy with respect to the

position-like quadrature variable (¢t — oo, which forces r = —1/2), we find

Too(z0) = — logy(max|F(x0)])

- %logQ(W) (8.49)

N

+oo
T ya) = 2108, ( | et )

—00

= log,(272) (8.50)

hence the entropy powers are given by

1 1
thus
1
Ny (27/2)Noo(20) = 5 (8.52)

once again, saturating the bound (8.23).

Squeezed State

From equation (2.56), the squeezed vacuum state |¢) with ¢ = ze’® has the following Fock

basis representation

0= Y (1 Lo camep o (8.53)
o ' cosh(z

and from [22] we have

2
25C) = (2rA2X,) 4 ex (— “A__[1—isin(2\ — ¢)sinh(2z ) 8.54
(@al0) = (ra2i) Hexp (— T —isin@ — g)sinh(22))) (859
where the variance is given by
A%2X, = % |:€2Z sin® ()\ — (5) + e %% cos? ()\ — qé))] (8.55)

hence the PDFs for the squeezed state for the conjugate quadrature variables xg and z /o
are given by
Fl(zo) =7 % exp (—zde* + 2) (8.56)

Ftnpe) =7V 272 (8.57)
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Figure 8.2: Plots of position and momentum probability distributions for a squeezed

vacuum state with z = 1/2 and ¢ = 0. Both are Gaussian PDFs.

as displayed in Fig.8.2. The Shannon entropy is evaluated via the following

2
> d$0

+oo
T (o) = — / [ (z0l¢)? logs [{o|C) [2do

—o0
2
h)gz (

oo 1 2.2z 1 2.2z
:—/ m2e%e” 0% logy (T 2€%e” 0% )dxg

1 =z I%e2z

T 1e2e T 2

.1'8622

1
T 1e2e T 2

+o0
= —W_%eZ/ e e (log2(7r_%ez) + logQ(e_xgeQZ)) dxg

—0o0
I -1 e —(z0e?)? z\ e —(z0€?)? 2\2 z
= —m 2 (logy(m 2€%) e d(zoe®) —logy e e (xoe®)“d(xpe®)

—0o0 —0o0
1 1 [T 1 o e,
= —7 2 logy(n 2¢€%) e “odxg + 7 2(logy ) e Poxgdrg
—0oQ —00

= log, ((671‘)%6_2) (8.58)

and similarly for the conjugate variable

+o00
11(337r/2) = —/ ‘(%/2‘C>|210g2 |<33n/2|§>’2d957r/2

—00
+00 2
== / log,
—00

= log, ((ew)%ez) . (8.59)

2 -2 2 2
1 Tt 1 s e
Toie 2e T |7 | dzgye

T 4e 2e 2

Hence, the entropy powers are found to be

—2z 2z
o Ni(wep) = 5 (8.60)

Ni(xo) = 5
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so that
1
Ni(wo)N(@ry2) = § (8.61)

saturating the bound (8.23) as predicted.

The min-entropy with respect to the momentum-like quadrature variable (r — oo, which

forces t = —1/2) is found to be

I ( 7r/2 10g2 (maX U 71'/2’4 ‘ ])

.2
— log, (max [ “3¢7%¢ % €_2Z}>
—log, (7r e )

= log, W%e‘z) (8.62)

w\»-t

and for the conjugate variable

T, o) = 21085 | " da(l{ole)P) )

N |=

— 00
+oo 1 2 18622
= 2log, (/ drom~ 1eze” " 2 >
—00
— log, (27&6*2) (8.63)
ka2
where we have used the result f_oooo e dx = Qf
e—2z 627;
N1/2(CCO) IR Noo(xﬂ'/Q) - (8.64)
thus
1
N1/2($0)Noo($7r/2) = 1 (8.65)
again saturating the bound (8.23). The min-entropy with respect to the position-like
quadrature variable (¢t — oo, which forces r = —1/2) is given by
+o00 oy 1
T atong) =210 ([ (laepalo)) o)
—0oQ0
+o0 1 » z72_r/2572z
= 2log, / Toie 2 2T drgp
—00
= log, (25&) (8.66)
Too —log, (max [|(z0[¢)] ])

1og2<max[ i)
(rter )

— log, (n3e” ) (8.67)

—log,
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yielding the entropy powers

622 —2z
Nijo(¥rj2) = - Neo(z0) = (8.68)

hence

1

N1j2(@r/2) Noo (20) = 1 (8.69)

saturating the bound (8.23) once again.

8.3 REPUR for Non-Gaussian States

8.3.1 Cat States

The first non-Gaussian state we inspect is the Cat State; a macroscopic superposition of

coherent states with opposite phases as given by (2.95) and restated here for convenience

[Ye) = Ne([iB) + |=iB)). (8.70)

From (2.97) and (2.98), the PDFs in the conjugate quadratures zo and z./; are given by

Ft(wo,m/2,—7/2) = 4n~ 2 (N)?e ™ cos?(v/2ao) (8.71)

FH(rjo,m/2,—7/2) = 471'7%(,/\/2_)26_2:3‘/2_2/32 coshz(\/iﬁx,,m). (8.72)

With this we can now calculate the min-entropies with respect to the position variable.

This requires integrating the quantity lgn (F(z))P, the maximum value of the probability
p—o0

density function will dominate in this limit so we need only concern ourselves with the

value

lim dz(F(z))? = lim dzmax[F(z)]?. (8.73)

p—oo Jar P—00

This in turn requires evaluating the maximum values of (2.97) and (2.98) for which we have
Ft(zo,m/2, —7/2) = F(x0) = Ce % cos?(v/2Bx) where, C' = 4777%(./\/;)2 is constant (for
fixed 3). We have max[e™°] = 1 at 29 = 0 and max[cos?(xg)] = 1 at g = 0. Therefore,
max[F(zg)] = C = 47T_%(/\/ﬂ+)2 at o = 0. The maximum of the probability density

function for the conjugate variable F* (772, 7/2,—m/2) = F(xr/2) can be determined by
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arranging (2.98) in the following suggestive form

F(rs2) = 47T_%(N5+)26713'/27252 COShz(\/§,8fL'ﬂ-/2)

2
/2

2
= 477*%(/\/;)2 <e252 cosh(ﬁﬁxﬂ/2)>

12
ﬂ*%(j\/ﬁ-#)2 [ewg/zﬁQ <e\/55x7r/2 + e‘/iﬁ‘”r/2>2]

2

(/\/Er)2 <€_<x\7r//§2 _B)2 + e_(%\//52+6>2> (8.74)

™

=

from which it is apparent that F(z,/,) is the sum of two Gaussian distributions. Max-
imising F(z,/2) over z,/, will yield a function dependent on 3: the maximum at small
B (when the two Gaussians overlap and “interfere”), due to the symmetry of Gaussian
functions, will clearly be located at x,/, = 0. For large 8 (when the two Gaussians are
completely separated, roughly 3 standard deviations from the 8 = 0 case) we see the
common maximum of the distribution will be located at the means of the constituent

Gaussians i.e at x5 = ++/23. Using this we find

QW*%(N;)Qe_wz at x = 0, for small
max[F (2, /2)] = ) N2 (8.75)
T3 (NG)? (1 4748 > at |Z /2| = V28, for large f5.
The entropies for the p — oo cases are in general given by
1 [e.e]
— 1 p
Lo (@) = i o ([ astr@))
1 p
~ i - log, (ds fmax{F()]7)
= lim 1 og(d) +log, (max(F (o))
o log, (dx) p
- im [ ) | 2 tog, (F(2)
= —logy (max[F(z)]) (8.76)

thus

L (F(ao)) = i o ([ dan(Fan)?)
= lim 1

poo 1 —p logy (dwo [477—%(/\/—;)2}17)

— _log, (477—%(/\//;)2) (8.77)
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and similarly

—log, (27%(/\@)%‘252) at © = 0, for small 3
Loo(F(2rs2)) =
—log, |:7T_§(,/\/’ﬁ+)2 (1 + e4ﬁ2>2] at |Tr /o] = V23, for large B.
(8.78)

We now calculate the Rényi entropy for the probability density functions (2.97) and (2.98)
for the case p =1/2

1 o _1 a2 1
Ty jo(F(r)2)) = T log, (/ dzqj2ldm 2(/\/;)26 2—2p2 Cosh2(\/§ﬂa:ﬂ/2)]z>

2 —0o0
o zz
= 2log, (27‘("11./\[5_652/ e F cosh(\@ﬁxﬂ/g)dx,rp) (8.79)
we have
o0 z2 K2
/ e~ 2 cosh(kx)dr = ez V2r (8.80)
thus,

T o (F (2 /2)) = 2log, (zfé Nfe e Jﬂ)

— log, (237%(/\/;)2) . (8.81)

Now for the remaining Rényi entropy we have

1 & 1 2 1
o)) = -y lows ([ daafa AP oo (V50
D) —00
= 2log, (277_411/\/5r /OO ez cos(\/iﬁxo)‘ da:0> . (8.82)

Due to the complex nature of this integral, we use numerical methods to evaluate this.

The general expressions for the REPs can be written as

1 . 1 .
Ni(2r/2) = 872211/2(F( n/2) - Noo(xo) = EQQI“’(F( 0)) (8.83)

which gives the REPUR

1 Ty 12 (F(@n s2)+Too (F(zo)) ) 2
N%(xﬂ/Z)Noo(xO):W<2 1/2(F (@ 2))+ oo ( (o>>>

(8.84)

N

thus saturating the bound. On the other side, we find

1 T 1 x
N%(xo) — 8722I1/2(f( o)), Noo(27/9) = %QQIOO(H w/2)) (8.85)
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hence the REPUR becomes

1 . - 2
N3 (20) Noo (5/2) = 755 <2zm<f( 0))+Zoo (F( m))) (8.86)

for which, due to the complicated nature of (8.82), we numerically plot against the Rényi

parameter in Fig.8.3 which confirms equation (8.84) and suggests that (8.86) plateaus for

Cat State
0.65 ‘ ‘
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Figure 8.3: Plot of REPUR against the Rényi parameter r for the Cat State. It is evident
that the bound is saturated for r = —1/2, begins to diverge as r increases then plateaus

for large r.
increasing r with constant .

8.3.2 Superstition State of Vacuum and Squeezed Vacuum

Here we investigate the REPUR for the superposition of a vacuum state with a squeezed

vacuum (VSV) state

[Yv) = Ny (]0) +¢)) (8.87)

where, |¢) is given by (8.53) and

Ny = [2 +2 COSh(’I")_% ) (8.88)

=

As before, we must first find the probability density functions

Flzo) = | (zoltov) P, Flanyz) = (@apaliov) . (8.89)

The general quadrature eigenstate overlap with (8.87) is given by

(@Aldv) = Ny ((22|0) + (2]C)) (8.90)
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where, from equation (2.76), it is straight forward to find

2

(2z]0) = m e~ % (8.91)
and from equations (8.54) and (8.55) we find
1 _3g
(xo|0) =7~ 2e” 2 (8.92)
and
1
1 5\ ¢ x3
(zol¢) = <27r. 5€ 2 > exp <—4'%222>
2 .2z
—rdes exp <—$026 ) . (8.93)
Similarly, we find
1 ””2/2
(Trl0) =7 3”2 (8.94)
and
15, i 5572r/2
(raple) = (27 36) e (-1
. 1,‘2 €—2z
— i3 exp (—7r/22> (8.95)
thus we find the probability density functions to be
22 . 2,2z
F(xo) = Nyr~i |:620 +e2 exp (_95026 >] ‘ (8.96)

and
2

F(rr)9) = (8.97)

L “i/z 1'2 26722
Nyn~1 [6_2 +e 2exp (—W/z )]

These PDFs are plotted in Fig.8.4 which depict the overall non-Gaussian structure. With

(8.96) and (8.97) the REPs can be numerically calculated and plotted as shown in Fig.
8.5, from which it becomes clear that the bound is saturated for both Ny /o(20) Noo(x/2)
and Noo(70) N1 /2(77/2) independent of the value of the squeezing parameter. Furthermore
we see that the Shannon entropy power uncertainty relation is the furthest from saturating
the bound. These results can be understood by the fact that the non-linear nature of the
RE emphasizes different parts of the PDF depending on the RE-parameter i.e for p > 1
the more probable parts of the PDF are emphasized while for p < 1, the less probable
parts are emphasized - this corresponds to the peak and tails respectively. This result is
a manifestation of the extra information supplied by the higher order statical moments
provided through the Rényi entropy, this point will be expanded upon in the discussion

of this section.
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Figure 8.4: Plots of the position and momentum PDFs for the superposition state con-

sisting of the vacuum and squeezed vacuum with z = 2.
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Figure 8.5: Plots of the REPUR (in units of k) for the superposition state consisting
of the vacuum and squeezed vacuum against log;o(1 + r) for squeezing parameters ¢ €
{1,2,3}. The REPUR bound is saturated in both N (2) Ny /2(p) and Ny j5(7) Noo (p) cases.
Deviation from this bound saturation is observed for all other values of r with maximal

deviation at r = 0 corresponding to the Shannon EP.
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8.3.3 Uninformative VUR

The superior nature of the entropic uncertainty relations over variance based counterparts

is evidenced here. To do so, we evaluate the variance
A?Xy = (X3) — (X)) (8.98)

for A =0 and A = 7/2 where

A~

1 A 1
X2 = §(CLTCLT +2aTa + 1 + aa), X72r/2 = E(QCLTQ +1-a'a’ - aa) (8.99)
thus

(X8}, = NE (0] + () X3 (10) +10))
= N2 (00 X310)+ 01 X310 + 1R300+ €1K310) . (s00)

Considering each term in (8.100) separately and recalling that a|n) = y/n|n — 1) and

at|n) = vn+1|n+ 1), we find
(0] X210y = = (0] (a’al + 2aTa + 1 + aa) |0)

(8.101)

N DN =

along with

0] (a’a™ +2a'a + 1 4 aa) |C)
({0I¢) + (0] aa |C))
(¢01) + V2 (216))

sech(z) (1 — tanh(z)) (8.102)

(01 X3 1¢) =

NP RN RN -

where we have used (2.56) to evaluate the individual overlaps. Next we see that

(| (aTa’ + 2aTa + 1 + aa) |0)

= 5 ((clataf 10) + (c|0))

= 2 (010 +v2210)’

= —y/sech(z) (1 — tanh(z)) (8.103)

(¢l X3 |0y =

l\')\)—l[\')\i—ll\')\i—lw\v—\

and finally, we have from [22] that in general

€| X3¢) = % (eQZ sin? ()\ - (5) + e~ cos? (x\ — g)) (8.104)
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so setting ¢ = A = 0 we have
2 1 —2z
(CIX310) = e ™. (3.105)
We now have all the parts needed to evaluate (8.100), yielding
. 1
(X3)y, =NV <2(1 + e72%) + y/sech(z)(1 — tanh(z))> . (8.106)
Through similar working we find
5 1
<X§/2>w =N¢ <2(1 + €%*) 4 /sech(z)(1 +tanh(z))> : (8.107)
\4

Now we consider the second term in (8.98), we have

(Roby, = AP (0] + <) Ko (0) + 1))
= N (101 X0 10} + (0] Ko [6) + (€] Ko [0) + (¢[ Ko [0)) (8.108)

Again, we shall consider each term separately while noting that we have, from [22],

€¢I X2 [¢) = 0= (¢| X0 [¢) = (0] Xo|0) = 0 along with

01 %0 |6) = —= (0lalC)
= 5 (10
=0, aameN (8.109)
and similarly
(| Xol0) =0 (8.110)
from which we conclude
(Xo)y, = 0. (8.111)

Now considering the case where A = 7/2, we again have (| XW/Q Iy = (0] X,,/Q |0) =0

and
(0] X /21€) = (¢| X /2 |0) =0 (8.112)
thus

(Xz/2),, =0 (8.113)
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So from (8.106), (8.107), (8.111) and (8.113) we are able to determine the variances of

interest
ARy = (X3),,, — (Xoby,
= N2 (;(1 + e %) + /sech(z)(1 — tanh(z))> (8.114)
and
A2Xﬂ/? = <X72r/2>¢v - <X7r/2>iv
=N¢ (;(1 + €%*) 4 /sech(z)(1 + tanh(z))> . (8.115)

With these expressions the product of the variances of the conjugate quadrature variables
are plotted against the squeezing parameter in Fig.8.6 and it is clear that the bound is
saturated for z = 0 as expected (since the vacuum state is Gaussian) but blows up rapidly

as the squeezing parameter increases rendering the VUR uninformative.

1.75 il

1.5

0.5

0.25

Figure 8.6: Plot of the variance based uncertainty relation for the superposition state of
a vacuum and squeezed vacuum. The bound is saturated for z = 0 as this corresponds to

the Gaussian vacuum state but blows up rapidly as z increases.

8.3.4 Discussion

From the preceding analysis it is evident that the REPURSs supply far more information on

the underlying PDF's than VURs and Shannon-based entropy power uncertainty relations
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alone. Indeed the REPURs are a generalisation of these relations, the non-linear nature of
the RE emphasises the more probable parts of a distribution for p > 1 and emphasises the
less probable parts of a distribution for p < 1. Furthermore, it has been shown that the
only class of distribution that saturates the REPUR, for all values of p are the Gaussian
distributions. With these two aspects of the REPUR established, the results displayed in
Fig.8.5 can be better understood; for this superposition state of the vacuum and squeezed
vacuum, the peak and the tails in both the position and momentum quadrature are close
to Gaussian thus the REPUR approaches its lower bound. Moreover, the overall structure
is non-Gaussian and it is apparent that for the Shannon entropy the bound is maximally
divergent, this is due to the Shannon entropy providing no particular emphasis on any
specific part of the PDF. Thus from the REPURs displayed in Fig.8.5 we can glean that
the underlying distribution and its Fourier transform is Gaussian in both the peaks and
tails but has an overall non-Gaussian Structure which is readily confirmed by inspection

of (8.96) and (8.97) and displayed in Fig.8.4.

This interpretation is bolstered by the REPURs of the Cat State depicted in Fig.8.3 we
see bound saturation for r = —1/2 implying that the peak in the momentum quadrature
and the tails in the position quadrature behave as a Gaussian but the divergence of the
bound for increasing r implies that the peak in the position quadrature and the tails in the
momentum are non-Gaussian. This is easily confirmed by inspection of equations (8.71)
and (8.72) along with Fig.2.8 in which the latter case displays a clear non-Gaussian beha-
viour via the multi-peaked distribution while the former case does indeed exhibit Gaussian
behaviour. The overall non-Gaussian structure is also captured here by the SEP being far
from the lower bound. This notion of inferring information on quantum mechanical state

distributions through the REPs is expanded upon in the following chapter.
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Chapter 9

Information Scan and

Reconstruction of Quantum States

In the previous chapter, we saw that variance-based uncertainty measures can be rendered
uninformative for some quantum states. Furthermore, it became evident that Rényi-based
entropic measures can provide far more information on the underlying state of the system
under investigation. In this chapter we elaborate on these points and introduce a method
of reconstructing the underlying probability distribution of the quantum mechanical state
through knowledge of the Rényi entropy powers. The underlying features of this “in-
formation scan” are detailed and the method of reconstruction is demonstrated on the

associated probability distributions of specific quantum mechanical states.

This chapter is based on the paper:
Information scan of quantum states based on entropy-power uncertainty relations. P Jizba,

A J Hayes and J A Dunningham (2018). Submitted to Physical Rev. A.

9.1 Variance is a Deceptive Measure of Uncertainty

In this section we investigate two emblematic situations which exemplify the failings of
variance as a measure of uncertainty. We then further this discussion by applying similar

reasoning to Cat States which displays features analogous to the heuristic examples.

9.1.1 Example 1

Following the work of [136] we consider a particle whose position is constrained to the

x dimension and four boxes of equal size situated along the x axis but not necessarily
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L
State A 1 ’ ‘ 2 ’ ‘ 3 H 4 -
o >
State B 1 3 -
. >

Figure 9.1: A heuristic example depicting the failings of variance as a measure of uncer-
tainty in which a particle in state A can be found over length L and in state B it can be
found over a length L/2. Clearly we know more about position in state B but the variance

suggests otherwise.

constrained to it (i.e the boxes can be stacked on top of each other). Imposing the
condition that the particle must be localised to be within one of the boxes, we consider the
two arrangements given in Fig.9.1. The wave functions of each of these state configurations

are given by

V2/L z€[0,L/4]
ha = WL el vp=14 2/L z€[3L/4,1L]

0 otherwise
0 otherwise

then, by using

A’x = /w*(x,t)x21/}(x,t)da: — (/ 1/1*(x,t)x¢(m,t)dm>2

we can find that the variance for each state is given by

7 L?
40127

2 L2 2
A:EA:E, A“rp

Clearly the uncertainty of the particle’s location should be greater in state A than it is in

state B yet we have A%2z4 < A%zp. In connection with this, we introduce the Balanced

Cat State (BCS)

1
V2
the PDF of this state can be found by (2.94) and in the position-like quadrature the PDF

[¥8) = —=(10) + |a)), (9-1)

mimics that of the example Fig.9.1 as demonstrated in Fig.9.2.
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0.3
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Figure 9.2: Plot of the PDF of the Balanced Cat state in the xz-quadrature with a = 4.

This is a physical analogue of State B.

9.1.2 Example 2

An extremised example that highlights the defects of variance as a measure of uncertainty
is depicted in Fig.9.3 in which the position of a particle in the x dimension is again

constrained but this time to be within a wide box and a narrow strip. The probability

L
N
L(1-+%) — Distance = NL
State C

i

Figure 9.3: An alternative example depicting the failings of variance as a measure of

uncertainty.

distribution of this configuration is given by

1/L z € the wide box
[Yo(z)? = 1/L =z € the narrow strip

0 elsewhere
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then using (9.1) we find

1 1

thus the variance tends to infinity with increasing N while the probability of finding the
particle in the wide box should tend toward certainty or in other words, the variance
increases as the uncertainty should decrease! In connection with this we introduce the

unbalanced cat state (UCS)

lYucs) = Nues (10) +vle/v)). (9.3)

The PDF of this state can also be found using (2.94) and as displayed in Fig.9.4, the

position quadrature PDF is analogous to that of the example illustrated in Fig.9.3. The

0.7

0.6 b

05 b

0.2 b

0.1 b

-10 -5 0 5 10 15 20 25 30 35

Figure 9.4: Plot of the PDF for the unbalanced cat state in the z-quadrature with a = 1

and v = 0.2. This is a physical analogue of State C.

UCS is a superposition of the vacuum state and a small coherent state (displaced vacuum).
The coherent state is weighted by a factor of v so choosing this such that v? << 1 we are
far more likely to observe the UCS positioned around its constituent vacuum state than
its coherent state. Here the vacuum state is analogous to the wide box in Fig.9.3 and
the coherent state, with almost negligible weighting, is analogous to the narrow strip and
the parameter NV is the inverse analogue of the weighting v in that decreasing v results in

A2z — oo as the peaks separate (both vertically and horizontally).
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9.1.3 Entropies of Heuristic Examples

Since the information entropy of a random variable tells us the number of binary question
(in base 2) needed to fully determine the random variable, the lack of information, i.e
uncertainty, can be depicted by simply reversing the sign of the information entropy.
Taking the“coarse-grained” approach of Bialynicki-Birula [136] in which the region of
interest is divided into bins of size dz (this bin size can be regarded as the experimental
error), the probability of finding the particle in the i-the bin is given by
(i+1/2)dz )
w= [, Wl (94)

and the corresponding Shannon entropy is given by
H® = =% "g;In(g;). (9.5)
i

Clearly in Example 1 the bin size is d = L/4 and the probability distribution of State A
is given by [¢4(z)]? = 1/L while that of State B is given by |[¢p(x)|> = 2/L. Applying
(9.4) to State A yields

(i+1/2)L/4 ¢
g :/ —dx
(i-1/2)L/4 L
a2
1
=1 (9.6)
where ¢ € {1,2,3,4}. Then the Shannon Entropy for State A is given by
4
1 1
H(x) — _ | -
P=xan()
1. (1 1 )
=—4- 1 In <4> =—1In (4) = In(2%) = 21n(2) (9.7)
while the probability of finding the particle in the ¢-th bin for State B is given by
(i+1/2)L/4 9
q; = / - ax
(i-1/2)L/4 L
— g £ ] + 1 — 1+ =
L a\'T27 "2
1
=5 (9.8)

:_z%mfzmm. (9.9)
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It is evident that Hj(f) =2- H](;) i.e the uncertainty of the particles position in state A
is twice that of State B - a much more intuitive result than that of the variance-based
measure! The foundation of this result is the invariance of entropies under piecewise
rearrangements of the probability distributions, a useful property which we investigate

further and utilize in the following.

9.2 The Information Scan

Here we show that knowledge of the family of Rényi entropies allows for the reconstruction
of the underlying PDF's. For this, it is helpful to use the following form of the continuous

Rényi entropy

T (x) = (1_1])) log, E [2(1*27)&} (9.10)

where, E [-] is the expectation value and i, () = —logy (F (%)) is the information in § with
respect to the PDF F (7). From this it is clear that the continuous Rényi entropy can be
viewed as a reparametrized version of the cumulant generating function of the information
random variable i, (7). We can draw the connection between the familiar PDF F(y) and
the information random variable’s PDF, which we shall denote as g(z), by first considering

the cumulative distribution function (CDF) of i, (%)

fa) = [ driy = [ F@blorsF@) + el d7 (911)

where 6 [-] is the Heaviside step function. It then becomes apparent that the CDF (9.11)

is effectively a discontinuous function given by

L Fl@) it F(g)>2"
Fa) = Jrp F(7) (%)

0 otherwise.

Upon inspection of this we have that (9.2) in fact requires us to integrate the PDF F (%)

between the solutions of

10g2 (‘F(glimits)) +z=0

— imits = F1(27%). (9.12)
This is shown pictorially (with D = 1) in Fig.9.5. The interpretation of (9.11) can be
alternatively rephrased as the probability that the random variable i, (%) is less than or

equal to z with df(iy) denoting the probability measure. The Laplace transform of a

function F(t) is given by

CLP()}(s) = /O T P(etdt (9.13)
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Figure 9.5: Information scan of F(y) and the equimeasurably rearranged PDF F(y).
Cumulative distribution function f(x) measures the area of F(y) within the limits dictated
by the intercept line F(y) = 27% with F(y) (shaded area). For the entropy measured in
nats 27% — e~?. The information PDF g(x) represents the rate of change of the area of the
cumulative distribution f(z). Note that f(z) and g(x) are identical for the equimeasurably
rearranged PDFs F(y) and F(y). The 3-peak structure of g(x) is one of the invariant

characteristics of the equimeasurable family of PDFs.

thus taking the Laplace transform of (9.11), we have

£UPY) = [ F 0 expls o (F(@)d7
1

= —E [exp(slogy(F))] . (9.14)

T s
The PDF of the random variable is then given by

o(@) = T — B fexp(stoga ()]} () (9.15)

and thus

£{g}(s = (p = 1)In(2)) = E |[20770x] (9.16)

then comparing equation (9.16) with (9.10) and the usual expression for the Rényi entropy

7,00 = 1 tows [ aim @) (9.17)

it is clear that (9.16) can be equivalently expressed as

/ 9(2)20 P4z — [ Fr()dg. (9.18)
R RD
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Now, since £{g}(s) is the moment-generating function of the random variable i, (i) with
the associated PDF g(x) one can find all moments (assuming they exist) by taking the
derivatives of L£{g} w.r.t s and furthermore, we can find all cumulants for the random
variable i, () and the associated PDF g(x) by taking the binary logarithm of both sides
of (9.16) and the subsequent derivatives. From (9.16) it is then clear that these cumulants
can be rephrased in terms of E [(log, F)™] which is in close relation to the continuous

Rényi entropy, as displayed by (9.10). Lastly, using the identity

Zp(x) =Ip < Np(x) - Zc>

D _
= 5 logy [2mp~VFIN, (1) (9.19)

it is inferred that the continuous Rényi entropy can be phrased in terms of the entropy
powers N, of F. Hence, the right hand side of (9.16) provides the means to obtain
the PDF F(¥) through rephrasing in terms of the entropy powers moreover, it is clearly
related to the PDF g(x) - all the statistical information of which is available through
the moments, or equivalently, the cumulants. In Fig.9.6 we plot f(x) and g(x) for the
state |¢y) = Ny (]0) 4+ [¢)) as introduced in section 8.3.2. From the multi-peak structure
of g(z) one can determine the number and height of the stationary points. These are
invariant characteristics of a given family of equimeasurable PDFs where the notion of
equimeasurably rearranged PDFs F(y) and F(y) is depicted in Fig.9.5; f(z) and g(x) are
identical for such distributions. With this relationship between g(z) and F (%) established,
it is evident that complete knowledge of g(x) gives an information scan of the PDF F(7).

Our aim is now to construct the information PDF g(x) from knowledge of the Rényi

entropy powers.

9.3 Reconstruction of Quantum States

Here we show that given measured Rényi Entropy powers (REPs) we are able to find the
cumulants of the PDF of the information random variable i, (y). Using these cumulants,
the information PDF can be reconstructed through the Gram-Charlier A series expansion
[137]. Furthermore, a direct link has been established between the information PDF and
the class of equimeasurable PDFs, in which the PDF of interest F(y) exists. We use the

following equation to reconstruct the information PDF

& k .Tk
o) = exp | 3 (e — ) (DL ) (9.20)

k=2
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Figure 9.6: (a) Cumulative distribution functions f¢(z) and information PDFs g¢(z) for
the superposition state of a vacuum with a squeezed vacuum. (b) The logarithmic scaling
depicting the tail behaviour (corresponding to z > 1) of F(y) = |¢v(y)|?. From (a) it is
apparent that the larger the value of ¢, the higher the peak of F(y), and the peaks have
heights 2_a2r. For ( = 2 and { = 3 we see a second peak near x = 3 which is due to a
sharp change in the overall shape of the PDF at height F(y) = 27*. From (b) the tail

behaviour is displayed and the best-fit analysis reveals the tails to be Gaussian.

where, G(z) is a known “reference” PDF whose cumulants are given by v, the quantities

Kn are the cumulants of the g(x). Expanding the exponential of (9.20) gives

2
L dP d:z: > L dF [ dak
1+< (ke — ) (—1)F / > (Z/ﬂc—% 1) 2,)
k=2 k=2
3
1 [ L dF/dzk
3(?“’“_7’“ b* 2!)
=2

G(x) (9.21)
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and going a step further by expanding the sum in each of the terms of order greater than

or equal to 2 gives

(@) =1+ (2 = ) (D 4 (s — (-1 4
9\E) = 22 2 dx? TS ldx3
1 )1 d? 51 d® 2
t3 <(H2 —72)(—1) Saz + (k3 —73)(—1) 3ds T
1 1 d? s 1 @ ’
then by labelling
1 d?
ta = (k2 — 72)(—1)25@
1 a3
tg = (k3 — 73)(—1)35@
1 dm
tm = ("im - ’Vm)(_l) ol de (923)

it is apparent that g(x) approximated to mth order in the sum and Nth order in the

exponential is given by

1 1
g(z) ~ 1+(t2+t3+...tm)—|—E(t2+t3+...tm)2+§(t2+t3—|—...tm)3+...

1
R L RECRE )V | G(z). (9.24)
The multinomial theorem states

|
(to+ts+ - ttm)"= > th;tﬁf ot (9.25)

l27l3 ~~~~~ lm

where, lo + I3+ -+ + 1, = n. Then g(z) can be approximated by

1 1-no 1-n2—...—nm-1 114n24m3 tnmfltl_n2_n3_---_nmfl
: R 1 lm
gy~ |14 Y >, ! 12 . 'ml it
n1=0n3—0 — ng.n3....nm_1.(1 —MNg — N3 — ... —nm_l).
2 2—no 2—ng—..—Nyp—1 non3 N—142—MN2—N3—...— Ny —1
—l_ 1 Z Z . Z 2!t2 t3 DY tm_l tm +
2 ng'ng'n 1!(2*77]2*713*...*71 1)'
no=0n3=0 N =0 m— m—
N N-—ng N—no—...—=nm—1 non3 Nm—1,N—nog—nz—...—mpm_1
—i—iz Z Z NW2ts® ot " tm G(2)
N! 0 =, nalng! .. .np—1 (N —ng —ng — ... = nyp_q)!

(9.26)
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[ (Bm = Am) (=1)™ o

and by using (9. 23) to rewrite in terms of cumulants, g(z) is finally approximated by
mi] l—ng—...—mm—1
- nm_l)!

l—ng—...—Mpm— n
’ Bl [(@ - 72)(—1)2%] e

1 —no
%14_,;2 Z ns! .. nm1(1—n2—

-
d2n2+3nz+. tm(l—no—..—npm_1))
(OO T ey pr——)
T PP 8 (G Ve R (e 0 Vi
2n220n320 = nal . .npm—11(2—n2 — ... —myp—1)!
d@nat+3ns+...+m(2—na—...—nm_1))
dr(@n2+..+m(2—n2—..—nm_1))
L LS ST N e m ) (] [ ) 1) ] T
N! == = nal. o npmo1(N —ng — oo — Nypp—1)!
d(2n2+3n3+..+m(N—nz—...—nm_1)) o) (0.27)
x )

dx(2n2+---+m(N_n2_---_nmfl))

in other words, this is the expanded form of g(z) approximated up to the mth cumulant

and the Nth order term of the exponential

9.3.1 Relating REPs to Cumulants

To relate k, to the REPs we begin with the cumulant expansion of the RE

= Kn(X) p "
iy =lom(e) 3 0 (L F ) (9.29)
ot : g2
and use the identity that relates the RE to the REP
D _
() = = logy [27(1 = p) VPN (x)]
D D 2
510g2(N1 (X)) =T1-p(x) — ElogQ [(1 p)l/p:|
1 —p)i/p
<p>] (929)

- 1Og2(N1_p(X)) B 292D 10g2(e) zzjl KHTE'X) <log}2)(€)> * 10g2 [ 2T

then taking the (n — 1)th derivative with respect to p, at p = 0 of both sides

Ci;__ll ) {logy(N1—p(x))} =
) R .
L o
0 () o () 5 (e ))n+“'}
(9.30)
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where we have for the first term in (9.30)

dn—l (1 _p)l/p dn—l dn—l
W {logQ [% = W log; [(1 —P)I/p} - dpn—T log,(27)
p=0 p=0 p=0
n—1)!
= —( - ) logs(€) — 61, logy(27)
— 1!
= —log,(e) <(n ) +din 1n(27r)> (9.31)
and for the second term
dnfl
") =(n-1)
n—1
dp o
dn—l
= g @) =Mm-1p=0
i
dnfl 1 9
= o P"™) = (n—1)p* =0... (9.32)
p p=0
and of course
dnfl
g o P)=0 Vk<n-—1 (9.33)
D p=0

which gives

dr! 2 = K (X) p o EHH(X) 1 " —
| {D 2 (1) } Dl (gt
_ l Kn(X)
=D (logae) ! 3
thus
a1 B (n—1)! Kn(X)
W o {loga(N1—p(X))} = —logs(e) ( + 01 ln(27")> + nD (logy (€)1
(9.35)
and rearranging for x,(x) (and noting that 1 ,(logy(e))™ = 1, logy(e)) gives
n n-t n n—1)!
00 = o)™ | om0+ o) ("= 4 samen)).
p=
(9.36)

Due to the complexity of taking a direct analytic derivative in first term of (9.36) we turn
to Newton’s difference quotient to obtain a more manageable expression for the cumulants

fla+h) - f(a)
h

(9.37)
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which in the limit of h — 0 represents the derivative of f at a. From this we extrapolate

that the second derivative is given by

f(z+hi+he)

f”(l’) - hlgiglo hQ
— lim f(x+2h) —2f(x+h) + f(x)

h—0 h2

(9.38)

where, we have assumed h; and ho converge synchronously. Extrapolating further, we

have for the nth derivative
™ (z) = lim S > (= (;) f(z 4+ (n—m)h). (9.39)

Equation (9.39) is known as the Griinwald-Letnikov derivative formula which, applied to
(9.36) and noting néy, = d1, yields the form of the cumulants used in the following to

relate them to REPs

n n—1

S0 (") )10 + 5 08071 = 1!+ 61 (2]

k=0

nD (logs €)
00 = Jimy =

(9.40)

An alternative method for obtaining accurate numerical approximations of higher order

derivatives is given in Appendix.A which can be applied directly to equation 9.36.

So far we have shown how the PDF of interest F(y) relates to the information PDF g(x)
and that it’s associated cumulants k,(x) can be expressed in terms of the REPs Np(x).
Thus in principle, given a set of REPs, one can approximate the information PDF asso-
ciated with the equimeasurable set in which the underlying PDF of interest exists. This
is demonstrated in the following section by applying this method to the states introduced

in section 9.1.

9.4 BCS (Equimeasurable to Gaussian) Example

To gain further insight into the working of this information scan technique we consider
an example where F(y) is taken to be that of the BCS. This is in fact a piecewise re-
arrangement of a Gaussian PDF yet has an overall, double peaked non-Gaussian structure,
as depicted in Fig.9.2, thus Ni_,(x) = o2, Vp, where o2 is the variance of the ‘would be

Gaussian’. It is the sufficient to analyse a Gaussian PDF of zero mean and variance o2.



145

Firstly, the analytic form of the information PDF is found by using

gy 20t [ et [0y —ov/E@) + oy + oy/E@)] Y

9(z) dr logs(e) 2V 2mo? 20/z(x) dy = log,(e)+/2mz(x)
(9.41)

where z(x) = 22/logy(e) — log(2mo?). This is known as the shifted gamma distribution.
The cumulants of the shifted gamma distribution are [13§]

$logy(e) + % logy(2m0?) for n =1
Fn =

1 (logy(e))"T'(n) for n > 2.
We now use the Gram-Charlier A series (9.20) to reconstruct the information PDF and
demonstrate the tail convergence of the reconstructed PDF to the analytic solution. Taking
the reference PDF to be a shifted gamma distribution
e~ (@=a)/B (g — q)>1
pel(e)

G(z) = G(zl|a,a,B) = (9.42)

with a = logy(2762), a = 1/2 and 3 = log,(e) where & # o, we can use the fact that

k
L Gala,1/2,8) = =

dzk

WL’(“_I/Q_M <xga) G(xla,1/2,B) (9.43)

where L} is an associated Laguerre polynomial of order p with parameter . To first order

in the exponential function in the expression for the Gram Charlier A series (9.20), the

expression for the information PDF becomes

z) = G(z]a (k2 —72) cspfz—a)  (k3—73) 7pz—a
I o =]

(9.44)

Adding higher order terms in the expansion of the exponential function gives a tighter
convergence of the reconstructed PDF and since only the first order cumulants contains
non-trivial information on the shape of the Gaussian, the reconstructed PDF can be

rewritten as

G(x). (9.45)

o) = [i (=)

m=0

The affect of adding higher order terms in the expansion of the exponential function is
shown in Fig.9.7. Note that in practise we approximate the information PDF, to first
order, by a Gaussian so that the first cumulant of the reference PDF G(z) is exactly that

of the information PDF'.
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Target

Figure 9.7: Tail convergence of the reconstructed information distribution of a Gaussian
for higher order terms of the exponential expansion denoted by m. Only the first cumulant

contributes to the reconstruction of a Gaussian PDF.

9.5 Analytic Expressions for the Cumulants of the UCS

The PDF of the general Cat State is given by (2.94), by taking 6 = 0, relabelling xg = y

and a € R, we find the PDF of the UCS to be

2
Fly) = /\\; (77" 4 2o VIl | gemi? 2 o= (9.46)
™

then by completing the square of the argument of the last term in (9.46)

« 2 Od2

thus (9.46) can be expressed as
A2
= ﬁ

which is evidently a weighted sum of three Gaussian’s. As we have seen in section 9.4,

e

Fly) <ey2 + e WmvIe/v)? 2Ve_ﬁe<y ﬁv) > (9.48)

for Gaussian PDFs the analytic form of it’s reconstructed information PDF g(x) is the
shifted gamma distribution. Similarly, the reconstructed information PDF of (9.48) is a

weighted sum of three shifted gamma distributions
N2

g(z) = \ﬁ

The kth moment of the unshifted gamma distribution G(z|0, &, 5) is known to be

E[l’k] — F(?(g)k) kr(kj/_;/Q)

(g(xlal, a, f) + VQQ(J:\aQ, &, p) + 2ye_°‘2/2”2g(:c|a3, 07,5)) ) (9.49)

= (logy) (9.50)
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which can be transformed to give the moments of the shifted gamma distribution G(x|a, &, )

via

— lz; <I;> a* B [z"] (9.51)

where we have used = x — a, the binomial theorem and [j* G (2|0, &, B)dE = E[zF].

The moments of (9.49) are then found to be

k
k _a?
E,[z"] = Z <Z>E[mk] <a’f_l + 2k 26 alg_l) . (9.52)

=0

Finally, we are able to obtain expressions for the cumulants via the standard formulae

R1 = H1
K2 = K2 — M%
K3 = pig — oy + 2443

(9.53)

which can be neatly expressed by the recursive formula

— (k-1
Kk = g — Z 1 ) imbk—m (9.54)

m=1
where py, are the moments found using (9.52). Using this method bypasses the unstable
numerical differentiation and in fact reveals the desired cumulants directly while bypassing
the evaluation of all integrals and derivatives. Practically speaking, the cumulants can be

obtained through measurements of REP’s as described in (9.3.1).

9.5.1 Reconstruction

Given the cumulants of the information PDF the Gram Charlier A series (9.20) can be
used to reconstruct the desired result. Here we demonstrate how another expansion known
as the Edgeworth series [139] can be used to accomplish this. The Edgeworth series
provides an additional advantage by being error controlled so the expansion is guaranteed

to asymptote. This expansion takes the form

g(@) =exp [0 (k- ) (_jl!)] %n_m G (). (9.55)
j=2
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With the Edgeworth series the expansion is grouped by orders of the power of n i.e for
n* we group terms of equal k. It is useful to note that for j = 2 there are an infinite
number of such terms which come about from the expansion of the exponential function
however, for j > 3 there is always a finite number of terms for each k. As such, it is useful
to rewrite (9.55) as

—1V & )

( jll) % -

n
1 d?
o2) = exp (e =2 e (2 =)y 1) G) - (056)
and truncate the j = 2 by matching the order of magnitude of the smallest term to
the smallest terms of the j > 3 expansion truncated to a desired order k. In Fig.9.8,
the reference PDF is again taken to be a shifted Gamma distribution with & = %, 8 =

logy(e) and a = k1 — 4 logy(e), the expansion is taken to n~%/2 and as demonstrated, the

reconstructed information PDF displays convergence to the analytic information PDF.
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Figure 9.8: Convergence of the reconstructed information distribution of an Unbalanced
Cat State (UCS) with v = 0.97 and « = 10. The value aj corresponds to the value of
at the point of intersection with the second (lower) peak of the F(y) for the UCS. The

3/2

Edgeworth expansion has been used here to order n™°/¢ requiring control of the first 5

cumulants.
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Chapter 10

Conclusion

In this thesis we have shown that the statistical correlations employed in quantum met-
rology protocols can be identified as intra- and inter-mode correlations which can con-
tribute to the sensitivity in different amounts. In particular we have explored the ef-
fects of combining the two types of correlation in the Squeezed-Entangled state |sps) =
N (|¢,0) 4+ 10,¢)), this was shown to provide high precision gains over previously con-
sidered probe states however, this state is not easily produced in practise. Moreover,
by analysing the quantum Fisher information as a metric for measurement precision we
found that intramode correlations can contribute far more to the sensing capabilities of a
scheme than intermode correlations. These findings motivated the investigation into the
practically viable, intramode correlated Squeezed Cat State |pscs) = NS(C)(|a) + |—a))
which was also shown to outperform previously considered states such as the NOON state
and separable two-mode squeezed vacuum state. Further work includes applications of
sensitivity metrics other than the Fisher information, such as entropic measures, to these
probe states. Moreover, the Fisher information, and consequently Cramé-Rao bound, is
not guaranteed to be a reliable measure of sensitivity in the low particle number regime
hence the use of more robust bounds, such as the Ziv-Zakai bound [140] which takes into
account prior information, would be a natural extension of this work. We also explored
multiparameter estimation for which we identified local and global estimation strategies.
Through the investigation of two distinct measurement schemes, one consisting of par-
allel interferometers and the other consisting of multi-mode quantum enhanced imaging,
we demonstrated that the global strategies can be matched and even outperformed by
local estimation strategies which have the additional benefit of being more practical than
the previously proposed global strategy analogues. Nonetheless, in practise the precision

scaling with photon number may not be the most relevant measure whereas the absolute
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precision that can be obtained for a given total photon number is [19, 71], in this thesis we
have exhibited probe states that improve on the absolute precision of NOON states and
thus present candidates for further investigation in the multiparameter local estimation

strategies considered.

We also addressed the usual approach of considering quantum metrological protocol to
be comprised of three stages: probe preparation, sensing and readout, in which the time
taken to perform the first and last stages is often neglected. By regarding time as a non-
negligible, limited resource in the protocol of magnetic field sensing with an N spin-1/2
system, we introduced two measurement schemes which employ concurrent sensing during
state preparation and readout, one of which used Two-Axis Twisting as state prepara-
tion and another which used One-Axis Twisting as an echo measurement scheme. Our
investigation of these schemes revealed that the traditional quantum metrological prepare-
sense-readout protocol can yield measurement precisions that are worse than even classical
schemes and moreover, the concurrent sensing schemes always outperform their sequential
counterparts. Future work would include the effects of decoherence in the state prepara-
tion, sensing and readout stages and some preliminary results are given in Appendix.B.
Another related avenue of investigation would build upon the work of Refs [110, 141]
which considers echo measurements in the presence of detection noise and finds that in
the absence of detection noise the optimal sensitivities come about by devoting no time
to the echo unitary i.e the echo does not give any theoretical advantage over a projection
measurement but in the presence of detection noise the echo measurement scheme makes
the sensitivity much more robust to noise. Further work could also include the application
of concurrent sensing during preparation and readout to the experiment demonstrated by
M. Penasa et.al [142] in which an echo measurement protocol is employed to estimate the
amplitude of a small displacement acting on a cavity field. The notable difference in the
scheme of Penasa and the schemes that were analysed here is that execution of preparation
and readout takes the form of atom-cavity interactions in order to create, and undo the

creation of, optical cat states.

In the latter part of this thesis we took an information theoretic approach to quantum
mechanical states and uncertainty relations, in particular we introduced the Rényi en-
tropy from which we derived a generalised uncertainty relation, this was given in terms

of the associated entropy power and constitutes an infinite class of uncertainty relations.
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We applied this Rényi entropy power uncertainty relation (REPUR) to two non-Gaussian
states; a Cat State |¢c) = N (|if) + |—iB)) and the superposition state of the vacuum
and squeezed vacuum |¢y) = Ny (|0) +[¢)). From this we were able to infer that the extra
information provided by the REPUR gives a measure of “Gaussianity” of the PDFs of
quantum states. Furthermore, we were able show that where variance based uncertainty
measures breakdown the REPURs are still informative. A scheme for the direct meas-
urement of Rényi entropies using existing AMO and solid state platforms has recently
been proposed by the group of P. Zoller [143], motivating future collaborative work with
experimentalists. Building upon the REPUR result, we then gave explicit examples of
known entropy measures yielding informative results where variance based measure of un-
certainty breakdown. The result is based upon the invariance of entropies under piecewise
rearrangements of the underlying probability distributions. We further this notion to in-
clude equimeasureable PDFs through which we introduce key properties of a technique
akin to quantum tomography which we refer to as an “information scan”. Moreover, we
gave a numerical simulation of this information scan being performed on the superposition
state of a vacuum and a squeezed vacuum |¢)y). We then provided a detailed derivation
of how this information scan depends on the Rényi entropy powers and in turn how the
Rényi entropy powers relate to the cumulants of the information PDF of the quantum
states. We followed this by presenting an analytical application of this reconstruction
theorem to two distinct types of cat state and showed that the analytical and numerical
results converge. This work can be extended to designing quantum states through their
associated PDFs via this reconstruction theorem, this would provide crucial insight into

the structure of quantum states enabling them to be tailored for specific metrology tasks.
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Appendix A

Accurate Numerical Higher Order

Derivatives

Clearly the cumulants can also be obtained through taking the (n — 1)th derivative of
the Rényi Entropy power with respect to p directly as depicted by (9.36). However, as
previously mentioned, the analytical form of such derivatives are extremely cumbersome
to work with. As such, a method for accurate numerical derivatives is presented here -

the “method of undetermined coefficients”. Starting with the difference approximation
n
D'u(@) = cpul(d — kh) (A1)
k=0

so that
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D"u(%) = cou(Z) + cyu(Z — h) ... cpu(Z — nh) (A.2)

and the nth derivative is given by

u™(#) = lim D u(:c)

h—0  h" (A-3)

The aim is then to find the n 4+ 1 coefficients ¢y, c1, ..., which requires at least n + 1

equations. To acquire these equations, the Taylor expansion of u(Z — kh) can be taken to
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nth order at h =0

u(@ —kh) =) _(-1)" (k:L),m u™ (%)
m=0
— () — kbt (7) + %(kh)%”(f) - %(kh)%’"(f) + (A.4)

D'wu(F) = cou(Z) + c1 {u(f) — hd(Z) + %(h)Qu”(f) T (—1)"h%u(") (f)
D2u(Z) = cou(Z) + 1 [u(f) — h/ (%) + %(h)Qu”(:ﬁ) — et (—1)”}Zu(”)(f)]
+ e [u(a:) — 2l (7) + S (2h)2 (@) — -+ (—1)”h(2:!)n ™) (7)]
D"u(Z) = D" 'u(T) + ¢ [u(f) — nhi/(Z) + %(nh)w(f) — et (—1)”Wu<n> (f)]

(A.5)

then grouping coefficients of similar order in A (or equivalently of the same order derivative

of u(Z)) it becomes apparent that the nth order difference approximation is given by

D™"u(Z) =(co+c1+ca+---+¢p) — (1 4+ ca+ 3+ + cy) b/ (F)

1
+ —(e1 + 2%co + 32e3 + .. .ncp) W2 (D)

2
1
- g(cl +23¢y + 335+ ... 03¢, B3 (Z)
(71)71 n n n n, (n)/ z
o (c1 +2"%co +3"cz +...n"c,) W u'" () (A.6)

now only the nth term should contribute to the nth derivative of u(Z) so for k < n all of

the coefficients of h¥u(*) (£) = 0 in (A.6) and the coefficient of h"u(™ (&) = A thus
O=co+ci+ca+--+cp)
0=—(ci+ez+ez+---+cp)
1
0= 5(61 + 2262 + 3203 + .. .n2cn)

1
0= —g(cl +23¢o + 33¢5 + .. .n3cn)

— = ( - (c14+2"%2+3"c3+...n"¢y) (A.7)
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Then solving this system of equations for ¢; in terms of i and substituting these values
back into the original expression for D™u(#) we have an accurate approximation for the

nth derivative. Note that in practice, setting h ~ 1072 is sufficient for accurate results.
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Appendix B

Optical System

Here we present an alternative method which demonstrates of the sensing capabilities in
the bosonic limit of the TAT schemes introduced in section 3.4.2. This entails considering
the more realistic case of the run time of the quantum metrology protocol being a limited
resource, with this we show that concurrent state preparation and sensing outperforms the
usual approach of sequential state preparation and readout. Furthermore, we shall include
and analyse the effects of loss and show that concurrent state preparation and readout
outperforms the analagous sequential scheme. We demonstrate this alternative approach

in the absence of optical loss.

B.1 Lossless

In the optical setting, non-classical states of light can be used to achieve high precision
gains for the detection of a weak classical force F(t) [105] which acts for time ¢. The
effect of this force on a harmonic oscillator is a displacement of the complex amplitude
of the oscillator in phase space, indeed the result of this force acting on the harmonic
oscillator can be modelled in the interaction picture as the displacement operator (2.32)
[144]. In the following all displacements are taken to be along the position axis of phase
space zo which allows us to take advantage of the relation (2.40). The preparation of
the non-classical state is performed by the bosonic squeezing operation (2.46) where the
squeezing parameter is taken to be real £ € RT = ¢ = r. The aim here is to produce
a unitary time evolution operator that simultaneously mimics the action of both of the
aforementioned operators i.e concurrent state preparation and sensing. With this the

following Hamiltonian is introduced

H = ilin(a® — (a")?) + ihw(a’ — a) (B.1)
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where the ”+” dictates the direction of the displacement along the position axis and w is
the parameter we wish to estimate. This gives the following unitary

Tr 2

U(t) = exp (ﬁ[a — (a?] Fwt(a' - a))

1 1
= exp [2a $awt+2—w t2 (r( 2 :Fath—i—Z 2752)}

— exp ( %a$ ;\/Ewt> <\/>a ;\/gwt>
— exp <; <a T ‘*;f)z _ <aT T °‘:f>2]> (B.2)

expanding the exponential then gives
2
< wt>2 (T wt)2 < wt)2 <T wt>2
aF— ) —laF— aF— | —laF—
r r r r

:1+%[DT<¢wt/r)a2D(¢wt/r) D (Fwt/r)(ah)2D(Fwt/1)] +

1 2

+r
24

+§Z | D (ot /r)a D(zwt/r) - D*(cht/r)(a*)QD(ﬂFwt/T)r+
1r?

gla? — @)+ 3 = @+ .| DFotr)

= DT (Fwt/r) {1 +

= D' (Fwt/r)exp | 5(a? = (a")?)] D(Fwt/r)
= DT (Fwt/r)S(r)D(Fwt/r). (B.3)
Allowing this evolution for time ¢; followed by the usual sensing via a displacement oper-

ation acting for time ¢5 gives the final state

[vy) = D(twit2)U(t1) 0)
= D(dwty) D (Fwty /r)S(r) D(Fwt/r) |0) (B.4)

noting that r = 2nt;. Recalling that the squeezing and displacement operators are non-

commutative, we use result (2.61) to find

V) = D(%wty) D' (Fwty /r)D [(Fwty /1) cosh(r) — (Fwty /r) sinh(r)] S(r)]0)
D(4wto) DT (Fwty /r)D[(Fwty /) (cosh(r) — sinh(r))]S(r) |0)

= D(dwta)D(twty /r)D [(Fwiy/r)e"] S(r)|0)
D

(T — 1) + ;"77(1 — 721y | S(r) |0) (B.5)

where T' = t] + t5 is a fixed total time. We note that taking magnitude of the squeezing
to zero should be equivalent to taking ¢t; — 0 and thus ¢t = T. We find

Jim li) = D(&T) [0) (B.6)
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so if there is no squeezing (no preparation) we are indeed displacing (sensing) for the total

time. Furthermore, we note that
(1 —e ) c0,1) (B.7)

thus an extra displacement, in the desired direction for enhanced sensitivity, is guaranteed
by this scheme. As a measure of sensitivity of the displacement of the oscillator along the

position quadrature xy we use the propagation of error formula which gives

Var|x
v Ow

where v is the number of experimental repeats so if the total time for all repeats of the
experiment is given by Try then v = Ty /T. We also have, for a displaced-squeezed state
defined by |a,¢) = D(a)S(¢)]0) with a = |ale? and ¢ = re®?, the expectation value of

the general quadrature operator x) is given by
1 —iA EPRD
(o, ¢l 2x la,¢) = 5(ae™™ +a%e) (B.9)
and the variance is given by

A%z = — (2" sin* (A — ¢/2) + e *" cos* (A — ¢/2)) (B.10)

F

thus for A = ¢ = 6, the expectation value of the displaced-squeezed state in the position

quadrature for the simultaneous scheme is given by
2 1 —2r
(o) =a, Axy= 1€ (B.11)

hence, for the sequential squeeze-then-sense scheme, where clearly |¢;) = D[tw(T —

t1)]S(r) |0), the expectation value and variance in the position quadrature are given by
(xo), = Fw(T —t1) (B.12)
and
2 | -
Asl‘o = Ze L (B13)

For the final state of the concurrent preparation and sensing scheme (B.5), the expectation

value and variance in the position quadrature are given by

<x0>c = *Fw ((T — tl) + 2177(1 - e?mﬁ))) (B.14)
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and
1
Alxy = 16747)7&. (B.15)
Note that AZ2zg = A2z so that
2, — Alxo
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Ow
i Agx(]
= 2
I/‘ ((T —t1) + ﬁ(l - 6_2’7t1)) ’
B A2zq
- 1— —2nt 2
AT — )| (1+ G |
Agl'o

{zo) s
ow

2 1—e—2nt1 2
‘ (1+ Sy ‘

) (1= 2oy |
= 0wl 1+ —rv—"-> B.16
< (T — 1) ) (B.16)
thus
dws 1—e 21
—_— =11 — B.1
bwe 2n(T — t1) (B.17)

then since T' > t; > 0 and n > 0, this implies

1™ B.18)
> .
2n(T —t1) — (
hence, for all parameters
dws
>1 B.19
Owe — ( )

thus we find that the concurrent state preparation and readout scheme will perform as well
or outperform the analagous sequential scheme in agreement with the results of section

3.4.2.

B.1.1 Physical Setup

A system that submits the contrived Hamiltonian depicted by (B.1) is introduced here.
We consider a nonlinear medium subject to a classical pump field and a coherent signal

field. The initially fully quantized Hamiltonian is given by

H =hwsa'a + hwyb'd + ihxy@[a?b" — (ah)?0]

+ hep(bT 4 b) sin(wyt + @) + hes(al + a) sin(wst + @) (B.20)
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where, a is the driving field mode, b is the pump mode and the terms (from left to right)
correspond to the free energy of the driving and pump field, the nonlinear coupling of the
fields, the pump driving and the signal driving. Furthermore, the frequencies wy and w,
correspond to the signal and pump fields respectively, x(?) is the 2nd order susceptibility, ¢
is a controlled phase and ¢, and €5 are the amplitudes of the pump and signal respectively.
Taking the pump field to be a coherent classical field that loses no photons over time ¢, i.e
taking the parametric approximation, the operators b and b become Be~*»t and *eiwrt
respectively, where 8 = |B|e?® with 6§ € [0,27]. Note that this essentially amounts to
stating that for an operator A ~ Ay + A where Ay is a constant, we have (Ag) > (JA)
the operator Ais effectively a constant. Thus, ignoring the irrelevant constant terms, the

Hamiltonian (B.20) becomes
H = hwsa'a + ih[n*e“r'a® — n(a")2e "] + heg(a + a) sin(wst + ¢). (B.21)

where = x)B. Defining Hy = hwsala, Hy = ih[n*e“rta® — n(ah)2e~™#"] and Hy =

fies(af + a) sin(wst + ¢), the Hamiltonian in the interaction picture is given by

HI _ eiHot/ﬁ(H _ Ho)e—iHot/ﬁ

_ eiHot/)’i(I_I1 4 HQ)efiHOt/h_ (B22)

Using the operator identity (2.37) we find

ezwsta aae iwstala _ ae iwst and ezwsta aa’[e iwstala _ aTezwst (B23)

and using this result with the exponential form of the sine function, the Hamiltonian

becomes

(oat it
H, = ih [n*eiwpt—mstaz _ ne—iwpmziwst(afﬂ 1 he (aTeiwst + ae—iw5t> [el(w +¢) —2.e i(w +¢>)]
1

—ih [n*eiwpthiwstGQ _ nefiwpt+2iwst(af)2:| _ theg (aTei(2wst+¢) _afel® 1 qeid aefi(ZwstJr(b)) ‘
2

(B.24)
Finally, setting w, = 2ws, ¢ = 0, taking 7,es € R" and applying the rotating wave
approximation, we arrive at the Hamiltonian

iheg

Hy =ihn [aQ - (aT)Q} + 5

(o' —a) (B.25)

where, the ”4” allows for the displacement to be applied in the positive or negative
direction along the position axis in phase space. Simply substituting €5/2 = w retrieves

the desired Hamiltonian (B.1)
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B.2 Lossy

Here we introduce loss into the optical system that was analysed in the preceding section
and find that even in the presence of loss, concurrent state preparation and readout is a

more effective use of the limited time resource.

B.2.1 Sequential Scheme

To include optical loss the system is coupled to a thermal bath which can be taken to be
a multitude of harmonic oscillator modes of the electromagnetic field. The system-bath
coupling is given by

V=" Ai(ab] +alby) (B.26)
k

which can be represented as k fictional beam-splitters coupling the system mode to the k

field modes. The full Hamiltonian is then given by
H=Hy+ Hs(t)+V (B.27)
where the system and bath free energy is

Hy = wsa'a + Zwkbzbk + wchc (B.28)
k

and the squeeze-then-sense system Hamiltonian is given by

o hwyete + ihxla®cl — (a)2c] + hep(cl + ¢) sin(wyt + ) for t <ty
Hy(t) =

hes(a® + a) sin(wst + @) fort) <t<T

in which a is the system mode, b, are the bath modes and c is a pump field taken to be a
coherent classical field that loses no photons over the total time 7. With this ¢ ~ fe~“»!
and ¢! ~ B*e™rt where B = |B|e?, € [0, 27] then transforming to the interaction picture,

in units of A, yields

Hi(t) = etlot(H — Hy)eHot
—_ eiHotHS(t)e—iHot + 6iH0tVe—iH0t

= H(t) + 00> " M (ab), + alby)e D", (B.29)
k

Through the same reasoning given in the previous section,taking the RWA and setting
wp = 2w gives
infa® — (a")?] fort <t

+%(at —a) forty <t <T.
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For the system-bath coupling term, transforming to the interaction frame gives

V! :eiwstafaae—iwstaTa Z A\ €Xp (’L Z bLbk/) b}; exp (—z Z bLbya)
154 K’

k

+ eiwstalagho—iwstala Z Ak €xXp (z Z b,t,bk/> by, exp (—i Z bzbk/a)
k! K’

k
=a Z )\kblei(‘*’s —wg)t + aT Z )\kbke—i(ws—wk)t
k k

—aB'(t) + a' B(t) (B.30)
where we have defined B(t) = 3", Abre " “s~¥) noting that
(B(®), BY(¢)] = 13(t — t) (B.31)

This is a consequence of the Markov approximation [53] which is a useful tool in analysing
open quantum systems. An open quantum system consists of the system of interest and
it’s environment (in the above case, this environment is taken to be a thermal bath).
Since the system will typically entangle with it’s environment, even if initially described
by a pure state it will evolve to a mixed state p. The Markov approximation comes
about from the largeness of the bath (more strictly, the closeness of the energy levels),
which ensures that from one moment to the next the system effectively interacts with a
different part of the environment. In other words, the bath has no history. The Markov
approximation is often used in combination with the Born approximation when analysing
the dynamics of open quantum systems. The Born approximation is that the system-
environment coupling is taken to be weak. This ensures that the affect of the system on
the environment is negligible. Then rather than attempting to find a quantum state of
the system - and by proxy, the environment - the approximate evolution of the system
state alone is found. In other words, the Born-Markov approximations are used in order
to find a differential equation for p. Following [53] the Heisenberg-picture dynamics of an

the position system operator are found using
5(t) = —i[H, s(t)] (B.32)

where s(t) is an arbitrary system operator (here, choose s(t) = x(t)) which can be set to
the system’s density matrix operator p thus revealing the master equation. However, the
commutation relation (B.31) complicates this and as such, the infinitesimal evolution of
s(t) (in the Heisenberg picture) is considered. Furthermore, the infinitesimal operator is

defined as

dB(t) = B(t)dt (B.33)
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so that the unitary operator for an infinitesimal evolution generated by V' (in the inter-

action frame) is given by
Up(t + dt, t) = exp [—i (adBT (t) + aTdB(t))} . (B.34)
and commutation relation is found to be
[dB(t),dB(t)] = dt (B.35)

using the heuristic notion that dt is the smallest increment of time and the area under a
delta function is 1 thus 6(0)dt =1 = 6(0) = 1/dt. From this it is apparent that dB(t) is
not of order dt but in fact of order v/dt thus it is necessary to expand (B.34) to second
order in it’s argument when inspecting the infinitesimal evolution of s(¢) in the Heisenberg
picture which is given by

5(t + dt) = U (t + dt, t')s(t)Us(t + dt, t')

UL (t, )UT (8 + dt, YU (¢, YU (&, 8)s (YU (¢, UL (8, 8) UL (t + dt, )

UT(t + dt, t)5(t)U(t + dt,t) (B.36)

where, “tilde” denotes Heisenberg picture operators. Then it is apparent that

Ut +dt, t) = Uf (¢, ")e MOy, (1 1)
~ U (t,1') (1 — iH(t)dt — ;H%(t)dﬂ) Up(t,t)
= Ul (4, "YU (t, ') — iUS (¢, ') H () U (¢, ) dt
- %U}(t,t’)H[(t)UI(t,t')U}L(t,t’)HI(t)U[(t,t')dt2
=1 —iHy(t)dt — %ﬁ%(t)dtQ
—1- (Iff;(t) vaBte) + aTB(t)) dt — % (ﬁ;(t) vaBt) + aTB(t)>2 dt?
=1—i (ﬁ[;(t)dt + adBT(t) + aTdB(t)) - %(ﬁ;(t)zdﬂ + H'(t)adB' (t)dt
+ H.(t)a'dB(t)dt + ad BT (t)H.(t)dt 4+ a'dB(t)H.(t)dt
+aatdBl(6)aB(t) + a'adB()dB!(t) + (adB(1) + (@'dB(t)?)
=1~ (A0t + adB(r) + atdB(1)) — 5 (aatdBI (1B () + a'adB(1)dB (1)

v (adB(1)? + (deB(t))2> + O@dt*?) + O(dt?) (B.37)
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thus,

S(t+ dt) = 3(t) — 5(t)i (ﬁ;(t)dt v adBi(t) + aTdB(t)) - §(t)% (aaTdBT(t)dB(t) +atadB(t)dBt (t)
+ (adBt () + (aTdé(t))2) +i (ﬁ;(t)dt +adB(t) + aTdf}(t)) 5(t)
+ (aaB() +adB (1)) 5(¢) (adB'(0) + ataB(r)) - %(&&TdE’T(t)dB(t)
+atadB()dBT (t) + (adB' ()% + (aﬁdé(t))?) +O@dt*?) + O(dt?)
= 5(t) + i[H.(t)dt + adB'(t) + a'dB(t), 5(t)] + (&Té(t)adé(t)dBT(t) +a'5(t)a (dB(t))>
+as(t)a(dBt(1)? + ag(t)aTdéTdé(t))
- %{&&TdéT(t)dB(t) +atadB(t)dBI(t) + (adB' (£))? + @'dB (), §(t)}
(B.38)

ignoring terms of order O(dt*/?) where we have used [3(t),dB(t)] = 0 and {-,-} denotes

the anti-commutator. We have for a general bath

dB'(t)dB(t) = yNdt (B.39)
dB(t)dB'(t) = y(N + 1)dt (B.40)
dB(t)dB(t) = yMdt (B.41)
(dB(t)) = Bdt (B.42)

where a M = 0 and N = (exp[hwy/kpT — 1])~! for a white noise bath - which is a good

approximation of a thermal bath. This implies

5(t+dt) = 5(t) +i[H.(t)dt + adBT(t) + a'dB(t), 5(t)] + a'5(t)ay(N + 1)dt + as(t)a’yNdt
- %{a* ay(N + 1)dt + aa'yNat, §(t)}
= 5(t) +i[H.(t)dt + adBT(t) + a'dB(t), 5(t)] + a'5(t)ay(N + 1)dt + as(t)a'yNdt

- %V(N +1) (aTag(t) + g(t)g(t)zﬁa) - %VN (aaTg(t) + §(t)ddT> (B.43)

so finally, the rate of change of a general system observable is given by

% — W = Z‘[ﬁ[é(t) + ZzBT(t) + aTB(t),g(t)] +AN <a§(t)aT _ %diﬁé(t) _ ;g(t)aaT>

+ (N +1) (a*g(t)a —

The position quadrature operator is given by

2(t) = %(a(t) +al () (B.45)
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thus the rate of change (in the Heisenberg picture) is given by

dt 1 (da dat
it _2(dt+dt) (B-46)

then from (B.44)

+
B
N
<N
O |
—
<))
N
s
|
S
2
&
S~
+
2
=
+
—
N
—
Q
pa
<}
|
N
N
v
S~—
N
| =
~_

— iH!(t)a — iaH.(t) + ia'aB(t) — iaa' B(t)
+iaaBt(t) —iaaBi(t) + 7N% — 4 (N + 1)%

— i), 4 + iB(t)[al, a) + vg(N N-1)

= i[H,(t),a) —iB(t) — % (B.47)
and
dat . = va
— = —ilH (1), 8l +iBT(t) - < ~
= —i (~;(t)&)T . (aﬁ;@))T) viBt(t) - %
= (a* T (1) — H;(t)a) viBte) - 12
—A[HL(1), dT) + BT () — g (B.48)

The commutation relations give

lin(a® — (at)?),a] fort <t

[+ (@' —a),a] forty <t<T

then using that
[a,a] =0 (B.49)

[af,a] = —1 (B.50)

[(a")?, a] = —2af (B.51)
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it is evident that

—in((a%)?),a] fort <ty
[H(t),a] = | |
[+ (ah),a] forty <t<T
2inal  fort <t ( )
— B.52
Fle forty <t<T
and similarly
. 2ina fort <ty
[H{(t),a'] =
Tl fort; <t<T.
so that
di 1 (—zaTn —iB(t) — Ya — 2an +iBT(t) — %aT) for t <t
@ (ig —iB(t)— Ya+ S +iB(t) - gaT> for ty <t < T.
—2n7(t) — Ya(t) + & <Bf(t) - B(t)) for t <t
45— i) + L (BT(t) - B(t)) for t; <t <T.
= k(t)E(t) + v(t) (B.53)
where the following have been defined
—277—% fort <t
k(t) = (B.54)
-3 fort; <t <T.
: (BT(t) - B(t)) for t < t;
u(t) = (B.55)

Relabelling the time increment to tg < t < t; for the squeezing (preparation) time and
t1 <t <ty for the sensing time (the previous notation corresponds to tg = 0 and to = T),
the solution of this differential equation for the system position operator at the time t is

given by
[52 k(t")at” b2 52 k(a4
Z(t) = et [—f—/ el v(tdt'+ C (B.56)
to
setting ¢ = to implies #y(t) = C and thus the solution at final time t3 is given by

t 1IN 417 t2 1N 411
F(ts) = &(to)elwo "N /t eI DA ) gy (B.57)
0



179

to t1 2
/ k(t")dt" = / r(t")dt" + / r(t")dt"
to to t1

_ (_277 - %) (t1 — to) + (—%) (t2 — t1)

where,

gl v, 7
— 2ty = —ty — 2to + ~ty + —t
nt1 ol 770+22+21
= —2n(t1 — to) — %(tz — to) (B.58)

noting that

m "o t! 1" 1" to t2
f K(t")dt fto w(t")dt" _ exp {/ H(t//)dt// +/ K(t”)dt”]
t/

— oxp [ /t . H(t”)dt”} . (B.59)

Furthermore,

/ /{(t” t” dt _/ (") t”+ft2 k(") dt" ( dt +/ f,l K" dt" (t )dt
to to

t
:/ B e e e (O

to 31
(B.60)
noting that t' € [tg,te] and t” € [/, t2] which can be split into the two cases where
t' € [to,t1] = t" € [to,t2] and ¢’ € [t1,t2] = t" € [t1,t2], i.e if ¢’ does not exist between
to and t1, then neither can t”. The expression for the system position operator in the

Heisenberg picture is then

t .
X(tg) = X (tg)e 21t —to)=7(t2—t0)/2 _|_/ ' 6(727777/2)@17t')77(t2*t1)/2£(BT(t) — B(t))dt'
2
to
to ,
+ / e (t2=t)/2 ( + LB - B ))) dt'. (B.61)
" 2 2
Recall that a thermal state in the Fock basis is given by
p=3 oy = S e ) (5.62)
= (1+ (m))" ! .

thus for the thermal state of our bath

chln (n| B(t)

and similarly (Bf(t)) = 0. Descriptively; because the thermal state is diagonal in the Fock

(B(t)) = Tr[pB(t)] = Tr ch (n| B(t)|n) =0 (B.63)

basis, the expectation values of it’s associated ladder operator will vanish. Consequently,

t
(R (t2)) = (R(to)) 2oz 4 & [7 emattamgy

t1

= (X (tg)) e 21tr—to) = (t2—t0)/2 . s (1 _ e*V(tzftl)/Q) (B.64)
v
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and further

~ - t1 , P B
(X%(tg)) = <(X(to>e‘2"(“‘t°>—”<t2—t0)/2+ / =2/t M”‘“W%(B%) — B(t))dt'
to

N /: o~ (t2=t)/2 (62 n %( Bi(t) - B(t))) dt’> 2>

_ <X2(t)> 6_477(t1_t0)_'7(t2_t0) +2 <X(t0)> e—2n(t1_t0)_’7(t2_t1)/2€i(1 _ 6_7(t2—t1)/2)
Y

+ 37(2.7\7 +1) { — (e71ta=t) _ g=y(tz—to)—dn(ti—to)) | %(1 — e (tg — 1))
v+ 4
2
+ %(1 — e (R2t)y2 (B.65)

where we have use the fact that terms like the following

t t
_3 / L2202 B (g) — B(t))dt / S e By — B())dt =
to t1

tl t2 / / 1 ~ ~ i ~ ~ ~ = it
/ dt’ | dt"e =)=t 2 N (B () B () + B () B(t") + B()BY(") + B(t')B("))

to

t1
t t
_ / ! dtl/ 2dt/167277(t17t’)f’y(t2ft’)/Qf'y(tgft”)(,yNa(t/_tll) +’)/(N+1)(S(t/—t”))
t t
t1

— / dt/e_2n(t1_t,)_’Y(tz_t/)’}/(2N + 1) — O (B66)

t1

and B(t")BY(t") = yN§(t' —t") etc. The variance is then found to be

2R (12) =2 R (tg)e (=0 rttat0) 4 ZVE L omattamty)
7(2N + 1) —’Y(tQ—tl) _7(t2_t0)—477(t1—t0)
A~ + A € —€ B.67
4(y + 4n) ( ) (B.67)

where for [¢(to)) = [0) = AZX (to) = } (0]a® +aal +ala + (ah)?|0) = §

B.2.2 Simultaneous

The (Heisenberg) system Hamiltonian in the interaction picture for the simultaneous

scheme is given by

Hy(t) =4 (B.68)
L (al —a) for t; <t <ty
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noting that the resulting displacements in the t € [to,¢1] and ¢ € [t1, 2] will be in opposite
directions as desired (c.f lossless regime). As such

in(a®+ (ah)?) + % (af —a),a
(1), 4] = lin(a® + (a")*) + 5 ( );al

for to <t< tl
[ (al — a), dl for t; <t <ty

| —inl@h2a) + Sfata] forto<t<t

s(al, a) for t; <t <ty
2inal — & fortg <t <t
= (B.69)
— L for t1 <t <ty
and further
5 N —2inat + & fortg <t <t
(), a)' = (A1), ') = i
i for t1 <t <ty
5 2ina — & for tg <t <t
= [H.(t),al] = ? (B.70)
— L for t; <t <to.
From this and equations (B.46-B.48) the rate of change of the position operator is given
by
di | —2nE(t) — 32() + S

) for to <t <t

for i Stftg.

(B.71)
where k() is given by (B.55) and

/N

u(t) = 2

Bi(t) — B(t))
:l:E

(B.72)
&4 i (BT(t) — B(t)) for t; <t <to.

so equations (B.56-B.60) hold as before but with (B.72) so that

fol"togtgtl

t
X(t2) = f((to)e_%?(tl—to)—v(tz—to)/2 + / ' e(=2n—7/2)(t1—t')

—t=t)/22 (Bi(¢) — B(t))dt
to 2
+ / etz (S Ly - paey)ar + © / " el =)= (ta0) g
" 2 2 2 ), '

(B.73)
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where the final term is the contribution due to the simultaneous preparation and sensing;

an additional displacement. The expectation value is then found to be

5 5 € 1

To)) — (X (1) + (1 — eta—t)/2 [1 (> | ot/ —t0)

(X)) = (X)) + 21— ¢ Wt (55m) 0 )
(B.74)

where we have used (B.63). Furthermore

(X2(t2)) =

<)~(2(t0)> e~ 4n(ti—to)—y(t2—to)

2
L [ 1 (e—v(tg—tlw _ etatoy/2-2mtn—to) L Lig _ e—v(tQ—m))]
Sl +4n g

+2(X2(ty)) o~ 2n(t1—to)—y(t2—t0)/2__€s <67(t2t1)/2 — e (tz—to)/2=2n(t1~to) .
v+ 4n gl

t
/ldt/ dt! e(—2n=7/2) (1 —t") =y (ta—t1)+(—2n—/2) (b1 —t") =y (t2— tl)/2[ (N +1)5(t —t")
+ NSt —t")]
t2 1"
—/ dt/ dt" e 1= 2=1 =) (N 1)5(¢ — ") — YNt — t7)) (B.75)

which reveals

(X2(t2)) =
<X (to)) e” An(ti—to)—(t2—to) | 2 [ <e'y(t2t1)/2 — e~ (t2—to)/2=2n(t1—to) |
*ly+4n v
2UX2(t 2n(t1—to)—(ta—to)/2__ Cs <€—’Y(t2—t1)/2 _ e—’y(tz—to)/2—2n(t1—to) +
2(X(to)) e~ oy 5

_ 72N +1) —y(ta—t1) _ —y(t2—to)—4n(t1—to) 12N +1) _ o (t2a—t1)
=0 (e e )+ " (1 e ) ®79)

so that the variance is given by

AZX (1) = A2 (fg)e~ W1t —t0)-2(ta-t0) | 2N 4+ ! (1 emtemm))
7(2N + 1) 7’}/(t27t1) 77(t27t0)*47](t1*t0)
T — . B.77
T ‘ ) (B.7)

Comparison and Checks

Now we have from the error of propagation formula

ty —to) AZX(ty

2 ¢ __ (
0%€; = T K@) I° (B.78)
) Oes
and we note
0 (X(t2), 1 Ay (ta—t1)/2

l(l _ e‘/(t2t0)))

1(1 — ev(tzto))ﬂ ’

1 (1- e—v(trfo)))
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and
8<X(t2)>c _
Oes
) NG 2
= (eta=t1)/2 _ —y(ta—to—2n(t1—t0)) _ o —(ta—t1) ) | Z (1 = o (ta—t1)
(1 + 375 ‘ V(=] )| (1)
2 ~ 2
1 (o —y(ta—to)—2n(t1— ta—t)\] ! 9 (X(t2))
Y(ta—t1)/2 _ —(ta—to)—2n(t1—to) _ o (ta—t1) s
<1+ 1+4n/y (6 c > [(1 ¢ )] > O¢s
(B.80)
then since A2X (ty) = A2X (ty)
5% =
-2

(ta — to) AQE’(Q)
T ‘3<X(t2)>s 2

(1 + 3 - }177/7 (e—v(tz—tl)/Q _ e—v(tz—to)—%(tl—to))) [(1 _ e—v(tz—tl)ﬂ 1)

Oes
e e [ )
n/
(B.81)
hence,
des - (6—7(t2—t1)/2 — e—V(tz—to)—Qﬁ(tl—to))
oeg (1+4n/7) (1 = e7rt27h)/2)
(efv(trtl)/? — e*(277+7/2)(t1*to)*v(trh)/?)
=1
* (1+4n/v) (1 — e71(t2=t)/2)
(1- e*(277+’v/2)(t1*t0)) e V(ta—t1)/2
N (1+4n/7y) (1 - e(=t)/2)
>1 Vig,t1,t0,n and ~ (B.82)

and we conclude deé < def for all parameters i.e the precision of the measurement of para-

meter €5 provided by the concurrent preparation and sensing scheme is superior to that

provided by the analagous sequential scheme even under the effects of optical loss.

CHECKS: In the limit of no squeezing, i.e when n — 0 we find

des 1 — e—(t1—t0)/2) g1 (t2—t1)/2
o 0z Je (B.83)
0€s (1 — e(t2—t1)/2)

noting that zero squeezing implies ¢; = {¢ it is the clear that gig =1, as expected.

Furthermore, in the limit of vanishing loss rate we find

lig 05 _ gy Lo B.84
e T e .
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where we have used the fact that

lim (1 + 4n/7)(1 — e V2=0)/2) — op(ty — ). (B.85)
Y=

Comparing equations (B.84) and (B.17) it is clear the expressions are equivalent (up to

arbitrary choices of parameters e.g taking to = T and to = 0 as is the case in (B.17)).
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