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ABSTRACT

The first part of this thesis presents a new quantum state sharing scheme
that distributes the quantum information contained within a quantum
state across three shares such that it cannot be accessed from any individual
share. By combining any two shares, however, the original state can be
reconstructed. This requirement for collaboration ensures security against
single dishonest actors. We demonstrate that the protocol is provably secure
for the class of pure Gaussian states and is effective for the sharing of mixed
states, although security for those cannot be guaranteed.

We then go on to discuss the use of quantum state sharing as a hybrid pro-
tocol for the distribution of discrete-variable states, including Fock states
and particle-number qubits, using Gaussian entanglement. We demon-
strate that, with access to suitable entanglement resources, this can be
achieved with arbitrarily-high fidelity and that the security of the protocol
can be guaranteed for qubit-like states.

In the second part of this thesis, we consider the potential for quantum
entanglement to improve the measurement of gradients in the magnetic
field. We find that in the absence of noise, it is optimal to measure ortho-
gonal gradients individually, devoting the full measurement network to
the measurement of a single gradient at a time. In the presence of high
levels of environment noise, however, it becomes preferable to measure
them simultaneously. We find the optimal network configurations and
entanglement structures to make these measurements in the presence of
three common noise sources.

ix
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INTRODUCTION TO THESIS

As we approach the second quantum revolution [1, 2] and the future de-
velopment of a quantum internet [3-5], interest in the applications of
quantum mechanics has surged within academia, industry, and govern-
ments. While some of the benefits promised — particularly the use of
scalable quantum computers and consumer quantum-communication
devices — may still appear only on the horizon, a huge number of ex-
plicitly quantum and quantum-informed technologies have already been
commercialised and progress towards these more ‘science-fiction’-style
technologies is being made more rapidly every year. Existing applications
of quantum technologies include the use of quantum random number
generators and quantum key distribution (QKD) to support specialist!
cryptography systems [1] and the use of quantum sensors for the detec-
tion of leaks in underground water networks [8]. Potential future uses,
meanwhile, cover applications as broad as GPS-less navigation systems
[9, 10] and the archeological mapping of now-buried ancient structures
[11]. As Dr Cathy Foley, Australia’s Chief Scientist, put it: the ‘impact of
the quantum revolution will be comparable to the digital revolution that
brought us transistors and lasers’ [12].

Countries around the globe are recognising the transformative effect
quantum technologies can have, both economically? and socially.? This
confidence in quantum technologies is underscored by the rush in recent
years from governments to support quantum industry, with the United
Kingdom [14], Australia [12], and the European Union [1, 15], among oth-
ers, developing detailed (inter)national quantum strategies. Indeed, many
industries are preparing for the quantum future while the capabilities they

!Although so-called ‘plug-and-play’ QKD implementations have been developed [6],
the UK’s National Cyber Security Centre continues to advise against their use due to
the specialised hardware needed for their implementation and the requirement that
the intermediate infrastructure be trustworthy [7]. Solving for this infrastructure-trust
problem and improving public quantum literacy such that security conditions can be
readily understood are key planks of many national quantum strategies.

’The Australian government estimates that the quantum technology sector will grow by
as much as 30% a year globally over the next 5 years and will directly contribute between
A$6.1 billion and A$9 billion to Australia’s GDP by 2045 [12].

3The benefits of improved scans from quantum sensing and drug development from
quantum computers are likely to revolutionise the delivery of medical care [13], im-
proving the quality of diagnoses and the effectiveness of treatment. The applications
to materials science, meanwhile — particularly to the development of solar panels and
battery technology [14] — may accelerate our ability to tackle the climate crisis.
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need do not yet exist. Transport for New South Wales, for example, are
already contracting quantum computing companies to develop revolution-
ary traffic-routing algorithms to be ready to reap the benefits once the
quantum computing sector is able to support them [12].

Broadly, quantum technologies fall into three main categories: quantum
communications, in which the power of quantum mechanics is leveraged
to enable more secure communication networks; quantum sensing, in
which networks of entangled measurement probes are used to reach bey-
ond the limit of what can be seen with classical approaches; and quantum
computing, which is predicted to be able to deliver previously unimagin-
able speedups, particularly in logistical and modelling problems [12]. In
this thesis we consider applications within two of these areas: quantum
communication and quantum sensing. The thesis is therefore split into two
parts, each designed to be read independently alongside the background

chapter as follows.

PART I: QUANTUM STATE SHARING In this first part of the thesis
we will consider a quantum communication protocol for the secure shar-
ing and transmission of quantum states in the presence of potentially-
untrustworthy parties. Such protocols, termed quantum state sharing pro-
tocols, split the information describing a quantum state between a number
of players in such a way that they can only access it by working together.
Crucially, though, the full group is not neccessary to reconstruct the ori-
ginal state so no individual player is handed a veto over the information. We
propose and analyse a scheme for this to be implemented using continuous-
variable entanglement — a source of entanglement readily available in
any quantum optics lab — and prove its security for the whole class of
pure Gaussian input states. We further show that this protocol is useful
and secure beyond the realm of Gaussian states for which it was designed,
and could serve as a novel way to share discrete-variable states without the

requirement for complex single-photon entanglement sources.

PART II: QUANTUM-ASSISTED FIELD MEASUREMENT In the
second part, we will discuss the use of entanglement to improve the meas-
urement of gradients in the magnetic field. We will begin by showing that
in the absence of noise there is no better way to estimate multi-dimensional
gradients than to simply measure each individually. We will go on to show
that this ceases to be the case in the presence of sufficiently strong noise
fields, and that an approach that measures multiple gradients simultan-

eously becomes preferable. Although we find there is often an upper-limit
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to the noise levels in which such a quantum approaches remains useful,
we demonstrate that this region of quantum advantage can be extended sig-
nificantly by making changes to the measurement setup that compensate

for the noise.






INTRODUCTION TO QUANTUM INFORMATION
THEORY

This thesis belongs to the field of quantum information theory, the study
of quantum states not as descriptions of specific physical systems but as
abstract carriers of so-called ‘quantum information’. We will not, therefore,
strictly define the type of quantum system under discussion beyond the
simple geometry of the state. Nonetheless, the area of greatest interest
within quantum information, and quantum technology more broadly, is
found in the photonic field. For that reason, to aid readability we will often
use ‘photon’ as a short-hand for any bosonic particle type; this should not be
mistaken as an indication that such results apply only to photonic systems.
We will work in natural units throughout this thesis, such that # = 1;
we will therefore neglect # in many formula it might usually be found.

2.1 QUANTUM INFORMATION
2.1.1 A brief review of quantum mechanics

Let us begin by recapping some fundamental results from the field of

quantum mechanics that we will use throughout this thesis.

PURE QUANTUM STATES AND MEASUREMENT BASES A quantum
system is associated with some d-dimensional Hilbert space, #: a vector
space over the complex field equipped with an inner product (-|-) € C
that defines the distance between two elements.! Every possible quantum
state of the system belongs to this Hilbert space, and any normalised vector
within this Hilbert space is a possible state of the system. We denote such
pure states, representative of all the quantum information contained within
the system, in ket notation as [¢) € H.

As the quantum state is a vector element in a vector space, it does not
possess a unique mathematical representation; instead we define it with
respect to some basis. Ordinarily, this basis will correspond to some selected
observable property, M, of the system. When a state has a definite value

A Hilbert space additionally imposes some completeness conditions which ensure calcu-

lus works as intended but are otherwise of no direct relevance to this work.

2
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of this property, it is known as an eigenstate of the observable, denoted
|M;), with eigenvalue, m;, corresponding to the observable value. Such
eigenstates do not change when acted upon by M,

M|M;) = my|M;), Y]

instead accumulating a scalar coefficient corresponding to its eigenvalue.
This set of eigenvalues defines the possible outcomes from a measurement
on the system, while the eigenvectors represent the corresponding set of
potential states this measurement could leave the system in.

If two quantum systems are associated with two Hilbert spaces, 4 and
‘H g, they can also be modelled as a single system described by the tensor
product of the Hilbert spaces, H g = H4 ® Hp. The state of the collective
system is given by the corresponding tensor product of the states of the
subsystems as

1) = [91)a ® [¥2)5 € Ha @ Hp. (2)

When n identical subsystems are in the same state, they will be denoted by
the shorthand

W) =1p)®" =) Y)® P R ... (3)

SUPERPOSITION STATES A phenomenon unique to quantum mech-
anics is that the properties of quantum states need not have defined values;
the outcome of measuring M may be probabilistic. Such states are termed

superposition states and are written as a sum of measurement eigenstates,
[¥) = a1 |[My) + ay|M>) + a3|M3) + ..., 4)

where a; = (M;|¢) is a probability amplitude encoding both the probability
of finding the state in eigenstate |M;) after measurement and a relative
complex phase between the eigenstates.

As such superpositions do not exist in the classical world, at the point that
|¢) is measured its superposition will collapse into one of these eigenstates,
|M;), with probability given by the inner product |(M;|1)|2. To be a complete
description of the quantum state, |¢)) must be normalised such that these
probabilities sum to 1, as )} af = 1.

If this conversion to the classical world is inherently destructive — losing
these useful superposition features — how then can quantum information

be transmitted between, say, quantum computers? It is precisely this prob-
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lem that underpins much of the field of quantum communication, and
which we will consider in part I.

MIXED STATES AND THE DENSITY MATRIX  Although these states
are a complete mathematical representation of the quantum information
contained within a system, they represent an idealised version of the real
world. In addition to the quantum superposition — representative of state
information ‘unknown to the universe’, so to speak — the state may evolve
in classically probabilistic ways unknown only to us. For example, perhaps
we know that a system is either in state |) or in state |¢) with probability
1/2, different to the quantum picture in which the state is in both states at
once. To enable us to capture both forms of uncertainty let us first promote

the ket vector describing a quantum state |i) to a projector,

lapure = |¢><¢|’ (3

an operator from the Hilbert space of states back to itself. As these projectors
are the outer product of two vectors, this representation can be written as
a matrix and so is termed the density matrix of the state.

Classical uncertainty as to which quantum state the system is in can be
represented by summing these pure-state projectors,

p= Z pili)il, (6)

weighted by the probabilities p; that the system will be in state |¢;) and
normalised such that )} p; = 1. States that can be written as a single
projector, [)(3| — and so consist of quantum uncertainty only — are
termed pure states, while those that do not — and so contain classical
uncertainty also — are termed mixed states. We can measure the extent to
which a state is mixed through its purity, given by the trace of the density

matrix,

P(p) = Tr(6). (7)

In contrast to this classical uncertainty, quantum uncertainty — or su-
perposition — presents itself in the density matrix through the emergence
of off-diagonal elements. Consider the density matrix for a state described
by a;|¥;) + a,],), for example, which is given by

p = (af i) + a|,))(or (3by| + ap(hy])
= loty P[0 )W | + a2 )0s] + afctath X3, | + by [1h2) (W[ (8)
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Were this superposition instead described by classical uncertainty, and the
density matrix given by equation (6), these coherence terms of the form
|t )(¥,| would not exist.

THE UNCERTAINTY PRINCIPLE The defining feature of quantum
systems — and the one that enables much of the security we rely on in
quantum communication — is given by the uncertainty principle. Re-
call that making a measurement of a quantum system is inherently an
information-destructive act. Often, making a measurement of one observ-
able will destroy information about the state of the system with respect to
a different observable.

The degree to which two observables A and B are compatible is given by
their commutator,

~ A A A A

[A;B] = AB — BA. 9)

If two observables do not commute — if it matters which is measured first
— the measurement of one must have an impact on the measurement of
the other. The two observables cannot therefore both simultaneously be
perfectly measured and so no state can be an eigenstate of both. Making a
measurement of one will induce some level of superposition in the other.

It is this principle more than any other that underpins the security
of quantum protocols. As we will discuss further in section 4.3, these
fundamental limits on information restrict our ability to clone quantum
states,? and so forbid potential adversaries from eavesdropping on the
communication without detection.

2.1.2 Continuous-variable systems and the Wigner function

Up to this point, we have considered quantum systems with discrete eigen-
spectra — so-called discrete-variable (DV) systems. Throughout the first
part of this thesis, however, we will be interested in continuous-variable
(CV) systems represented by observables with a continuous spectrum of
possible measurement outcomes.

The canonical example of such a system is given by the electromagnetic
field, the object of main study within quantum optics. Although we do
not restrict our results to those observed by the quantum optical field,
photonic systems are the predominant medium in which CV systems are
implemented and so we will often use the language of the field here.

Were we able to clone states, one could trivially measure incompatible observables by
first duplicating the state then performing one measurement on each.
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HEISENBERG PICTURE AND QUADRATURE OPERATORS  Letus
first consider the modelling of such systems in the Heisenberg picture, in
which the measurement operators themselves represent the state of the
system.

A continuous-variable state consists of a conjugate pair of observables,
typically denoted % and p and referred to as the x and p quadrature oper-
ators describing the system. For a single-particle system, these might be
the position and momentum observables. More typically, in a quantum
optical systems these observables might represent the in- and out-of-phase
components of the electromagnetic field.> Although we will continue to
refer to them as the x and p quadratures, in formulae we will ordinarily
denote them respectively as X+ and X~ for notational convenience. These

quadrature operators do not commute, with
[X+;X"]=in, (10)

and so cannot be measured simultaneously; every continuous-variable
system must exhibit a minimum level of uncertainty,

AXtAX~ > 1, (11)

where we have assumed, as we will throughout this thesis, that 72 = 1. This
base level of CV uncertainty is termed the standard quantum limit.

When both quadratures evolve in the same way, we will sometimes use
the mode operators, @ and @' to describe the evolution of the mode as a
whole. These combine the two quadratures as

1 . 5 1 4 5
a=—X *+iX"), and af=—X*-iX"). (12)
2 2

SCHRODINGER PICTURE  Often, it will be convenient to return to the
Schrodinger picture and consider the probabilistic description of the state
directly. A continuous-variable analogue to the state vector, |$), can be
found by projecting the state onto the quadrature operators, as

P(x) = (tlY) € ?, and P(p) = (ply) € I*. (13)

The resultant probability density distribution, termed the state’s wave-
function, is a vector in the infinite-dimensional Hilbert space of square-

3As we are not considering the quantum information as a component of a specified system,
we will not discuss here the quantisation of the electromagnetic field. Interested readers
are instead directed to the book on quantum optics by Ulf Leonhardt [16] for details.
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integrable functions, I?. As representations of a probability distribution,
these wavefunctions must again be normalised such that

f dxlp(P = 1. (14)
R

For a pure state — in CV systems synonymous with a minimum-uncertainty
state — either of these wavefunctions represent a complete description of
the state and the two are related through the Fourier transform [17]

- 1 .

i) = <= [ axocoer. as)
\V2r Jr

For this class of states, then, the choice of quadrature representation is

simply a choice of measurement eigenbasis.

WIGNER FUNCTIONS  Mixed states — or CV states that do not saturate
the uncertainty relation of equation (11) — cannot be properly represented
as a wavefunction in I? any more than they can be represented as a ket
vector, |1), in H. To represent such states, we must consider the full (x, p)
phase space collectively. We cannot properly represent these states through
a two-dimensional probability distribution, however, as this would imply
a non-zero probability of finding the state in any arbitrarily-small area in
phase space, violating the uncertainty principle.

To sidestep this problem of uncertainty-respecting representation, let us
introduce a pseudo-probability distribution termed the Wigner function,
W(x, p) [16, 18]. This function associates with every point in phase space a
real number related to the quadrature probability distributions, but which
does not directly correspond to a probability. Instead, it is defined such that
its marginal distributions describe the probability of finding the quadrature

measurements as
pr(x) = f dpW(x,p), and pr(p)= f dxW(x.p).  (16)
R R

Indeed, the fact that the Wigner function is not a proper probability density
is underscored by another intriguing feature of the distribution: it allows
for negative values. Classically, a Wigner function must be strictly positive
so this curious property can be used as a blunt metric for the ‘quantumness’
of a state.
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The Wigner function for a pure state with wavefunction ¥(x) or (p)
can be found by integrating over the wavefunction as [16]

W(x,p) = %T /1; dx’z,bT(x + x?,)gb(x — x?,)eipx/ 17)
L [5or Eo- ) am

Precisely as a mixed-state density matrix can be constructed by summing
over pure-state projectors, mixed-state Wigner functions are given simply
by the sum of pure state Wigner functions as

W(x, p) = piW(x, p) + pWs(x, p) + ..., 19)

weighted by the set of classical probabilities ), p; = 1.

Superposition states, by contrast, are again characterised by the pres-
ence of coherence terms taking the place of the off-diagonal elements
of the density matrix. Applying equation (17) to the superposition state
P(x) = o1 P,(x) + aP,(x), for example, gives Wigner function

W(x, p) =l |*Wi(x, p) + | |*Ws(x, p) + “1“211,2(35’ p) + 04;0‘112,1(35, D)
(20)

for coherence terms
1 , x’ xl . ,
LG p) = '[R dx'P](x + F(x = 5 ) e (21)

Tensor-product states are represented by the product of the Wigner func-

tions,

Wyee(X15 P1s X2, P2) = Wy(x1, pr)Wp(x2, P2), (22)

with each mode represented by its own conjugate pair of quadrature vari-
ables. Extracting a single mode from the Wigner function representing a
wider system, meanwhile, can be achieved by integrating over the quadrat-

ure variables representing any unwanted modes as

Wsubssys(ql) =f dq2,...,NWsys(q)’ (23)
RN’

When considering Wigner functions, we will often for simplicity de-
note both quadrature variables together as g = (x, p)T. When denoting
multiple modes together, we will ordinarily use ‘mode-ordering’ with
q = (X1, P1> X2, P2s - » X» Pn) L - The exception to this will be in chapter 6

11
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and in appendix B in which we will use ‘xp-ordering’ in which the quad-
ratures are grouped by type and q = (X1, Xy, ... , Xpy» P1> P2s -+ » Pp) .-

GAUSSIAN STATES  Of particular interest to this thesis is the subset
of continuous-variable states whose Wigner function takes the form of a

Gaussian,

W(q) = ———— exp[~(q - )TV (q - ), (24)
™ detV
perhaps unsurprisingly, termed the Gaussian states. These states are en-
tirely characterised by the vector 7 = ((X),{p1), (£2),(p2),...)T € R”
describing their mean position in phase space and a covariance matrix
V € R2" describing the shape of the distribution.
The diagonal elements of this covariance matrix are given by the vari-

ances of each quadrature,
1
Vi = 5 ({4qi; Aqi}), (25)

representing how noisy they are individually. The off-diagonal elements —
termed the covariances — represent any correlation between the quadrat-
ures and are equivalently defined as

V=

J =5 ({445 Aqj)), (26)

| =

for g = (%, p). This direct relationship between the quadrature operators
and the form of the Wigner function makes it trivial to convert Gaussian
states between the two pictures. When a mode X* can be specified by
relation to a set of (independent and uncorrelated) known modes

Xi = (xl Ali + sz Azi, (27)

the mean vector and covariance matrices are given simply by the equivalent

relations,

r= 051’7'1 + C(zi'z, (28)

V =aiy] + adls. (29)

Recalling that the Wigner function describing a tensor-product state is
simply given by the product of the Wigner functions, for two Gaussian
states the combined system is again a Gaussian state characterised by the
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direct product of the subsystem covariance matrices and concatenation of

the mean vectors as*

Wes =W &% (30)

The reverse operation, tracing out unwanted modes, is as simple as remov-
ing the relevant rows and columns from the covariance matrix; the first
subsystem of a state described by

V= ( a %3) (32)

AL

is then simply described by the V}; sub-matrix, while the second subsystem
is similarly described by V3.

2.1.3 Quantum entanglement and EPR steering

Quantum entanglement is a form of correlation between two modes of
a quantum state that ensures some degree of coordination between their
post-measurement states but which cannot be explained classically. This
property is so crucial to quantum communication protocols that through-
out this thesis we will refer to it as the resource underpinning the protocol,
and the state that provides the entanglement as the resource state.

The wider concept of ‘entanglement’ is an umbrella term for a class of
related properties of quantum states, which are not necessarily equivalent.>
The simplest of these is the concept of non-separability, simply the idea
that a multi-mode state cannot be represented as two separate, classically-
correlated states. A second, more useful, phenomenon is the ability to affect,
or ‘steer’, the state of one mode of a quantum system solely by acting on
the other mode. This is Einstein—Podolsky—Rosen (EPR) steering [19], also
simply termed quantum steering, and is not automatically implied by the
presence of non-separability. We will primarily discuss quantum steering
in part I, as this is the resource the protocol outlined there utilises, and
non-separability in part II, as we are instead interested in the difference

between classically-allowed states and fully-quantum states. References to

“In this thesis, for notational consistency we denote the concatenation of two vectors as
a®b=(a,b)T.

SFor pure states, such as the two-mode squeezed vacuum state we will see later, there is
no distinction between these forms of entanglement and any non-separable state will
also exhibit some form of quantum steering. In this thesis, we are interested in the full
set of in-general mixed resource states and so we will consider non-separability and
steering as separate properties.

13
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‘entanglement’ in those sections should therefore be taken to refer to EPR
steering and non-separability respectively, except where otherwise noted.

NON-SEPARABILITY When a pure quantum system can be written as
the tensor product of two smaller subsystems, as

%) = [¥)q ® )b (33)

they can be separated and the state of either subsystem can be fully specified
without reference to the other. These are termed separable states.

When the wider system is itself a superposition of states, for example as
|9) = 2 cilthabs (34)
i

and cannot be written in the form of equation (33) a fully-quantum descrip-
tion is only possibly by considering the system collectively. Any description
of the subsystems individually will be a mixed state, with the addition of
some classical uncertainty representing our lack of knowledge of the state
of the remaining component. These states are termed non-separable states,
or simply entangled states. The existence of this non-separability in itself
will be the object of interest in the second part of this thesis, where it is
used to define the set of states impossible to construct classically.

Not all such entangled states are equally non-separable, however. In the
latter part of this thesis, we will quantify the degree to which a quantum
state is non-separable through a metric termed the logarithmic negativ-
ity [20].6 Fully separable states have a logarithmic negativity of 0, with
increasing values indicating greater entanglement. The logarithmic neg-
ativity corresponding to maximal entanglement is dependent on the size
of the subsystems. For two subsystems consisting of a single qubits each,
maximal entanglement is indicated by a logarithmic negativity of 1; for
subsystems each containing two qubits the maximal entanglement corres-
ponds to a logarithmic negativity of 2. The logarithmic negativity between
two subsystems of a three subsystem state is defined as the logarithmic

negativity of the state after the third subsystem has been traced out.

EPR STEERING To enable the quantum state sharing protocol outlined
in this thesis to operate, a stronger form of entanglement termed EPR

steering is required. This is the ability for a measurement on one subsystem

Loosely, the logarithmic negativity is measure of how much a state ceases to be valid
when one subsystem is transposed and the other is not [20]. For separable states this is a
valid operation as the subsystems can be acted upon individually.
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of the resource state to non-locally affect the state of the other subsystem,
and is not automatically implied by the existence of non-separability.

The degree to which a state exhibits quantum steering is quantified by
the steering parameter, Ey|5(g), given by [21]

Eyp(9) = 43X} — gXF) = A2(XT + gX7). (35)

with Ejj,(g) < 1 required for steering to be certified, and E;,(g) — 0
approaching perfect entanglement. Here, A2 is again the variance operator,

4°0 = (Y|0%p) — H|O1P)*. (36)

For continuous-variable states, EPR steering is then equally a measure of
how well the modes destroy each other when mixed with ratio g as

Xt -gXs, Xr+gX5. (37)

Every two-mode state will have a distribution of steering parameters
across the range g € (0, \/E) that describes its entanglement properties.’
Such a state exhibits quantum steering for any g value for which Ey5(g) < 1;
except for very lightly-entangled states there will then be a range of g values
for which the state is steerable. Notably, quantum steering is a directional
property — it may well be the case that a state exhibit steering from one
mode to the other, but not vice versa.

GAUSSIAN STATE ENTANGLEMENT  Within Gaussian states, entan-
glement properties are wholly characterised by the covariance matrix de-
scribing the state, V. It turns out, though, that all two-mode Gaussian states

can be brought into so-called ‘standard form’,

n c 0
0 0 —c
V= , (38)
c 0 m O
0 —c 0 m

only by the action of a series of local operations acting independently
on each mode [22], for n,m > 1 and |c| < Vnm — 1 termed the state’s
symplectic invariants. Consequently, in any discussion exclusively focused
on their entanglement properties, we can assume all two-mode Gaussian
states to take this form. In this form, the n and m parameters can be clearly

7Outside of this g € (0, \/5) EPR steering cannot exist, as it would otherwise be possible
to use it to violate the uncertainty limit.
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identified as representative of the single-mode variances of each mode
while c represents the strength of the entanglement between them. Such a
state is pure only when this covariance matrix has unit determinant, when
¢ = ynm — 1. Such states exhibit the minimum single-mode variance
possible for the amount of entanglement present. The steering parameter
for a Gaussian state is given in terms of its symplectic invariants by

Eyp(8) = n+g*m — 2gc. (39)

2.1.4 Quantum dynamics

Changes in the state of the system — for example, because of the action of
a quantum protocol — are represented through the application of quantum
channels, transforming the states as

iéout = A(ﬁm) (40)

QUANTUM CHANNELS IN THE DIRAC FORMALISM  When such
a quantum channel always maps pure states to pure states it is termed a
quantum unitary,

[¥) > Uly), (41)

and can be represented as a matrix transform on the ket vectors, as

|¢out> = U|¢in>’ (42)

for U a matrix representing the action of the unitary. Such a channel rep-
resents only the movement of quantum information between the modes
present in the state, with no interference from outside sources. These unit-
aries can equally act on mixed states described by density matrices through
the matrix transform

Pout = Ubin U'. (43)

In general, a quantum channel does not have to preserve the purity of its
input, though, and will map pure-state ket vectors to mixed-state density

matrices. These more-general quantum channels cannot be represented
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through unitary matrices and are instead defined by a set of Kraus operators,
{K;}, describing the evolution of a quantum state as [23]

Bout = 2 KibinK] - (44)
i

To represent a physical process, these operators must be collectively norm-
alised such that )’ K;f K; =1L,.

The mixedness these channels induce stems from our lack of knowledge
of the state of the environment the state interacts with. By extending the
quantum system to include modes explicitly representing the environment,
though, any n-mode quantum channel can be represented as a quantum
unitary over some larger n + m-mode system. The n-mode output can then
be obtained by tracing out the environment modes from the output state,
as

iaout = Trm[U(lain ® pAenv)]’ (45)

where g, represents the initial state of the environment system.

GAUSSIAN CHANNELS In the Wigner formalism, the action of a
quantum unitary is equivalent to a coordinate transform, acting such that

Wout(q) = I'Vm(A : Q), (46)

for A € Sp(2n; R) a symplectic matrix (defined below) representing the
unitary. As Gaussian states are wholly characterised by their mean vectors,
r, and covariance matrices, V, the action of a Gaussian channel can be
modelled by considered the change in each of these, as

F— ATLF, 47)
Vi ATlV(A-DT, (48)

In the Heisenberg picture, quantum unitaries can similarly be modelled
through their impact on the quadratures as

X* = TX®, (49)

for transformation matrix T € Sp(2n; R) related to the coordinate trans-
formation by T = A~!. To be valid quantum states, both the input and

17
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output states of this transformation must respect the canonical commuta-
tion relations that

[X:; pi] =16y, (50)

[i; Gl =10 ; (51)

for Q the symplectic form given by

o= (_01 (1)) (52)

Only those matrices which preserve this symplectic form — those for
which TQTT = Q — produce valid output states and so represent physical
quantum channels. These matrices are termed symplectic matrices, and be-
long to the symplectic group, Sp(2n; R). Consequently, continuous-variable
quantum channels that are also quantum unitaries are often termed sym-

plectic channels.

2.1.5 State discrimination and fidelity

Finally, let us briefly touch on the subject of state discrimination, the
measurement of how different two quantum states are. Throughout the
first part of this thesis we will use the similarity between the input and
output states of the quantum protocol as a measure of its effectiveness.
This can be quantified through the fidelity between them, a generalisation
of the concept of state overlap to mixed states, defined as [24]

Fir.6) = [ VBB (53

This expression reduces to simply the state overlap

F(|91), 62) = ($1lp21%1) (54)

when one of the states is pure. A fidelity of 0 indicates the states are wholly
orthogonal, while a fidelity of 1 indicates they are identical.
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When both states are Gaussian, the fidelity can be found through the
covariance matrix and mean vectors characterising the states as [23]

F= m exp[~(F — F)TO] + )M~ )], (59)

for
A = det(V] + 15), (56)
6 =(det] —1)(detV; —1). (57)

In the special case in which one of the states is pure, the § contribution

vanishes and the fidelity reduces to

A 2" o s =
F = @lolY) = ————=-exp[-(F, =) (] + ,)"'(F, —F)]. (58)
det(Vf + 13)
When both states share the same mean vector, #; = F,, the exponential
vanishes and the fidelity reduces further,

F=_—2 (59)

Vdet(V] + 13)

and is proportional simply to the inverse covariance matrices.

2.2 SOME EXAMPLES OF QUANTUM STATES

Let us now consider some examples of quantum states that we will en-
counter in this thesis.

2.2.1 Gaussian states

In the first part of the thesis, we will be considering a Gaussian quantum
communication protocol. Let us give a brief overview here of some notable
Gaussian states.

COHERENT STATES & SQUEEZED STATES  The standard Gaussian
state is the coherent state, characterised by its symmetric saturation of the
uncertainty limit such that V;,, = I, and the variance in each quadrature
is equal. The trivial example of this class of state is the vacuum state |0)
with Wigner function

W(x,p) = %exp[—x2 - p*] (60)
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X X
(a) Coherent state (b) Squeezed state

Figure 1: Wigner-function representations of (a) a displaced coherent state and (b)
a squeezed state with squeezed quadrature variance = 4.5 dB below the
vacuum limit at a 45° squeezing angle. Both states saturate the uncer-
tainty limit. In the coherent state, though, the uncertainty is symmetric
in both quadratures, while in the squeezed state it has been reduced
below the standard quantum limit in one quadrature at the expense of
increased uncertainty in the conjugate quadrature.

The remaining class of coherent states carry information through their
displacement away from this vacuum state, characterised by the position
of their mean in phase space, F € R2.

A related class of state is the squeezed coherent state, often simply termed
the squeezed state. These states continue to saturate the uncertainty limit,
such that 42X*tA2X~ = 1, and so remain pure; however, they do so in
an asymmetric way that decreases uncertainty in one quadrature at the
expense of increasing it in the other. The covariance matrix for such states
is then given by

B e % cosf + eXsin6 2sinh(2¢)cos Osin 6 61)
2 7\ 2sinh(2¢) cos 6sin 6 eX cos + e X sinf)’

for some squeezing parameter ¢ > 0 at an angle 6 in phase-space, quanti-
fying the degree to which one quadrature is squeezed below the standard
quantum limit. Notably, this covariance matrix always has unit determin-
ant, so continues to saturate the uncertainty limit.

The level of squeezing is more commonly referenced in decibels describ-
ing the reduction in noise it causes below the standard quantum limit,
given by

s = —10log, , exp(—2¢). (62)

THERMAL STATES A coherent state that has interacted with some

noisy environment and so accumulated additional variance above the
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standard quantum limit is termed a thermal state.® These states have cov-
ariance matrix V = (271 + 1)I, for i1 > 0 representative of the number of
photons likely to be found in the state above those that would be found in
an equivalent coherent state. Thermal states can also be squeezed, in which
case the identity in the covariance matrix is replaced by the squeezed-state
covariance matrix of equation (61).

TWO-MODE SQUEEZED VACUUM  The standard example of a Gaus-
sian entangled state is the two-mode squeezed vacuum (TMSV) state. This
state is constructed by first squeezing two undisplaced vacuum states along
complementary axes, such that each is squeezed to the same magnitude,

+¢ € R, and the two have covariance matrix

v = e 0 V. = ) 63)
T o e 27 o X )

The two squeezed states are then passed through a 50:50 beamsplitter to
construct the 2-mode state

N 1 . N
Xivsv1 = E(Xsil + X5 (64)
~ 1 . N
Xusvz = =X — X5), (65)

with covariance matrix

cosh 2¢ 0 sinh 2¢ 0

v _ 0 cosh 2¢ 0 —sinh 2¢ 66)
™V ) sinh 2¢ 0 cosh 2¢ 0 '
0 —sinh 2¢ 0 cosh 2¢

Each of these modes are individually indistinguishable from a thermal state,
having single-mode covariance matrix V' = cosh(2{)I,, but collectively the
system exhibits entanglement between the modes such that

A~

+ ~/
XTmsvi

A~

Xusvas Avsvi ~ —XTusvar (67)

The quality of this entanglement, quantified by the strength of these cor-
relations, is dependent on the level of squeezing in the two input states.
Applying equation (39) to the covariance matrix given in equation (66), we

8In this thesis, the thermal states we refer to are those which take Gaussian form: the
thermal states of second order Hamiltonians [23]. These are a subset of the more general
set of Gibbs thermal states [16].
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can find the steering parameter for two-mode squeezed vacuum states to
be

Eyp(8) = (1 + g*) cosh(2¢) — 2g sinh(29), (68)

where ¢ is the level of squeezing used to construct the states and g is the
mixing ratio described in section 2.1.3.

As TMSV states are the standard entanglement tool in quantum optics,
we will often use TMSV squeezing in place of the EPR steering parameter
to enable an easier connection to experimental implementations. In such
cases, the squeezing will be quantified through decibels using equation (62).

Despite being continuous-variable in nature, these states can be equally
represented as a particle-number superposition in an infinite Hilbert space.
In that regime, the two-mode squeezed vacuum has representation

ITMSV(¢)) = %hg’ i tanh"¢|n, n), (69)
n=0

where n represents the number of photons in the state and ¢ the amount
of squeezing present in the state’s construction.

2.2.2 Discrete-variable states

As the number of particles present and the dimension of each’s state space
increases, the varieties of possible entanglement also increase hugely. Here,
let us focus on a couple of the common ones we will use in our discussion
of entangled probe networks in part II. In that part of the thesis, we will
be interested in spin-% particles, defined by being either in the spin-up
or spin-down state, and so let us here use as our example the two-level
quantum systems composed of the {|1), || )} spin eigenstates.

BELL STATES When only two particles are present in the state, all

possible entanglement is characterised by the set of four Bell states:

1 1
o) = —(1N)+ 1), and [0y =—(1D)—-[1), (70
|2%) \/E(l Y+L)), and  [@7) \/E(l Y= 1LD), - (70)

defining entanglement in which the particles are always found in the same
state and

1 1
Py = —(Ith+ D), and [P = —(Ith—1D). (7D
| \/E(l 1)), and | \/5(| 1))
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defining entanglement in which they are always in opposing states. In
this thesis, we will only make use of the first form of entanglement, |®*),
which we will denote as simply |®).

GHZ STATES  The first two forms of Bell state, |®*) generalise naturally
to systems composed of a larger number of particles. The state in which
n particles are known to be in the same state, but where that state is not
known, is termed the Greenberger—Horne-Zeilinger, or GHZ, state, and has
form

1
GHZ) = —(|1)®" + [1)8"). 72
|GHZ) \/E(H +11)®8") (72)

Although a form of maximally-entangled state, the GHZ state is extremely
fragile. Making a measurement of the spin of one mode (along the spin
axis the GHZ state is defined against) will reveal the state of the entire
system, and so leave the remaining system in a fully known eigenstate
with no entanglement [25]. Consequently, tracing out any single mode
— if the measurement outcome is unknown, for example, or due to the
presence of certain types of noise — the remaining system will be left in
the maximally mixed state, with the quantum superposition replaced by
classical uncertainty.

DICKE STATES  Finally, let us consider the class of Dicke states: a gen-
eralisation of the latter two Bell states |#*). Consider a three-particle state
whose total energy is known: we might deduce therefore that a total of 2
of the 3 particles must be in the excited state. If the configuration of these
particles is not known, however, the overall state is written

IDG.2)) = = (1111) + [141) + [111)). (73)
V3

The state of each probe is then dependent on the state of the wider system,
and no single probe can be fully specified alone. This is the (3,2) Dicke
state. These states remain fragile but are slightly more resilient than GHZ
states, with the measurement of a single probe potentially destroying the
entanglement (if the measurement result is || )) or leaving the remaining
system in a Bell state (if the measurement is |1)).

The general Dicke state of k excitations distributed across n particles is
given by

D(n, k) = /%/ L) (74)

P(n,k)
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for P(n, k) the set of all possible such permutations and A a normalisation
constant.

2.3 FURTHER READING

For more information about continuous-variable systems and the Wigner
function, the reader is directed to the canonical book by Alessio Serafini in
Ref. [23] or the review article by Christian Weedbrook et al. in Ref. [24].
For an overview of quantum optical systems (although broadly applicable
more widely to any bosonic system) the textbooks by Ulf Leonhardt in
[16] and Pieter Kok and Brendon Lovett [26] are an excellent resource. For
further information on discrete-variable systems the reader is directed to
the reference book by Nielsen and Chuang [27].
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QUANTUM STATE SHARING
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Imagine an aquarium, facing the ever-present risk of theft from rivals,
feels the need to up security for its prize hammerhead. Naturally, no single
employee can be allowed individual access lest they steal the fish away. On
the other hand, access must be possible at any time: what if the shark were
to fall ill or otherwise need care? Specified groups of trusted keyholders
cannot be relied upon to be present every time the tank is opened. What
is needed is a system whereby the tank can be accessed by any suitably-
large group of employees while any smaller group remains locked out. The
solution to this problem lies in encryption techniques that give each person
only one part of the key, but allow for any combination of a set number of
these parts to together form the full key. Schemes of this form are known
as secret sharing protocols and are in use in security systems around the
globe.

Classically, this is a perfectly solved problem. In 1979, Shamir [28] and
Blakley [29] independently presented protocols that are provably unbreak-
able so long as the individual players’ shares remain themselves secure.
Shamir’s protocol, for example, hides the secret information as the inter-
section of a (k — 1)-dimensional polynomial with the y-axis. Each of the n
players is then distributed a randomly selected point (x;, f(x;)) along this
curve. As there exists only one (k — 1)-dimensional polynomial passing
through k points, access to any k of these points allows the original curve
can be identified exactly, and so the secret information recovered. By con-
trast, there are an infinite number of such curves passing through k — 1
points — and one can be found passing through every point along the
y-axis — so no information can be recovered from any smaller set of shares.
An illustration of this scheme is shown for k = 2 in figure 2. Blakley’s
protocol [29], meanwhile, hides the secret information as the intersection
of (k — 1)-dimensional planes, with one dealt to each player. Only with
the knowledge of k such planes is their intersection unique, and thus the
secret retrievable.

Although this classical solution is well-established, there remains a place
for quantum mechanics in such a setup ensuring the secure distribution of
the shares to each player and forbidding their duplication. Such quantum-
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Figure 2: An example of a k = 2 classical secret sharing scheme in which a 4-
digit secret is encoded as the intersection with the y-axis. (a) With the
knowledge of only one point (green star) it is impossible to identify the
original line, and so the secret is secure. (b) With access to a second point
(red star), though, the original line can be established and the secret
code recovered.

augmented protocols are termed quantum secret sharing and are discussed
extensively in Refs [30-33] so we will not consider them further here.

In considering this protocol’s relationship to quantum mechanics, though,
another question arises: what if the secret itself was a quantum state? Such
a state cannot be converted into classical information without destroying
some part of it, so classical information security protocols are of little use
to us here. It is this class of protocol, termed quantum state sharing (QSS),
that we will consider in this first part of the thesis.

These quantum protocols differ from their classical cousins in a number
of important ways as the quantum information must obey the quantum
limitations. First, as we will discuss in section 4.1.2, some of the complex
access structures possible with classical secret sharing cannot be imple-
mented with QSS. In particular, it is impossible to permit reconstruction
with fewer than half of the shares. Further, as the quantum information en-
coded within the states is vulnerable to decoherence, more care is required
in their storage and transmission which may increase infrastructure costs.
On the other hand, though, the cloning-prevention built in to quantum
mechanics prevents careless parties from sharing their copies with others.
These restrictions may make quantum approaches unsuitable for some
use-cases, in which case a classical secret sharing scheme be necessary.

In practical terms, these protocols involve mixing a single secret (and un-
known to the players) quantum state into a larger entangled system to dis-
tribute the quantum information across the modes. Collectively, this wider
system perfectly represents the original state but no single mode, traced
out, can be used to recover it. By exploiting the entanglement between
the modes (a task for which one must necessarily have access to multiple
shares), however, the original state can be disentangled from this wider
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system and reproduced in a single mode. The quality of this ‘reconstructed’
copy of the input state will depend on how well-entangled the original
‘resource’ system was prior to the introduction of the secret state.

Protocols of this form have the potential to find uses across the quantum
communication field. There are obvious applications to the task of secure
state distribution, where QSS solves a subtly different problem to that of
quantum teleportation: how to communicate securely when one has ac-
cess to a multiple communication routes but cannot guarantee that any
is individually secure. By splitting the state using a QSS scheme prior to
transmission, the loss of individual transmissions is secured against. A
potential adversary would then have to intercept a larger number of trans-
missions to decode the original information, increasing the cost and access
requirements of a successful attack. An adversary failing this stronger re-
quirement would further be unable to prevent successful reconstruction of
the secret by the desired recipients. Crucially, as we will see in this thesis,
quantum state sharing provides this security at a lower resource cost than
quantum teleportation, offering cheaper security against less-sophisticated
threat models.

QSS protocols may well find applications outside of simple state distribu-
tion, however. In the field of secure distributed computing, there has been
promising early work in the discrete-variable regime looking at the use of
quantum state sharing schemes for so-called ‘blind computation’ protocols
[34, 35] and secure multipartite quantum computation [36]. In such a scen-
ario, a service-user might utilise a QSS scheme to obscure confidential data
before sending each share to be processed by quantum servers operated by
different (untrusted) parties. No individual quantum computer then has
access to either the original underlying data or the computation output. It
is only by bringing the shares back together (at a point controlled by the
service-user) that either this information becomes accessible again. Such
privacy guarantees could enable sensitive information to be analysed by
cloud-based quantum computers without the requirement that the oper-
ators be trusted [34]. Although such a solution necessarily involves the
use of additional resources — with access to multiple quantum computers
required — it guarantees the underlying data remains secure.

Finally, quantum state sharing schemes may find uses as a rudiment-
ary form of quantum error correction, a continuous-variable analogue to
Reed-Solomon codes [35, 37]. The ability to split information into a num-
ber of shares and reconstruct it, in the ideal case perfectly, with access
to only a subset of those shares allows for the possibility to recover from
the complete loss of a number of transmissions; so long as more than
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half of transmissions are successfully received the original information is
preserved. Such quantum error correction protocols are termed erasure
correction protocols and serve an important role in making quantum com-
munication robust [38, 39]. In fact, in the discrete-variable picture, it has
been shown that any (2k — 1)-dimensional erasure correction protocol that
corrects k — 1 errors can be made into a {k, 2k — 1}-threshold quantum
state sharing protocol, and vice versa. It is likely that this also applies to
continuous-variable protocols.

For quantum state sharing to be useful in any of these fields, however, its
security must be provably guaranteed. It is well-known that for quantum
information protocols better security can be achieved by increasing the
entanglement present in the resource state, but this comes with significant
tradeoffs by increasing the energy and equipment requirements. It is essen-
tial, then, that we know precisely how much entanglement is necessary to
achieve secure QSS to enable its use in the widest possible variety of setups.
As well as considering its general effectiveness, it is primarily this question
of security that we will return to throughout our discussion of QSS here.

In chapter 4 we will introduce the continuous-variable quantum state
sharing protocol utilising Gaussian entanglement that we are presenting
in this thesis. Chapter 5 will consist of the main results of this part, an
analysis of the use of this protocol for the whole class of single-mode Gaus-
sian secret states including coherent states, squeezed states, and thermal
states, as well as considering the potential for the protocol to be extended
to allow for the sharing of multi-mode Gaussian states. In this chapter we
will be particularly interested in the conditions under which this protocol
is provably secure against bad actors, and the degree of resource entan-
glement required for this security to be guaranteed. Finally, in chapter 7
we will consider our protocol as a ‘hybrid’ protocol allowing for Gaussian
entanglement to be used to securely share and reconstruct discrete-variable
states, using the framework developed in chapter 6. We will consider the
protocols effectiveness for the set of Fock eigenstates and a number of
superpositions of those.



CONTINUOUS-VARIABLE QUANTUM STATE SHARING
PROTOCOLS

In this chapter, we will outline the form of the quantum state sharing
protocol under consideration. We have focused on the simplest non-trivial
quantum state sharing protocol here: (2, 3)-threshold state sharing in which
the quantum information is split between three players, and any two of
them can collaborate to reconstruct it. This is only one element of the much
larger (k, n)-threshold class of quantum state sharing protocols; we discuss
in chapter 8 the potential for this work to be extended to cover the larger
protocols.

Quantum state sharing consist of two distinct stages, which we will
consider in turn: the dealer protocol, in which the single-mode secret is
split into multiple shares; and the reconstruction protocol, in which a subset
of these shares are recombined into the original secret state. After the
dealer protocol, the quantum information describing the original state is
distributed across the three shares, each given to a different player, in such a
way that no player acting alone can access it — two players must collaborate
to reconstruct the original secret state. Crucially, the participation of the
third player is not required for the secret to be accessed. In addition to
being locked out from accessing the secret information, an individual bad
actor is therefore also unable to sabotage the others’ access. A top-level

overview of this process is shown in figure 3.

sglg,ltp - DEALER ®; — player 1 ———> Not needed
PROTOCOL
®,—» player2 —» | RECONSTRUCTION
Resource —> Splits secret state ProTOCOL __, Output
state into 3 shares Combines 2 shares state, 9’

®; —» player 3 ——»

back into secret state

Figure 3: A high-level overview of a {2,3} quantum state sharing protocol. The
dealer is provided with a secret state unknown to them and splits it into
three shares. Any two of these shares can then be combined into the
original secret state through a reconstruction protocol.

The quantum state sharing protocol we present here belongs to the class
of continuous-variable protocols, those that exploit Gaussian entangle-
ment to share potentially infinite-dimensional systems. Discrete-variable

quantum state sharing has been the subject of extensive previous study
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[31, 32, 40]. In 1999, Cleve et al. [40] demonstrated that an n-level GHZ
state! provided sufficient entanglement to share an n-level superposition
state with guaranteed security. Indeed, they showed that in this case (in
the absence of transmission loss) not only can the secret be reconstructed
perfectly, but any adversaries cannot retrieve any information whatsoever
about the original state. Similar protocols have since been presented util-
ising Dicke-like entanglement [41] and cluster state entanglement [42].

In the continuous-variable regime, such absolute statements about per-
formance and security are not possible, however. As perfect entanglement
is not achievable for continuous-variable states, the reconstruction will
always be approximate and some information will always leak to the ad-
versaries. We will discuss this problem in more detail in section 4.3, where
we introduce the primary security concern in CV quantum communication:
ensuring authorised players gain the most information about the original
state.

Our protocol is ultimately a generalisation of that proposed by Tyc and
Sanders in 2002 [43] and demonstrated by Lance et al. in 2003 [44]. We have
extended that protocol to allow for the original state to be reconstructed
with a non-unity amplification, similar to a recent extension of CV quantum
teleportation by He et al. in 2016 [45]. This allows for the full exploitation of
generally-asymmetric entanglement resources. Before we go on to discuss
our protocol, though, let us briefly consider those prior similar protocols.

4.1 ASURVEYOFCONTINUOUS-VARIABLE QUANTUM STATE SHAR-
ING

4.1.1 Tyc & Sanders quantum state sharing

Quantum state sharing in the continuous-variable regime was first formu-
lated by Tyc & Sanders in 2002 [43] and later expanded by them and Rowe
in 2003 and 2004 [46, 47]. They showed, using simple linear algebra, that
so long as one could find a dealer protocol whose output satisfies certain
linear-independence conditions then later state reconstruction is always
possible. Let us briefly sketch their argument here.

n fact, this remains true in the continuous-variable regime. Recall from equation (69)
in section 2.2.1 that the maximally-entangled TMSV state has (unnormalised) form

o0
|EPR) = > |n,n), (75)
n=0
for photon number 7. This is an example of an infinite-dimensional GHZ state! Unfor-

tunately, such perfect entanglement cannot exist in the CV regime, and so the resource
states we will use here are at-best approximations of this GHZ-like entanglement.
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The dealer has access to the secret quantum state |), which is the object
of the protocol, and k — 1 two-mode idealised EPR states, |@). The initial
state of the system is then given by

9= [d5 geniain b - Fbner, (79
where
¥y = /};dxl PxDxXh (77)
represents the secret state and
0= [dx pidecv 78)

is a single two-mode EPR state.?

Now let us consider the k-dimensional vector x = (xy, ... x; )T represent-
ing the initial canonical positions of the secret state and each EPR state.
The dealer can select a linear transform

L:RK o R x s [Li(X), Ly(X), oo, Ly ®)] s (79)

which they use to encode the secret state into the wider system as
|®) = fk d* 2 P(x1)|L1 (X))1 L2 () -+ [Loje—1 (X)) 215 (80)
R

producing a single (2k — 1)-mode system collectively representing the
original secret state.

Let us assume that the dealer has chosen this linear mapping such that
every k-element subset of

{xl’Ll(x)’LZ(x)’ ’L2k—1(x)}’ (81)

is linearly independent. That is to say, any k of the individual transforms
L; are linearly independent, and any k — 1 of the transforms are linearly-
independent with the original x; vector.

Now, let us assume that a set of k players wishes to reconstruct the
secret state. As we have not introduced any particular ordering to the
set of linear mappings, we can assume without losing generality that the
players have access to the first k shares, represented by the mappings

2As we are considering idealised EPR states here, the state of both modes can be perfectly
represented by the state of only one mode and only k — 1 variables are required.
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{L1(x) ... Li(x)}. This set and the disjoint set {x, Ly, 1(X) ... Lyx_;(x)} of the
remaining transforms are both linearly independent, as k-element subsets
of the set in equation (81). Consequently, there will exist a transformation
matrix T between them such that

Ly(x) X1

L) | _ | Lin@)

T (82)

Ly (x) Lok—1(x)

This can be used to construct an equivalent unitary transform, T on the
first set of states such that?

TIL1 ()1 e () = 1%1)1 1 Liey 1 (X))3 - [ Loy (X)) (83)

Re-parametersing the system using x’ = (x1, L1 ... Lox_1)T such that

T|®) = fk d* x’ POe) X Lies1 )2 Lice k1 - Lok—1klLok—1)2k—15 (84)
R
the system is returned to its original form

T|®) = (P00 k41 - 1Ok 2k—-1 (85)

for |®@) representing the idealised EPR states.

Solong as alinear transform L can be found satisfying the linear-independence
constraints, therefore, it can be used as a QSS protocol. This turns out to
always be possible [40], so a (k, 2k — 1)-threshold QSS protocol exists for
any k. Further, as a (k, n)-threshold scheme can be construction from a
(k,2k — 1) scheme for any n < 2k — 1 simply by discarding unwanted
shares, any threshold quantum state sharing protocol can be constructed
using continuous-variables.

A further proof extending this idea to real-world two-mode squeezed
vacuum entanglement was presented in Ref. [46].

3Strictly, there should be an additional 4/ |det T'| term here to account for the possibil-
ity that the transformation matrix is not itself unit-determinant. We neglect this, and
the Jacobian for the coordinate transformation in equation (84), as the states are not
normalised to begin with.
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In the language of their paper, Tyc & Sanders proposed the form of the
dealer protocol that forms the basis of the QSS protocol presented here,
described by the set of mappings

L, =510, =070 o) (86)
V2 V2

The first two mappings correspond to the output of a balanced beamsplitter

mixing the secret state with one mode of the EPR resource state and the

third represents the unchanged second mode of the EPR state. As given in

that paper, though, this is only one possible QSS dealer protocol; we will

prove the optimality of this setup in section 4.2.1.

4.1.2 Access schemes

This class of quantum state protocol is termed (k, n)-threshold quantum
state sharing; the quantum state is split into n shares with any set of shares
exceeding the k threshold able to reconstruct it. The subclass of protocols
proposed by Tyc & Sanders [43] is specific to {k, 2k—1}-threshold QSS; those
with the minimum threshold required by the uncertainty principle. Any
protocol which allowed for a reconstruction with n/2 or fewer shares would
permit multiple independent reconstructions of the state and therefore
violate the no-cloning theorem.

While this may initially present as a limited form of QSS, more complex
access schemes can be built up from this protocol through the distribution
of shares. In particular, a (k, n)-threshold scheme can be constructed for
any k > n/2 by starting with a (k, 2k — 1)-threshold scheme, for example
as proposed by Ref. [43], before discarding unnecessary additional shares
to reach n < 2k — 1. Alternatively, a hierarchical access structure could be
constructed by distributing shares unevenly to each player. For example, a
protocol which always requires the CEO of a company plus any of three
executives to reconstruct a state can be constructed from a (4, 7)-threshold
scheme by distributing 3 shares to the CEO and 1 share to each executive,
discarding the remaining share. Meanwhile, a protocol that additionally
allows the three executives together to reconstruct the state without the
CEO could be constructed from a (5, 3)-threshold scheme by giving the
CEO two shares and the executives a share each. The flexibility in such
schemes remains limited, however; it is not possible to implement an access
structure that gives access to disjoint sets of players — any such scheme
would again violate the no-cloning theorem.
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4.1.3 Lance et al. quantum state sharing

The quantum state sharing protocol proposed by Ref. [43] was then ex-
panded upon by Lance et al. [44, 48, 49], who turned this mathematical
description into a physical implementation for (2, 3)-threshold QSS. While
the dealer protocol was prescribed by Ref. [43], they proposed a number of
potential setups for the subsequent reconstruction of the state, depending
on the quantum resources one had available.*

The same authors later went on [48] to experimentally demonstrate the
quantum nature of the protocol, using two-mode squeezed vacuum (TMSV)
entanglement to share and reconstruct coherent states. Their implementa-
tions were tuned to the specifics of TMSV resource states, however, and

did not translate to the full class of Gasussian entanglement.

4.1.4 Prior work on this protocol

A previous iteration of the protocol presented here was presented in my
dissertation submitted for the degree of Master of Physics in 2020 [50]. That
work presented an adapted version of one specific experimental imple-
mentation from the Lance et al. protocol [49] that allowed for entanglement
asymmetries in the resource state. A looser version of some of the results
presented here for coherent states were found in that study, which demon-
strated that for that particular implementation any form of two-way steering
was sufficient for the secure sharing of coherent states. We will show here
that for any such continuous-variable {2, 3}-threshold QSS protocol in fact
only one-way steering is sufficient (and necessary).

There is little overlap with this thesis; indeed, as will be seen in sec-
tion 5.2.4 we have found here that in fact those results were unnecessarily
restrictive and that only one-way steering is required. Further, all results in
this thesis have been re-derived from solid information-theoretic principles
that do not tie the results to a specific setup. For clarity, a full accounting
of any similarity between these results and those previously presented can
be found in appendix A

4The two main options required the use of either two coordinated single-mode squeezing
operations or a measure-and-displace ‘feed-forward loop’. Both have different experi-
mental challenges and the preferred implementation may depend on the specific domain.
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4.2 OUR QUANTUM STATE SHARING PROTOCOL

Let us now finally turn our attention to consider the quantum state sharing
protocol presented in this thesis. Like all quantum state sharing schemes,
our protocol consists of two broad sub-protocols, as shown in figure 3.

1. The dealer protocol takes as input the original secret state and a
two-mode entangled resource state. The properties of this resource
state are pre-defined and considered public knowledge. The secret
state is mixed with one of the resource modes to produce a wider
three-mode system collectively describing the secret state. Although
all the quantum information describing the original secret state is
represented within this system, it is inaccessible from any single
mode alone. Each of these modes is then distributed to a single

player. This subprotocol is outlined in section 4.2.1.

2. Any two players can work together through the relevant reconstruc-
tion protocol to combine their modes and reconstruct a (generally
imperfect) copy of the original secret state by exploiting the entangle-
ment present in the resource state. The specific subprotocol which
reconstructs the secret state will depend on which two players col-
laborate, which we denote {i, j} reconstruction when shares i and j
are used. {1, 2} reconstruction is discussed in section 4.2.2 while {1, 3}
and {2, 3} reconstruction subprotocols are outlined in sections 4.2.3
and 4.2.4.

An illustrative example of the Wigner functions representing the in-
dividual modes at each stage of the process for a coherent-state secret
is shown in figure 4. In the intermediate share in figure 4b the inform-
ation describing the secret state has been drowned-out by the relatively

(a) (®) ©

Figure 4: Wigner functions at each stage of the QSS process: (a) input state, (b)
intermediate distributed share (share 1), and (c) reconstructed output
state. This figure shows the sharing of a coherent-state secret with mean
7 = (2,2)T utilising a two-mode squeezed vacuum resource state with
10 dB squeezing.
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huge single-mode variance of the resource state. By applying a reconstruc-
tion protocol to two of these shares, however, the original state can be
reconstructed with increasingly good accuracy as the entanglement in the
resource state increases, seen in figure 4c.

4.2.1 Dealer protocol

Recall from section 4.1.1 that Tyc & Sanders showed that any dealer pro-
tocol satisfying certain linear-independence conditions would allow for a
later (generally-imperfect) reconstruction of the original state [43]. There
are a number of possible dealer protocols satisfying this constraint, though,
so a question remains: which to choose? In selecting our dealer protocol
let us put aside their linear-independence condition and define our own
constraints on what makes a suitable QSS protocol.

Definition 1. DEALER CHANNEL CONSTRAINTS

1. The dealer channel and every reconstruction channel must, like all
quantum channels, preserve the canonical commutation relations
(CCRs).

2. The original secret state must be reconstructable from any two outputs
of the dealer protocol.

3. The protocol must be able to use suitably-strong resource states exhibit-
ing any form of quantum steering — even highly-asymmetric resource
states. The collaborating players must be able to set up their reconstruc-

tion protocol to mix the resource mode contributions with ratio g for
any g € (0, \/5).

4. Any noise introduced by the protocol should be equally distributed
between the quadratures. There should not be more noise introduced
to one quadrature of the reconstruction than the other.

Having in mind a desire to minimise the need for expensive and noise-
inducing quantum resources such as squeezers or nonlinear optics, let
us add another (technically optional) condition that further narrows the

options.
Definition 1. DEALER CHANNEL CONSTRAINTS (continued)
5. The dealer channel should be composed only of passive optics.

In the next subsection, we will go on to derive the optimal protocol under
these constraints. An overview of the selected dealer protocol is presented
in section 4.2.1.2 on page 42.
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4.2.1.1 Optimal dealer protocol

We will in this subsection explore the class of quantum unitaries that satisfy
definition 1 and so could serve as a tripartite QSS dealer protocol. Recalling
that we have restricted the dealer to passive optics, the channel is fully

characterised by the real matrix,

o B on
D=lay B 1| (87)
a Bz ¥

for a;, B;, v; € R. The three dealt shares are therefore described by

4y = o14y + B1Gy + 7Gas (88)
G, = a4y + BrGr + 12010, (89)
43 = a3y + B34y + 1345, (90)

for ay, a,; representing the secret and resource modes respectively.

CONSTRAINTS IMPOSED BY EACH RECONSTRUCTION PERMUTA-
TION  Let us now take two arbitrary shares, @; and d;, and consider the
conditions under which they can be recombined into the original secret

state. The most general reconstruction channel can be written
X X Xz,
ST =Y, (91
Xf Xy) \X%

A* 0 BY 0
0O A 0 B~
T = (92)
ct 0 D*

0 C- 0 D

for the real matrix

representing the reconstruction protocol, with A*, B*,C*,D* € R.

We now ask the question: what T produces an output ¢’ most closely
matching the input state? As we are interested here only in the form of the
output state, we can disregard the second mode and consider only the first
output from this channel given by

X* = (A*q; + Biocj)X;f + (A6, + BEB)XE + (A*y + BEpXE.  (93)

out
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Recall now our 3rd condition: that the reconstruction be able to achieve
maximal destructive interference for any resource state regardless of its
optimal reconstruction parameter g. Reparameterising this output state
such that the coefficients for X3 and X7 differ by a factor of g then gives
an expression for BT in terms of A* as

pr= 1E8 s (94)
TES I

which we know must be achievable for all g € (0, \/5).
Imposing now condition 1 (that the reconstruction preserve the CCRs)?
then specifies the form of A~ (as well as C~, D¥) as

__@H-pEhry 1 (95)
S+ B - A

- f%i)—_%;z - % (96)

SRR

leaving the channel fully parameterised by At and C*. We are not interested
here in the state of the second output mode, so we will not consider the
C*, D* terms further.

This allows us, finally, to write the output state simply as a function of
At and of the dealer parameters as

Ry = 1% (X35 + (K 7 8X35)). (99)

for

nt = (i — g + g (i — o3:))

+
i AT, (100)
__ O+ 8B) (am — iy + g (i — i) 1
- — -, (101)
7’i2+7§2_g2(l6i2+6j2) A
J* = Airi— P (102)

(o8 — i) + iy — oy’

and where choice of AT is left free.

5This CCR condition is equivalent to the matrix transform preserving the symplectic form,
TQTT = Q.
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We are now in a position to consider what constraints must be imposed
on the dealer to ensure this suitable reconstruction is possible. We shall
primarily lean on condition 4 to help us here: that any additional noise
present in the output state be equally distributed between the two quad-
ratures. For the output state shown in equation (99), this is equivalent to
the condition that At = 1~ as the * coefficients can already be equalised
through judicious choice of A*.

It is clear from the form of A* in equation (102) that this constraint can

be satisfied in two ways. It is trivially satisfied when

By — Bivi =0, (103)

in which case A* = 0 and no additional noise is added to either quadrature.
This will be the case, for example, for the {1,2}-reconstruction protocol we
describe in section 4.2.2 in which a second beam splitter exactly reverses
the dealer protocol.

When this added noise is unavoidable, however, the condition that it be
equally distributed between quadratures is equivalent to imposing that

ijﬁi - Ofiﬁj =0, (104)
in which case the = component of equation (102) vanishes and

= B (105)
%Y — Ailj
no longer differs between A* and A~.
One of these two conditions must be satisfied for the original state to be
reconstructable from the given two shares.

Finally, to ensure the added noise remains finite let us also impose that
g(oB; — a;ify) + ajy; — a;y; # 0. (106)

DEALER PROTOCOLS SATISFYING THESE CONSTRAINTS  To con-
vert these individual constraints into a set of permitted dealer protocols, let
us now recall condition 2: that reconstruction be possible for any permuta-
tion of output modes. These conditions must therefore be satisfied for every
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combination of i, j € {1, 2, 3} and the dealer channel must simultaneously
satisfy

Bira =B or aiff, = axf, (107)
Bis =Bsn or affz = asf, (108)
Bavs = Bsra Or B3 = asfs, (109)

as well as the condition that
o —aff; and oy — oy (110)

not both be simultaneously 0 for any (i, j) combination.
The only CCR-preserving channel satisfying this set of conditions (down

to mode permutation) is described by

a, £ 1-8 0)(ay
a|=[vi-& =& oflaq| (111)
as 0 o 1)\a,

for any £ € [0,1], defining a class of potential tripartite state sharing
protocols.

Any protocol from this class would be usable for tripartite QSS, but
there is a clear benefit to selecting the symmetric § = 1/\/5 channel. As &
moves away from 1/\/5 the more of the original secret state is necessarily
contained within a single share. In addition to potentially leaving more
information exposed to an adversary who gained access to that share,
this would result in a worse-quality reconstruction when that share was
not available. By selecting £ = 1/\/5, then, we optimise for the worst-
case scenario — maximising the quality of the reconstruction in the least
effective of the three reconstruction permutations and minimising the
potential information leakage should one share be intercepted.

4.2.1.2 Overview of dealer protocol

Let us now for clarity restate the dealer protocol. The dealer is passed a
secret state 1 whose class may be public knowledge® but the specifics of
which are unknown to the dealer. The dealer then constructs three shares
by interfering this secret state on a balanced beam splitter with one mode
of the two-mode entangled resource, as outlined in figure 5.

For example, it may be known that the secret state is a coherent state, or a Fock state
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Figure 5: The selected dealer protocol for {2, 3}-threshold quantum state sharing.
Three modes are produce by mixing the secret state with one mode of
an entangled resource state at a balanced beamsplitter.

The three output modes are related to the input, X3, and resource, X,

modes by the quadrature relation

X 1 . N

i =—&y+X5) (112)
V2

O+ 1 O+ O+

5 = =Xy - X3, (113)
V2

(F=X2. (114)

Crucially, the relatively large single-mode variance of X* obscures the
secret state so none of X3, ; individually contain enough information to
accurately reconstruct it. Each of the three modes are then distributed to a
player as labelled.

To improve the security of each individual share further, anti-correlated
displacement operations could be performed on each share, with displace-
ments drawn classically from a defined probability distribution, SN This
will transform the shares as

Xt = %( 0+ X5) + 6N'E, (115)
2

XE = %( (x — RE) - ON'E, (116)
2

Xy =X5 +6N*. (117)

When the shares are combined through the methods outlined in the fol-
lowing subsections this noise automatically falls out producing no-worse a
reconstruction than in the zero-noise case. We focus exclusively here on
security that can be guaranteed by the no-cloning theorem, which classical
noise is not able to provide,’ so we do not discuss this possibility further
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in this thesis. The interested reader is directed to the discussion of the
addition of classical noise in Ref. [48].

4.2.2  Secret state reconstruction using shares 1 & 2

Having established the process by which the information describing the
secret quantum state is distributed between players, let us now consider
their ability to retrieve this secret state. The three output shares the dealer
produces are not created equally® — shares 1 and 2 each contain a 50%
contribution from the secret state while the third share contains none
at all! This asymmetry in shares means a different reconstruction sub-
protocols are required for different combinations of shares, which produce
reconstructions of varying quality.

The best possible reconstruction is obtained when the two shares that
directly contain information about 3 are available. With access to both
shares 1 & 2, the collaborating players can trivially reverse the dealer
protocol by passing them through a second balanced beam splitter, leaving
in one beam-splitter output the state described by

(X +X3) = X3 (118)

In the ideal case with no transmission or component losses, this will revert
the system to its original separable state. With 1) completely separated from
the resource modes it is reconstructed perfectly regardless of the resource
state used, even in the wholly classical case in which no entanglement is
present.

This trivial form of reconstruction represents the exceptional, best-case
scenario however, and is only possible for one of the three permutations of
collaborating players.

7As an example, the security we analyse in section 4.3 is based on the physically-limited
availability of quantum information so is secure against an eavesdropper within the
dealer protocol itself. Security reliant on the classical noise would not provide this, as
an eavesdropper in the classical-noise-generation step would be able to obtain perfect
knowledge of this noise and later remove it from their share. Classical noise is therefore
a good additional step to reduce the information available to eavesdroppers outside the
dealer protocol but should not be relied upon for the core security analysis.

8Indeed, returning to the allowed class of dealer protocols shown in equation (111), we
can see that there is no QSS protocol under definition 1 which allows the secret state
information to be distributed equally.
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4.2.3 Secret state reconstruction using shares 1 & 3or 2 & 3

When the first and second shares are not both available, though, the secret
cannot be directly reconstructed through classical optics alone. Instead, a
more complex process is required to disentangle i from the resource state
contribution. We described the sub-protocol which can achieve this here.

Recalling that the resource state is entangled such that the modes cancel
maximally when mixed with ratio X% ¥ gX3 for some g € R, it is clear
that the optimal output state will take the general form

X 1y =0 [XF + RE 7 eXD)] (119)
= n[\/_Zf(f-' ¢g}—*],

0t sy = 1| X3 — (X% 7 gX3)] (120)
= n|V2RF £ gk |,

for some amplification factor € R. For a Gaussian input, this pro-
duces an output state with mean vector 7 = 5y and covariance matrix
V= 7721{/, + 772E1|2(g)12: an amplified, generally-noisy copy of the input
state.

We will show in the next subsection that for this transformation to
represent a physical channel, it must impose an amplification of

n=—— (121)

on the output. The reconstruction channel is entirely characterised by the
collaborating players free choice of g, which we will henceforth term the
reconstruction parameter. Notably, for g # 1, this amplification is not unity
and the protocol distorts the original state. Selecting the reconstruction
protocol for a specific resource state is not simply a matter of choosing that
g that maximises its entanglement. The optimal reconstruction parameter
g will depend on the specific setup, the resource state used and the envelope
of input states for which the protocol is expected to be used. Consequently,
in all our analysis here we will focus on the impact of this parameter in the
abstract, and not on any specific features of the entanglement structure
within the resource states.

4.2.3.1 Derivation of reconstruction amplification, n

Before we go on to discuss the mechanisms we will use to correct for the
amplification this reconstruction introduces, let us prove the channel does
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indeed impart the amplification we claimed it would in equation (121).
The {1,3} and {2,3} reconstruction sub-protocols follow the same general
process, with only minor parameter changes to account for the phase
difference between the X;—*l contributions in equations (112) and (113).
They each therefore impose the same amplification factor 7 for any given
reconstruction parameter g and so we present the derivation only for {1,3}
reconstruction — the {2,3} case can be derived by following the same
process.

The reconstruction channel described by equation (119) can be repres-
ented as the symplectic matrix T € Sp(4; R), given by

V2 0 —gg 0
r=|© Va0 gy (122)

a 0 c 0

0 b 0 d

where a, b, ¢, d € R represent the form of the second (unused) output
mode, acting on a Gaussian input state such that

F — TF, V - TVTT. (123)

For this matrix to represent a physical quantum unitary, it must be sym-
plectic and so must preserve the symplectic form Q described in sec-
tion 2.1.4 as

TQTT = Q. (124)

This condition is satisfied for T only if

\2b—dg =0, (125)
\/Ea +cg =0, (126)

ab+cd =1, (127)
72-g)=1 (128)

are all simultaneously satisfied.
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The first three of these conditions define the second output of the chan-

nel as
__ g
b= a(g? -2)’ (129)
c= —ga, (130)
L
T a@ -2 S

for a € R representing only the local form of the output.
It is the final condition that gives the amplification the channel must
impart on the secret state as

n= ——. (132)

4.2.4 Correcting for reconstruction amplification

As we have seen, when the {1,3} or {2,3} reconstruction protocol is im-
plemented for any g # 1 the output state is necessarily a (de)amplified
copy of the input state. In the case of a Gaussian secret, the mean vector
characterising the output state will be a scaled copy of the input mean as
Fout = Wiy To ensure the secret state is reproduced accurately, we augment
the protocol with an additional pre-amplification or post-attenuation step
that corrects for this (de)amplification. These corrections are similar to
those used by He et al. [21] in their study of quantum teleportation, so we
borrow their descriptions here and term the two cases late-stage attenuation
(Isatt) and early-stage amplification (esa) QSS.

As the effect of a (de)amplification is proportional to the magnitude
of the secret state’s mean vector, and as the amplification correction is
sometimes noise-increasing (when g < 1), this may not always result in an
improvement in output quality. Indeed, if one were certain the protocol
would only be used for very low amplitude states it may be preferable to
leave a mild de-amplification uncorrected for. However, to analyse the
protocol’s effectiveness across the spectrum of input states, we will analyse
here primarily the corrected version of the protocol; although we will
additionally consider the uncorrected output when we go on to discuss the
sharing of Fock states in section 7.1.
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4.2.41 Late-stage attenuation (Isatt)

When the output state would otherwise be an amplified copy of the input
state (when g > 1, so 5 > 1), the optimal correction is simple: the output
state is passed through a beam splitter with a vacuum environment to
reduce its amplitude. For an ideal beam splitter with transmissivity selected
such that 7 = 1/7?, the state is transformed as

N 1. N
out = 7 o ta/1— FX\%;C’ (133)

leaving the output of the protocol in the form
Koo = X3 + X5 7 8X5 + (&2 - DXE (134)

As this correction both brings the mean vector closer to the input state and
reduces the variance of the output (as the vacuum is minimum-uncertainty)
this is strictly a fidelity-improving correction for a coherent-state secret.’

4.2.4.2 Early-stage amplification (esa)

When the output state is instead a de-amplified copy of the input state
(when g < 1s07 < 1), we take a slightly different approach. Consider the
form of the output state forn < 1,

X(-)it,{ls} =7 [lei + (X35 ¥ gX35 ] . (135)

In this form, both the secret state contribution and resource contributions
have been deamplified equally. If one were to naively amplify this output,
one would not only amplify the desired ¢ contribution but also the residue
resource-state variance.

Instead, as the properties of the resource state (and therefore what recon-
struction parameter g will be used) are considered public knowledge and
are known in advance, the secret state can be amplified prior to passing
it to the dealer.’ In this way, only the desired information is amplified —
any noise picked up during the QSS protocol remains in its de-amplified
form.

We model this process as an ideal amplifying channel; in practice such
an amplification could be achieved by a phase-insensitive amplifier [24].

This is not more-generally true, notably for the Fock-state secrets we consider in sec-
tion 7.1. In that case, the inclusion of vacuum noise degrades the state further.

10We consider here the amplification as a separate correction made by the state-owner
before passing the state to the dealer. In a practical implementation this could also be
absorbed into the dealer protocol.
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Denoting the original secret state as 3, the amplified input to the QSS

T .
+./ i 1XE, (136)

where 1/5 > 1. This amplification will then be undone by the reconstruc-

protocol will become

A~

H+

X

i

=
S| =
<+

tion protocol, ultimately leaving the reconstructed output state in the form
Koo = X5 + (X5 7 8X75) + V1 - 2XE, (137)

in which the secret state is reproduced with unity-amplification while the
resource contributions are de-amplified by < 1.

Note, though, that unlike the Isatt correction, pre-amplifying the secret
state is not side-effect-free. First, the amplification step will introduce
additional noise into the secret state, which for coherent states with very
small mean amplitude may be more destructive than the de-amplification.

Second, as the amplification occurs prior to the dealer protocol it will
additionally impact the {1, 2} reconstruction sub-protocol, which will now
reconstruct an amplified copy of the state. This will require a further atten-
uation step to correct for the amplification. However, the output of an ideal
attenuation is necessarily better quality than any other process producing a
de-amplified state so this output will remain strictly better than the {1,3} or
{2,3} reconstructions. Introducing this pre-amplification step will not, then,
impact our analysis of the worst-case effectiveness of the protocol or its
security which we base entirely on the {1,3}/{2,3} protocols.

4.3 SECURE STATE RECONSTRUCTION

Throughout this part of the thesis, we will frequently refer to this protocol
as providing ‘guaranteed security’, due to its basis in the immutable laws
of physics. Indeed, one of the major questions we look to answer is: under
what conditions can we be certain this protocol is secure? Let us pause
for a moment here, then, to formalise what we take security to mean for a

quantum communication protocol.

Definition 2. A quantum communication protocol is considered secure when
the authorised players can guarantee they have access to more information
about the original state than is accessible to any adversary.

This definition of security is useful in its simplicity and ability to provide a
direct comparison between quantum protocols. In practice, though, simply
requiring any better-quality reconstruction than an adversary may not
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provide sufficient security — for example this allows security when the ad-
versary has access to only marginally-less information than the authorised
players! A stronger security condition in which the information available
to an adversary is guaranteed to be below some value € may be desired
instead, as is used in the cryptography field [51, 52]. Such a definition of
security could be derived simply by adjusting the fidelity threshold used
— a higher reconstruction fidelity requirement will automatically impose
that less information be accessible to the adversary. In keeping with the
quantum communication field [45, 53, 54], in this thesis we will focus on
the security definition of definition 2.1

An obvious, if somewhat tedious, approach to answering this question
might be to collate the information available to any adversaries and directly
compare it against the secret state reconstructed by the collaborating play-
ers. In the perfectly ideal case — in which the only information available to
an adversary consists of the sole lost share — this approach might be fairly
simple. When one moves away from this ideal scenario, though, and begins
to discuss noise and loss the situation becomes more complex. Even in the
event the collaborating players have access to an accurate accounting of
the loss, they have no way to distinguish true loss from malicious eaves-
dropping. To be confident of security, then, all sources of loss would have
to be quantified as information obtainable by an adversary and added to
the calculation of information available to them — dramatically increasing
the work necessary to guarantee security.

Fortunately, a much simpler method to certify this form of security can
be derived from the uncertainty theorem. A natural consequence of the lim-
its imposed on the amount of information that can exist about a quantum
state is that quantum states cannot be cloned [55]; if cloning were possible,
one could obtain more information than is allowed by making comple-
mentary measurements on multiple copies. What is possible, though, is
to create imperfect clones of a single quantum state that do not collective
contain more information than the original. The limits on these copies
has been studied extensively for a variety of classes of input state [54-58].
For example, Grosshans and Grangier found in 2001 [54] that, assuming
no prior knowledge of the range of coherent amplitudes, the maximum
cloning fidelity that could be achieved for an unknown coherent state is
F =12/3.

These same limits apply immediately to any quantum communica-
tion protocol. One could consider our protocol to be a (somewhat over-

Tt is common in the cryptography field [52] to refer to both security and to ‘correctness’
as measures of how much information is accessible to adversaries and authorised players
respectively. The latter is in this thesis represented by the reconstruction fidelity.
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complicated) cloning machine with two outputs: one ‘clone’ constructed
by the collaborating players, and a second ‘clone’ representing the inform-
ation available to an adversary. Should the collaborating players achieve
a reconstruction fidelity above the maximum shared cloning fidelity, the
no-cloning theorem requires an equivalent reduction in the quality of the
adversary’s copy. By exceeding this threshold, then, the collaborating play-
ers can have full confidence that they possess the best available copy of the
state regardless of how many sources of information their adversary has
access to.

In general, we assume that the class of quantum state shared is public
knowledge. An adversary who knows whether the state is coherent or
thermal, for example, is able to tailor their attacks accordingly and poten-
tially gain more information. To be safe, we must assume the adversaries
are familiar with the state generation process and so are privy to this in-
formation. By using no-cloning limits specific to the type of state, this
potential adversary-knowledge is built-in to our security analysis.

In most discussions of quantum communication security, it is assumed
no other prior knowledge is available about the distribution of input states
[45, 59]. This general view of security allows us to analyse the resource
requirements for the protocol in its idealised form, and enables a direct
comparison between protocols. This does not always represent a physic-
ally feasible scenario, however. For example, the coherent amplitude is
effectively limited by available energy and equipment; by accepting any
coherent input state we are allowing for potential inputs well beyond what
can be readily generated.

A complete discussion of security, then, will require a knowledge or
estimation of the probability distribution function P(¢) describing the set
of input states. Any reduction in the domain of the input states corres-
ponds to an increase in information classically available about the state
and thus in the ability to clone them. Consider, as an extreme example,
the case in which the input distribution consists of only one state with
probability P = 1 — clearly this state can always be cloned perfectly simply
by generating new ones to the known specification! When input states
are drawn from a limited set, we account for the adversary using their
knowledge of the input distribution by certifying security based on the
average reconstruction fidelity, weighted by the probability distribution,
exceeding the average cloning fidelity [60].

We perform this fuller security analysis under the assumption that our co-
herent state inputs are described by a Gaussian distribution in section 5.2.5

and in our consideration of the Fock superpositions in section 7.2. When we
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consider coherent states drawn equally from the full spectrum of coherent-
amplitudes in section 5.2.4, however, we need not consider this average
as it is assumed there is no information available about which states are
more likely to be shared.

Let us also pause at this moment to consider the conditions under which
we assume the protocol to operate when considering security. The most
notable of these is the question of trust: the dealer is handed an unobscured
copy of the original state and therefore has access to the information and
therefore must be trusted to implement the protocol properly. For sim-
plicity, in this thesis we consider the dealer to be fully trustworthy and
consider only attacks from dishonest players. However, we note also that
the no-cloning theorem provides a method through which the dealer’s
trustworthiness is auditable: any siphoning of information from the dealer
would impact the quality of the reconstruction. By sending and recon-
structing decoy states, the players are therefore able to test the dealer’s
implementation and detect dishonesty at that stage.



GAUSSIAN QUANTUM STATE SHARING

Having established our quantum state sharing protocol in chapter 4, let
us now start to consider its performance. As this protocol is designed to
exploit continuous-variable Gaussian entanglement, it is natural that the
first question we ask be: how well does it work for Gaussian secret states?

Gaussian states are those whose Wigner function takes the form of a

Gaussian

W) = ———exp[-@- PV q-P], (3
™ detV
and so are fully characterised by its mean vector 7 € R" and covariance
matrix V € R2"¥2" for n modes. We will primarily explore in this chapter
what impact the QSS protocol has on these two properties.

Initially, in section 5.1, we will leave the exact form of the state un-
specified and take a more general view of the effect our protocol has on
Gaussian states. In section 5.2 we will then consider specifically its use
for the state of primary interest in Gaussian quantum information: the
coherent state. In this section, we will see that the protocol outperforms
teleportation for equivalent resources, and that QSS can offer guaranteed
security when provided with any steerable resource state. We will then
expand the input domain in section 5.3 to include first coherent states
exhibiting quadrature-squeezing before looking at the completely general
single-mode Gaussian state. We will see that the protocol remains effective
for any such input state given enough entanglement resources, and that
it can provide provable security for any pure input. Finally, in section 5.4,
we will briefly consider the potential for this protocol to be used to share

multi-mode Gaussian states.

51 GENERAL GAUSSIAN STATE OUTPUT
Let us begin by considering the form of the modes at each point in the pro-

cess. As the protocol is defined to be mean-preserving, we will be primarily

interested here in its effect on the covariance matrix.
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5.1.1 Dealer protocol

The three shares constructed by the dealer are given by equations (112)
to (114) as

N 1 4 N

Xt = —&y + X5, (139)
V2

A 1 4 N

Xy = —&X; - X5, (140)
V2

(F =X3. (141)

As the initial secret state ¢ is wholly separable from the resource state, we
can directly read-off the single-mode variances for each of these shares as

1

=35+ V) (142)
1

V=504 + W), (143)

Vs =V, (144)

for V}; representing the single-mode variance of mode i of the resource
state.

This intermediate result demonstrates the basis on which quantum state
sharing works. For entanglement to be present within a state, it must be
accompanied by an increase in the uncertainty of a measurement on one
mode alone. By mixing the secret state with only one mode of the resource
state, then, the details of the secret state are drowned out by this comparat-
ively large variance; the information obtainable from a single share alone
is shown in figure 6. The secret state only becomes accessible when the
entanglement with the second resource mode in share 3 is exploited to

remove the resource contribution to mode 1 or 2.

5.1.2  {1,2} reconstruction protocol

Let us now turn our attention to the potential for these shares to be re-
combined into a copy of the original state. Recall from section 4.2.2 that
when the first two modes are available the dealer protocol can be trivially
reversed, perfectly reproducing its input. When the protocol is implemen-
ted for g > 1 — when the input to the dealer protocol is simply the secret
state — the original state is universally reconstructed with ideal fidelity
F = 1. When the protocol is used for g < 1, however, it is the pre-amplified
copy of the secret state that is reconstructed perfectly and so a subsequent
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Figure 6: The information available from each quadrature of share 1 or 2, quanti-
fied by the normalised signal-to-noise ratio given by SNR,,,/SNR;,. ! A
value of 1 would indicate full information accessibility, while the metric
tends to O for a fully uncertain state.

de-amplification is required. Each of these (de)amplifications introduce
additional noise, so the final output will be a generally-noisy copy of the

original state given by

X;{lt = X+ +v 1- ( envi T env2) (145)

where X£ | and X%, are distinct, uncorrelated environment modes. This
output will be characterised by the original state’s covariance matrix with

added noise, as

Fout = Ty, (146)
Vour = Y +2(1 = 9*)Vepys (147)

for V,,, representing environment noise; ordinarily V,,,, = I, for a vacuum
(ideal) environment. As environment noise is assumed to be purely random,
with no bias towards a given average, it has no impact on the mean vector.
The output from an ideal attenuation must, by definition, be at least as
good as any other process resulting in a de-amplified state, though, and so it
is immediately true that even after this additional de-amplification step, the
{1,2} output will always be of a higher quality than the {1,3} reconstruction. 2
We are primarily interested in the worst-case reconstruction, and so we will
not consider this reconstruction much in our discussion of the protocol’s

effectiveness in sections 5.2 and 5.3.

LSNR here represents the signal-to-noise ratio, a measure of how accessible information
is within the state that quantifies the extent to which the signal is drowned out by noise.
2That this is indeed the case is not immediately obvious from comparing the form of
equation (147) to the output covariance matrix we will go on to find for {1,3} reconstruc-
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5.1.3 {1,3}and {2, 3} reconstruction protocols

Let us now consider the altogether more interesting cases of {1,3} and {2,3}
reconstruction, in which entanglement between the resource modes is
exploited to disentangle i from one of the shares. The quality of these
reconstructions consequently rests on the quality of the entanglement in
the resource state. As perfect entanglement is not obtainable for continuous-
variable states, this reconstruction will always be imperfect, including in
the ideal noiseless case. In the remainder of this chapter we will consider
the impact the chosen resource state has on this reconstruction.

Recall from section 4.2.4 that the specific form of the output state will
depend on whether a post-attenuation or pre-amplification step is necessary.
We can combine equations (133) and (136) to write the output as

>

THnXEFXH AVI-XE g<1 (<)
X =1X5 + X5 7 X5 g=1

4 X ekt 4+, /1-L%E 1 V2 1

zp+ r1+g r2+ p2 < vac <g< (77> ),

(149)

wheren = 1/ \/2——g2 . Noting that the resource state can always be designed
to be zero-mean, we can see already that the mean vector describing the
secret state is perfectly reproduced in every case.

Let us consider, then, how noisy this copy of the input state is. As there
is now entanglement between the X3 and X modes, we can no longer
simply read off the variance of our output state as the sum of the variances
of its components. Let us instead return to the definition of the single-mode

quadrature variance given in equation (25) as
(150)

for {4; B} the anti-commutator of A and B and AX} = X — (X7*).

1

tion in equation (154). However, it is true for the physically-allowed range of steering
parameters,

Eyp(8) > 1 - g7 (148)

imposed by the uncertainty theorem, recalling thatn > 1/ V2 (as g2>0).
This steering limit is also the reason that we need only consider values up to the limit

of g < V2— steering cannot exist outside this range!
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Applying this formula to equation (149) the single-mode variance of the
output can be found as

1, 4 .
Uoiut =3 <{AXoi{n? A c;_'-ut}> (151)
1. 4 N 1, 4 N N N
3 ({axz; axzl) + 5 ({AXH F gAX3s : AXE F gAX)) -
1, . <
+ (1 - 772)5 <{AX\-IL;1C ; AX\;_FacD
= 19 1 A ~ 1 N . R R
5 ([4X5: AXE]) + 5 ([AX3 7 84X AR 7 gAXE)) o1
1.1, . o N >1,
\ +(1- F)i ({axXs.; AXE D
(152)
for
1 Igy 2 A A
5 (1AX5 + gaX35 5 AXT 7 gAXE)) = Eyp() (153)

the steering parameter describing the resource. The covariance matrix
describing this output state is therefore

Vi + PEp@L+ (1 =7V, g<1 (n<1)
Vour =W + E1p(8)12 g=1 (154)
G+ Ep@h+1 - 5)WVe 1<g<V2 (0>,

again for n? = 1/(2 — g?) and where V. = L.

In the special case in which g = 1 and no amplification correction is
required, the covariance matrix describing the output can be written simply
as

Ul/) + E1|2(g = 1) 0

). (155)
0 vy + E1p(g=1)

Vou = Vp + E1p(g = DI, = (
We can begin to see here the impact resource state entanglement has on
the reconstructed state. The base output (at g = 1) essentially consists of the
original secret state plus some residue of the resource state corresponding
to its imperfect entanglement. As the entanglement strength increases
this residue will reduce in size, and in the limit of perfect entanglement
disappear.

One might think, then, that the optimal approach would be to select
the reconstruction parameter g that maximises the entanglement in the
resource state so minimising this residue. However, we have also seen that
moving away from g = 1 necessitates an amplification correction, adding
additional noise to the output. The optimal reconstruction parameter will

57



58

GAUSSIAN QUANTUM STATE SHARING

therefore be a tradeoff between maximising usage of the entanglement
and minimising the distance from g = 1.

5.2 QUANTUM STATE SHARING OF COHERENT STATES

The core information carrier in continuous-variable quantum communica-
tion, and in much of classical communication, is the coherent state: the
unsqueezed Gaussian state that saturates the uncertainty limit.

Coherent states have a defined covariance matrix Vi perent = I, and are
entirely characterised by their mean vector, 7 € R, which can be modu-
lated to encode information. Quantum communication protocols involving
coherent states aim to preserve this mean vector while introducing the
minimum possible noise.

Our quantum state sharing protocol has been designed to preserve the
mean in every case so this first aim is automatically met. However, with
the limited exception of {1,2} reconstruction, the protocol necessarily adds
noise stemming from the imperfect nature of continuous-variable entan-
glement. The reconstructed output state will therefore no longer be a
minimum-uncertainty coherent state, instead taking the form of a thermal
state with the same mean. In assessing the effectiveness of this protocol, a
natural first question to ask would be: how thermal is this output state?

5.2.1 Output state purity

We can already answer this question simply by reading off the elements
from the covariance matrix in equation (154), which for coherent-state

inputs reduces to

Q+nEp@-mL g<1 (n<1)
Vour = (1 + E1|2(g))12 g=1 (156)
Q+Ep@ - DL  1<g<V2 (>1).

By comparing to the known form of a thermal state, given in section 2.2.1,
we can immediately say that this output state will have average thermal
photon number

1+7°Ep(@ -7 g<1 (n<1)

_ 1

A= 351E(8) g=1 (157)
1+E1|2(g)—ni2 1<g<\/§ (n>1).
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This result immediately translates into another relevant measure of the
reconstruction ‘thermality’: the purity of this output state, defined as the
trace of the square of the density matrix, P(8) = Tr 5. For a thermal state,
this measure reduces simply to the determinant of the covariance matrix

as
VQ2+nEp@-n) g<1l (n<1)
) 1
Plbow) = —= = {1/ + E15(8) g=1
et Voue 1
VQ+Ep@ - 1<g<vz @>,
(158)

and is shown in figure 7. As is expected, in the perfect-entanglement limit
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Figure 7: The purity of the output of a QSS protocol acting on a coherent-state
secret, for reconstruction parameter and resource-state steering para-
meter as shown. A purity of 1 indicates a wholly pure state, while any
other value indicates the state is mixed.

that E;,(g) — 0 at g = 1 the output state is again a coherent state with
purity 1.

5.2.2  Reconstruction fidelity

For coherent-state inputs to a mean-preserving protocol, purity is already
a good proxy for output quality — it measures the decoherence resulting
from the entanglement residue and environment noise, which are the only
sources of imperfection introduced to coherent inputs. This is not true of
all classes of secret state, however; a squeezed vacuum input, for example,
may be attenuated and replaced with any amount of vacuum noise with no
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impact on its purity. To enable a comparison across different secret states,
let us consider instead a more direct measurement of the output’s likeness
to the input: the fidelity, a mixed-state generalisation of state overlap.

For a pure input state, fidelity reduces simply to the Hilbert-Schmidt
overlap which for Gaussian states can be written as [23]

F = (Plboul¥)

= 2 exp[—(fw - fout)T(wp + Vout)_l(flp - fout)]- (159)

\/ det(V + Vi)

As our QSS protocol preserves the mean vector, the exponential component

to the fidelity vanishes, leaving it a function of the covariance matrices
alone as

F= 2 (160)

£/ det(Vy + Vouo)

Applying this formula first to the output state reconstructed from shares 1

& 2 given in equation (154), we get a reconstruction fidelity given by

P 1/2-7n*) g<1 (n<1) (161)
eI 1<g<V2,

for (g) = 1/4/2 — g2. As expected, the reconstructed fidelity has no de-
pendence on the properties of the resource state used and is only impacted
by the degree to which the secret state has been amplified prior to the
dealer. In the extreme limit, in which g — 0, the worst-case reconstruction
fidelity for {1,2} reconstruction minimises to Fy; 5 = 2/3 so the no-cloning
threshold is always satisfied.

Applying the fidelity formula instead to the covariance matrix in equa-
tion (156) for {1,3} or {2,3} reconstruction, we get

23+ Ep(@)—nY) g<1 (<1
Fuzy = 12/2 + Eyp(9)) g=1 (n=1) (162)
2/B+Ep@)-1n) 1<g<vV2 (>1),

again for n(g) = 1/\/2——g2 . The achievable reconstruction fidelity for each
of these cases is shown in figure 8.

As the achievable fidelity from {1,2} reconstruction is always better than
{1,3} reconstruction, let us focus now solely on the latter, shown in figure 8b.
As might be expected, the reconstruction fidelity improves significantly
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Figure 8: The fidelity between the reconstructed output state and the original input
state for a coherent-state secret when the output is constructed from (a)
shares 1 & 2, (b) shares 1 & 3 or 2 & 3. Dashed black line indicates the
region in which secure QSS can be achieved; see section 5.2.4. Shaded
region denotes E;5(g) < |1 — g?| in which quantum steering is not
physically possible.

with increasing resource entanglement and as E;,(g) — 0, approaches
perfect reconstruction.

There is a clear bias towards implementing the protocol for g = 1. Not
only is this the point at which the greatest levels of quantum steering
exist, but for a constant level of resource steering it can be seen that fi-
delity drops off gently as g < 1 and rapidly as g > 1. This effect is due to
the amplification that occurs as part of the protocol for non-unity recon-
struction parameters. Both amplification and de-amplification introduce
additional noise into the state, so the best possible reconstruction is ob-
tained when these corrections are not required. The asymmetry around the
unity-amplification point — with fidelity dropping off more rapidly above
g = 1than below it — is explained by the different points in which the amp-
lification correction is introduced. Fundamentally, each case involves both
an amplification and a deamplification. When g < 1, though, this amplific-
ation occurs prior to the dealer protocol so only impacts the secret state,
while the attenuation imparted by the reconstruction protocol affects both
secret and resource states alike, leaving the latter ultimately de-amplified.
For g > 1, on the other hand, the amplification is an unavoidable part of
the reconstruction step so acts on the resource state contributions along-
side the desired secret state — leaving both parts ultimately non-amplified
after the de-amplification correction. Despite requiring the same degree
of amplification correction a worse outcome is achieved for reconstruc-
tion parameters above 1. This asymmetry is discussed further in section
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section 5.2.3, where the potential to improve fidelity by convertinga g > 1
protocol into a g < 1 protocol is considered.

Let us finally pause here to compare these results to the fidelity achiev-
able from quantum teleportation protocols. He et al. [45] found that, when
teleported using a generally-asymmetric resource state, coherent states
were amplified by a factor of g, and so the optimal fidelity was

3+g%Ep(g)—g* g<l,
‘Fteleportation =2/4{2+ E1|2(g) g=1, (163)
3+E1|2(g)—é 1<g<v2

Comparing this result to the worst-case state reconstruction fidelity derived
in equation (162) for QSS, we can see that when implemented for g # 1,
teleportation imposes a higher amplification on the state (n > gforg < 1,
1/n > 1/g for g > 1) so quickly becomes more destructive than quantum
state sharing. In addition to providing a better quality output for any given
resource state, quantum state sharing also reduces the entanglement re-
quired to achieve a certain threshold fidelity and certify security, which we
discuss in section 5.2.4.

The increased fidelity obtainable from QSS is compounded by the fact
that we have only considered here the worst-case reconstruction option.
One third of the expected state reconstructions will be performed using
the {1,2}-reconstruction sub-protocol so on average the fidelity from QSS

will outperform teleportation by a greater margin.

5.2.3 Optimising fidelity by swapping resource modes

Let us now consider in further detail the asymmetry around g = 1, where
the impact of the amplification correction increases more rapidly for g > 1
than for g < 1.

It is trivial to show that every state steerable in one direction for some
g > lisalso necessarily steerable in the opposite directionforg :=1/g < 1.
We will show here that, in fact, it is always preferable to swap the order
of the resource modes such that the quantum steering is utilised in the

direction that permits a g < 1 reconstruction.
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Let us first note that, given a state with steering parameter Ej|,(g) < 1
for some g > 1, the steering parameter in the opposite direction for g can
be found as

_ _ _ 17 1
Ey1(8) = m+ g°n —2gc = 2 (n+g?m—2gc) = ?Euz(g), (164)

for n, m, ¢ the symplectic invariants described in section 2.1.3.

Let us now consider the case in which QSS is implemented directly for
g > 1 for the given resource; the output state will have fidelity given by
equation (162) as

2

Fupp = ,
1273+ Byp(e) — 12

(165)

for, as usual, n = 1/4/2 — g2.

If the dealer had instead swapped the resource modes such that the
quantum steering was exploited in the opposite direction for § = 1/g < 1,
the reconstruction state would have fidelity

2
3+ 72Ey(Q) -

Fop (166)

for 7 = 1/4/2 — @2. 1t is preferable, therefore, to swap the order of the
resource modes whenever

2 2

PSSR -7 3rEp@ g 1
simplifying to the condition that

3+ GEp@) - P <3+Ep@-1,  (6)

— (P - DEp) <7 - U, (169)

= Eyp(9) > 1- g% (170)

This is trivially satisfied for all g > 1, so it is in every case preferable to
reorder the resource modes such that the quantum steering is utilised for
g < 1 when this is an option.

This reordering relies on the dealer’s ability to select which resource
mode is mixed with the secret state and so in which direction the resource
is quantum steered. In some instances this option may not be available
to the dealer. For example, it may be desirable to distribute the second
resource mode to player 3 prior to the dealer being given the secret state.
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For this reason, we will continue to analyse the protocol’s effectiveness for
the full0 < g < \/5 range in the remainder of this part of the thesis.

Finally, although this proof is presented here for coherent states, it
equally applies to the full class of mixed Gaussian state that we will study
later in section 5.3.2.3

5.2.4 General security

Having established the expected reconstruction fidelity for a given resource
state (characterised by Ej|,(g)) and reconstruction protocol (characterised
by choice of g) in the previous subsection, let us now consider the condi-
tions under which the security of state transmission can be guaranteed.

Recall from section 4.3 that we have defined our quantum state sharing
protocol to be secure when the collaborating players can be certain their
copy of the secret state contains more information than the adversary has
access to, a condition we certify using the no-cloning theorem. Under the
assumption that the input states are equally drawn from the full spectrum of
coherent amplitudes, Grosshans and Grangier [54] derived the maximum
allowed cloning fidelity as F = 2/3.

Recalling from section 5.2.2 that the worst-case fidelity obtainable from
{1,2} reconstruction, in the g — 0 limit, is = 2/3 this security condition
is automatically satisfied in that case. As we must certify security inde-
pendently for every reconstruction option, the ease of achieving security
for {1,2} QSS does not reduce our security requirements, though, so we do
not consider it further here.

Comparing this cloning threshold to the achievable fidelity for {1,3} or
{2,3} reconstruction given in equation (162) allows us to state our first
security condition.

Result 3. A sufficient condition for a two-mode resource state to be useful
for secure (2, 3)-threshold QSS of a coherent-state secret is that a g € (0, \/5)

exist such that its steering parameter satisfies

1 g1,
Ep(g) < (171)
2—g% g>1.

Notably, while this result shows that any resource state exhibiting EPR-
steering for some g < 1 is useful for secure QSS, a larger degree of quantum

3This can be seen by first noting that the general single-mode Gaussian fidelity expression
from result 8 decreases monotonically with increasing . That ) is minimised by swap-
ping resource modes is equivalent to the conditions we have expressed in equations (168)
to (170).
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steering is required when the protocol is implemented for g > 1. This
asymmetry in resource requirements reflects what we saw in section 5.2.3:
it is in fact always preferable to exploit the entanglement in such a way that
g < 1. Recalling that every resource steerable for g > 1 is also steerable
for some g = 1/g < 1, accounting for the dealer’s ability to swap the
direction in which they utilise the resource entanglement by relabelling
modes 1 < 2, allows us to restate this result to take a more general view
on the requirements for secure QSS.

Result 4. All EPR-steerable states (one way and two way) are useful for the
secure sharing of a coherent-state secret with a suitable dealer allocation of

resource modes.

Again, though, we caution the reader that this result relies on the as-
sumption that the dealer has access to both resource modes and so is able
to choose the direction in which the quantum steering is exploited. This
should always be possible according to a strict reading of the specification
of this protocol; in practice, however, as the dealer only needs access to a
single resource mode it is possible to operate a version of this protocol in
which the second resource mode is not provided to them. In such a case
result 4 would no longer apply.

5.2.5 Security for limited codebooks

The security analysis we have presented in the previous subsection is based
on the standard assumption that secret states are drawn from the full range
of coherent states. Although useful for a first-level analysis of protocol
security, this is not an assumption that holds in practice as a coherent
state’s amplitude is directly proportional to its energy. In any real-world
setup, there will naturally be an upper limit on the coherent states that
could form the secret state based on the energy and equipment resources
available. To guarantee security for any quantum communication protocol,
then, a bespoke security analysis should be performed taking into account
the specific codebook available and an assumption of the relative likelihood
of any given state being present.

Let us consider an example of such a limited codebook now. The optimal
way to encode information in coherent states is to draw their amplitudes
from a Gaussian distribution [61] with probability distribution function

P(F) = 1 exp< - fﬁ) (172)
mo? o2 ’

for some distribution variance o relative to the standard quantum limit.
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The ability to clone coherent states drawn from known probability dis-
tributions was studied by Cochrane et al. in 2004 [61]. They found that
when the coherent amplitudes were drawn from a Gaussian probability
distribution, the average cloning fidelity depended solely on the width of
the distribution.* In this case, they found that the states could be optimally
cloned with fidelity

2 2

— 2 2<1+42

Fihreshold = 2302-2'-\25)02+2 5 (173)
302+1 otz 1+ \/5’

for o the width of the Gaussian relative to the standard quantum limit.> For
example, coherent states drawn from an input distribution with variance
of two standard quantum limits, o = 2, can be cloned with fidelity F_jype =
0.77, compared to F ., = 2/3 for states drawn from the full spectrum.
To ensure security for such an input distribution, the average reconstruc-
tion fidelity across the distribution must exceed this new fidelity threshold.
As the reconstruction fidelity for our protocol does not depend on the co-
herent amplitude, this limit can be directly applied to the reconstruction
fidelity given in equation (162), allowing us to state the following updated

security condition.

Result 5. A resource state is useful for secure tripartite quantum state sharing
of coherent states drawn from a Gaussian distribution of width o relative to
the standard quantum limit if some g € (0, \/5) exists such that its steering

parameter satisfies
r1—#+#(3—2\/§)02 2<1+42,g<1
Lo1+G6-2V2)  P<1+V2,g21
Eqp(8) < 5 ) ) (174)
1- o2 2>1+42,g<1
1L-2, 2>1+42,g>1.

In the 0 — oo limit, that is the limit in which there is no information
about the input state distribution, this result reduces to that found in res-
ult 3. The minimum amount of quantum steering required to be present to

4As details of the distribution are public knowledge, any distribution with non-zero mean
can be converted to a zero-mean distribution with a blanket displacement operation,
cloned, and then converted back with the same output fidelity as a distribution that was
originally zero-mean

5One might be surprised to see that this no-cloning threshold is given by a piecewise
function. This is because the mathematically-optimal cloning machine is not physical
for distributions narrower than o = 1 + \/5! The cloner involves an amplifier with,
optimally, an amplification gain of G = 80*/(202 + 1)?, but any amplifier must also
have a gain G > 1.
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Figure 9: Theoretical minimum resource steering (maximum steering parameter
Ey5(g)) necessary to securely share coherent states drawn from a Gaus-
sian distribution with width o relative to the standard quantum limit.
Only steering parameters physically allowed are shown; shaded region
denotes that theoretically-required steering is not physical for that g
value, based on the requirement that Ey,(g) < |1 — g2|.

share states drawn from such a distribution is shown in figure 9 for varying
Gaussian width. The protocol’s usefulness for very tight codebooks (those
drawn from a Gaussian distribution of width o < 1 standard quantum
limit) is limited, with such distributions nearly impossible to share securely.
This is not unexpected, as such small distributions of states are very easy
to clone. As the distribution increases in width, however, we quickly enter
a region in which even low levels of entanglement are able to provide
guaranteed security. This more rapid reduction in reconstruction fidelity as
g drops below 1 (when coupled with the fundamental limits on asymmetric
steering that E;|,(g) > [1 — g?|) imposes a limit on secure QSS that was
not previously present. The region for which the entanglement level to
achieve secure QSS can exist is denoted by the dashed line in figure 9 — as
o increases, the region of allowed reconstruction parameters also increases
but there remains a limit on how asymmetric the entanglement may be
for security to be possible. For practical coherent-state QSS, then, one is
limited to the broadly-symmetric region around g = 1.

Finally, let us note here that even this is a somewhat over-pessimistic ana-
lysis. The QSS protocol presented here is optimised assuming the full range
of coherent states; recall that we have defined it to be mean-preserving in
every case. This is a necessary choice when the states have fully unknown
coherent amplitude as the increasingly-large disparity in input/output
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mean as 7 increases would otherwise destroy the reconstruction fidelity.
However, when input states are limited to a region with small coherent
amplitude, a better reconstruction fidelity may be achieved by allowing
for a small uncorrected amplification. The question as to how to maximise
fidelity for a given input distribution is beyond the scope of this thesis, but
may be worth investigating should one look to implement this protocol in
the future.

5.3 QUANTUM STATE SHARING OF OTHER SINGLE-MODE GAUS-
SIAN STATES

X b9 b9
(a) Coherent state (b) Squeezed state (c) Thermal state

Figure 10: Wigner functions representing (a) a coherent state, (b) a squeezed state
with 4 dB squeezing at 6 = /4, (c) an unsqueezed thermal state with
average thermal photon number 7 = 1. The coherent and squeezed
states saturate the uncertainty limit, with the uncertainty reduced in
one quadrature of the squeezed state and increased in the other, while
the thermal state has additional variance represented by the presence
of thermal photons in addition to those due to the coherent amplitude
of the state. All state representations presented on the same scale.

Although coherent states are broadly the most important of the Gaussian
states, they represent only one subset of possible single-mode states. In
this section, we will consider the wider classes of Gaussian state available,
and so analyse this protocol’s effectiveness more generally.

We will begin in section 5.3.1 by expanding on our analysis of coherent
states to allow for an unknown squeezing in be present within the secret
state. These squeezed coherent states, shown in figure 10(b) represent the
most general possible pure Gaussian state, and so complete our first-level
analysis of this protocol. We will show that, subject to a sufficient but not
strictly necessary security condition, our QSS protocol can be made secure
for the sharing of states subject to any degree of squeezing.

We will then go on in section 5.3.2 to relax the assumption that the
input state be pure. By considering squeezed displaced thermal states, the
most general possible single-mode Gaussian state, we will show that this
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protocol remains effective for the entire class of Gaussian states and that
arbitrarily high fidelity can be achieved regardless of the input state. An
example of a thermal state is shown in figure 10(c).

5.3.1 Squeezed-state quantum state sharing

A squeezed state is a Gaussian state in which the uncertainty in one quad-
rature is reduced below the standard quantum limit at the expense of
a corresponding increase in the other quadrature. The squeezed states
we will consider in this subsection, squeezed coherent states, are those
which continue to saturate the uncertainty limit (AxAp = 1). These states
have arbitrary mean 7 € R? and covariance matrix defined by squeezing

parameter { € R and squeezing angle 6 as

B (e‘2S° cosO + eXsin® 2sinh(2¢)cosfsin O

, 175
2sinh(2¢) cosOsin @ e cos O + e X sin 9) (175)

which continues to have determinant 1.

In general, these states may be squeezed along any angle 6 € [0, 27] in
phase space. As our protocol is phase-independent, however, any phase-
rotation of the input state will always be reflected perfectly in the output
state so ultimately have no effect on the reconstruction quality. Without
losing generality, then, we are free to assume that the state is squeezed
along the X* and X~ quadratures and take, for simplicity, & = 0. The input

covariance matrix then reduces to

_24‘
V= (eo e(Z)S”)’ (176)

for squeezing parameter ¢.

As no change is made to the protocol to account for the change in input
state, the output will continue to be described by the covariance matrix
given in equation (154),

PEp@+1-7)L g<1

, (177)
(Byp(g) +1— /79I, g>1

with V), now the squeezed state covariance matrix from equation (176).
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5.3.1.1 Impact of QSS on squeezing parameter

Before we go on to quantify the quality of the output through the usual
fidelity measure, let us first briefly consider what impact this protocol has
on the degree to which the secret state is squeezed.

Let us consider first esa QSS, when g < 1. In this case, from equa-
tion (177), we know the reconstructed secret state will be described by

covariance matrix

e® 0 NEp(@)+1-7° 0
ut = +

%
0 e¥ 0 N*Ey5(8) + 1 —1n?

o ) , (178)
representing the original squeezed state mixed with unsqueezed thermal
noise.

Ultimately, this output state will take the form of a thermal state that has
been squeezed to some degree ¢’ € R along the same angle as the input
state and be described by

~ e%" 0
Vout = (21’1 + 1) ( 0 ez§,) ’ (179)

for 7i the average number of thermal photons present in the output state.

Equating these two representations we find the degree of squeezing in
the output state to be related to the squeezing in the input state and the
usual protocol parameters as

e +1?Eyp(g) +1—
e % +10?Eyp(8) + 1 -

2
! 2] <¢, (180)
7

which is strictly less than the squeezing of the input state ¢ except in the
perfect entanglement limit.

Similarly, for Isatt QSS when g > 1 we find the output squeezing para-
meter to be

7

(181)
e +Ep(g) + 1 - #

e +E1p(8) +1— = ]

again strictly less than the input squeezing except in the perfect entangle-
ment limit.

We can see that in addition to increasing the noise present within the
state, performing quantum state sharing on a squeezed state will always
result in a reduction in its squeezing, as shown in figure 11. Recalling that
in the absence of perfect entanglement, one effect of the protocol is to mix
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Figure 11: Percentage retention of squeezing level after application of the QSS
protocol at g = 1 using a resource with steering parameter as labelled.

unsqueezed noise in to the reconstructed state, it should not be surprising
that this has the effect of diluting the squeezing level.

In both Isatt and esa cases, the relative impact on the squeezing para-
meter given by 1 — {’/{ increases as the level of squeezing increases, in-
dicating that the protocol is more destructive for highly squeezed states.
Even in the highly-squeezed limit, though, the squeezing reduction tends
towards a halving in the degree of squeezing present, with

!’

lim = =

{~o ¢ 2 (182)

regardless of reconstruction parameter g and resource squeezing E|,(g) #
0.5 We can be confident, therefore, that at least half of the squeezing will

survive at g = 1, so long as the resource state exhibits any form of steering.

5.3.1.2  Fidelity

Let us now consider how close this reconstructed output state is to the
original input in a more general sense. Applying the general formula for
fidelity for a single-mode pure Gaussian input to the output covariance
matrix given in equation (177), we can see that a squeezed secret sate will
be reconstructed with a fidelity of

2 2

f = —
\/ det(V + Vour) \/ QeX+xy)2e X +y)

, (183)

SThis Ej ,(g) # 0 condition could otherwise be stated as: for any physical resource state.
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for

PEp@+1-7" g<1 (n<1)

X =1E12(8) g=1 (184)
Ep@+1-5; §>1 (9>1)

representing the g-dependent component introduced by the amplification

correction and resource residue. This single-shot reconstruction fidelity is
shown for a variety of squeezed state inputs in figure 12.
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Figure 12: Reconstruction fidelity for increasing resource steering for pure Gaussian states with (a) 0 dB (no

squeezing), (b) 2 dB, (c) 6 dB of squeezing. Contours represent the reconstruction fidelity when
QSS is implemented for g using a resource state with steering parameter Ej|,(g). The dashed
lines denote the secure region for which the reconstruction exceeds the asymptotic no-cloning
theorem. As the squeezing in the input state increases, the achievable reconstruction fidelity
decreases and this ‘secure’ region shrinks. Only shown is the region in which E;,(g) > |1 — 2%
which is physically allowed.

It is clear that increasing the squeezing ¢ in the secret state reduces the
effectiveness of this protocol — a greater entanglement will be required to
maintain a consistent reconstruction fidelity as input squeezing increases.
The impact on fidelity of the choice of reconstruction parameter seen
in section 5.2.2 for coherent states continues to apply here: the best re-
construction quality is found in the region around g = 1, while a good
reconstruction is broadly achievable in the g < 1 region. As the reconstruc-
tion parameter g increases above 1, though, a rapid drop-off in fidelity is

seen.
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5.3.1.3 Broad sufficient security bound

Let us now consider the security requirements for this class of input state,
based on our security condition that we must be able to guarantee that
no adversaries have access to a greater amount of information than the
collaborating parties.

Ordinarily, in producing a security condition one would need to com-
pare the average reconstruction fidelity to the average possible cloning
fidelity, weighted by the probability of each input state for the full range of
input states. We were able to skip this process in section 5.2.4 as neither
the reconstruction nor the cloning fidelity depended on the input state.
This is not the case for squeezed states, however, where we know from
equation (183) that the reconstruction fidelity is strongly dependent on the
degree of squeezing present in the input state. It has also been shown [56]
that Gaussian states become more difficult to clone as squeezing increases,
so both the achievable cloning fidelity and the state reconstruction fidelity
will contain a ¢ dependence.

We will go on consider this approach fully for a specific distribution of
input states and obtain a tight security bound in section 5.3.1.4. For now,
though, let us draw a more generally applicable security condition by first

noting two facts about squeezed states.

1. Squeezed states are strictly more difficult to clone than unsqueezed
coherent states; the maximum cloning fidelity for a state with any

squeezing is F = 2/3 [56].

2. The reconstruction fidelity decreases monotonically with increasing
squeezing parameter; for any distribution of states the average recon-
struction fidelity is greater than the reconstruction fidelity for the

most-squeezed state.

Consequently, to prove security it is sufficient (if not necessary) that the
fidelity for the most-squeezed state in the distribution exceed F = 2/3. Let
us now ask, then, how much resource squeezing is required for a squeezed
state with a particular squeezing parameter ¢ to be reconstructed with
fidelity F = 2/3?
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Applying this threshold to equation (183), we can restate our security
condition as

Result 6. A QSS protocol for the sharing of a pure Gaussian secret state with
squeezing of up to §,,,, is secure if the resource state used has steering of

l_nizr(gmax) g<1 (7)<1)
Ep@ <i1-T(¢nw) g=1 (185)
#_F(gmax) g>1 (77>1)a

for some g € (0,N/2) where 1/n? = 2 — g2 and

') =1+ 2cosh(2¢) — 4/ 4cosh*(2¢) + 5> 0 (186)

is a monotonically increasing function of { with I'(0) = 0.

As the entanglement requirements strictly increase with increasing
squeezing parameter, satisfying the condition for any ¢, automatically
implies the security of any distribution of squeezed states that do not
exceed ¢ oy

This security condition is illustrated in figure 13. To securely share states
with an increasing degree of squeezing requires increasingly strong en-
tanglement in the resource state. Indeed, as the input state squeezing in-
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Figure 13: Minimum resource steering that would required to share a coherent
state squeezed to the given degree below the standard quantum limit
with fidelity exceeding 7 = 2/3, for a QSS protocol with varying g
value. Black dashed line denotes the region within which this required
resource steering is physical for the given g. Shaded region indicates
that the required level of resource steering would be unphysical.
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creases the set of reconstruction parameters g that can support the required
steering narrows. To share very highly squeezed states, then, resources
exhibiting broadly symmetric g ~ 1 steering are required. This reflects
a common theme we will find throughout this part of the thesis:” as the
loosely-defined ‘quantumness’ of a state increases, the effectiveness of this
QSS protocol decreases. It is notable, though, that the required extra steer-
ing tends to I' = 1 as { — oo so even highly-squeezed states (and, in the
limit, quadrature states) can be shared securely with a suitably-entangled
resource state.?

5.3.1.4 Tight security bound

The security results in the previous section act as a sufficient guarantor of
security, but do not represent a tight bound on the resource requirement.
Let us now consider the possibility that a much more permissive result
may exist: that squeezed input states may be able to be securely shared
with the same resource requirement as coherent states if they are drawn
from a suitable distribution, P({).

It is believed [56] (although not yet rigorously proven) that for a Gaussian
distribution of squeezed states the optimal cloning strategy coincides with
the optimal coherent-state cloning machine.’ Although the optimality of
this cloning approach has not been proven, let us proceed for this subsection
under the assumption that it is the case with the appropriate caveat in mind.

They found that this cloning machine is able to reproduce individual
squeezed states with fidelity

fclone(g) = 2 s (187)

9 + 8sinh*(¢)

for some squeezing ¢ € R.1°

7And indeed one that is found throughout quantum communication.

8Although such states are unphysical, and so unlikely to form the secret state, the fact
that in theory they could be shared in the limit of perfect entanglement demonstrates
that any physical secret state is sharable.

This result is believed to be true for Gaussian distributions centred around zero-squeezing
because any change to the cloning machine that accommodates squeezing in one quad-
rature would result in a worse clone for the opposite squeezing. This can then be used for
distributions centred on any known mean, f by applying a blanket squeezing of —§: to
the states prior to cloning (rebasing the input distribution to a zero-mean Gaussian). The
original distribution can then be reproduced by applying an equivalent ¢ to the clones.

10Strictly speaking, as squeezing can be along any angle, we should consider any § € C
and perform the integral in equation (188) over the complex plane. However, as neither
the cloning nor our QSS protocol is phase sensitive we can neglect the complex phase
and consider the complex number wholly real.
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To find the average cloning limit for a given input spectrum, then, one
would look to evaluate the integral

%
Fihreshold = f dSP($)F ctone($)- (188)
-~
Due to the sinh|¢| term in the denominator of equation (187) this is a highly
non-trivial integral to evaluate analytically even for simple distributions
such as a Gaussian P. Let us leave it unevaluated then, and move on to
the average reconstruction fidelity. Recall, for g < 1 our reconstruction
fidelity for a single squeezed state with unknown squeezing ¢ is given by
equation (183) as

2

F=
\/(2 e +172Eqp(8) + 1 —n*)(2 e % +0?Ey5(8) + 1 —1?)

, (189)

which we can turn into an average reconstruction fidelity by again integ-
rating over the probability distribution as

Fg = f dePO)FQ). (190)

Knowing though that we aim to show that any steering is sufficient, let
us cheat somewhat and simplify this expression by considering already
only the case for which E;|,(g) = 1, the boundary at which steering is
certified. At this point, the fidelity expression reduces to

2 2

JT.' — =
\/ (2eX¥ +1)(2e % +1) \/ 9 + 8sinh*(¢)

; (191)

and the g-dependence vanishes. This is exactly the fidelity achievable by
the optimal state cloning machine shown in equation (187)!

The security condition that the average reconstruction fidelity exceed
the average achievable cloning fidelity then becomes

fav = / dgp(g)]:(g) > / ng(g)fclone(g) = fthreshold (192)

(0] —00

= [ @rQ[FO-Fan@] 0. (99

Noting that F({) = Fuene($) for Eyp(g) = 1, and that F(¢) only in-
creases with decreasing E|,(g), this condition is trivially satisfied for any
Eyp(g) <1 (and g < 1) regardless of the input distribution P(¢). Con-
sequently, security can be guaranteed for any E;,(g) <1 and g < 1 for
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any input distribution for which the cloning fidelity in equation (187) is
optimal.

Accounting, as we did for coherent states, for our ability to swap modes
and ensure g < 1 for any resource state exhibiting steering we can now

restate a familiar security condition.

Result 7. A sufficient condition for a two-mode resource state to be useful
for the secure (2, 3)-threshold QSS of squeezed secret states drawn from any
distribution for which the cloning machine described in Ref. [56] is optimal,
is that it exhibit any degree of quantum steering for any g € (0, \/5).

We would again remind the reader here, though, that this result relies
upon the likely but unproven assumption that the cloning machine outlined
in Ref. [56] is optimal for a Gaussian distribution of squeezed states. Should
that optimality be proven at any point in the future, then this result would
apply immediately. However, in the absence of a proof of optimality care
should be taken in relying upon this result alone for security.

Let us also note that this security analysis again assumes states are
drawn from the full range of coherent amplitudes 7. A bespoke security
analysis for a real-world implementation of this protocol would have to be
performed for the specific distribution of secret state coherent amplitudes,
as performed for unsqueezed states in section 5.2.4, to guarantee security.

5.3.2 Thermal-state quantum state sharing

Finally, let us consider the use of this protocol for real-world continuous-
variable states: (squeezed) displaced thermal states. Until now, we have
exclusively considered pure states: idealised quantum states that saturate
the uncertainty limit. Although useful for the core analysis of the protocol’s
effectiveness, these minimum-uncertainty states do not exist in the real
world — any state initially created as a pure coherent state would immedi-
ately begin to interact with the environment and decohere into a mixed
thermal state. Often, this decoherence can be limited through the use of
controlled cryogenic environments such that the pure-state approximation
may be close enough [53, 62]. Nonetheless, it is worth considering the
effect this protocol has on states of varying mixedness.

A single-mode squeezed thermal state is characterised by the covariance
matrix

(194)

ve@aen(TPE2) 0
0 exp(2¢) ’
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where i1 > 0 represents the average number of thermal photons in the
state prior to displacement, and ¢ again represents a quadrature squeezing
imposed on the state. We will also assume here that the state is additionally
displaced such that information may be encoded within the mean vector
F e R2

5.3.2.1 Reconstruction fidelity for mixed states

As our input state is no longer pure, the simple formula for fidelity from
equation (159) is no longer valid. Instead, we must consider the full form
of the Uhlmann fidelity for Gaussian states given by [24]

F exp| ~(Fy = Fou) (% + Vou) (Fy = Fou) |, (195)

_ 2
_\/A+5—\/5

reducing to

F=— = (196)

for equal-mean states, where

5 = (det 1, — 1)(det Vo — 1). (198)

The output state will again be described by the covariance matrix
Vou = Vp + XD, (199)

where y represents both noise from the use of an imperfect resource state
and from the (de)amplification, and is given by

”Ep@+1-7" g<1 (n<1)
X = E1|2(g) g=1 : (200)
1

Ep@+l-5 g>1 (>1)

The two covariance-matrix-dependent components to the fidelity expres-
sion will then take the form

A = det(% + Vout)
= (2ne X +x) (27X +x)
= 47i + x? + 4#iy cosh(2¢), (201)
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Figure 14: Reconstruction fidelity achievable at g = 1 for a single-mode Gaussian secret with given
thermal photon number 71 and squeezing in decibels. Black dashed line denotes F = 2/3 as a
benchmark only, as this does not guarantee security for general Gaussian states.

and

8 = (detV} — 1)(det Vi — 1)
= (A2 —1)((ne % +x)(AeX +x) - 1)
= (72 —1) (A% + x* + 27y cosh(2¢) — 1), (202)

for i = 27 + 1 representing the single-mode variance arising from the
i thermal photons in the input state. We can then directly calculate the
reconstruction fidelity for a thermal input state from equation (196).

Result 8. An arbitrary single-mode Gaussian state with squeezing parameter
¢ and thermal photon number i can be shared and reconstructed with fidelity

F=2 \/(ﬁ)( + (@ +1)e¥) (ix + (72 + 1) e7X) C 03)
—/(#2 — 1) (7% + x2 + 27y cosh(2¢) — 1)
forii=(2n+ 1) and
2 _n2
_ 7 Ep(@+1-n* g<1 (esa) (204)

Ep(@+1-— niz g>1 (lsatt)

when a resource state exhibiting steering of Ey|,(g) is used.

The pure-input-state case is recovered from result 8 by setting 7i = 1,
whereupon the second root in the denominator vanishes and the fidelity
reduces to that precisely previously found in equation (183). The achievable
reconstruction fidelity for thermal states is shown in figure 14. Although
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these states continue to be more difficult to share as the squeezing increases,
this effect is very quickly overwhelmed by the increase in reconstruction
fidelity obtained as the thermality of the input state increases. As seen most
obviously in figure 14c for E;),(g) = 0.25, equivalent to 9 dB of resource-
squeezing for a TMSV state, a large proportion of squeezed states are able
to be reconstructed with near-perfect fidelity as the average thermal photon
number increases. This is not an unexpected result — in addition to being
more classical than uncertainty-saturating states, their existing thermality
makes these states resilient to added thermal noise and so less impacted
by both the resource residue and amplification corrections.

5.3.2.2  Security

In contrast to previous sections, we do not present a security analysis
for thermal state QSS here. As they do not saturate the uncertainty limit,
thermal states can be cloned with significantly better fidelity than their
coherent state counterparts; indeed, in the limit of infinite thermal photon
number thermal states can be cloned perfectly. Some work has been done
studying the cloning potential of thermal states. In 2006, Olivares et al. ana-
lysed the effectiveness of the standard coherent-state cloning machine
for thermal states [56], but did not argue that it was optimal. A cloning
strategy proven to be optimal for minimising norm distance was presented
by Guta et al. in 2006 [63]; it may be possible to derive a security condition
based on norm distance, but the details of this are beyond the scope of this
thesis. That this cloning strategy is optimal under the norm-distance metric
does not mean that it is also optimal for maximising clone fidelity, so this
cloning machine is not suitable for a fidelity-based security condition. In
the event that one of these strategies be proven to optimise cloning fidelity,
a security condition could easily be derived for a subset of thermal states by
a similar method to that presented in sections 5.2.4 and 5.3.1.4 for coherent
and squeezed states.

54 MULTI-MODE QUANTUM STATE SHARING

Now that we have characterised this quantum state sharing protocol for
the full range of single-mode Gaussian states, a natural next question
arises: can it be adapted to allow for the sharing of multi-mode states? The
desire to share these states may arise, for example, in distributed quantum
computing stacks in which one may wish to transmit an entangled multi-

mode state that has arisen mid-computation.
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We consider in this section a ‘local’ adaptation to our QSS protocol in
which each mode of the secret is shared with its own single-mode dealer
protocol. The 3n outputs from these dealer protocols are then grouped into
three shares, each containing a single output mode from each dealer as

shown in figure 15a.
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(a) Each mode of the secret state is passed to an independent dealer protocol and locally
converted into three shares. The two sets of output modes are then grouped into three
shares such that each share contains one mode from each dealer.
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(b) Each mode of the original state can be reconstructed individually, by passing the relevant
parts of each share through a local reconstruction setup.

Figure 15: An example of a ‘local’ quantum state sharing protocol acting on a
two-mode secret state.

Should any two players collaborate to reconstruct the state they will then
have access to two components from each input mode and can reproduce
the input state as a whole by reconstructing each mode individually, as
shown in figure 15b.

Having studied this protocol’s use for single-mode Gaussian states in
sections 5.2 and 5.3, we already know it to be effective at reproducing the
intra-mode features of a quantum state. We are be primarily interested
here, then, in how well the inter-mode features such as entanglement are
preserved. In this section, we begin to answer this question by analysing
the simplest multi-mode case: a 2-mode secret state.
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We are unable to discuss the question of security for such states as
the optimal cloning process is not known. Some research into this area
has occurred, with cloning machines proposed by Weedbrook et al. [22]
(which assumes pre-existing knowledge of the entanglement structure)
and by Ge et al. [64] (which does not, but nonetheless has not been proven
optimal). However, a provably optimal cloning strategy for multi-mode
entangled Gaussian states remains unknown — as does, consequently, a
threshold fidelity against which we can certify guaranteed security from
the no-cloning theory.

Nonetheless, we will show here that this protocol remains effective for
multi-mode states with arbitrarily high fidelity reachable in the limit of
perfect entanglement. Should a no-cloning threshold be derived for multi-
mode entangled Gaussian states in the future, the security requirements
for this protocol can be derived through the same technique as for coherent
states in section 5.2.4.

5.4.1 Two-mode quantum state sharing

To allow us to consider this protocols effectiveness in more detail, let us
focus only on a pure 2-mode secret input state. The protocol can be extended
to any number of modes simply by appending additional single-mode QSS
protocols to this 2-mode case; if of interest, these could then be analysed
in the same way.

Recalling that every 2-mode Gaussian state can be put into normal form
through local operations alone, to better study the protocols impact on
entangled states let us take as our input the state with arbitrary mean vector

7 € R* and covariance matrix [22]

n c 0
0 0 —c
V= , (205)
c 0 m O
0 —c 0 m

forn,me Randc <vnm-—1.

As we are interested in the worst-case scenario, let us consider that the

collaborating players have access to the 1st and 3rd shares for each mode,

N 1 . N

XF=—&X7+X5), (206)
V2

Xy =X%. (207)
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Consequently, each of the modes will be reconstructed as

>
>

JrXaFeXn+ /- 1XG g<1 (<D
(* = A$+A;_rl¢f(12 g=1 (208)
X5 TeXE+ - 5RE g>1 (>

Assuming there are no correlations between the two resource states, the
output state will have covariance matrix

’E +1-—n3)I 0
Vou =V + ((77 1|2(g) ) - p) i )’ (209)
0, (™ E1r|2(g) +1-n9)L,
forg <1and
E +1-1/9)I 0
Vou = Vi + (( 1|2(g) NI, X 2 i ), (210)
0; (Efj3(®) + 1= 1/n*)L

for g > 1, where Elrliz(g) represents the steering parameter for the ith
resource state.

From the form of equations (209) and (210) we can deduce that the
protocol will act to reduce entanglement. While it increases the intra-
mode noise (the diagonal elements of the covariance matrix), there is no
compensating increase in the inter-mode correlations, and so the overall
quality of the entanglement is decreased. Let us put this thought aside for
now, though, and instead ask how good this representation of the input

state is overall.

5.4.1.1 Fidelity for pure 2-mode states

The fidelity between a pure 2-mode state and a generally-mixed output
with equal mean vector can be found as the overlap

4

|/ det(V + Voo

For the output states described in equations (209) and (210), then, a recon-

F = <¢|ﬁ0ut|¢> = (211)

struction fidelity of
e 4/[(2n + 772E1r|12(g) +1-7n*)C2m+ 772E1r|22(g) +1-m)—4] g<1

4/[2n + Efh(®) +1 - 1/m)(2m + Eff(g) + 1 — 1/n?) —4c*] g 21,

(212)
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is achievable, where ¢ = y/nm — 1 for pure input states and as usual
n=1-2-g

As might be expected, each mode’s contribution to the fidelity depends
only on the resource state used in its single-mode protocol. With no en-
tanglement between the resource states, the protocol has no effect on the
inter-mode covariance parameter ¢ and it is reproduced with no change.!!
As we will see in section 5.4.1.2, though, this will still have the effect of
reducing the entanglement.

It is possible, and perhaps in some scenarios desirable,!? to use resource
states with different properties to share each mode; in this case the resource
state used for a given mode will of course impact only that mode and so
the reconstruction quality of each mode may differ.

Let us focus on the case in which the resource states used to share each
mode are equivalent such that Elr|12(g) = ET |22(g) := Ejp(g)- As the dealer
should have full control over the properties of each resource state, it is
imagined that this would be the ordinary case. This assumption simplifies
the fidelity to the form

_ 4/ (3 +[1 = Ep@]'n* + 2[n + m + 1][1PEyp(e) + 1 — nz)]) g<1
4/ (3 + [# - E1|2(g)]2 +2[n+m+1][E () +1- #]) g>1,
(213)

where we have also accounted for the purity condition that ¢ = nm — 1.
Aside from the choice of resource state, this reconstruction quality depends
solely on the sum of the individual mode variances, n+m — any asymmetry
in them does not appear to impact the quality of the reconstruction. This
fidelity is shown for varying E; () in figure 16.

Much of this figure reflects what was seen when we studied single-mode
states in section 5.3. Although the fidelity is predominantly dependent on
the properties of the secret state, there remains a strong peak in achievable
fidelity for g = 1. As was previously the case, excellent reconstruction
fidelity can continue to be found across the g < 1 region, while it drops
much more rapidly as g rises above 1.

The achievable fidelity depends strongly on the degree of entanglement
present within the secret state. Recalling that we are considering here only
pure input states, in which inter-mode entanglement is proportional to

the size of the intra-mode variances, this dependence on the sum m + n

HUThis does not need to be the case. If the entanglement structure within the secret state is
public knowledge the resource states could be designed with a complimentary entangle-
ment structure that better preserves the secret.

2Although one must admit no such scenarios immediately spring to mind.
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Figure 16: Reconstruction fidelity achievable for QSS of a pure two-mode Gaus-
sian state using a Gaussian resource state with steering parameter (a)
Ep(g) = 0.75, (b) Eyp(g) = 0.5, (¢) Eyp(g) = 0.25 for varying re-
construction parameter g. Here, n + m is the sum of the symplectic
invariants describing each mode of the input state, which acts as a
proxy for the amount of entanglement present in the state. Only those
g values for which the indicated steering is physical are shown. Dashed
black line indicates 7 = 2/3 as a benchmark only; exceeding this
threshold does not ensure security for multi-mode states.

acts as a rough proxy for the total entanglement present in the state. We
can immediately conclude then that higher-entangled multi-mode states
require greater resource entanglement to successfully be shared.

This is not a surprising result. We saw when we studied squeezed states in
section 5.3.1.2 and thermal states in section 5.3.2.1 that increasing the ‘quan-
tumness’ of the secret state (through, for example, increasing squeezing)
increases the resource requirements, while decreasing the ‘quantumness’
(through, for example, increasing thermality) decreases it. That increasing
secret-state entanglement comes with increased resource entanglement
requirements is simply a continuation of this trend.

Let us now focus on the optimal case in which the protocol is performed
for reconstruction parameter g = 1; that is, when no amplification correc-
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tion is required. In this case, the achievable reconstruction fidelity reduces

to
Fe 4 (214)
T 2n+ EL(@ll2m + ER(9)] - 4
~ 4
T 442(m+ n)Ey,(8) + Eqp(8)? ’

(215)

where the two resource states used are assumed to be different in the first
line and identical in the second. This fidelity is shown in figure 17.
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Figure 17: Achievable reconstruction fidelity for a 2-mode Gaussian secret state
with single-mode variances n and m using a QSS protocol with recon-
struction parameter g = 1 and two resource states with steering E1|2(g)
as shown. Dashed black line indicated F = 2/3 as a benchmark only;
exceeding this threshold does not guarantee security for multi-mode
states.

As we have already seen, the achievable fidelity decreases rapidly as the
entanglement present in the state increases, with greater resource steering
required to maintain a good fidelity. In the limit of perfect entanglement
(as Ey»(g) — 1), though, we can see that this protocol always approaches
perfect reconstruction 7 — 1. Although this is not an achievable limit, it
does indicate that reconstruction fidelity is limited only by the quality of the
resource available: arbitrarily high reconstruction fidelity can be achieved
for any pure 2-mode secret state given suitably good-quality entanglement.

5.4.1.2 Entanglement preservation

Reconstruction fidelity is a very blunt measure of success, however, as it
represents the average reconstruction across all features of the state. While
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this is a useful measure of overall reconstruction quality, in the context of
multimode secrets it is worth additionally asking a more specific question:
how much of the inter-mode entanglement structures survive the process?

To match the measure of resource entanglement we have used through-
out our QSS discussion, let us quantify the secret state correlations through

their EPR steering parameter, defined by
Eyp(y) = 42X} —yXP) = A&7 +7X7), (216)

which for a two-mode Gaussian state in the standard form given by equa-
tion (205) is defined as

Eyp(y) = n+y*m—2yc, (217)
Eyu(y) = m+y*n—2yc, (218)

where we have used y instead of the customary g to avoid confusion with
the equivalent parameter describing the resource state.

Applying this formula to the output states we found in equations (209)
and (210), the output state will exhibit steering in each direction of

Eyp() = B0 +n°[Efp(@) + PER@] + A+ 7)1 -7%) g<1
B (r) + EfL(8) + 2 Ej3(2) + (1 + 721 - #) g5 1,
(219)
and
By = |+ IPERE) + E@] + 0+ 750 -7 g <1
EETI(Y) + )/ZEﬂlz(g) + E{|22(g) +(1+ yz)(l _ ,7_12) g> 1.

(220)

For better clarity, let us consider the special case in which g = 1; even
in this optimal case, the level of steering present in the output state is
described by

E\p(y) = EfL(n) + Ej,(8) + V’Eff(9). (221)

The steering present in our input state has been reduced to the sum of
the steering parameters of all three states — the input state plus the two
resource states! Recalling that a lower steering parameter E; () € [0,1]
implies a greater degree of entanglement, this is a discouraging result. It is
clear that the application of this protocol effectively destroys entanglement
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between the modes, even when both resource states are presumed to be
relatively high-entanglement.

Without knowledge of the underlying entanglement structures, this
extension of quantum state sharing to multi-mode states is not suitable for
the sharing of entanglement.

5.4.2 Worst-case fidelity improvement through permutation of shares

Although we do not consider the question here of whether more bespoke
schemes for multi-mode state sharing exist, a remarkably simple adminis-
trative change can drastically improve the reconstruction fidelity for secret
states of three or more modes.

Recall that in section 4.2 we found that different reconstruction protocols
were required for different modes, and further that when one had access to
the first two output shares perfect reconstruction could always be achieved
regardless of the resource state. We have until now neglected to analyse
this case in great detail as it is only available to a single pair of shares.

This asymmetry exists because one of the three output modes, and hence
the share owned by one of the players, does not directly contain any in-
formation about 3 and only consists of the auxiliary resource mode. When
we have a 3-mode secret state, however, we need not select a single ‘un-
lucky’ player who is given the poor-quality share for every mode. Rather,
we can allocate each player two higher-quality shares and a single poorer-
quality share. For a 3-mode secret this ensures that every possible pair
of players will reconstruct a single mode perfectly and two modes imper-
fectly. Although this will not impact the average fidelity across potential
reconstructions, it will increase the worst-case reconstruction.

By iterating which player is given the ‘bad’ share each mode, then, the

protocol effectively shares every third mode “for free’!

5.4.3 Further study in this area

As well as improving the achievable reconstruction fidelity through per-
muting shares, there remain other open questions regarding the possibility
for multi-mode QSS. The first is simply whether a better protocol can be
found: here, we have designed a protocol for single-mode states and simply
applied it twice to multi-mode states. It has previously been shown that for
the task of cloning entangled states a ‘global’ protocol which acts on both
modes at once is superior to performing two ‘local’ protocols on each mode
[22]. This is likely to be true for QSS also, so it may well be that reimagining
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the protocol from the ground up results in improvements in reconstruction
effectiveness.

Even without changing the protocol, there additionally remains the
question of the choice of resource state. We have here used two wholly
independent 2-mode resource states to share our 2-mode secret. However,
there is significant research interest at present in the properties and useful-
ness of multi-mode entanglement [65, 66]. It may well be the case that, by
optimising the fidelity over the space of all possible 4-mode resource states,
a better fidelity can be achieved. This could be investigated, for example,
by running a numerical optimisation over the space of 4-mode resource

states.

5.5 CONCLUSION

In this chapter we have considered in detail the use of our quantum state
sharing protocol for the sharing of Gaussian state secrets. We have shown
that for a coherent-state secret, security can be guaranteed when the re-
source state used demonstrates any degree of steering, including states
only steerable in one direction. Notably, this is a much looser require-
ment than that for secure quantum teleportation, where bidirectional steer-
ing is required, and reflects the generally better-quality output from QSS
with asymmetric resource states. In addition to cases in which splitting
secrets into multiple parts is directly desirable, then, QSS may find uses as
a ‘cheaper’ alternative to teleportation for secure communication when a
security level of secure under the assumption an attacker has access to only
one of three transmission mediums is acceptable. While perhaps not useful
for high-risk scenarios against highly-capable bad actors, say in military
or diplomatic communication, this level of security may be considered a
reasonable tradeoff for increasing output state fidelity in less risky areas.
Looking at this protocol’s use for squeezed coherent states — and thus
any pure single-mode Gaussian state — we have found that the protocol
remains highly effective. Indeed, we have shown that it is provably secure
for any set of squeezed input states given a suitably-entangled resource.
Finally, we have shown that this protocol is effective for the sharing of
mixed and multi-mode states. Although we are not able to derive a security
condition for such states due to the lack of a provably-optimal cloning
strategy, the arbitrarily-good reconstruction fidelity achievable for them
indicates that secure QSS is possible here regardless of what the no-cloning

threshold is, so long as a suitably-entangled resource state is available.
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The use of Gaussian entanglement for the distribution of Fock states offers
the potential to sidestep the difficult process of generating discrete-variable
entanglement [67]. We will consider the use of our quantum state sharing
protocol for such states in the next chapter. Let us for now, though, pause
our discussion of quantum state sharing and consider the effect of a general
Gaussian channel on Fock-like states.

The standard approach to the modelling of interaction between Gaussian
and Fock modes has previously been to either operate in the Fock formalism
[68-70], or to fall back on numerical models. Neither of these approaches
are particularly satisfying; although continuous-variable states can be well-

represented as infinite summations, for example as

oy = g3l §Y &
n=0 4/ n!

for a coherent state [16], the inclusion of more than one or two auxiliary

|n) (222)

Gaussian modes (or, indeed, more complex states) quickly makes this a
non-trivial task. The use of numerical integrations, while an extremely
powerful tool when all state parameters are specified, do not allow for
general analytic results.

Some prior work has occurred investigating the impact of a Gaussian
channel on Fock inputs analytically. Ivan et al. in 2011 [71] described an
algorithmic method to convert a Gaussian channel from its phase space
description to a set of Fock-space Kraus operators. However, applying this
process to a specific Gaussian channel is in-general nontrivial, as shown
by the examples given in that paper. Similarly, Caves et al. in 2004 [72]
discussed the output fidelity achievable from an arbitrary Gaussian channel
given knowledge of the thermal noise it imparts. The approach taken in
that paper, however, is only applicable to the study of the output fidelity
and does not describe the form of the output state itself.

In this chapter, we outline the approach we will take to model the impact
of our QSS protocol on Fock states. In section 6.1 we briefly recap some
useful properties of Gaussian channels, and define the subset of such

channels that our approach works for. In section 6.2 we present a novel
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approach to the study of Gaussian channels acting on Fock eigenstates,
working entirely in the phase space formalism. By solving the integral for
the partial trace over an arbitrary Gaussian channel, a general description
of the output state is presented in theorem 10 for both the Wigner and
density-matrix formalisms. Although we do not present a similar general
solution for the Fock superposition states, in section 6.3 we discuss the
modelling of such states and outline an algorithm to model the impact of

a Gaussian channel on them.

6.1 GAUSSIAN CHANNELS AND (X — p)-BALANCE

Consider a Gaussian channel A that maps Gaussian states to Gaussian
states but that does not preserve state purity. The standard way to model
such a purity-decreasing channel is to include an additional noise contri-

bution as
7> TF, Vi TVTT +N, (223)

for some T, N € R?*2 representing A.

This channel can also, however, be represented as some equivalent unit-
ary, Uy, acting on an enlarged system comprising the input mode alongside
some N auxiliary modes representing the environment. The single-mode
output can then found by tracing out these inaccessible environment modes,

as
AP) = Try. na[Ua(p ® 1GO, VIXG(0, V)] (224)

This unitary is characterised by a symplectic matrix, A € Sp(2(N + 1); R),
describing the transformation of the system as [73]

Wout(q) = ‘/{IID(A : (I), (225)

for q = (x1, X, .. s XN 415 P1> P2» --- PN41) " the quadrature coordinates. In
contrast to the rest of thesis, for the remainder of this chapter we will
assume that the quadratures are ‘xp-ordered’ such that the x quadrature
variables for all modes precede the p quadratures.
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Let us here restrict our discussion to those unitaries that act on these
two classes of quadrature separately, such that the transformation matrix

A, O
A= ( 0 Ap)' (226)

Assuming the environment system is zero-mean,! the initial quantum

can be written

channel A is wholly characterised by these transformation matrices? A,
and A, and the initial state of the environment system, V. The solutions
we present in this chapter are valid only for Gaussian channels displaying
some degree of symmetry between the quadrature dynamics, which we
term ‘(x — p)-balanced’ channels and specify in definition 9.

Definition 9. A quantum protocol A acting on one information mode, v,
and N — 1 auxiliary modes is (x — p)-balanced if, after the protocol, the two

quadratures representing the output mode have
1. the same variance overall, and

2. identical contributions from the respective quadratures of the input
O+

mode, X3
When the information mode is a Fock state or unsqueezed coherent state and

the auxiliary modes a Gaussian state with covariance matrix V.=V, @ V,,

this is equivalent to the conditions

(A1 = (Ap)y,1,and (227)
(A & V)AH ] = AP @ V)W) s (228)

Jor Ay, the matrices describing the evolution of the x/p quadratures under
the unitary, and V,/V, the covariance matrix for the auxiliary Gaussian
modes.

6.2 GAUSSIAN CHANNELS ACTING ON FOCK EIGENSTATES

Let us imagine now that the input to the channel A consists of a Fock state
of known particle number,

Pin = nXnl, (229)

'which noise sources tend to be
2In fact, we need only one of the transformation matrices to characterise the unitary as
the symplectic nature of the channel dictates that Al = Az!.
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which will again be transformed by the channel to produce an output state,

pout = Tr2...N+1[A(|n><n| ® |G(0s V)><G(0’ V)l)] (230)

The change in the system from the application of this unitary is well un-
derstood and trivial to implement — the Wigner function evolves as a
coordinate transform exactly as described in equation (225). Tracing out
the environment modes to understand the state of the single-mode out-
put, however, is not such a simple task when the system is comprised of

non-Gaussian components. It is this latter task we primarily consider here.

6.2.1 Overview of approach

Although the details underpinning this framework are left to appendix B,
let us here give a brief overview of the approach we take.

The Wigner function describing the Fock state with known particle
number n that forms the input to the channel, |n){n| is given by [74]

Wy(x, p) = (_;)n

exp[—(x2 + pz)]Ln[Z(x2 + pz)], (231)

for L,,(x) the nth Laguerre polynomial?

noin (_Dk i

L,(x) = kz (k) e (232)
=0

The N-mode auxiliary Gaussian state, meanwhile, has Wigner Function

[73]

1
Ws(x, p) = ———exp(—xTV"'x — pTV; ! p), (233)
Ny detV ( )
for V =V, @V}, the matrix direct sum of the x and p covariance matrices.
The collective system acting as input to the Gaussian unitary, consisting
of the tensor product of these states, is given simply by the product of the
Wigner functions,

u/vin(x’ p) =I’Vn(x17 pl)WG(XZ’ e s XN> P25 - pN) (234)
— n
=LLH[2xT(1 ® 0y)x +2p7(1 ® 0y)p|
aN+1y/detV
X exp[—xT(l eV x-plle® Vi,)‘lp], (235)

3See equation (18.5.E12) in Ref. [75]


http://dlmf.nist.gov/18.5.E12
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for 0,, the n X n matrix with all zero elements.*

6.2.1.1 State of the wider system post-operation

The Wigner function describing this system after the application of the
unitary is given by the coordinate transform,

Wou (%, p) =Win(Ay - x’Ap “p) (236)
—1)"
=¥Ln[2xTA,€(l ® On)A,x + 2pTAT(1 @ 0n)A, |
aN+1y/detV

x exp| ~xTAL(1 @ ) A — pTAT(1 @ V)4, |, (237)

which we can write simply as

_ (=) 2 2
Wou(%, P) =————=Ly|2(4, - X)* + 2(4, - pY?]
aN+ly/detV
X exp[—xTVx_lx - pr{,_lp] (238)
by noting that
xTAL(1 @ Op)Ax = Z xi(AD); 1A% = (A - X)2, (239)

i,j

for 4, the first row of A, and defining
V=AY, & V) (A HT. (240)

This Wigner function represents a full characterisation of the wider state-
environment system. In this form, though, it tells us very little about the
state of the single output mode of the Gaussian channel that we have access
to, which is likely to the be the object of most interest. To find the single-
mode output of the channel, we must trace out the remaining auxiliary
modes; a task we consider in the next subsection.

6.2.1.2 Tracing over a joint Fock-Gaussian system

The form of a single subsystem of a wider multi-mode state, W (q), can
be found by tracing out any unwanted modes. In the Wigner formalism,
this is achieved by integrating over those modes’ quadratures as [16]

Wsubssys(ql) = f d‘b ..... N+1Wsys(q)’ (241)

R2N

‘Note that AP B) ' =A1 @B lsol@VI=(1pV)L
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where q; are the quadratures representing modes i. In the wholly Gaussian
case, this is a trivial and well-known Gaussian integral that reduces to the
matrix transforms we have discussed in section 2.1.2.

For a system consisting of both Gaussian and Fock modes, mixed ac-
cording to some unitary Uy, the integral is complicated by the additional

presence of a Laguerre polynomial,

_1 L,|2(A, - X)?> + 2(4, - p)?
Wy = N Gt VA fdx’dp’ "[ o . ] (242)
aN+14/det V Jr2N X exp[—xTI{C‘lx - pTY{,‘lp]

and is not immediately trivial to evaluate.
We tackle this integral in appendix B by first solving the foundational
integral,’

/ dNx (H xi) exp(—xTV-1x + aTx), (243)
RN iep
for some arbitrary vector of indices (3; in theorem B.3. By exploiting the sym-
metry inherent to Laguerre polynomials and the powers of vector-products,
this integral can be used to construct the full integral of equation (242)
through a number of stepping-stone integrals.

The reader is directed to appendix B for a full derivation of these integrals;
let us here instead simply note the structure of this derivation. By expanding
the Laguerre polynomial to the summations

Ly[2(A - %)% +2(4, - PY]

1

27
(= 1) a 2b 2a-b

=3 (o) S 2 ()0 o s

b=0

|G- 22 + @y - 22| (244)

we can build up to the solution to the Laguerre polynomial integral by
using theorem B.3 to solve the integral of each of these ‘blocks’ in turn. We

This integral can be recognised as a generalisation of the known integral underpinning
Wick’s theorem given by [76]

0 n odd

de( x')exp(xTV‘lx): N/2
LN g ! VdetV Y Voopr-esV,

on/2 On-2:9n-1
geP(B)

neven,

for n = || and P(B) the set of all pairings of 8. To enable us to perform the integral
in equation (242) over only a subset of the x; indices and not the whole x space (i.e. to
perform a partial trace), we must introduce the additional linear term aTx.
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first solve for the integral of a Gaussian multiplying the power of a vector
dot product,

dVx(A, - x)"exp(—xTV1x + aTx), (246)
X p
RN

in theorem B.5 before extending this to polynomials of both quadratures
of the form [(4y - x)* + (4, - p)*]" in theorem B.7. This foundation allows
us to finally solve for an integral of the general form

ﬁﬂmuygpufo+x%-mﬂmﬁﬁﬂxﬂx—#%4m}(Mﬂ
RZN

under some x-p symmetry conditions, in theorem B.8. This integral is
immediately applicable to our use, but in the interest of simplicity we use
the knowledge that V'is a symmetric covariance matrix and A is symplectic
to specify the result further in corollary B.11 and theorem B.14.

6.2.2 Statement of theorem

The integrals solved in appendix B allow us to present the following general
theorem for the output of a Gaussian quantum protocol acting on a Fock
state.

Theorem 10. The first output mode of a symplectic, (x — p)-balanced (see
definition 9) quantum unitary acting on a Fock state |n) and zero-mean
Gaussian auxiliary state |G(0, V,)) as

fous = Tra,._ | Ua(6n ® Bao,)] (248)

is given in the Wigner formalism by

Wout(x5 p) = (_1)n (77 — U)n L [7)22_771)2 (x2 + p2)] eXp[_n _}_ v(x2 + pz)]’

T (p+oyt"
(249)

or by the diagonal density matrix in Fock space
Powr = ), Clm)m] (250)
m

for

2 min(zr:n’n) n\(m b b b
C, = ( )( )(417) W+n—=-1D)"PL—-—n+1)
(U4 1)mEL b/\ b

=0
(251)

97



98

INTERLUDE: MODELLING HYBRID FOCK-GAUSSIAN PROCESSES

Here,

v= Agn Vi - Apry = ALy Vip - Agry, (252)
n=[AD1 ] =[Ap1]% (253)
for A the transformation matrix representing the unitary.

Proof. This theorem is simply a restatement of theorem B.14 from ap-
pendix B in ket notation, noting that A, = \/nand V; =5+ v.
O

Finally, noting that the Hilbert-Schmidt overlap, or fidelity, is given
simply by the m = n element of the density matrix as

]: = <n|:50ut|n> = Z Cm<n|m)(m|n) = Cn’ (254)

we can immediately state the following corollary of theorem 10.

Corollary 11. The fidelity between the first output mode of a symplectic,
(x — p)-balanced (see definition 9) quantum unitary acting on a Fock state
and a zero-mean Gaussian auxiliary state,

Tro. v | Oa(IMIGO, )], (255)

and the original Fock state is given by

[v2 - -n?]" b
f=2<n+v+1>2n+12(>[Tmz]’ (250

forv, n as defined in theorem 10.

6.2.3 Example: thermal attenuating channels

To illustrate this method, let us now consider the action of a canonical
Gaussian channel: linear attenuation in the presence of thermal noise.
This channel represents some portion € < 1 of the signal — here the Fock
state — being lost and replaced by thermal environment noise, and can be
modelled simply as a beamsplitter with a thermal environment.

The coordinate transform for an attenuating channel is

(T e
Ax—Ap—(_\/E \/:)y

(257)
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acting on the system §,, ® gy, for fy, a Gaussian thermal state with covari-
ance matrix V, = V,, = (1 + 2a)I, for 7 representing the temperature of
the environment state. In the language of theorem 10, then,

n=1—¢ v=ecn+1). (258)

When the environment mode is traced out, theorem 10 states that the
output state will be described by the Wigner function

Wout(x’ p) =

=n" [2(1 —€) 1]”
(1 +2ne)l 1+ 2ne

2(1—¢)
XL (1—¢) —(2n+1)%e (2 + )]

X exp[— (x% + pz)], (259)

1
1+ 2ne

or by the density matrix g, = C,,|m)(m| with diagonal elements

1 min(m,n) e NN
= 5, (5)(5)0 79D

(260)

In the special case of ideal de-amplification (for which 7z = 0), the output

simplifies to

Wou = TC=200 128 (22 4 2p) | exp[ (2 + p2)] (26D)
and
min(m,n) n\/m
Cn= D, <b>< b)(l — ¢)b[o]m—ben-b (262)
b=0
_|Ga-omem m<n (263)
0 m>n .

The output of an ideal amplitude de-amplification operation on a Fock
state, then, is a weighted distribution of all Fock states of lower energy than
the original as might be expected from a purely de-amplying process. When
the environment consists of thermal excitations above the vacuum, the de-
amplification no longer results in a probability distribution of strictly lower-
energy states. The thermal noise acts on each of the potential outputs by
randomly displacing their phase-space amplitude according to a zero-mean
Gaussian distribution. Consequently, although the output state probability
remains centred around the pure deamplified Fock state, there exists a
possibility that even very high-energy states may be found.
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Although these are not novel results, the application of theorem 10
makes the output of this channel immediately accessible.

6.3 GAUSSIAN CHANNELS ACTING ON FOCK SUPERPOSITION
STATES

Finally, before returning to our discussion of quantum state sharing, let us
consider the modelling of the impact of Gaussian channels on superposi-
tions of the Fock eigenstates. These are states of the form

) = ayln), (264)

with Y|a,|? = 1.

In the density matrix formalism, these states consist not only of diagonal
|n)(n| eigenstate components but also of coherences between the eigen-
states of the form |n)(m|. We have studied in the previous section the impact
of a Gaussian channel on the diagonal components, so it remains here to
consider the impact on the coherences.

Recall from section 2.1.2 the Wigner function describing such superpos-
ition states is given by the sum of the eigenstate Wigner functions and
coherence terms as

Wy (x, p) = ;Ianlz%(x, P)+ ) ahmlnm(x, D)- (265)

n#m

For two Fock states, these coherence terms are given by the expression [77]

Inm(x, p) = (_;)n \/ }”;l’l_"[\/a(x +i p)]m_nL(nm—n)[z(xz + pZ)] e—(x2+p?)
(266)

for n > m and by its complex conjugate for n < m; here, L(,f‘)(x) is the
generalised Laguerre polynomial given by

Pl

n
= n—j

LPx) = ),

j=0

Despite the presence of an imaginary part in each of the coherence terms,
the Wigner function remains wholly real as the imaginary components of

I,y and I, ,, cancel fully.
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After the application of the unitary, Uy, the output system will again be
dictated by the coordinate transformation,

Woul@) =Win(A - q) (268)
= Z|0‘n|2Wn((A “@QDWs((A- @), N)

+ 25 Gnttmlnm((A - QOWe((A- @ N, (269)
n#m
for q the quadrature coordinates. We already know the form of the partial
trace of this first summation from theorem 10. Integrating over the second
summation, however, poses some challenge due to the presence of the
additional (x =+ i p)" component that breaks the previous symmetry.
To tackle these coherence term integrals, we return to the fundamental
integral from theorem B.3, following the general process

1. expand the polynomial recursively to reach a sum of integrals of the
form given in equation (243);

2. solve each integral individually using theorem B.3;
3. sum these integral solutions to get the result.

The results presented in section 7.2 on the use of quantum state sharing
for Fock superposition states are derived following algorithm 1, implemen-
ted using Wolfram Mathematica [78], an algebraic computing library which
produces an analytic output. Although this process must be performed
separately for every superposition combination, the symbolic nature of the

Algorithm 1 Integration of a superposition Wigner function
To trace out the auxiliary modes from a superposition containing eigen-
states drawn from the set .

SET solution =0

> Solve for the eigenstate terms

FOR n € Ny DO

APPLY theorem 10 TO |n)(n| TO GET result

. ADD |a,|*Xresult TO solution

> Solve for the coherence terms

FOR n € Ny, m € Ny WHERE m # n DO

expand I, ,,,((A - @)1)W5((A - q@),.. n) to a sum of integrals

SET result sum=20

FOR EACH integral IN I, ,,((A - @)1)W5((A - q),.. ) DO

L APPLY theorem B.2 TO integral TO GET result
ADD result TO result sum

. ADD ocj,ocmx result_sumTO solution

RETURN solution
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computations ensures that a full characterisation of the output for each su-

perposition class is achieved. In particular, the analysis covers an arbitrary

weighting of the eigenstates; the specific superposition is not specified.
We also use this approach to find the reconstruction fidelity by solving

the integral
F =27Tf dxdpWy (x, p)Win(x, p), (270)
R2

using an approach analogous to algorithm 1.
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(d) |3) (input) (e) |3) (8 dB reconstruction) (f) |3) (13 dB reconstruction)

Figure 18: Input and reconstructed-output states for |1) and |3) Fock-eigenstate secrets shared using a
TMSV resource state with 8 dB or 13 dB squeezing as labelled. In every case, the output state is
a smoothed, noisy copy of the input state due to the added thermal noise from the resource
state residue, but the essential features of the original Wigner function are clearly visible. As
resource-state entanglement increases, the similarity of the reconstruction to the original input
state increases.

Discrete-variable systems, in which the quantum states are represented
as eigenstates of a countable variable such as particle number, are widely
used within quantum technology and form the basis of many quantum
computation stacks [79-82]. However, their usefulness is tempered by
the relative difficulty in the distribution of such states. In contrast to
continuous-variable communication schemes, which operate fully determ-
inistically, discrete-variable protocols are inherently probabilistic due to
their reliance on the outcome of a probabilistic Bell measurement [68,
83, 84]. A certain proportion of attempted transmissions will fail, posing
a problem for the communication of quantum information that cannot
be readily copied. On the other hand, continuous-variable communica-

103



104

HYBRID FOCK-GAUSSIAN QUANTUM STATE SHARING

tion can provide a 100% success rate at the cost that every transmission
will be degraded in some way [70]. Further, continuous-variable entan-
glement can be readily generated and distributed in a deterministic way
simply by interfering squeezed states [85], while the generation of discrete-
variable entanglement requires sophisticated quantum equipment. The
development of so-called hybrid protocols which allow for the use of such
continuous-variable entanglement and communication protocols for the
transmission of discrete-variable states is therefore of great interest.

In this chapter we will consider the potential for our quantum state
sharing protocol to be used as such a hybrid protocol, sharing discrete
variable states using Gaussian entanglement. In section 7.1 we will first
consider the sharing of particle-number eigenstates. Using the framework
established in chapter 6, we will demonstrate that this protocol remains
useful for the full range of Fock eigenstates given a suitably-entangled
resource state. As the eigenstates are perfectly distinguishable using a
particle-number measurement, and thus perfectly clonable, we do not
present a security condition for such states here. However, we will discuss
briefly the potential for security for this type of state.

We will then, in section 7.2, go on to consider two-level superpositions
of number states, most notably the |0)/|1) and |1)/|2) qubit states.

7.1 SHARING FOCK EIGENSTATES

Let us begin our discussion of the use of our protocol for discrete-variable
states by considering the photon-number eigenstates.

In section 4.2.4 we introduced pre-amplification or post-attenuation
steps, as required, to our quantum state sharing protocol to correct for the
amplification it imposes on the secret state and thus preserve the phase-
space mean. The Fock states we will consider in this chapter, though, are
always zero-mean so it is worth asking at this stage whether this correction
remains useful. For much of our discussion of Fock eigenstate QSS, we
will consider both the uncorrected generally-amplifying protocol and the
corrected nonamplifying version.
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7.1.1 Output state

Let us begin by considering what the output of this protocol will look like.
We know from theorem 10 that Gaussian protocols induce no superposition
so the output density matrix will be wholly diagonal and take the form

Bout = Y, Cralm)(ml, (271)

for a set of coefficients C,, summing to 1.

Let us initially consider what we will term the ‘raw’ output from the
protocol, where no correction is made for the amplification. Applying
theorem 10 to the protocol outlined in section 4.2.3 yields an output state
described by the density matrix elements

o - 2 min(m,n) 4b<n)(m) (Bip(@) -1+ 1/772)n_b(E1|2(g) +1—1/p2ym-b
"oy b=0 bj\b (E1p(8) + 1 + 1/p2ymtn+l )
(272)

for y = 1/4/2 — g2 representing the amplification of the output state.
These contributions to the output state are shown for varying reconstruc-
tion parameter g in figure 19. Unsurprisingly, the form of the output state
shows a clear gradient in photon number as g (and thus the amplification)
increases. For values of g below 1, the state becomes increasingly likely
to be found with a number of photons below the photon number of the

1771 {
l6)6] 1
I5)51 +
14)4] H
I3)31
12)2]
[l
lo)ol H

Output Fock contribution

(@ 12) (b) 3)

Figure 19: Density matrix contributions to the uncorrected (generally-amplified)
reconstruction of (a) |2), (b) |3) input secret state using a TMSV re-
source state exhibiting 6 dB of squeezing, and so a steering parameter
of Ey5(g) ~ 0.5. Vertical dashed lines outline the g = 1 non-amplifying
case; horizontal dashed lines outline the output contribution that
matches the input state.
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original input state. Conversely, as g increases above 1 the state becomes
more sparsely distributed across a distribution of higher-energy eigenstates.
We also begin to see the emergence of a curious result, particularly in the
|2) case — some of the deamplifying protocols (those for which g < 1) pro-
duce an output result in which there is a greater likelihood of reproducing
the input state than in the nonamplifying (g = 1) protocol. We will discuss
this result more in section 7.1.2.

Let us now turn our attention to the case in which this amplification
has been corrected for through either an additional pre-amplification (for
g < 1) or post-attenuation (for g > 1) step. Applying theorem 10 again to
this corrected protocol produces an output state described by the density
matrix C,,|m)(m| with elements

(1+772E1|2(g)—7)2)n+m min(n,m) /n\/m 2 2b
o 2(3+n2E1|2(g)_n2)n+m+1 b=0 (b)(b)[m] g=<1
M), (+Eip(-1/mA)mm

min(n,m) 2
2arE s Toco - O mEne| 821

(273)

for an input state with known photon number n. These contributions are

shown for varying g and the same example resource state in figure 20.

= 177l | 10
E l6)6] | 0o
2 Bl '
S |ax4| | 0.8
23| |

£ | o7
2 alf 06
S loxol | o

(@) ]2) ) |3)

Figure 20: Density matrix contributions to the ampification-corrected reconstruc-
tion of (a) |2), (b) |3) input secret state using a TMSV resource state ex-
hibiting 6 dB of squeezing, and so a steering parameter of Ey;(g) ~ 0.5.
Vertical dashed lines outline the g = 1 non-amplifying case; horizontal
dashed lines outline the output contribution that matches the input
state.

Comparing to figure 19, the effect of this amplification correction becomes
apparent. Much of the g-dependence in the spread of output contributions
has vanished, with the output state much more closely bunched around

the input state for all values of g. There remains potential for the output
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state to be a different Fock state to the input state, but this probability now
presents in a broadly uniform way and is limited to the region immediately
around the input state.

On the other hand, however, the improved likelihood of finding the
output state in the correct eigenstate seen for g < 1 in figure 19 has been
lost, so for some g values correcting for the amplification may produce a
worse result. We will consider this trade-off more when we discuss the
benefits of correcting for amplification in more detail in section 7.1.3.

Finally, let us consider for a moment the special case in which g = 1 and
no phase-space amplification is imparted by the protocol. In addition to
gaining the benefits of a non-amplifying protocol without requiring the use
of noise-inducing correction steps, g = 1 represents the space in which the
best-quality entanglement can be found. When g = 1, the density matrix

elements reduce to

min(m,n)
Cm =(E1|2(g) fz)m+n+1 1;) (Z)(’Zl>4b[El|2(g)]{n+n—2b (274)

Notably, the summation runs only to the smaller of m and n — only when
m = n does the 2b = m + n case, in which the term does not directly scale
with Ej,(g), exist. In the perfect entanglement limit, when E;,(g) — 0
only the C,, term will survive therefore and the original secret state will
always be reproduced perfectly.

The makeup of this output state is shown for a non-amplifying protocol
for a number of example input states in figure 21. Clearly, increasing the
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Figure 21: Output state contributions for the first 10 Fock input states at g = 1,
using the labelled resource states. Each row in the figure represents
a the noted input state, with each box in the row representing the
contributions to the output density matrix, as labelled above. Tighter
horizontal distributions represent better reconstructions.
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energy level of the input state increases the photon-number variance in
the output. Low particle-number states can be shared and reconstructed
relatively easily with limited introduction of neighbouring states; as the
particle number increases, though, the spread in potential photon number
increases and the output state becomes less pure. Although these higher-
photon-number states decohere quickly for the worse-entangled resource
state in figure 21a by increasing the resource squeezing even the high-
energy states return to the reasonably tight distribution seen in figure 21b.

This output state can be described by a classical probability distribution
with variance strongly dependent both on the resource steering parameter

and original input state as!

1 1
0? = Eyp(g) + E”Euz(g) + ZE1|2(8)2, (275)

indicating that although higher photon number states are more susceptible
to the noise added by the protocol this can indeed be offset by increas-
ing entanglement. In the perfect entanglement limit, the input state is
reproduced perfectly with no variance in photon number. One can see
intuitively why this might be the case by returning to the Wigner functions
shown in figure 18: as the photon number increases, the state contains
more complex quantum features and is thus more susceptible to the impact
of added Gaussian noise. This represents a continuation of the trend we
have returned to throughout this thesis, that the more ‘quantum’ an input
state is the harder it is to share.

Although this distribution appears to be centred on the input state, in
fact even in the non-amplifying case the output state has a mean photon
number slightly above the input state given by

<ﬁ> = Ny + %E1|2(g)’ (276)

reflecting the slight photon-increasing bias inherent to thermal noise.? This
distribution in output photon number is shown more clearly in figure 22
for selected input states.

This variance and the following mean measure were found through a numerical fit that
perfectly predicted the first 150 Fock state outputs. Given the natural form of the result
(consisting only of simple rational coefficients), we conjecture that these results are exact
and hold for all |n) input.

2This bias is easily explained by considering that the random thermal fluctuations act on
phase-space amplitude, which is not bounded by 0. A large enough shift in the direction
initially reducing photon number will eventually surpass the origin and begin to increase
photon number again, while a shift in the opposite direction will always increase photon
number. When these random fluctuations are described by a Gaussian distribution the
tails will be photon-increasing in both directions, causing a small but not-insignificant
bias towards photon-number increase.
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Figure 22: Photon probability distribution in the reconstructed output state for
given Fock input states when shared at g = 1 using a two-mode
squeezed vacuum resource state with 8 dB squeezing.

The output probability closely resembles a Gaussian distribution, taper-
ing exponentially as the distance between the input and output photon
numbers increases, but exhibits a degree of skewness due to the asymmet-
ric bounds on photon number. A standard Gaussian is therefore unable to
properly describe the output, although there are a number of asymmetric
Gaussian distributions that allow for skewness, including the skewed-
normal [86, 87] and folded normal [88] distributions, that may be able to
be applied to model these results.

7.1.2  Reconstruction quality

Let us now focus more closely on the quality with which this protocol
reconstructs Fock input states. As the spectrum of possible output states
is orthogonal, the fidelity of the output state is precisely the probability
amplitude describing the likelihood that it would be found in the |n)(n|
state, given by the relevant density matrix element

F=C,. (277)

For the ‘raw’ QSS protocol, prior to the application of any amplification
corrections, a Fock-state secret |n) is reconstructed with fidelity

2
2 nin N
TP(E (@) + 1+ L) l;) 4b <b) (Eyp(g)® — /2 — 120,
nZ =

(278)

for n = 1/4/2 — g2 as usual.
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Figure 23: Achievable reconstruction fidelity using an uncorrected QSS protocol parameterised by g with

a Gaussian resource state with steering parameter E ,(g) to share the labelled Fock states. Only

shown is the region E;5(g) > |1 — g?| for which steering is able to exist. Region enclosed by the
dashed line denotes F > 2/3 as a benchmark only as this does not guarantee security for the
set of Fock eigenstate inputs.

This fidelity is shown for the first three excited Fock states for varying
setup parameters in figure 23. We can see again here the curious behaviour
for g < 1 we noted in section 7.1.1 emerge from the fidelities shown in this
figure. Ordinarily, all other circumstances being equal, we would expect
that the best result would be obtained at g = 1, when the output state
is least-distorted by amplification. As can be seen most clearly in the |2)
reconstruction profile in figure 23b, though, the optimal value of g for any
set steering parameter lies some point below g = 1. As the photon number
increases, the optimal reconstruction parameter increases towards g = 1
with further de-amplified reconstructions again producing a worse result.

There are two effects contributing to this phenomenon, the first of which
we have previously seen affect Gaussian states in chapter 5. While a de-
amplification in the protocol represents a degradation of the information
describing the state, it also reduces the thermal noise added by the remain-
ing resource state contributions. As deamplifiction is a multiplicative effect
— impacting larger photon-number states more than lower energy ones
— the negative impact is more fully offset by the reduced thermal contri-
butions for lower Fock states. As the energy level of the input state rises,
though, the deamplification begins to have a much more significant effect
that outweighs any potential improvement from the reduced thermal con-
tribution, so the optimal reconstruction parameter moves again towards
g=1

There is, additionally, a further effect that only emerges when we con-
sider Fock states: as we found in section 7.1.1, thermal noise is not zero-
mean in photon-number space. Even at g = 1 this protocol has a mild
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Figure 24: Achievable reconstruction fidelity using an amplification-corrected QSS protocol parameterised
by g and a Gaussian resource state with steering parameter E;;(g) to share the labelled Fock
states. Only shown is the region E;,(g) > [1 — g?| for which steering is able to exist. Dashed
region denotes F > 2/3 as a benchmark only, as this does not guarantee security for the set of
Fock eigenstates.

photon-number increasing effect and so, in contrast to the phase-space
picture, the unity-gain point for this protocol will lie mildly below g = 1.
As any deamplification acts proportionately to the photon number n, while
the photon-number increase from thermal noise is constant, this is not an
amplification that can be universally corrected for. When the input states
are drawn from a known distribution of Fock states, a specific optimal
Sunity €an be derived that minimises the average amplification across that
distribution (although some input states will still be amplified while oth-
ers will be de-amplified). In the absence of such implementation-specific
details, however, we will continue to use g = 1 as our unity-gain point to
avoid an outsize impact on very high photon number states.

Let us consider now the reconstruction quality when we do make a
correction such that there is no phase-space amplification at any value of g.
The same protocol with this correction applied produces a reconstruction
fidelity of

A+ ER@-DP n 2 2 2
F (3+(E1|2(g)—1)7}2)2"+1 Zb:o (b) [1+(E1|2(g)—1)7)2] <1 (279)
- (1+Ep(8)-1/n*)*" noom\2 2 2 >1
(3+E1|2(g)—1/7)2)2"+1 szo (b) [1+E1l2(g)—1/772] §=

which is shown in figure 24. As anticipated, applying an amplification
correction has removed the fidelity bonus observed in the g < 1 region.
Indeed, in every case the peak achievable reconstruction fidelity is now
found at g = 1, where no amplification correction is required. However,
this mild loss in fidelity for values of g < 1 close to 1 is accompanied by
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Figure 25: The achievable reconstruction fidelity using a QSS protocol implemen-
ted at g = 1 for Fock input states as denoted and a Gaussian resource
state with steering parameter E,(g).

a significant increase in the achievable reconstruction fidelity in highly
asymmetric g # 1 regions.

As the pre-amplification correction for g < 1 setups occurs prior to
the application of the QSS protocol, this setup continues to benefit from
the resource-contribution deamplification that we attributed much of the
increased fidelity to. However, this amplification step is itself necessar-
ily noisy, so imparts an additional thermal distortion to the secret state.
The quality of the amplification-corrected output is a tradeoff between
this additional noise added by the amplification and the improvement by
undoing the deamplification on the output state. For low photon num-
bers and reconstruction parameters already close to g = 1 the negative
impacts of this correction may well outweigh any gains from removing the
de-amplification.

Finally, let us comment briefly on the special g = 1 case in which the
protocol is naturally non-amplifying in phase-space and no correction is
required. This is also the point in which the greatest levels of quantum
steering is possible, as the level of steering present in a resource state is
bounded by |g? — 1]|. In this case, the reconstruction fidelity for a Fock |n)
input is given by

2 nn\2
Tgm1 = 4bE 2(n~b)_ 230
= (Eyp(g) + 2)2nt bz::()(b) 112(8) (280)
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This obtainable reconstruction fidelity for varying degrees of resource
entanglement is shown for the first 10 Fock states in figure 25. Although a
deep reduction in reconstruction fidelity is observed as n increases, with
extremely good entanglement necessary to achieve high fidelity for high-
photon-number input states, in the limit of ideal entanglement every Fock
state is reproduced perfectly. Although in practical terms the resource
requirements may be prohibitively high in some cases, every Fock state
can therefore in theory be shared with arbitrarily good fidelity — the only

limit to protocol effectiveness is the availability of entanglement resources.

7.1.3  To amplify or not to amplify

Having now considered both uncorrected (amplifying) and corrected (non-
amplifying) forms of the protocol, let us briefly discuss the question of
which should be used. As with many questions of optimising for quantum
information, there is no single answer here; the preferable protocol depends
greatly on which set of Fock states are used and at which reconstruction
parameter.

Consider for example figure 26, which shows the reconstruction and
steering parameters for which an improvement in fidelity can be found
by correcting for the amplification. Although most states show a fidelity
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Figure 26: The regions in which reconstruction fidelity would be improved by
introducing an amplification correction for the labelled Fock input
states. Filled regions indicate that improvement is possible from the
correction.

improvement from the amplifiction-correction for g > 1, the low photon-

number states — those least affected by attenuation — are improved by
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leaving the de-amplification uncorrected for g < 1. As the photon number
increases, though, the region in which not correcting for the amplification

is preferable shrinks.

We should consider here also the magnitude of this improvement, though.

This is shown for the |3) and |4) states in figure 27 . Although there may be
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Figure 27: Ratio of reconstruction fidelity using corrected F,. and uncorrected
Fre QSS protocols on (a) |3) and (b) |4) input secret states when using
a resource state with steering parameter E,(g) and reconstruction
parameter g as indicated. Coloured region indicates improvement from
correcting for amplification; grey region indicates a better fidelity can
be achieved by leaving the output in its amplified form.

a reduction in fidelity from correcting for the amplification in the region
around g = 1 (shown in grey), this loss is small compared to the loss from
leaving the state (de)amplified elsewhere (shown in colour). The maximal
loss from correcting for the amplification is a ~ 20% reduction in fidelity,
while the potential loss from not correcting for it approaches the complete
loss of information about the state. Were the amplified output found to be
optimal for some of the set of input states and the non-amplified output
optimal for others, it is likely then that correcting for the amplification
would provide the best overall fidelity.

Finally, let us note that the amplification correction opens up the use
of this protocol for future hybrid CV-DV states. The displaced Fock state,
in which a phase-space displacement operation has been applied to a
photon number state, has the ability to carry information both in its original
discrete Fock state form and through the continuous displacement of its
mean [89]. Any remaining phase-space amplification would distort this
mean vector as it would for the coherent state, disproportionately reducing
the reconstruction fidelity for highly-displaced states. For the protocol to
be useful to this class of state, then, the amplification correction is required
regardless of its impact on the underlying Fock state.



7.2 SHARING FOCK SUPERPOSITION STATES

7.1.4 Security

Finally, let us consider for a moment the matter of security. Although we
have frequently highlighted the F > 2/3 region to enable easier compar-
ison between figures, we do not present a security analysis for the set of
Fock eigenstates. This is because our usual no-cloning criteria cannot be
applied here. As the Fock states consist of an orthogonal set, there is no
limit on the quality with which they can be cloned — a Fock state can be
readily identified through a particle-counting measurement, after which
any number of perfect clones can be created directly. The lack of an upper
limit on cloning fidelity for these states means we are unable to be certain
of security based on the achieved reconstruction fidelity alone.

However, let us briefly note that although the input states are drawn from
an orthogonal set, the intermediate shares they produce are not orthogonal
— and form part of a wider entangled system — and so cannot themselves
be readily cloned. The protocol therefore retains a degree of security from
measure-and-resend attacks.

A security analysis for these states could be performed by considering the
information available to an adversary directly. In the ideal case, this would
correspond to simply comparing the amount of information contained in
a single share to the information obtainable from the reconstruction. In a
realistic implementation, however, a full analysis would have to consider
all sources of loss as these could be due to the presence of an eavesdropper
siphoning part of the signal.

The lack of a defined security condition on the Fock eigenstates may
limit the use of this protocol for state transmission. However, QSS still has
uses outside of secure quantum cryptography; for example, in recovery
from transmission loss. The high-fidelity reconstruction of Fock states
therefore remains of interest regardless of the security of the protocol. Let
us now turn our attention to superpositions of such states, where security

can again be guaranteed.

7.2 SHARING FOCK SUPERPOSITION STATES

In this section, we continue our analysis of the Fock states by considering
superposition states of the general form

) = D anln) (281)

for Y |al? = 1.
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In the previous section, in addition to looking at the non-amplifying QSS
protocol we also considered the output states in their ‘raw’ uncorrected
form. In some limited cases, such as the |0) / |1) qubit state, an improvement
in fidelity may be found by allowing for such a de-amplifying QSS protocol.
However, as the de-amplification acts on each eigenstate differently — and
directly transforms some |1) states into |0) states — care would need to
be taken when allowing for a generally-amplifying protocol to ensure the
superposition was not unduly affected. To avoid this problem, we focus
here exclusively on the non-amplifying case.

In any event, much of our discussion in this section will focus on the

g = 1 case where the two cases coincide.

7.2.1 Overview of process and security condition

In our discussion of superposition QSS, we will initially consider the single-
shot fidelity obtainable for a fully specified state — that is to say, for specific
values of a; — as

Fla) = 27 / dx dp Wi (x., p, @)Wou(x. p. ), (282)
RZ

which can be solved using algorithm 1 outlined in section 6.3. As we will
see, the fidelity with which a given superposition state is reconstructed
depends on the balance between its contributing eigenstates. As a simple
example, we already know from the previous section that the extremal
|0) and |1) members of the general superposition class «|0) + a;|1) are
reconstructed with vastly different fidelities.

Much of our interest, though, will be in the average reconstruction
fidelity achievable across an entire class of superposition state, given by

integrating across the superposition coefficients as

Fog = /%/ f daF (), (283)

for some N = f da which normalises the average.
We will here parameterise an N-mode superposition using the unit-
radius hyperspherical coordinate system as

[$) = cos 6, |1h;) + sin 6, cos 6,[1h,) + -+ + sin 6; sin 6, ... sin Oy _1 [PN),
(284)
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to ensure it remains normalised, in which case the average fidelity across
the superposition class is given by the integral?

rg)

Favg = N2

N-—2
de,do, ... d@N_l(H sinleN_l_i)]-"(e), (285)
i=1
for I'(-) the Gamma function.* For a two-mode superposition this average
can be found simply as

Fow = & f d6F(O), (287)
T 0

while for three-mode superpositions it is given by

O A :
T = o fo fo d6,d8, sin 6, (6., 6,). (288)

As the specific superposition within each class is not distinguishable
by a single measurement (as the Fock eigenstates are, for example), com-
munication using them is again protected by the no-cloning theorem. The
ability to optimally clone arbitrary Fock superpositions has been studied
by BuZec & Hillery [58] who prove that the best possible fidelity from two
clones of an N-level superposition state is

N+2

Fopt. cloning = SN+2 (289)

As we discussed in section 4.3, exceeding this fidelity guarantees that the
state reconstruction is secure. For qubit states, this equates to security
threshold fidelity of 7 = 2/3, while for qutrits the security threshold is
reduced to F = 5/8.

30rdinarily this integral over the unit hypersphere would consist of N — 2 integrals
over the range 6, n_,: 0 — 77 and one integral over the range Oy_;: 0 — 277. For a
quantum state, though, the lower hemisphere represents only a global phase shift from
the upper hemisphere and so can be neglected.

“4For integer parameters n the Gamma function is given by I'(n) = (n — 1)!. For half-
integer parameters n + 1/2, it is given by

I'(n+ %) = \/Tz(dfznr;l)!!. (286)
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7.2.2 Qubit states

Let us start our discussion of Fock superposition QSS with the lowest-
energy qubit state: the superposition of the ground and first excited states
given by

[1h) = cos B]|0) + sin O|1). (290)
In the Wigner formalism this qubit state is given by

W(x,p) = % [cosze + sin?6 (2x2 + 2p? — 1) + 2/2sin 6 cos Gx] e=X*—pP?
(291)

taking a varying form as the superposition balance changes between the
|0) and |1) eigenstates, as shown in figure 28.
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Figure 28: Wigner function representation of indicated qubit superpositions
between |0) to |1).

The fidelity after applying the quantum state sharing protocol to this
state can be obtained by applying algorithm 1 to the fidelity integral in
equation (282) — splitting the resultant product into a sum of individually
solvable integrals before summing their solutions. For the standard g = 1
case, we find that such a superposition state can be reconstructed with a
0-dependent fidelity given by

[4 cos(26) — cos(40) + 2E,(g) + 5]Ey () + 8

7o Epe) + 27 @2

which is shown in figure 29a. Although the full spectrum of superposition
states spans from 6 : 0 — 7, as the achievable fidelity is symmetric about
7r/2 we only present the range in which both coefficients are positive.

As might be expected, this superposition is relatively easy to share. In-
deed, those superpositions that lie close to the |0) vacuum eigenstate can be
shared with F = 2/3 with very small degrees of steering. As these nearly-|0)
states are approximately Gaussian in nature, with the vacuum state be-
longing to the class of coherent states, this result is simply an application
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Figure 29: (a) Single-shot reconstruction fidelity achievable at g = 1 for a cos 6]0)+
sin 6]|1) qubit secret state for varying steering parameter. (b) Average
reconstruction fidelity across a flat 6 distribution for the same input
state for varying g. Dashed line in each case denotes the F > 2/3 region
for which security can be guaranteed.

of the Gaussian protocol we have studied extensively in section 5.2. As
the superposition ratio moves further towards the |1) eigenstate, though,
the reconstruction fidelity achievable for a given level of steering drops
monotonically with a steering parameter of E;5(g) ~ 0.31 required to
guarantee security at © = 7r/2. Notably, though, the reconstruction fidelity
never drops below that achievable for the |1) eigenstate; any member of
this superposition class can be reconstructed with no-worse fidelity than
the first excited state.

In analysing the effectiveness of this protocol for the full class of such
superposition states, we should consider the expected reconstruction fidel-
ity from an unknown state randomly selected from the class — otherwise
known as the average fidelity obtainable across the class from 6 = 0 to
0 = 7. In the g = 1 special case this averaged fidelity is given by

_ 8+ 5E;2(8) + 2E;5(8)?

e (E1|2(g) +2)3 (293)

The average expected fidelity is shown above for varying reconstruction
parameter g and steering parameter E;5(g) in figure 29b. As we found
previously for Gaussian and Fock eigenstate secrets, the best average re-
construction fidelity is found around g = 1, with decreasing fidelity — and
thus greater entanglement requirements for guaranteed security — as we
move away from this range.

Although the steering required to achieve security is increased compared
to that for wholly-Gaussian quantum state sharing, there remains a sizeable
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Figure 30: Single-shot reconstruction fidelity achievable at g = 1 for the two-level superpositions of the

vacuum and one excited Fock state as labelled. Dashed line in each case denotes the 7 > 2/3
region for which security can be guaranteed.

region within which secure QSS can be achieved, denoted by the dashed
black line in figure 29b . For the standard g = 1 special case, for example,
the resource state need only exhibit steering of around E;;(g) ~ 0.60,
corresponding to marginally more than 5 dB squeezing for a TMSV resource
state — well within the routinely achievable range. Although secure QSS
for these qubit states is limited to the broadly symmetric region (0.76 <
g < 1.14), this covers a large number of common resource states; greatly
asymmetric states are rare in practice as asymmetry severely limits the
potential entanglement.

We have found here that secure quantum state sharing of qubit states
can be achieved using presently-achievable Gaussian entanglement with
no change to the protocol. Let us now consider whether this holds for the
more general two-level Fock superposition.

7.2.3  Other two-level superpositions

We will here consider the wider class of Fock superposition states of the

form
|$) = cos B|n) + sin O|m). (294)

Asdiscussed in section 6.3, we have not solved this class of state for a general
n and m, instead relying on an algorithmic (but fully analytic) approach
for specific (n, m) pairings. We will therefore consider the protocol here
through a series of example states.
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Every example of a two-level superposition that contains the vacuum
state acts similarly to the qubit state from the previous subsection. Very high
fidelities are achievable while the superposition state remains similar to
the |0) eigenstate, while increasingly imperfect copies are reconstructed as
the input state moves towards the other eigenstate. A number of examples
are shown in figure 30. As might be predicted from the increasing diffi-
culty with which larger Fock eigenstates are reconstructed, as the second
contributing eigenstate increases in photon-number the average recon-
struction fidelity across the superposition class reduces. Even for relatively
high photon numbers, though, the entanglement required to guarantee
security remains broadly achievable. The case of the cos 6|0) + sin 6|3)
superposition, for example, is securely sharable using a TMSV resource
with ~ 8.8 dB squeezing, which approaches the upper limit of squeezing
levels that are readily achievable but remains within the feasible range.

When we consider superpositions of two excited states, though, a more
interesting result begins to emerge. Consider, for example, the single-shot
fidelity achievable for the (|1), |2)) and (]2), |3)) superpositions shown in
figures 31a and 31b. Although the achievable reconstruction fidelity at
each extreme of the superposition remains low compared to the vacuum
state, a peak in fidelity emerges between the eigenstates. It turns out that
some Fock superposition states can be shared and reconstructed with a
greater fidelity than either of their contributing eigenstates.
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Figure 31: Single-shot reconstruction fidelity achievable at g = 1 for two-level superpositions of excited
Fock states as labelled. Dashed line in each case denotes the F > 2/3 region for which security
can be guaranteed.
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This initially counter-intuitive result makes sense when one considers
the states’ similarity to the Gaussian. Recall that the coherent state with
complex amplitude o can be defined as the superposition of Fock states

_ola gy A"
oy = €721 " ——|n). (295)
“h
Although the non-vacuum coherent state is a superposition of all Fock
states, it is likely that a well-selected superposition of two Fock states
may be ‘more Gaussian’ than either eigenstate alone. It should be entirely
expected, then, for such superpositions to be more resilient to Gaussian
noise than their eigenstate relatives. This is not uniformly the case for all
Fock superpositions, though, as shown by the (|2), |4)) superposition in
figure 31c for which the improvement in fidelity is only found at low levels
of resource entanglement. Some combinations of eigenstate, such as the
(|1), |4)) superposition, show no improvement at all indicating that not all
superpositions have the potential to increase Gaussianess.

Finally, let us comment on the average reconstruction fidelity for such
states and thus their ability to be shared securely. The lowest-energy non-
vacuum superposition — the «;|1) + a,|2) state — can comfortably be
shared securely using presently achievable entanglement, with ~ 8.6 dB
squeezing required in a TMSV state. This is an important result as such
states are a popular second choice for qubit-style information carriers
alongside the |0) and |1) superposition.

Securely sharing higher photon number superpositions may be presently
out of reach, however. For example, the (|1),|3)), (]2),|3)) and (|1), |4)) su-
perposition states each require between 10db and 11db of resource squeez-
ing. Although achievable with existing technology, this would be unlikely
to leave enough flexibility to accommodate losses or environment noise
in a real-world setup. Gaussian entanglement generation continues to in-
crease at pace, though, so QSS may be routinely usable for such states in
the near-to-mid term.

7.2.4 Multi-level superpositions

Finally, let us briefly address the question of larger Fock superpositions by
considering the three-level superposition of the form

|$) = cos 6;|n;) + sin 6; cos 6,|n,) + sin 6; sin 6,|n;), (296)
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Figure 32: Single-shot reconstruction fidelity at g = 1 for indicated superpositions and resource steering
parameters. Grey line at 6; = 7/2 indicates the cos 6,[1,) + sin 6,|1;) two-level superposition
with no contribution from [¢;). Green and red lines at 8, = 0, 7z/2 similarly indicate two-level
superpositions of |¢);) & |13) and |¢h;) & [1,) respectively. Green and red stars indicate the [i),)
& |h;) eigenstates while the |i);) eigenstate exists along the entire axes at 6, = 0, 7. Black
dashed line indicates the secure region for which F > 5/8.
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for 6,,6, € [0, ]. The single-shot fidelity for varying 6,, 6, is shown for
every combination of superpositions up to the |4) eigenstate in figure 32.
Aswas the case for two-level superpositions, no improvement can be found
over the fidelity achievable for a vacuum input so every superposition
containing |0) (figures 32a to 32f) shows maximal fidelity at the 0 = 0, 7
edges of the plot where that eigenstate is found.

For a number of the other superpositions, though, a more complex
dependency on the superposition coefficients emerges in which the fidelity
is not maximised for any individual eigenstate. Consider, as an example,
the (|1), |2), |3)) case in figure 32g or the (|2), |3), |4)) case in figure 32j. In
each case a reasonable fidelity can be achieved along the left and right
extremes, indicating the first eigenstate, with a lesser fidelity achievable
for the second and third eigenstates indicated by the red and green stars.
In both cases, though, an ‘egg’ of significantly increased fidelity emerges in
the bottom left of the plot. In the marginal cases, a fidelity of 5/8 indicating
secure reconstruction is only achievable within this ‘egg’ — and is not
obtainable for any eigenstate alone. That this phenomenon appears more
pronounced for three-level superpositions than two-level superpositions
supports the hypothesis that it derives from the state’s increasing similarity
to the coherent state as more levels are added to the superposition.

As previously, though, the more important result for our purposes is the
expected average fidelity for an unknown member of the superposition
class obtained by integrating over the 6,, 6, space. This average reconstruc-
tion fidelity is shown for the three lowest-energy superpositions in figure 33.
Three-level systems, consisting of more degrees of freedom, are more diffi-
cult to clone than two-level ones so the slightly looser threshold of F > 5/8
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is sufficient to guarantee security here. This turns out to be only very mar-
ginally more difficult to achieve than for two-level superpositions. Using a
two-mode squeezed vacuum at g = 1 as our usual standard entanglement
source, the lowest-energy three-level superposition (|0) + |1) + |2)) can be
securely shared with only ~ 5.5 dB of resource squeezing (E|,(g) ~ 0.57).
Indeed, every three-level superposition consisting of at most the |4) num-
ber state can securely shared using no more than 10 dB squeezing, with
security achievable for many of them® with 8 dB squeezing.

This relative ease with which superposition states can be shared appears
to continue as more levels are added to the superposition. Security can be
guaranteed for every permutation of 4-level superposition with eigenstates
up to |4) for only 9 dB TMSV squeezing, while the 5-level superposition
class ap|0) + o |1) + a,|2) + a3]3) + a4|4) needs only ~ 7.75 dB resource
squeezing to certify security.

7.3 CONCLUSION

In this chapter we have considered the use of the Gaussian quantum state
sharing protocol outlined in chapter 4 for sharing discrete-variable particle
number states and their superpositions.

Such states are essential to discrete-variable quantum information pro-
cesses, but the generation and distribution of non-Gaussian entanglement
is a comparatively difficult task. Exploiting Gaussian entanglement for the
communication of discrete-variable states then allows one to combine the
benefits such states bring to some quantum information tasks with the
relative ease of Gaussian entanglement generation.

We have shown that low particle-number states can be shared with high
fidelity using readily available Gaussian entanglement. Further, any Fock
eigenstate can be shared with arbitrarily good fidelity given a suitably strong
entanglement resource. The space of number-state inputs this protocol
is useful for will only increase in size as better entanglement sources are
developed in the future.

For this class of states, however, security cannot be guaranteed through
the no-cloning theorem, which may limit the protocol’s usefulness. Other
tools may be available for future to analyse the security of Fock-eigenstate
protocols; we have considered security based on other considerations to be
out of the scope of this thesis.

5The |0) + |1) + |2), [0) + [1) + |3), |0) + |2) + |3), and |1) + |2) + |3) superpositions all
have a squeezing requirement of around 8 dB.



7.3 CONCLUSION

Considering the Fock superposition states, we have demonstrated that
security is possible for a large number of classes of superposition, many
with existing, readily-available entanglement sources. Many more are se-
curely sharable with cutting-edge entanglement sources. Beyond two-level
superposition states, we have also demonstrated security for a number of
three- or four-level superpositions. Although we have only considered a
subset of the possible Fock superpositions, we outlined in section 6.3 an
algorithm to use for the study of any Fock superposition state.

The results we have found in this chapter indicate that there is significant
potential for this protocol to be used for the secure distribution of some
of the most commonly used qubit-like and qutrit-like states using only
Gaussian entanglement with limited difficulty over sharing Gaussian states.
Even modest increases in our ability to generate Gaussian entanglement
should expand the set of states for which this protocol can be guaranteed
to be secure.
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In this part of the thesis, we have presented a quantum state sharing pro-
tocol utilising continuous-variable sources of entanglement for the secure
distribution of Gaussian and Fock-like states.

After introducing the protocol in chapter 4, we demonstrated in chapter 5
that it is useful for the secure sharing of coherent states even at very low
levels of entanglement. In particular, assuming an input set making up the
full range of coherent amplitudes, any 2-mode Gaussian state exhibiting
any degree of EPR-steering can be used for secure QSS. Notably, this is
a looser condition than is necessary for teleportation, which requires the
existence of EPR-steering in both directions and so excludes the use of
weaker single-directional entanglement [45]. Further, our QSS protocol
is less state-distorting than teleportation, so for asymmetric steering of
any quality a better reproduction of the initial state is obtained from the
use of a quantum state sharing protocol. The protocol pays for this, how-
ever, by protecting against a slightly weaker threat model. In contrast to
quantum teleportation — which is secure against the compromise of any
transmission channel — quantum state sharing only defends against at-
tackers unable to gain access to a majority of the communication channels.
Assuming the selected state transmission methods are suitably independ-
ent — for example, fibre-optical cables taking different routes along the
network without overlapping nodes — we believe this represents an ac-
ceptable level of risk for many consumer uses. It may be that the lower
resource cost and higher-quality reproduction of QSS protocols opens the
use of quantum security for more applications which may not justify the
increased cost involved in teleportation-based communication.

We have also demonstrated the protocol’s effectiveness for the full-range
of Gaussian states, including squeezed states and thermal states. Although
we are unable to present a security analysis for thermal states as the ques-
tion of their optimal cloning remains open, we have shown that arbitrarily
good reconstructions can be achieved at any level of thermality or squeez-
ing given a suitably-entangled resource. The QSS protocol as presented
here is then ready to be immediately-applicable to secure thermal state
distribution once their cloning properties are more well understood. Under

the assumption that the Gaussian input states remain pure, we have de-
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rived stronger security conditions under two different assumptions. First,
relying on no unproven conjectures, we show that any squeezed-state QSS
protocol that only accepts states up to some defined minimum level of
squeezing is provably secure, and derive the level of EPR-steering that is
necessary for a set envelope of allowed squeezed states. This sufficient
condition for security does not account for the fact that squeezed states
are harder to clone than coherent states and assumes the worst-quality
reconstruction for all input states, so does not represent a tight bound on
security. It has been conjectured [56] that the optimal coherent-state clon-
ing machine is also optimal for squeezed states. Under the assumption that
this is true, we have additionally shown that the sharing of squeezed states
drawn from a Gaussian distribution is secure under the same conditions as
for coherent states — that the resource state exhibit any EPR-steering. As
this remains an unproven hypothesis, however, we would caution against
relying on this tighter security condition at this time. We present it here in
the hope that this conjecture will be proven, in which case our protocol
can be immediately trusted for such a class of squeezed states.

In chapter 7 we have considered the use of quantum state sharing as a
so-called ‘hybrid protocol’, utilising Gaussian entanglement for the shar-
ing of discrete-variable Fock-like states. We compared two forms of the
protocol, in which the output state is corrected for any de-amplification
occurring during state reconstruction and in which it is not, finding that
the optimal protocol is dependent on the specific distribution of Fock states
the protocol is intended for. An interesting extension to this analysis would
be to consider the information obtainable about which Fock state is en-
coded within one of the shares, to potentially certify security under certain
limited circumstances. Despite the input states being orthogonal, the set
of potential shares are non-orthogonal and so will not provide perfect
knowledge of the input photon number.

We further found that security can be guaranteed for the sharing of
Fock superposition states for a large variety of common two- and three-
level superpositions. In many of the cases studied, the required level of
entanglement is well within what is experimentally achievable with current
technology, indicating that QSS is ready as a hybrid protocol for qubit states.
Indeed, the a;|0) + ;|1) state required only just over 5 dB of squeezing
in a two-mode squeezed state resource, a level readily achievable in any
quantum optical setup. Although the results presented here represent a full
characterisation of the selected superpositions, it would be helpful to have
an analytic understanding of the output of an arbitrary superposition, as
we do for the Fock eigenstates. Such an understanding could be obtained
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by solving the partial-trace integrals for the coherence terms in a similar
fashion to the solutions found for the eigenstate terms in appendix B. This
would be a fruitful area not only for the study of quantum state sharing,
but of hybrid quantum information in general.

8.1 OUTLOOK

As we move towards a quantum-connected future, a wide selection of
quantum protocols will be necessary to ensure the security of the quantum
internet. Quantum state sharing as a protocol is likely to take a role along-
side quantum teleportation and remote state preparation in the secure
distribution of quantum information.

Alongside the natural applications QSS has to the secure distribution of
quantum information, there has been promising research into the use of
QSS schemes for blind computing [34] and transmission loss-recovery [35]
applications. Further research is required to fully understand the potential
for QSS schemes to be useful for blind computation — including whether
such potential exists for the QSS scheme outlined in this thesis and how
QSS-blind computing compares to other protocols achieving similar tasks.
Quantum loss-recovery is immediately achievable from the quantum state
sharing protocol with no further adaptation necessary, however it would
be interesting to see whether the redundancy built in to QSS protocols can
be used for wider classes of error correction.

A particularly interesting avenue for continued research in this area is the
further development of QSS as a hybrid protocol. Despite their usefulness
for alarge number of quantum information tasks — most notably quantum
computation [79, 90], there are a number of fundamental and experimental
constraints on the transfer of discrete-variable states [67, 68]. It has been
shown for quantum teleportation [91] that under optimal choice of protocol
amplification the photon-increasing effects from the thermal noise inherent
to Gaussian entanglement can be eliminated. Consequently, it was shown
that qubit states can be teleported using CV entanglement without the
need to expand the size of their Hilbert space. It would be interesting to
apply similar techniques to this protocol to understand whether a similar
correction can be made for hybrid quantum state sharing.

Another direct extension of this work may be the investigation of global
multi-mode QSS protocols. As discussed in section 5.4, the naive applic-
ation of single-mode QSS locally to each mode of a multi-mode secret
state has the effect of destroying the state’s entanglement. However, the

question of whether a global protocol — one acting on all modes of the
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Figure 34: A proposed dealer protocol for general {k, 2k — 1}-threshold QSS. k — 1

independent two-mode entangled resource states are prepared and
passed to the dealer alongside a secret state 3. The secret state is then
mixed with one mode from each resource state in a cascading series
of beamsplitters with transmissivity 7 = 1/(k + 1 — i) for the ith beam-
splitter to prepare the first k shares. Each of these shares is left with
an equal 1/k contribution from the secret state. The remaining k — 1
modes of the resource states are mixed on a similar setup of cascading
beamsplitters with ¢ = 1/(k — i) to produce the final k — 1 shares. Each
of these latter shares contain no direct information about the state of ¢
but act as keys to disentangle the resource states from the upper set of
shares. Any selection of k of these shares is capable of reconstructing
the original secret state.
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secret collectively — that preserves entanglement exists has been left open.
Indeed, in the field of optimal quantum cloning, it has been shown that
such global protocols outperform local ones [22]; there is no reason to
believe the same would not be true of quantum state sharing.

Perhaps the most interesting avenue for future research, though, is the
extension to general {k, n}-threshold QSS. Recently, work in this area been
carried out by two undergraduate students at the University of St Andrews
investigating the sharing of coherent-state secrets between five players.
Dan Travers [92] investigated the use of dual two-mode squeezed vacuum
states to achieve this task, and found that secure QSS between five players
was possible with presently-achievable entanglement levels. This work was
then extended by Rosie Gittings [93] to allow for the use of two arbitrary,
in-general asymmetric and impure resource states of the sort considered
in this thesis. She found that, when the two resource states used were
identical, they had to exhibit steering of E;;(g) < 0.5 to achieve secure
QSS; a necessary steering parameter half the value of that required for
{2,3} quantum state sharing. It would be interesting to see whether, as
conjectured by Gittings, this is the beginning of a trend with {k, 2k — 1}-
threshold QSS requiring steering of Ey,(g) < 1/(k — 1).

A dealer protocol for general {k,2k — 1}-threshold QSS satisfying the
constraints outlined in Ref. [43] (see section 4.1.1) can be trivially construc-
ted through the use of a cascading series of beam-splitters. A proposed
setup for such a dealer protocol is shown in figure 34. The observation that
the worst reconstruction would be found using the bottom k — 1 shares
in figure 34 (those with no ¥ contribution) alongside only one of the top
shares may enable a general discussion of security requirements. However,
we caution that unlike the {2, 3}-threshold scheme this dealer protocol has
not been proven optimal — it is simply one dealer protocol that works.

Finally, let us note that work is ongoing at the Walther-Meifiner Institute
for Low Temperature Research at the Bavarian Academy of Sciences and
Humanities in Munich looking at experimental demonstrations of {2, 3}-
threshold QSS. Led by Karolina Weber under the supervision of Kirill
Fedorov, this work is investigating the ability for the protocol outlined
in this thesis to be used in the microwave domain — the region of the
electromagnetic spectrum used for mobile and wireless communication.
This follows similar work from that group demonstrating the successful
teleportation of microwave states [53]. Results regarding the quantum
state sharing of microwave coherent states at high fidelity are presently
being prepared for publication [94, 95], with further research into the
demonstration of hybrid QSS sharing Fock states planned.
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INTRODUCTION

Quantum sensing — the art of designing quantum states that enable deeper
investigation than would otherwise be possible — is perhaps the most
immediately-promising quantum technology, with applications already
present and significant continued development of quantum measurement
technology expected in the next decade [1].

The precise measurement of physical systems is fundamental not only to
the academic study of related phenomena, but to the increasingly-powerful
technology built on such measurements for healthcare, navigation and re-
search applications. Our ability to measure any physical property is strictly
limited, however, with increases in precision requiring quadratic increases
in infrastructure or measurement time [96]. Improving the quality of meas-
urements therefore necessitates large increases in equipment size, power
usage, and expense. Often, one or the other of these is not feasible and
measurement precision is capped by practical considerations. Taking a
quantum approach instead, in which a network of measurement probes
are entangled prior to being used for a measurement allows one to sidestep
these limits and gain more information from the same system size and time.
In fact, taking this quantum approach reduces the previously-necessary
quadratic increase in system size to a linear increase [96], offering increas-
ing advantage as the size of the available measurement system grows.

In this part of the thesis, we consider the usefulness of quantum metro-
logical approach to the estimation of field gradients. Precise estimations of
gradients in the magnetic field are extensively used in a number of real-
world tasks from the location of underground mineral deposits [97] and
the detection of seaborne mines [98] to the imaging of the human brain
[99, 100]. Improving the resolution with which such measurement can be
made is therefore of great interest across a number of fields.

Although the measurement of fields is an area in which quantum met-
rology is anticipated to begin to deliver returns in the short-term [1], there
has been little study in to the quantum entanglement networks that are
best suited to this task in the abstract. While the generation of the ‘designer
states’ necessary to implement the approach discussed in this thesis re-

mains a longer-term goal of quantum metrology, a greater understanding
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of the conditions under which certain quantum states are optimal may
help inform the design of future implementations.

We will first consider the estimation of linear field gradients, extending
existing results to consider the estimation of multiple gradient directions
simultaneously. We will also consider the impact real-world noise fields
have on these results, and the adjustments to the entanglement networks
necessary to mitigate these noise fields as much as possible. We will show
that, while in the ideal case sequential estimation of the gradient directions
individually cannot be improved upon, in the presence of noise it becomes
optimal to measure multiple directions simultaneously.

9.1 A BRIEF INTRODUCTION TO QUANTUM METROLOGY

Before we go on to consider the estimation of field gradients in detail,
in the remainder of this chapter let us first cover the tools from classical
and quantum estimation theory we will use. This is by no means a com-
plete overview of the field, nor a formal discussion of these concepts on
solid statistical principles;! rather its intent is to cover only those core
ideas necessary for this thesis. For a more complete introduction to the
field, including a full derivation of the (quantum) Fisher information and
Cramér-Rao bounds, the reader is directed to the excellent review article
by Jasminder Sidhu and Pieter Kok in Ref. [101] or book by Carl Helstrom
[102].

At their core, all quantum metrology protocols derive from the same
principle: estimating the relative phase between eigenstates of a quantum
superposition acts as a proxy for some physical parameter of interest. Con-
sider, for example, the effect of a quantum unitary U on a single-mode
spin state, |¢) = a|1) + B|}). The two eigenstates will accumulate phase in
a different way, depending on the form of the unitary, such that after its
operation the state will take the form

Uly) = aei®|1) + Bei?z|]). (297)

Some amount of information about the properties of the unitary is now
encoded within the phases of the state. When one knows the structure
of the unitary, an estimation of the phase difference can then be directly
converted into an estimation of the unitary itself.

n particular, many of these results are only valid in the asymptotic case, but represent a
‘good enough’ approximation under the assumption that one will be running multiple
rounds of measurements.



9.1 A BRIEF INTRODUCTION TO QUANTUM METROLOGY

Now, let us imagine that we have access to a network of N such probes.
It is likely that some eigenstates of this wider system will obtain more
information than others; for example, perhaps the impact of opposing
spins cancel such that the |1|) and || 1) eigenstates accumulate no useful
information. By limiting oneself to the classical case? in which no entangle-
ment is permitted between the probes, designing states that maximise the
contribution from the useful eigenstates may be impossible. In allowing
for an arbitrary entanglement structure within the probe network, on the
other hand, the collective superposition that maximises information gain
can be constructed regardless of the specific combination of eigenstates
this requires. It is in this increased flexibility that quantum metrology finds
its advantage over classical approaches.

9.1.1 Classical parameter estimation

The aim of any parameter estimation, classical or quantum, is to minimise
the space in which we believe the true value of the parameter to lie, termed
the 95% confidence interval. This is the region we expect will fail to contain
the true value in only 1 in 20 experimental runs.> Assuming measurements
to be normally distributed* around the true value, the size of this confidence
region is proportional to the standard deviation of the measurement set
[103].

More formally, let us imagine the parameter has a true value denoted by
6, and that in estimating this value we have access to a related observable
X, not necessarily of the parameter itself. As no measurement process is
perfect, measurement outcomes x will be drawn from some probability
distribution p(x|6) centred around the true value of the parameter. Assum-
ing that the form of this probability is known — that is to say, assuming
we have a model describing the physical process — an estimator function,
8({x}), can be constructed that takes as input a set of measurement out-
comes on X and returns a best estimate of the value of 6. The accuracy

In the field of quantum metrology the ‘classical’ case is taken to mean the case in
which entanglement is forbidden but superposition is allowed. Strictly speaking, we are
discussing the so-called classical-quantum case in which entangled measurements are
permitted. It has been shown [96] that this gives no improvement over the fully classical
case, however, and so the distinction is not important here.

3For reasons discernible only to statisticians, this is not the same as there being a 95%
likelihood of the true value lying within this interval in any given experiment.

“The central value theorem states that when a suitably large set of independent measure-
ments are drawn from the same probability distribution they will tend towards a normal
distribution [104]. Each of the problems we consider here consist of measurements
drawn in such a way, and so we will assume the estimator to be normally-distributed
throughout.
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of this estimator can then be assessed by the average expected difference
between it and the true value,

a%(6) = (BUx) = Op(ixyie) = f d"x p({x}|6) B({xD) — 6)%,  (298)

for a specific value of the true parameter 6. For an unbiased estimator (one
that does not systematically over- or under-estimate the true value) this

error coincides with the estimator’s variance, [101]
Ay — (A2 4\2
V(e) - <6 >p({x}|9) - <e>p({x}|9)’ (299)
and so in 95% of experiments the true value will lie within the range
confidence interval = [6 — 2\/1_/,9 + 2\/1_/]. (300)

This quantification of the information we gain from the measurement set
is clearly dependent on our choice of estimator function, though; some
functions on {x} are going to produce a better estimate of 6 than others. In
assessing an observable X more generally, a better question to ask might
be: how much information is fundamentally exposed by the observable?

Ultimately, the information obtainable from an observable will depend
on the extent to which the parameter 6 is reflected in its probability dis-
tribution, p(x|0). The greater the impact a small change in 6 has on the
distribution of measurement outcomes, the better one will be able to see in
them the true value of 6. This tendency of the true value to impact the meas-
urement outcomes can be quantified through the probability distribution’s
logarithmic derivative, or its score, as [101]

_ dln p(x]0)

Lo 30

(301)

Averaging the variance’ of this score over the full range of possible measure-
ment outcomes, we obtain an overall measure of the information obtainable
from the observable,

By = L3)p(xj6)s (302)

termed the Fisher information (FI) [101]. Notably, this measure (alongside
the others introduced earlier in this section) depends on the true value of
© — some areas of the parameter space may be easier to characterise than
others.

Sgiven only by the expectation of the square, as the expectation value of L itself is 0 due
to the symmetry implied by the assumption the estimator is unbiased.
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The Fisher information scales linearly with the number of measure-
ments, such that after m measurements — or, equivalently the measure-
ment of a separable system of m identical subsystems — it is given by

F, = mF,. (303)

Similarly, the Fisher information for two different measurements can be
combined as

Ftotal = Fl + F2 (304)

As classical measurements are by-definition separable, this acts to bound
the information obtainable from such a network of probes. This limit —
allowing at best an N-scaling with probe number in FI and so a \/ﬁ-soaling
in confidence interval — is termed the ‘shot noise limit’ [96].

This Fisher information bounds the variance of any estimator on 6 after
m measurements of the observable through the Cramér-Rao bound, as

V(é) > (305)

1

mF;’
which is saturated only by the optimal estimators [105]. It has been shown
[106] that for a large-enough sample size this bound is always achievable,
so the best-possible confidence region size can be further expressed as the

equality

4
confidence region size = , (306)
mF

again potentially a function of the true value of 6.

9.1.2 Quantum parameter estimation

In assessing quantum metrology protocols, we abstract this concept one
step further by considering the quantum state, g, from which these meas-
urements are drawn. Rather than asking how much information could be
obtained from a given observable, we instead ask how much information
is fundamentally contained within the state irrespective of the measure-
ment used to access it. To answer this question, we turn to the quantum
Fisher information (QFI), Fp(6), which in turn bounds the classical FI as
F(X) < Fo(p). It has been shown [101, 107] that under optimal selection of
observable this bound is saturated — and thus the QFI and FI coincide —
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so in the remainder of this thesis we will drop the distinction and denote
the QFI simply as F.

The Cramér-Rao bound is then immediately applicable to the QFI, such
that the estimation variance is bounded by

V(6 > 1

2 WEo®) (307)

after m measurements using identically-prepared states g. Notably, al-
though we remain limited by the m scaling in number of experimental
runs, the effect of the size of the measurement system has been moved into
the calculation of the quantum Fisher information itself, so the shot-noise
limit no longer applies. Instead, it has been shown that a different limit —
termed the Heisenberg limit — applies to for entangled states that allows
an 1/N2-scaling with probe number in QFI and so a 1/N-scaling in confid-
ence interval [96]. As well as potentially delivering more information from
a set number of probes, taking a quantum approach allows for a much
faster increase in information from increasing network size than would be
possible classically.

When the parameter of interest arises from a quantum unitary of the
form U = exp[—itH(6)] for Hamiltonian H, the QFI can be found directly
through an intermediate generator matrix [108, 109],

He = i(gUNU. (308)

This matrix, independent as yet of the choice of state, contains a complete
description of the unitary’s phase behaviour. For a pure input state, |),
the QFI is then simply the expected variance of this generator matrix with
respect to the state,

Ry = 44A°Hg)y, (309)
for
(A%Hg)y = PIHZID) — (PIHlP)>. (310)

The QFT for a mixed state, g, can be found by first splitting the state into
its pure state components, 6 = 3, p;|¥;X¥;il, as

8Dp;Dj
F = 4pd?He) — Y. —= (il Holw) I, (311)
i i#j pi + p]
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where (-); = (¥;] - |;) denotes the expectation over eigenstate ;. Notably,
the QFI is a convex function on the set of quantum states [101], so is always
maximised by a pure state probe network. In searching for optimal states
one can therefore restrict the search space to the set of pure states, vastly
reducing the required computational resources. Although this remains
true in the presence of noise — the optimal initial setup will continue to
be a pure state [110] — by the time one makes a measurement the system
will have degraded into a mixed state and the full form of the QFI from

equation (311) will remain necessary.

9.1.3 Multi-parameter estimation

Our discussion of Fisher information and variance measures thus far has
been in the context of the measurement of a single parameter. In the bulk
of this part of the thesis, though, we will be interested in the simultaneous
measurement of multiple parameters that may or may not interact.

As might be expected, in considering multiple parameters the estim-
ator variance is replaced by a covariance matrix over a set of estimators,
V{6, representing the individual variance for each parameter and any
correlations between them as

Vi =(6:8) — (6)X6). (312)

This covariance matrix defines a 90% confidence region analogous to the
single-parameter confidence interval, which has area proportional to the
square root of its determinant, \/det V' [103]. The quantum Fisher informa-
tion is similarly replaced by a quantum Fisher information matrix which
reproduces the single-parameter QFIs along the diagonal and represents
confounding relationships between the parameters (that reduce our abil-
ity to distinguish the impact of each parameter in the observable) as off-
diagonal elements. The same generator matrices Hg = i(3gUT)U can be
used to find the elements of the QFI matrix as [109]

M 8p;pi
Fagp = D 4picovi(He He) = 3, o Re((hHal) i Hglyy), (319)
i=1 i) P

which reduces to the single-parameter QFI from equation (311) when

a=4g.
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The Cramér-Rao bound is reproduced in matrix form as the positive
semi-definiteness condition, [101] ©

v Lp, (314)

In contrast to single-parameter estimation, however, this bound is not
always achievable. Recall that the Cramér-Rao bound is only saturated
for the optimal choice of measurement operator; in the quantum context,
though, if the optimal observables for two parameters do not commute
they cannot both be measured on a single state. While each parameter can
be estimated maximally individually, they may not necessarily all be able
to be estimated maximally at the same time. When the generator matrices
for two parameters commute, such that

[HosHgl =0, (315)

though, the parameters represent commuting elements of the Hamiltonian
and can always be measured simultaneously [109]; in this case the Cramér-
Rao bound is automatically achievable regardless of the form of the state.

Finally, although the diagonal elements of the QFI matrix coincide with
the individual QFI of each parameter, we caution the reader that these ele-
ments alone do not represent the amount of information obtainable about
that parameter. These single-parameter QFIs are only achievable when
all other relevant parameters are perfectly known; when multiple unknown
parameters are present, the full matrix inversion must be performed to find
the parameter variances. Indeed, as the QFI matrix is positive definite,’
the optimal variance of a single parameter,

1
Vii=(FY,; > o (316)
i,i

will be strictly greater than the inverse of the single-parameter QFI unless
no covariances with the other parameters exist [111]. The off-diagonal
elements of the QFI act to reduce the amount of information available,
and represent our inability to separate information obtained about some
linear combination of them into information about each individually. As

The positive semi-definiteness condition is equivalent to saying that for every x € R",
xT(V — LFHx > 0.

7Strictly speaking, the QFI matrix need only be positive semi-definite. However, a positive
semi-definite matrix with non-zero determinant is by-definition promoted to being
positive definite so the only time equation (316) may not apply is when the QFI matrix
is singular and the covariance does not exist anyway! Such cases represent no capture of
information and so we can assume the QFI matrices we discuss in this thesis to always
be positive definite.
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the QFI matrix can always be diagonalised through a coordinate rotation,
the existence of off-diagonal elements can alternatively be considered
indicative of the chosen frame of reference being non-optimal for the
given measurement setup. In the tasks we consider in this thesis, the
frame of reference — Cartesian coordinates with the measurement device
defining the origin — is essentially arbitrary so such a rotation should
always be possible. We will consider this point further in section 9.2.2
when we introduce the determinant of the variance as a reference-frame-
independent measure.

This distinction between the QFI matrix diagonal elements and the
individual QFIs is an important consideration even when one is only in-
terested in estimating a single parameter, as one’s ability to estimate it
may be impeded by the absence of knowledge of related parameters. Such
‘nuisance parameters’ must be included in the QFI matrix alongside the
desired parameters for the calculation of the covariance matrix before they
can be discarded.

9.2 NUMERICAL OPTIMISATION METHODS

The optimal states presented in this part of the thesis have all been found
through a numerical optimisation process performed over the full set of
n-particle states. Let us outline the optimisation methods we have used for
this here.

9.2.1 Optimisation algorithms

The core local optimisations are performed using the Scipy [112] imple-
mentation of a gradient following optimisation algorithm termed L-BFGS-
B [113]. At each step of the optimisation, this algorithm estimates the
gradients and (indirectly) the Hessian matrix of the function. Small steps
are then repeatedly taken in the direction of steepest descent, until either a
local minima is found or the optimisation exceeds the maximum allowed
number of rounds.

Optimisations such as this work very well for scenarios where a local
minima can be trusted to coincide with the global minima. When this is
not the case, however, there is no guarantee that the result found by the
optimisation algorithm is indeed the optimal result. A number of pseudo-
global optimisation algorithms have been developed that attempt to correct
for this deficiency in some way. One such approach to global optimisation
is the Basin Hopping algorithm proposed by Wales and Doye in 1997 [114],
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Algorithm 2 Population basin hopping (PBH)

D> Initialise the population
randomly select m pops within the state-space, X' = {X], X}, ... X;,,}
X = {minimise(X]), minimise(X3), ..., minimise(X},)}
> Run optimisation rounds
REPEAT
FORk =1...mDO
Y, = perturb(Xy)
Y =minimise(Y})
FORk =1...mDO
C = nearest X pop to Y,
IF dist(C,Y)) > min_dist THEN
~ C =worst_of(X)
IF f(Y;) > f(C) THEN
c¢=indexof Cin X
L replace X, = Y,

which involves the repeated operation of the local optimisation process,
finding a series of local minima and returning the best of them. After the
first local optimisation, its result is stored and a ‘hop’ is made in a random
direction in an attempt to escape the catchment of that local minima,
or ‘basin’. Ideally, this hop will be such that the next result consists of a
neighbouring basin. After the new basin is found, it either replaces the old
minimum if it is an improvement or is discarded. In either case, the hop-
and-minimise process is repeated to find the next basin for a set number of
rounds. This approach is highly effective for the computational chemistry
problems for which it was designed — such energy minimisations tend to
take the form of a single funnel of minima of increasing depth, leading
towards the single lowest energy state [115, 116].

Basin hopping algorithms are less effective, however, when the basins
are potentially arranged across multiple of these funnels. While highly
capable at escaping local minima to continue moving down a funnel, basin
hopping is not designed to be able to escape a so-called local funnel. Take
as an example a scenario in which the GHZ state is optimal but the Dicke
state also outperforms separable probes. Sampling the entire state-space,
one might then find multiple funnels — one leading towards the Dicke
state and another towards the GHZ state. The basin hopping algorithm
may well get stuck in the Dicke state funnel and never find the GHZ state
at all!

To prevent this, we have deployed an adaptation of basin hopping de-
veloped by Grosso, Locatelli and Schoen [117, 118] termed population
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basin hopping (PBH). We used a custom Python implementation of this
algorithm, further augmented with a simple adaptive step-size algorithm.

The core approach taken by population basin hopping is to run multiple
basin hopping optimisations (the population, or ‘pops’) in tandem — find-
ing multiple funnels — before selecting the best result as the presumed
global optimum. Coordination between the individual basin hopping op-
timisations ensures they keep a distance from each other so do not fall
into the same funnel. The algorithm is outlined in algorithm 2. The pops
begin randomly distributed across the parameter space. At the beginning
of each round, every pop independently performs a random hop from their
previous position and finds the local minimum around that point, exactly
in accordance with the standard basin hopping algorithm. The PBH al-
gorithm then decides whether each of these new minima displaces one of

the previous minima according to the following rules.

« If the new minimum is within some set min_dist of any old min-
imum, it is compared against the closest of the old minima. If it beats
the nearest old minimum the nearest old minimum is replaced by

the new minimum.

« Otherwise, the new minimum is compared to the worst of the old
minima. If it beats the worst old minimum, it takes its place.

This process is then repeated a set number of times. In our setup, we have
used a population of 10 pops running for 75 rounds for a total of 750 local
optimisations per scenario. In every case, the optimum was seen to be
stable by the end of these rounds indicating a high likelihood that the
global optimum had been found. To establish pop distance we have used
the trace distance,® [119]

dist(¥,¢) = V1 - [P, (317)

with a minimum distance of min_dist = 0.15 enforced between the pops.

For our purposes, we have augmented this process with a further adaptive
step size algorithm. For an ideal optimisation, the step size should be
precisely the distance between two basins while the min_dist should be
precisely the distance between two funnels. The closer these parameters are
to their ideal values the more effective the algorithm will be. As we have no
prior estimate of whether multiple funnels exist, or the distance between

them, our conservative minimum distance between pops runs the risk of

8For pure states this trace distance metric is equivalent to enforcing a maximum fidelity
between pops.
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multiple pops being trapped in the same funnel. Although this would not
prevent the establishment of the bottom of the funnel, with one pop always
allowed to move towards the centre, the remaining pops would be stuck
along the periphery making small hops that never escape the funnel. To
avoid these pops being locked out of the optimisation, at the end of each
round the step size for each pop is changed according to algorithm 3. If a

Algorithm 3 Adaptive step

FORk =1...nDO
IF X} has not changed in 20 rounds THEN
 increase step_size[k] by 10%
ELSE
L reset step _size[k] to default step size

pop has not been able to move for 20 rounds, it starts to be allowed to make
larger and larger jumps to attempt to get out of its funnel. Eventually, these
jumps will be large enough that the pop is effectively reset to starting at
random anywhere within the parameter space. This augmentation allows
pops that would otherwise remain useless — those that have already found
the bottom of their funnel or are stuck on the periphery of another pop’s
funnel — to continue to contribute by searching elsewhere. The results of
each of these jumps are compared to the old results in the usual way, so
the bottom of a funnel will not be lost when its pop jumps unless the pop
discovers a better basin.

9.2.2 Optimisation metrics

The output of each measurement setup will be a 2 X 2 quantum Fisher
information matrix collectively representing the information obtainable
from the setup. To directly compare two states, we must select a metric
function,

M R?*2 5 R, (318)

that maps these matrices to a scalar value representing an overall view of
the state’s usefulness. This allows the optimisation algorithm to compare
two QFI matrices as M(F) < M(E), to keep only the best of them. In
the field of experiment design, there are a huge number of established
choices for reducing a Fisher information matrix to a scalar optimisation
metric [103]. We considered three options for our optimisation process, as
outlined below.
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A-OPTIMISATION  Average-optimisation is the simplest choice: optim-
ising over the trace of the covariance matrix as a proxy for the average
variance across the n parameters. This approach naively maximises the
precision along the selected parameterisation axes. By neglecting the cov-
ariances, however, this metric does not account for the potential impact
of a poor parameterisation choice. Additionally, by only considering the
average variance such optimisations may prioritise one parameter over the
other.

E-OPTIMISATION  FEigenvalue-optimisation or extreme-optimisation
maximises the information gain of the worst performing parameter by
minimising max; V;, for V the measurement covariance matrix from equa-
tion (307). Although this may not provide the maximum overall inform-
ation gain, it ensures all parameters are estimated reasonably well and
guards against scenarios in which one parameter is neglected in favour
of the others. In most cases,’ the states returned by this optimisation are
optimal under A-optimisation, with the additional constraint that they

deliver symmetric estimations.

D-OPTIMISATION  Determinant-optimisation minimises the determin-
ant of the covariance matrix, otherwise known as the generalised variance,
equivalent to minimising the area of the likelihood region. This approach
fixes the key problem with A-optimisation: that it is dependent on our
choice of axes. Unlike the spans of a region, its area is invariant under
reparameterisation or axis rotation. Consequently, unlike both other optim-
isation metrics, this metric fully represents the information content of the
measurement. However, by minimising the size of the likelihood region
with no other context, this approach is vulnerable to producing measure-
ments that sacrifice precision in one parameter for the other, potentially
delivering ‘squeezed’ covariance matrices.

We have opted here to use a D-optimisation metric. The tasks we will
consider in this part of the thesis do not have an objective parameterisation;
there is no globally established x and y axis for the gradients to be defined
against. Indeed, if there were defined directions one wished to measure,
one would still be able to reparameterise the coordinate system simply by
rotating the measurement device. An optimisation that maximises inform-

%although this is in no way guaranteed by the metric.
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ation gain only for one essentially-arbitrary coordinate parameterisation —
as A- and E-optimisation do — is not a good fit here.!?

19That D-optimisation may produce unbalanced outputs remains a concern here, albeit one
that is mitigated through the imposed symmetry in the allowed measurement positions.
To ensure that this did not impact our results, the output covariance matrices for each
result were manually checked to ensure balance and each was found to be perfectly
symmetric between parameters.



QUANTUM-ENHANCED FIELD GRADIENT
ESTIMATION

The use of physical systems to estimate field gradients has previously been
considered in some way by a large number of papers, usually assessing the
potential for specific well-defined setups to improve the quality of meas-
urements [120-122]. The task did not receive systematic attention from a
quantum metrological point of view, though, until 2017 when Altenburg et
al. [100] showed that under ideal conditions GHZ states were best suited
to the measurement of single-dimensional field gradients. Since then, the
analysis of this problem has been generalised to allow for the use of ar-
bitrary spin-j particles [123] and similar problems have been considered
for the measurement of a single-dimensional gradient in all three field
components [124, 125].

In this thesis, we generalise the problem in a different way by consider-
ing a single field component that changes linearly in multiple directions.
Initially, in section 10.3, we will consider the ideal case in which no noise is
present and the probe network is affected only by the magnetic field. Here,
we will find that the optimal approach is simply to measure each gradient
individually by devoting the full entanglement network to one gradient
direction, before repeating the process for other directions. A significant
improvement in resolution can be found over any approach that attempts
to measure both gradients simultaneously.

Although we limit our discussion to magnetic fields, these results are
immediately applicable to the measurement of spatial gradients in any
field that can couple to probes through the Pauli-z operator — that is to say,
whenever a basis can be found in which the field affects two eigenstates in
opposite ways.

Of particular interest in the analysis of quantum metrological protocols
is their performance under real-world conditions with many previously-
optimal approaches breaking down in the presence of noise [110, 126, 127].
We will go on to find in section 10.4 that this is true of the ideally-optimal
setup in this case, which begins to underperform classical measurements
in the presence of mid-strength noise fields. By making changes to the
entanglement structures used in the measurement, however, the noise
levels under which quantum advantage is obtainable can be extended. Of
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particular interest in this section will be the conditions under which the
simultaneous estimation of all parameters outperforms sequential single-
parameter estimation.

10.1 STATEMENT OF TASK

Consider a magnetic field consisting only of some constant ‘offset’ field, B,
and a linear gradient of the form

B(r)=By2+ G- (r —ry)3, (319)

for G = (Gy, Gy, G,)T = (6,B;,0)B;,9,B,)". We assume for simplicity that
the field direction Z is known and that all higher-order derivatives of the
field are 0. Any x and y components to the offset field (but not the gradient
component) can be neglected by assuming the z component of the offset
field to be sufficiently large! [100].

The task we study here is the estimation of the parameters defining the
field gradient, G;, under the assumption that the offset field B, is known.
In practice, this offset field can be ascertained simply by measuring the
field at some defined origin point x.

To perform this task, we have at our disposal a set of n probes which we
may place any at position with the ‘measurement device’, defined as a unit
box placed such that its bottom-left corner lies at the origin. To minimise
the number of measurement rounds — and hence operation time and
resource usage — necessary to reach a set precision, we wish to answer the
question: what spatial layout and entanglement structure will maximise
information gain about the field gradients? Of particular interest will be
the ability of entangled probes to beat the information obtainable from a
separable set, or show quantum advantage.

The single-dimensional version of this problem — measuring a field
that varies only in one direction — was studied extensively by Altenburg
etal. [100] in 2017. They found that when the offset field is fully known,
the best possible strategy is simply to measure the strength of the magnetic
field at the furthest allowed point, x,,,,, using a network of n probes all
within a single GHZ state,

1
opty = —= (118" + [1)®"). (320)
%ap ﬁ(l 11)®")

This can be achieved at will by imposing a suitably large artificial field in the desired
direction, as described in Ref. [100].
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That GHZ states are particularly well-suited to this task might be intuitively
expected, as the magnetic field acts on a spin state proportionally to its spin
value — spin up states gain phase while spin down states lose it. The best
measurement of a magnetic field is therefore gained from the difference in
phase between the all-up and all-down eigenstates.

To make the optimisations used in solving this problem computationally
tractable, we will here consider only the 2-dimensional case and assume
G, = 0. It is conjectured that the improvements from multi-parameter

approaches found here will be applicable to 3-dimensional estimation also.

10.2 METHODS
10.2.1 Field interaction model

When a spin state sits in a magnetic field, the spin-up and spin-down
eigenstates interact with the field in opposing ways according to the Pauli
equation, [100]

N~ —qh

for particle mass m and charge g, and magnetic field strength B. Here,
o = (0y, 0y, g,)T is a vector of the Pauli matrices and we have neglected
terms such as magnetic potential that affect only global phase.

Substituting the field structure from equation (319), and working in
units where 7 = —q = m = 1, we can reduce the effective single-probe
Hamiltonian acting on probe i, to

nrs 1 i
AO = E[Bo + Gy(x; — Xo) + Gy(y; — yo)]az(l)’ (322)

for (x;, ;) the probe position, and where

mode i
i T
P=19..01'R0,R01®..Q1 (323)
i—1 n—i

represents the Pauli z operator acting only on mode i.
For an entangled network of probes in a spatially-varying field, each
multi-probe eigenstate will accumulate phase depending on the state and
positions of its constituent probes. The global field Hamiltonian, describing
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the action on the full network, is then given by the sum of each of these
local Hamiltonians as

1
= _BO Z (l) E Z[Gx(xi - xO) + Gy(.Vl yO)] (l)~ (324)
2
We can find the QFI using the two single-parameter generator matrices

Mgy =1 [ax/y exp(i 2] exp(i £ 11) (325)

Z(r rO)x/yaZ )a (326)

for field interaction time ¢ and coupling strength y, both of which we here
set to 1.2 Notably, the two generator matrices commute, [H,;H,] = 0
so the Cramér-Rao bound can be saturated for this problem and the two
parameters can always be simultaneously estimated.

At this point, let us note again that by excluding it as an estimation
parameter we have assumed perfect knowledge of B,. As it acts on all
probes in a fully known way, its impact can always be removed in the
information post-processing stage and has no impact on the quality of
gradient estimation. The case in which B, is unknown is discussed in
detail for a single-dimensional estimation in Ref. [100] where it was shown
that the loss of information about B, is equivalent to the action of global
dephasing noise.

Recalling the relationship between these generators and the obtainable
information from equations (309) and (311), one can immediately see that
the greatest information is gained by placing probes at the extreme allowed
points, r; € {(1,0), (0,1), (1,1)}. Additionally assuming an equal interest
in each of the gradient components — such that knowledge about one is

not prioritised over the other — we have only considered setups in which

« each probe is placed at one of the extreme points of the measurement
box: along an axis at (1,0) or (0, 1) or at the extremal corner at (1, 1),
and

« the same number of probes are placed along the x and y axes.

The two 4-probe layouts and three 6-probe layouts satisfying these con-
ditions that we have considered in each case are shown in figure 35. We
do not include the case in which all probes are placed at (1, 1) despite it
meeting these criteria, as trivially a set of field strength measurements

from a single location cannot distinguish x and y gradients.

2Effectively, this means we now working in temporal units of ‘measurement time mul-
tiples’, although this will be of no consequence as we do not consider measurement time
as a factor here.
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(i) Axis layout X (i) Triangular layout X (i) Axis layout X (iv)Triangularlayout X (v) Corner layout

Figure 35: The probe network layouts considered for (left hand box) 4-probe meas-
urement networks, and (right hand box) 6-probe measurement net-
works. In every case, the triangular layout in (ii) and (iv) was found to
be optimal for multi-parameter estimation.

The optimal states are found for each of these layouts in turn using the
process outlined in section 9.2.1, alongside the optimal sequential approach
in which all n probes are allocated to the measurement of a single gradient.
The overall optimal approach is then identified as the best of this set. We
have found that for multi-parameter estimation, the layout in which two
probes are placed in the corner (the triangular layout) is optimal in every
case. In no case is the 4- or 6-probe axis layout or the 6-probe corner layout
optimal and so the probe layout will not be discussed further.

In some cases, the Schmidt decomposition between subsystems placed
at different points appeared to indicate a bi-separable state was optimal.
To allow for this, every optimisation was repeated over the space of bi-
separable states, with the bi-separable result kept if it was within 1% of the
optimum from the full set of states.

A further optimisation was performed for each of these layouts over the

space of separable states to establish the classical benchmark.

10.2.2  Noise modelling

Much of this chapter will be spent discussing the impact of a variety of
sources of noise on our ability to measure field gradients. In each case, the
noise acts probabilistically throughout the time the probes are exposed,
with the overall impact depending both on the strength of the noise field
and on the interaction time. As we have already decided to work in units
such that t = 1 in section 10.2.1, these implementation details can be neg-
lected here and we will quantify the strength of the noise fields by a single
probability p € [0,1] that either the state will be affected or unaffected
after its time in the noise field. We will use this probability — the ‘noise
parameter’ — to label the strength of the noise fields here.

As the measurement is performed in a single step after the full applica-
tion of the noise field, the information obtainable from an initially-pure
state evolving under the simultaneous application of the noise and mag-
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netic field is equivalent to the sequential application of each. The amount
of information obtainable from an initially pure probe |) in the presence
of a noisy field \ is therefore simply given by the relevant QFI matrix for
the noisy state § = N(|P)P|).

This output from a noise channel can be found through the Kraus oper-
ators, {K;}, describing the channel, as outlined in section 2.1.4, as

N @) = Y Kl pIK]. (327)

10.3 NOISELESS GRADIENT DETECTION

Before we go on to discuss the primary question of this chapter (the meas-
urement of field gradients in the presence of noise), let us briefly consider
the noiseless case. We already know from Ref. [100] that the optimal ap-
proach to measure a single field gradient is to clump probes at the furthest
allowed point and entangle them as a single GHZ state of the form

1
Yy = |GHZ) = —(|1)®" + |])®"). (328)
) = | ﬁ(| 11)®m)

In extending this approach to multiple dimensions two answers present
themselves.

Within a single measurement round, the greatest information content
— that is, the measurement which minimises the size of the resultant
confidence region — is obtained by using a single entangled network to
measure both gradients simultaneously. In the 4-probe case, this advantage
is obtained through the use of the superposition state

[9) w sin(1.25)[) + cos(1.25)]y) (329)

for
90 = 211D+ 1) @ (1) + 1) (330)
[4,) = %(mm FILLLLY). (331)

The single-round information content of det F() = 16.2 obtainable from
this approach marginally outpaces the information obtainable from split-
ting the probes into two groups, each measuring only a single gradient
direction at det F(individual) = 16. A similar result is found when us-
ing 6 probes, where the optimal setup for single-round information gain
is to place two probes along each axis and two at the corner, as shown
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in figure 35 (iv). The optimal state for this setup is any superposition
sin 8|;) + cos 6],) of the states

1 1
y=—=(11D) + D)D) + —=[111111) (332)
% \/E(l [LD)] \/El
1 1
y= =T+ D)D) + —= [, (333)
1) \/§<l [LAD)I \/El

including the extremal cases of [¢;) and |¢,) individually. Notably, this
class of optimal states includes the 6-probe generalisation of the 4-mode
optimal state,

(LD D)D) + 110) + —=(I111D) + L), (334)
G G
in which the tensor product of opposing spins between the axis states with
a Bell pair on the extremal corner is combined with the full GHZ state.
This naive approach to the independent measurement of two paramet-
ers does not fully represent the potential information gain from quantum
estimation, however. Rather than splitting the N probes into two N/2 sys-
tems to measure each gradient independently, what if one were to instead
devote the entire N-probe network to a single direction, before repeating
the process for the opposite direction? Such an approach would enable
each single-parameter measurement to take full advantage of the N2 in-
formation scaling allowed from quantum metrological approaches, with
the overall information gained after the two measurement rounds given by
the sum of the QFI matrices for each individual measurement as

Fio = ), F. (335)
i

Comparing this result with two rounds of the optimal multi-parameter
case’ — with QFI matrix given by F, = 2F, — therefore represents a more
balanced test. In practice, it is never going to be the case that one performs
a single measurement and then stops, so this change is representative of
real-world uses.

A comparison of the obtainable information after two rounds using each
of these approaches is shown in table 1. While the best information possible
from a single measurement round is indeed given by the multi-parameter
approach — albeit with a coordinate-system reparameterisation necessary

3Note that the optimal two-round setup for a multi-parameter measurement is simply to
run the optimal single-round setup twice. By testing for the overall information after a
single run, we have already optimised for the states that best simultaneously measure
both field gradients. It is only by fully neglecting one parameter each round that the
single-parameter result changes.

157



158

QUANTUM-ENHANCED FIELD GRADIENT ESTIMATION

4-PROBE NETWORK 6-PROBE NETWORK
CLASSICAL
F= 6 4 P 8 4
“\4 6 “\4 8
V= 0.3 -0.2 VA 0.167 —0.0833
“\-0.2 0.3 ~1-0.0833 0.167
VdetV ~ 0.224 VdetV =~ 0.144
MULTI-
PARAMETER F= 10.8 7.2 F= 21.3 10.7
—\72 108 —\10.7 21.3
Ve 0.167 —0.111 Vo~ 0.0625 —0.0313
~\-0.111 0.167 ~\—-0.0313  0.0625
VdetV ~ 0.124 VdetV =~ 0.0541
SINGLE-
PARAMETER F= 8 O Fe 18 O
(SIMULTANEOUS) 0 8 0 18
0.125 0 0.0556 0
V‘( 0 0.125) VN( 0 0.0556)
VdetV =0.125 VdetV =~ 0.0556
SINGLE-
PARAMETER F= 16 O F= 36 0
(SEQUENTIAL) 0 16 0 36
V= 0.0625 0 Vo~ 0.0278 0
“L o 0.0625 "L o 0.0278

VdetV = 0.0625 VdetV =~ 0.0278

Table 1: Quantum Fisher information matrices and corresponding covariance
matrices (assuming the Cramér-Rao bound to be saturated) after two
measurement rounds. Results are for optimal setups in each case in the
absence of noise. The size of the confidence region is proportionate to
the square root of the determinant of the covariance matrix. Smaller

Vdet V implies a better overall measurement precision, while smaller
diagonal elements of V indicate a better estimation for this particular
parameterisation of the spatial axes. Consequently, although the paral-
lel single-parameter estimation approach produces a better estimate of
the G, and G, gradients, this represents a worse estimation of the 2-
dimensional field gradient overall as a different parameterisation exists
in which the multi-parameter estimation approach provides (marginally)
more information. Specific numbers relate to the somewhat convoluted
unit system modelled here and should not be taken to have any physical
significance beyond comparative.
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— any approach that attempts to measure both gradients in one round is
vastly outclassed by sequential single-parameter estimation. Indeed, the
information advantage from this approach represents a halving of the size
of the confidence region compared to a multi-parameter measurement,
and so half the number of measurement rounds would achieve the same
precision!

The huge increase in precision obtainable from sequential approaches is
attributable to their ability to utilise larger entanglement networks for the
measurement of a single parameter. As we will see in the following section,
however, these large entanglement networks are often no longer optimal in
the presence of environment noise. Recalling that aside from their ability
to dedicate large networks to each parameter individually single-parameter
approaches are (marginally) outperformed by multi-parameter measure-
ments one should expect these networks to become competitive again in

the presence of large amounts of background noise.

10.4 NOISY GRADIENT DETECTION

Let us now consider the real-world implementation of this task, in which
measurements are performed in the presence of environmental noise. We
will consider in this section three of the most common sources of noise
affecting discrete-variable systems, which each impact the probe network
in different ways. In each case, we assume a flat noise field with no spatial
variation in strength, which acts on each probe equivalently.

The first of these is depolarising noise, representing some probability
p that any given probe will be fully depolarised, disconnected from the
network and replaced by the maximally mixed state [27]. Such a depol-
arisation eliminates quantum and classical features alike, so leaves the
probe unable to contribute any information to the field measurement, an
outcome functionally equivalent to complete probe loss. Consequently,
this type of noise additionally models the scenario in which the probes are
themselves flawed with a failure rate p.

The amplitude-damping channel we will consider next models the decay
of spin-up states into spin-down states through random energy loss to the
environment; for example, through spontaneous emission of photons [27].
As the mechanism by which probes accumulate information relies on the
difference in field action on spin-up and spin-down eigenstates, this form
of noise will naturally reduce our ability to measure field strength.

Finally, we will consider local dephasing noise, otherwise known as the
phase damping channel, representing the loss of phase information to de-
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coherence effects [27]. By altering the relative phase between eigenstates,
this form of noise directly destroys the information encoded within the
probes so should be expected to have a significant impact on measurement
efficiency. In addition to being a form of noise that may directly impact a
physical implementation, the classical uncertainty in phase accumulation
resulting from this channel is also representative of experimental uncer-
tainty, such as one’s inability to perfectly know the field interaction time
or precise probe placement.

We find that the states previously found to be optimal in Ref. [100],
discussed in section 10.3, are susceptible to each of the noise channels here.
The performance of each compared to a classical approach is shown in
the dashed lines in figure 36; in the presence of mid-strength noise fields,

these states gain less information than a classical strategy.
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Figure 36:

The advantage obtainable from introducing quantum entanglement to (a) a 4-probe measure-
ment network and (b) a 6-probe measurement network in the presence of indicated noise.
Advantage is quantified through the change in the size of the confidence region surrounding
the two parameters, with +1 denoting a 100% reduction in size (i.e. no remaining measurement
error) and —1 denoting a 100% increase in size. Solid lines correspond to the optimal approaches
in each case, while corresponding dashed lines denote the results if the ideal optimum state is
not changed to compensate for the noise.

By adjusting the entanglement structures within the probe network
to suit the noise field, though, quantum advantage can continue to be
found at higher noise levels, shown by the solid lines in figure 36. The
degree of quantum advantage obtainable decreases as the noise levels
increase, reflecting the loss of useful quantum features in the presence of
each of these noise channels. In fact, no significant quantum advantage
is possible in the presence of high levels of dephasing and depolarising
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noise even with perfect knowledge of the noise field and full control over
the entanglement structures. In the presence of amplitude-damping noise,
though, a quantum advantage is possible through very high levels of noise
(~ 90% amplitude-damping probability), albeit in a reduced form as we
are limited to the use of states found in the codomain of the channel.

Let us now consider each of these noise channels in turn.

10.4.1 Depolarising noise

We first consider the probabilistic depolarising channel. This type of noise
represents a possibility that the state will be completely depolarised (re-
placed by the maximally mixed state with the loss of all prior classical
and quantum features) with some classical likelihood p € [0,1]. For a
qubit-like input state, this channel implements the transformation [27]

R R I
Ndepolarising(p) = (1 - P)P + p?z’ (336)

representative of the 1 — p probability that the state will be fully unaffected
by the noise channel and p probability that it will be fully depolarised.
As this is a classically probabilistic process, for any p # 0 the output will
be a generally-mixed state representative of our lack of knowledge of the
outcome.

The qubit depolarising channel can alternatively be written as the Kraus
operators,

K={/1- %p 1,/p/20y,+/p/20y,[p/20}; (337)

for oy, 0y, o, the Pauli matrices, with the output state given by

Naepotarising(®) = ), KoKT. (338)
Kek

We consider here only the local version of depolarising noise in which each
probe may be depolarised individually. Global depolarisation, in which the
full system is depolarised or not as a whole, simply represents the failure
of some set proportion of measurement rounds. The impact of a global
failure rate on Fisher information is well understood, reducing the FI to
[101]

V)
Fve) = 2 ), (339)

2n+1
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for n the number of probes in the system, and so we do not consider this
form of noise further here.

It is widely known that GHZ entanglement is uniquely vulnerable to
local depolarisation as its entanglement exists only in multipartite form
and cannot be split into smaller bipartite-entangled pairs [25]. The removal
of a single particle from a GHZ state leaves the remaining system in a fully
mixed state, eliminating its ability to gain useful information about the
field. The entire system of our previously-ideal setup would therefore be
knocked out by a single depolarisation event! A relatively small local loss
rate p will not only be more impactful — destroying the whole system
rather than only one probe — but also becomes significantly more likely,
spiralling to a system loss probability of 1 — (1 — p)" in a system n probes.
It is clear that in the presence of depolarising fields a new strategy will be
required.

10.4.1.1 Results

Perhaps unsurprisingly, given its tendency to completely disable probes’
information collection, we have found depolarising noise to be the most
destructive of the three channels we have studied. Its blanket replacement
of affected probes with the fully mixed state makes this a variety of noise
whose local impact cannot be eliminated simply through judicious choice
of initial state. Further, as depolarisation is a highly contagious variety of
noise capable of spreading through an entanglement network, our usual
information-increasing tool actively works against us in this space. Design-
ing probe networks for depolarisation-resiliance, then, represents a tradeoff
between the larger entanglement structures that maximise information
gain and smaller ones limiting this cascade effect.

As in every case discussed here, we have optimised over the full space of
potential probe states through the mechanism outlined in section 9.2.1, to
find the best possible approach at each noise level. In every case, the best
multi-parameter setup was that with two probes placed in the corner posi-
tion with the remaining probes distributed between the axes (the triangular
layout shown in figure 35 (i) and (iv)).

The amount of information obtainable from the optimal entangled and
classical approaches is shown in figure 37, quantified through our ability to
use the gained information to narrow the confidence region surrounding
the parameters. The presence of a depolarising field very quickly eliminates
the previously-optimal setup’s ability to collect information. Indeed, using a
4-probe network in the presence of a noise field with a local depolarisation
probability of 40%, would require nearly 25 times as many measurements
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Figure 37: The size of the two-parameter confidence region after 2 measurement rounds in the presence of
indicated local depolarisation noise, relative to the ideal confidence region size in the absence
of depolarisation, on a logarithmic scale. (a) Results for a 4-probe measurement network; (b)
results for a 6-probe measurement network. Solid lines represent the information obtainable
from a fully classical measurement (orange) and from a measurement made using the GHZ-state
approach, which would be the optimal approach in the absence of noise, with no adaptation
for the depolarising field (blue). Red and green dots represent the obtainable information from
multi-parameter and alternating single-parameter measurements optimised for the noise field.
Smaller values represent a better measurement; larger values indicate an increasing number
of measurement rounds would be required to achieve the same precision as possible in the
absence of noise.

to gain the same confidence as that found in the absence of noise. In the
6-probe case this rises to 120 times as many measurements!

Although there does remain a limit on the noise in which a quantum

approach remains useful — indeed in the presence of this 40% depolarising
field there remains very little quantum advantage to be found at all — by
adapting the states the region in which quantum advantage is possible can
be stretched.
OPTIMAL 4-PROBE SETUPS  For a measurement network consisting
of 4 probes, quantum advantage is almost exclusively obtained through
sequential single-parameter measurements. Recall that the best possible
measurement in the noiseless case (represented by the blue line in figure 37)
is obtained through the use of a single 4-particle GHZ state,

1
V2

When there is a low risk of depolarisation, this approach remains optimal

(340)

[y = —(I1111) + [LILL).

and no change is necessary to compensate for the field; the huge informa-
tion advantage obtainable from this approach outweighs the risk of total
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Figure 38: The optimal states for field gradient measurement using a 4-probe network to (a) measure each
gradient direction sequentially, (b) measure both gradients simultaneously. The vertical line
between p = 0.30 and p = 0.35 indicates the point at which the optimal approach switches
from sequential single-parameter estimation to simultaneous multi-parameter estimation.
D(n, k) represents the (n, k) Dicke state with k excitations distributed across n particles. Note
that as GHZ, and GHZS3>2 are not orthogonal, the values in the early part of (a) do not square
and add to 1 despite the states being normalised.

loss from occasional depolarisation. As the depolarisation probability rises,
though, the loss of information from failed runs becomes more signific-
ant and alterations to the state become necessary to preserve information
collection.

Initially, the changes required remain light-touch, as shown on the left
of figure 38a: dilute the entanglement by introducing smaller structures to
the superposition. These early optimal states consist of a superposition of
the (non-orthogonal) 4-mode GHZ state and 2-mode Bell states,

a|GHZy) + B|9,) @ |D,), (341)

where @, = \/%(lTT) + [11])) is the Bell state and «, 8 are dependent on the
noise parameter. In the event that any single probe is depolarised, the full
4-mode GHZ component to the superposition will be destroyed but one
half of the pair of Bell states will survive. When no depolarisation occurs,
though, the significantly larger amount of information accessible from the
full GHZ state remains available, albeit in a lesser form. This approach
builds redundancy into the system by sacrificing best-case information gain
to ensure not all information is lost in the worst-case scenario. Eventually,
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Figure 39: The optimal states for field gradient measurement using a 6-probe network to (a) measure
each gradient direction sequentially, (b) measure two directions simultaneously. The vertical
line between p = 0.15 and p = 0.2 indicates the point at which a sequential single-parameter
approach ceases to outperform a multi-parameter estimation. Note that the eigenstates in (a)
are not orthogonal; the states presented there are normalised.

though, the probability of depolarisation increases such that even with this
correction a GHZ-state approach ceases to be useful.

With a 4-probe network, the region of quantum advantage can be exten-
ded marginally by switching to a multi-parameter approach above p = 0.30
(this transition point is shown by the vertical line in figure 38). The optimal
states for a multi-parameter setup are shown in figure 38b. Although ini-
tially (at p = 0.35) improvements in information collection can be found
by diluting the previously-optimal state with different entanglement struc-
tures, the optimal state quickly becomes increasingly indistinguishable
from the fully separable state. This similarity between the best possible
quantum approach and the separable state is reflected in the extremely
minor quantum advantage obtainable in the presence of high depolarising
fields shown in figure 37.

OPTIMAL 6-PROBE SETUPS  As the number of probes in the network
increases, the usefulness of the single-parameter approach breaks down
much earlier. Recalling that the probability of full-system collapse in the
presence of a locally depolarising field scales with the power of n, it is clear
that the advantage in information gain in these cases will more quickly be
outweighed. In the case of a 6-probe network, the preservation of quantum
advantage requires switching to multi-parameter estimation approaches at
depolarisation strengths as low as p = 0.2, although ultimately quantum
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Figure 40: Entanglement structures present within the optimal multi-parameter 6-
probe states, quantified by the logarithmic negativity. Red line indicates
the entanglement between the three different positions probes can take;
blue line indicates the entanglement between the two probes at each of
the positions. Each of the three positions has the same intra-position
entanglement properties. Maximal entanglement is indicated by a log
negativity of 1.0 for the intra-position entanglement (blue) and 2.0 for
inter-position entanglement (red).

advantage can be found beyond the region possible for a 4-probe network.
The optimal measurement state for a 6-probe network in the single- and
multi-parameter cases are shown in figure 39. Initially, these optimal setups
look very similar to the 4-probe case. In the presence of very small depolar-
ising fields (for 6-probe networks covering only the p = 0.05 data point) no
adjustment to the previously-optimal GHZ state is needed. After this point,
the average information gain can then be improved by again introducing
redundancy in the form of smaller systems: initially two 3-mode GHZ
states, then three 2-mode Bell states. In the event of a single probe being
depolarised the entirety of the 6-mode GHZ component will be destroyed
but some subsystems of the smaller-system components will survive.

These smaller systems do not gather as much information as the full 6-
probe GHZ state, so quickly find their advantage over the multi-parameter
approach diminished. Once the depolarisation probability reaches 20%,
it becomes optimal to switch to the multi-parameter states shown in fig-
ure 39b. Initially, as expected, these look very similar to the optimal noise-
less state (shown in red), mildly adapted with an increasing contribution
from the |1)®4|])®2 + |])®4|1)®2 state (blue) as the field strength increases.
As was the case with the 4-probe networks, though, this wholly quantum
approach is still only practical up to a point, after which the optimal state
becomes increasingly close to the fully separable state.
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Although not immediately clear from the form of the contributions,
the shift from full entanglement to subsystem entanglement seen in the
single-parameter probes is reflected in the multi-parameter system as well.
Consider the entanglement properties (quantified by the logarithmic neg-
ativity between subsystems) across the network shown in figure 40. The
change in balance between the eigenstates acts to reduce the entanglement
between probe positions, while strengthening the quality of the 2-probe
entanglement within each of those positions. The wider 6-probe entangle-
ment — highly vulnerable to depolarisation — is progressively swapped

out for smaller structures, introducing guards against full depolarisation.

10.4.2 Amplitude-damping noise

The amplitude-damping channel represents the noise induced by random
energy transfer between a quantum state and its environment [27]. Con-
sider a two-level energy system akin to the spin up/down states we are
discussing in this chapter. At any given time, there is a small probability of
the excited eigenstate decaying — through the spontaneous emission of a
photon, for example — back into the ground state.*

This has the overall effect of reducing the probability that the state will

be found in the spin-up state, represented by the transformation

[ = XL, (342)
ITX = pl + (1= p)ITX(T, (343)

for p the probability of phase transition. As this represents a classically
probabilistic process, the density-matrix coherences also degrade, such
that [)(1] = 4/1 — p|{)(1], reducing the purity of the state. The channel
can equivalently be represented through the Kraus operators [27]

1 0
Ko = (0 — p), (344)
0

There is often, of course, additionally a probability that a stray photon will collide with a
ground-state particle and promote it into the excited state. Such a two-way energy transfer
with the environment can be modelled through the generalised amplitude-damping
channel [27] — otherwise known as the thermal channel we saw in part I! To avoid
undue complication, we do not consider the energy-gain effects in this part of the thesis.
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Figure 41: The quantity of information obtainable from (a) a 4-probe measurement network and (b) a
6-probe measurement network in the presence of increasing levels of amplitude-damping
noise, relative to the information optimally obtainable in the absence of noise. Solid lines
indicate the the information obtainable from a fully-separable probe network (orange) and
from the optimum noiseless setup (blue) if the latter was not adapted for the noise. Information
is quantified through the size of the confidence region after two measurement rounds. Smaller

values indicate a better quality measurement

again acting as

Nap(®) = KopR{ + K1 pK]. (346)
Recalling that our ability to estimate field gradients is rooted in the
accumulation of phase between spin-up and spin-down eigenstates, it is
anticipated that measurement performance will be significantly degraded
by a channel causing random transitions from one to the other. As we will
see, though, with prior knowledge of the probability of energy transfer,
we are able to compensate for this process to an extent, initially simply by
adjusting the balance of eigenstates in the superposition. In the limit of a
fully-damping field, though, the entire measurement system will consist of
spin-down states with no potential for the gain of information.

10.4.2.1 Results

Amplitude damping is the form of noise that gradient detection is most
resilient to, with a significant quantum advantage obtainable even through
90% damping fields. As we saw when we considered depolarising fields, the
ideally-optimal approach of grouping probes as a single GHZ state breaks
down in the presence of noise and eventually ceases to match even the clas-
sically available information. The obtainable information from this GHZ
setup is shown alongside the optimal quantum and classical approaches in
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figure 41. By initially adapting the precise setup used for single-parameter
estimation before switching to a multi-parameter approach at higher noise

levels, a quantum advantage can be maintained even in the presence of
very highly amplitude-damping fields.

The
optimal approach to gradient measurements at low levels of noise continues

OPTIMAL SINGLE-PARAMETER ESTIMATION STRATEGIES

to be the individual measurement of each parameter. The optimal states for

this task, found through numerical optimisation, are shown in figure 42. In
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Figure 42: The optimal setup for measuring a single-dimensional gradient using a measurement network
of (a) 4 probes, (b) 6 probes. Vertical line between p = 0.4 and p = 0.45 in (a) and between
p = 035 and p = 0.4 in (b) indicates the point at which this sequential single-parameter
strategy ceases to outperform a multi-parameter approach.

the presence of very low levels of amplitude-damping noise, its effect can
be directly compensated for by increasing the pre-noise likelihood of each
individual probe being found in the spin-up state. The general structure
of the entanglement — GHZ-like superpositions of fully spin-up and fully
spin-down eigenstates — is retained, such that

[Phopt = al DB + V1 —a?[])®", (347)

with the eigenstate coefficients a varying dependent on the degree of noise
present.

This correction is not side-effect free, however. By acting probabilistically
on spin-up states only, amplitude damping reduces the purity of a state in
proportion to its spin-up coefficient; this effect is shown for a 4-probe state
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Figure 43: The purity of the denoted GHZ-like state after being passed through
an amplitude-damping field with 30% amplitude-damping probability,
compared to a dual-Bell-state baseline

in figure 43. By increasing the spin-up contribution to compensate for the
energy loss, then, we also inadvertently reduce the purity of the network
further.

At a certain point, the loss of purity from this correction becomes so
great that it is no longer an effective way to compensate for the noise. At
this point, we can take inspiration from the corrections made to counteract
depolarising noise: introduce smaller entanglement structures that retain
good information-gathering potential but that limit the wider impact of a
single amplitude-damping event. The optimal state for the 4-probe system
then becomes

[ope) = a1111) + BILLLL) + 7]P2)®2, (348)

augmenting the previously optimal GHZ-like states with two-mode bell
states of the form

1
D) = —(|11)+|L1)). (349)
P, ﬁﬂ 1L1))

A similar effect can be seen in figure 42b for the 6-probe network. After
the initial energy-loss-compensation approach breaks down at p = 0.2,
the GHZ state components are joined by new terms representing smaller
entanglement structures of the form

(1) + V1 — 21, (350)

for a dependent on p.
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OPTIMAL MULTI-PARAMETER ESTIMATION STRATEGIES  This
performance gain from single-parameter estimation strategies stems from
their ability to devote larger numbers of probes simultaneously to each
dimension, and thus to establish larger entanglement networks. When
the noise becomes such that these larger networks are no longer optimal
— and smaller entanglement structures become necessary — this advant-
age begins to diminish and multi-parameter estimation protocols become
competitive. For 4-probe networks the critical point at which simultan-
eous estimation of both gradients becomes preferable lies at single-probe
damping probabilities of p = 0.45, while for 6-probe networks the switch
becomes necessary sooner at p = 0.4. It is likely that as the size of the
probe networks increases further, the region in which single-parameter
estimation is preferable will continue to shrink and that multi-parameter
approaches will become preferable at increasingly-small energy loss prob-
abilities.

Recall from section 10.3 that when one has access to a network of 4
probes, the optimal multi-parameter approach in the absence of noise is
to use a superposition of the 4-mode GHZ state %(lT)‘X"‘ + |1)®4) and the
bi-separable state

Lat+ )@ (1 + 1) (351)

Axes subsystem Corner subsystem

In the presence of amplitude-damping noise the optimal GHZ state con-
tribution quickly decays and vanishes by p = 0.2, a point at which the
multi-parameter approach remains vastly out-classed by single-parameter
estimation.

Remarkably, though, the optimal state of the first subsystem — repres-
enting the probes spread across the axes — remains constant throughout
all noise levels, with the two probes always Bell-entangled as

1
V2

The second subsystem — the two probes grouped together at the furthest

[$a) = —=(I1T4) + [41)). (352)

corner — initially retains the general form of the previously-optimal Bell-
like state,

[¥p) =altt) + V1-a?[l), (353)

in changing proportions a depending on the strength of the noise field.
The state of this second subsystem from the point at which the optimal
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Figure 44: Optimal state of the second subsystem (placed at the extreme corner) of
a 4-probe entanglement network for the simultaneous measurement of
two-dimensional field gradients in the presence of amplitude-damping
noise.The vertical line between = 0.4 and p = 0.45 indicates the point
at which this measurement setup begins to outperform the single-
parameter estimation strategy shown in figure 42a.

state becomes bi-separable at p = 0.2 is shown in figure 44. The region at
which the Bell-like entangled states remain useful for gradient detection is
shown by the red (|11)) and orange (|| )) lines on the left of the plot. Even-
tually, though, even these very small entanglement structures become an
impediment to information gain; as can be seen in figure 44, from p = 0.6
the optimal state of this subsystem very quickly becomes dominated by
the separable state.

The optimal state of the first subsystem remains entangled throughout all
levels of amplitude-damping noise studied. Hence, a quantum advantage
remains achievable even in the high-noise regions, despite the second
subsystem tending towards a fully classical measurement. This is shown at
the right edge of figure 41, in which the optimal quantum protocols (red
dots) continue to produce smaller confidence regions than are obtainable
from classical approaches.

A similar behaviour is observed for 6-probe multi-parameter gradient
estimation. The optimal 6-probe layout is to place the probes in three pairs:
along the two axes at positions (1,0) and (0, 1) and at the extremal corner,
(1,1) as show in figure 35(iv) on page 155. Initially, the optimal approach
involves a fully-entangled system consisting of all 6 probes, but in the
presence of increasing amplitude-damping probability the optimal setup
increasingly has the corner probes disconnected from the 4 probes distrib-
uted between the systems. Selected entanglement properties for these states
are shown in figure 45, quantified by the remaining logarithmic negativity
between two subsystems after the third subsystem has been traced out.
The optimal 6-probe entanglement structures echo those for the 4-probe
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Figure 45: The entanglement structures present within the optimal 6-probe state
in the presence of amplitude-damping noise, quantified by the log-
arithmic negativity between two subsystems. Red line indicates the
entanglement between the two subsystems (of two probes each) placed
along each axis. Blue line indicates the entanglement present between
either of those subsystems and the two probes placed at the extremal
corner. Yellow line indicates the entanglement between the two probes
placed at the corner. Note that as the subsystems have different sizes,
the red and blue inter-position measurement would indicate maximal
entanglement at a log negativity of 2.0 while the intra-position meas-
urement would be maximal at a log negativity of 1.0.

network: while cross-axis entanglement (red line) remains useful even in
the presence of extremely high levels of noise, there quickly becomes no
use for entanglement between those subsystems and the probes placed in
the corner (blue line). Indeed, from p = 0.55 the optimal state is effectively
bi-separable® between the two axes and the corner subsystems. Within the
corner system, the entanglement between the two probes (orange line) also
breaks down in a similar way to the corner probes in the 4-probe network,
with the optimal setup in the presence of highly damping fields tending to
the fully separable state. As was the case for the 4-probe networks, the ex-
istence of this entanglement throughout the spectrum of noise parameters
is reflected by the existence of a significant achievable quantum advantage

in the presence of any level of amplitude-damping.

10.4.3 Dephasing noise

The final form of noise we consider in this chapter is dephasing noise,
otherwise known as the phase damping channel, representing the loss of

5The optimal bi-separable state |1))ayes ® |¥)comer Produces a confidence region within
1% of the size of the optimal 6-probe-entangled state.
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information about relative phase between eigenstates. Traditionally, this is
representative of an unknown random rotation in phase space, described
by a Gaussian distribution with variance 2p, such that the output state is
described by [27]

N(@) = — f " doe-eie R(6)pRT(6), (354)

47p J-oo

for R(0) the rotation operator. Under the application of this type of noise,
the probability with which the state will be found in any given eigenstate
remains unchanged, but it will gain or lose phase in proportion to its ei-
genvalue. As eigenvalue-proportionate phase accumulation is the conduit
through which the probes couple to the field, any loss of relative phase
information will have a large impact on our ability to make accurate meas-
urements.

Although dephasing is ordinarily thought of as a source of continuous
noise — with the state always impacted to a degree dictated by the noise
parameter — it has been shown to be equivalent to the probabilistic phase-
flip channel, in which a qubit either remains completely unaffected or
accumulates a 7 phase difference between the eigenstates with probability
p- Consequently, dephasing noise can be described through the Kraus
operators [27]

k=% © (356)
1— 0 \/-5’

with
N(6) = K pKy + K] K. (357)

In general, there are two ways for a quantum state to be dephased: locally
and globally, distinguished by the degree of coordination between the
random phase shifts. In both cases, the random phase shifts on each probe
are drawn from the same probability distribution. In a locally-dephasing
field, though, a different random phase shift is drawn from this distribution
for each probe — meaning, for example, that the eigenstates |1)|]) and
[4)]1) will not necessarily accumulate the same phase. Such random shifts
might occur for example from experimental imperfections such as one’s
inability to decouple all probes from the field simultaneously or perfectly
know their spatial position. In a globally-dephasing field, by contrast, a
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single random phase shift is applied equally to all probes — for example
through an unknown but spatially constant offset field B, — with the
phase difference accumulated by each eigenstate simply proportional to
the number of excited probes it represents. In this case, although an element
of randomness is introduced to the eigenstate phases, it remains certain
that no phase difference accumulates between eigenstates of equal total
energy.

Globally dephasing noise is comparatively simple to combat. As it works
equally on all configurations with the same total number of spin-up/spin-
down states, there exists a class of state — the so-called decoherence-free
states, to which the Dicke states belong — for which global dephasing is
reduced to an irrelevant global phase accumulation. By restricting oneself
to these probes then, any level of global dephasing can be tolerated. This
approach to combating dephasing noise for single-dimensional gradient
detection is discussed in detail in Ref. [100], and so in this chapter we will

focus exclusively on local dephasing.

10.4.3.1 Results
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Figure 46: The size of the two-parameter confidence region after 2 measurement rounds using (a) a
4-probe measurement network, (b) a 6-probe measurement network in the presence of a locally
dephasing field, relative to that achievable in the ideal noiseless case. Solid lines represent the
information obtainable from a classical measurement (orange) and a measurement using the
ideal-optimum state with no adaptation (blue). Red and green dots represent the obtainable
information from multi-parameter and alternating single-parameter measurements respectively
that have been optimised for the noise field. Smaller values represent a better measurement.

Considering dephasing noise’s direct pollution of any accumulated in-
formation, it is unsurprising to see that it is highly destructive and difficult

to combat at high levels. Indeed, while quantum advantage can be exten-
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ded into the mid-noise region, at high noise levels the optimal quantum
approach quickly becomes indistinguishable from a classical measurement.
A comparison of the quantum and classical measurements is shown in
figure 46. As was the case for depolarising noise, there is very little use for
entangled probes in the high-noise limit. Instead, the aim in this section is
again to extend the region in which quantum advantage can be found —
the area in which the green or red dots outperform the orange separable
curve in figure 46 — above that for a naive GHZ-state approach. Although
these previously-optimal states quickly begin to underperform a classical
measurement, we have found that the region of quantum advantage can

be extended significantly by changing the states used.

OPTIMAL SINGLE-PARAMETER ESTIMATION STRATEGIES  Aswe
have found to be the case throughout this chapter, in the first instance
the greatest quantum advantage is obtained through alternating single-
parameter estimation. In contrast to results for other sources of noise,
though, this advantage is not obtained from the introduction of alternative
entanglement structures. Rather, the optimal state overwhelmingly consists
of a superposition of the original GHZ state and the separable state, with
only extremely minor contributions from other Dicke states,® as can be
seen from the state contributions shown in figure 47.
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Figure 47: The optimal states for estimating a single field gradient in the presence of dephasing noise

using (a) a 4-probe network, and (b) a 6-probe network. Vertical line between p = 0.45 and
p =0.5in(a)and p = 0.25 and p = 0.3 in (b) indicates the point at which this approach ceases
to be preferable to a multi-parameter estimation strategy.

5We note for the avoidance of doubt that although Dicke states individually belong to the
class of (global) decoherence-free states, combinations of Dicke states do not.
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In the case of a 4-probe network, the potential for quantum advantage
is almost exclusively provided by this sequential case. By the point at
which a multi-parameter approach is preferable (at p = 0.5), the size of
the confidence region would be reduced by less than 10% by using an
entangled approach instead of a classical one. In the 6 probe case, though,
the information obtainable from sequential single-parameter estimation
breaks down much faster and the multi-parameter estimation approach
becomes preferable by p = 0.3, where it reduces the size of the confidence
region by nearly a third from the classical result.

OPTIMAL MULTI-PARAMETER ESTIMATION STRATEGIES The
optimal states for a simultaneous multi-parameter estimation setup are

shown in figure 48. Recalling that very little quantum advantage can be
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Figure 48: The optimal states for simultaneously estimating two field gradients in presence of dephasing
noise using (a) a 4-probe network, and (b) a 6-probe network. Vertical line between p = 0.45 and
p =0.5in(a)and p = 0.25 and p = 0.3 in (b) indicates the point at which this multi-parameter
estimation approach becomes preferable to the sequential single-parameter estimation shown

in figure 47.

achieved at high noise levels, it is unsurprising to see that the optimal
states become increasingly close to the fully separable case. In the case
of a 4-probe network, shown in figure 48a, the optimal state is initially
primarily made up of Bell pairs and GHZ states — as was optimal for
the noiseless case — in changing proportions, before being increasingly
dominated by the separable contribution. The optimal setup for a network
of 6 probes looks similar. The primary contributions, shown in figure 48b,
again come from the optimal noiseless state (red line) and the separable
state (orange). However, in this case the entangled state represents the
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largest contribution into larger noise levels, resulting in the more persistent
quantum advantage seen in figure 46.

That quantum advantage survives longer for larger probe networks is
not surprising. Recall that the QFI for quantum-networked measurements
can (in the ideal case) scale with N2, while classical ones only scale with
N. Although the noise may impact entangled networks more strongly, the
greater potential for quantum advantage from large networks increases
their resilience compared to a classical measurement. It should be expected,
then, that the region in which quantum advantage will be possible for
dephasing noise will only increase as the allowed size of the measurement
network increases.



CONCLUSION

We have considered in this part of the thesis the usefulness of quantum
approaches to the measurement of field gradients, the precise estimation
of which is crucial to a wide range of academic, industrial and medical
tasks [97-99].

We have found that in the ideal case, in the absence of environment
noise and decoherence effects, the optimal approach to the measurement
of multi-dimensional field gradients is simply the sequential estimation
of each of the gradients in turn. There is no benefit to taking a multi-
parameter approach that attempts to use a single probe network to measure
multiple gradients simultaneously. The optimal strategy is to entangle the
full network as a single n-dimensional GHZ state, placed as a group at the
extremal point of one of the axes, as outlined in [100], before repeating this
process for the second axis. Practically, this second measurement could be
trivially achieved by rotating the measurement device such that the probes
now lie along the second axis, so long as that rotation is performed around
the defined reference point.

In the presence of any suitably-strong noise field, though, this single-
parameter approach ceases to be optimal and better-quality measurements
are obtained by switching to an approach that estimates multiple gradi-
ents simultaneously. The advantage in information accrual from single-
parameter estimation is drawn from their ability to devote the full entan-
glement network to one parameter at a time, and thus take full advantage
of the scaling improvement obtainable from entangled networks. In the
presence of noise, however, the advantage from these highly-entangled
states either wanes due to the loss of quantum features from the noise or in
some cases becomes an active hinderance to the measurement by spreading
the impact of local noise beyond a single probe. Once noise levels become
such that these large entanglement structures are no longer optimal, this
single-parameter advantage vanishes, and the multi-parameter approach
becomes necessary.

In the presence of depolarising noise, we have found that the advantage
obtainable from a quantum approach very quickly decays, such that in the
presence of even mid-level depolarising fields the best possible measure-
ment is obtained from a separable network of probes. That this is the case
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reflects the unique way depolarising noise interacts with entanglement
networks. By essentially destroying an affected probe, tracing it out of
the system, depolarisation can spread through an entanglement network.
Often, learning the state of one probe in a system provides significant
information about the state of the remaining networks. Tracing a probe
out of the system (replacing its quantum superposition with a classical
probability) can therefore collapse other parts of the superposition into a
mixed state also. By minimising the size of entanglement networks, one
limits the effect of any given depolarisation, which in the high-noise region
vastly outweighs the potential information gain benefits from entangled
approaches. The noise region in which quantum advantage is possible can
be extended, though, by making small adjustments to the probe network.
By augmenting the initially-optimal N-probe GHZ states with smaller en-
tanglement structures — 2-probe Bell states, for example — one is able to
retain some of the information advantage from the larger networks without
losing all information in the presence of a single depolarisation event.

The quantum approach does remain robust to even very high levels
of amplitude-damping noise, however. Given a suitable adaptation of the
entanglement network, a quantum advantage is possible even at a damping
probability of up to 90%. Initially, preserving the quantum advantage is a
simple matter of adjusting the balance between spin-up and spin-down
eigenstates in the prepared state to compensate for the effect of the noise
field. This is only an effective approach in the relatively low-noise region,
however; to maintain a quantum advantage in the presence of higher levels
of amplitude-damping noise, switching to a multi-parameter approach
with bespoke entanglement structures that suit the noise level becomes
necessary.

A not-insignificant quantum advantage can also be maintained through
the mid-noise region in the presence of a dephasing channel, additionally
representative of experimental error. Although this advantage is primarily
found by increasing the similarity between the state and the wholly sep-
arable state, quantum advantage can be found in the presence of higher
levels of noise than would be possible for the depolarising channel. In
the presence of very high dephasing noise, though, no improvement over
classical measurement strategies is possible.

We should note, however, that the ability to find a quantum advantage
at these higher noise levels does not necessarily represent the potential
for a high-quality measurement. Often many times more measurement
rounds will still be necessary to obtain a good estimate of the gradients

than would be required in the absence of noise.
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11.1 OUTLOOK

A number of open questions remain in this field, most significantly the
large-probe-number behaviour. Due to computational constraints, we were
only able to investigate networks of four and six probes. Although some
trends appear to emerge — such as the optimality of multi-parameter
setups emerging at lower noise levels as the probe number increases — it
would be desirable to have more datapoints to confirm these. Of particular
interest here would be in the distribution of extra probes between the three
positions. In both 4- and 6-probe entanglement networks the optimal setup
is to place two probes at the corner and distribute the remaining probes
between the axes. In particular, this outperforms the case in which there
is a single probe along each axis and four probes at the corner. It would
be particularly interesting to learn where the additional probes are most
useful for 8- and 10- probe networks — whether only two probes are ever
necessary on the corner or if there is a more complex allocation algorithm
to describe the optimal layout.

The emergence of quantum computers capable of efficiently optimising
over large-dimensional systems may make this future study possible [128].
A particularly promising avenue is variational quantum algorithms, which
combine quantum operations with classical optimisation processes [129].
The potential for such algorithms to be applied to quantum metrology
processes has been studied in Refs [130, 131], where it has been shown to
be an effective way to find optimal probe layouts. Once quantum computing
infrastructure develops to allow for the implementation of such algorithms,
this is likely to be an effective way to continue the research presented in
this thesis.

As well as the trivial extension to include the third dimension — ex-
cluded here again because of computational constraints — it would be
interesting to see results for the estimation of gradients in the presence of
partial information about the offset field, B,. Although the case in which
the offset field is fully unknown has been studied in Ref. [100], to the
author’s knowledge there has as yet been no investigation of the case of
partial knowledge. Such an investigation would require taking a Bayesian,
rather than Fisher, approach! in which the parameters are allocated priors
representative of the state of our knowledge of them before the estimation
process.

Finally, the estimation of more complex forms of field gradient would
pose an interesting task. Estimating the first and second derivatives of the

for example as discussed in Ref. [101]
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field simultaneously would be relatively simply to model mathematically,
but the more complex form of the estimation problem would require a
larger number of probes, making the optimisations more computationally
challenging. It is additionally likely that such a task would break the as-
sumption that the optimal layout is trivially one that places the probes at
the extremal points, necessitating the inclusion of probe position in the
optimisation as well.
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RELATIONSHIP BETWEEN THIS WORK AND MY MASTER’S
THESIS

A previous iteration of this protocol was presented in a dissertation for the degree of
Master of Physics in 2020 [50]. The overwhelming majority of the work presented
here is new, with those results that overlap derived from a new framework.

For the avoidance of doubt, let us note any similarities here.

+ The dealer protocol is the same for both works, but was previously selec-
ted only for its simplicity. The principles-based derivation presented in
section 4.2.1 is novel.

» The prior work considered {1,3} (and by extension {2,3}) reconstruction
by modelling each element in a specific experimental setup. This thesis
puts the analysis on a more sound theoretical footing by constructing the
quantum channel representing the reconstruction directly. The discussion
of the channel presented here is entirely novel, and although some results
overlap (see below) those presented here are new in that they are re-derived
from this more-sound basis.

» The prior work considered the amplification and attenuation corrections
discussed in section 4.2.4 to both occur after the reconstruction. In this work
we have found improved fidelities by moving the amplification correction
to before the dealer protocol. Consequently, all results presented here for
g < 1 differ from those previously presented and are entirely novel.

« The discussion on mode-swapping in section 5.2.3 is entirely new.

» The {1,2} reconstruction protocol is unchanged, but as the pre-amplification
step is new the discussion of the impact this has is novel.

» The discussion of more generalised {k, n} QSS schemes is entirely new.

« The previous work only considered coherent states, so all work from sec-
tion 5.3 onwards is entirely novel, as is the security analysis for a limited
codebook presented in section 5.2.5.

Other than some parts of the form of the protocol itself, therefore, the only
results produced here that have appeared in previous work are those for coher-
ent states for g > 1. Even those, however, have been re-derived based on an
information-theoretic approach with a quantum-channel framework that was not
used in prior work.
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GAUSSIAN INTEGRALS

In this appendix we solve a series of Gaussian integrals underpinning the theorems
in chapter 6. Ultimately, in theorem B.8, we will solve the integral in equation (242)
of the main text representing the potential forms of a coordinate transform of the
tensor product of a Fock state and a Gaussian state given as

f dNes dNps Ln([/lx X+ (4, p]Z) exp(—q"V-q+a’q), (BD
R2N'

for q = x @ p, where L, (+) is the Laguerre polynomial.
We will achieve this through a series of stepping stone integrals, starting in
theorem B.3 with the simple case of

/ dNx (H xl-) exp(—xTV~1x + aTx), (B2)
RN’ iep
for § any arbitrary tuple of indices of x.

We will then, in theorems B.5 and B.7 go on to solve the case in which these
integrals are drawn from a power of a vector inner product as,

f dM_ (A, - x)" exp(—xTV"1x + aTx), (B3)
R2N'

and
f A% d [(Ay- %P + (A - PP exp(—qTV-1q + aTq),  (B4)
RZN’

in which we are able to exploit the natural symmetry arising from the multinomial
theorem to dramatically simplify the result. As the Laguerre polynomial can be
written as a sum of powers of its input, this result then immediately allows us to
solve our desired integral.

Finally, having achieved the general result in theorem B.8, we will present a
number of special cases of particular interest in the study of Gaussian channels
acting on Fock states in corollary B.11 and theorem B.14.

B.1 MATHEMATICAL TOOLS

We will in this appendix make use of some mathematical tools not used in the
main body of this thesis. Let us briefly introduce those now.

We will make frequent reference in this appendix to results catalogued in the
Digital Library of Mathematical Functions by the National Institute of Standards
and Technology. As a large web-based reference for results, we will refer to the
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results used directly, with references of the form [132, (15.2.E1)] referring to
equation 15.2.E1 within Ref. [132].

MATRIX PROPERTIES Consider an invertible matrix M written in block nota-
tion

A B
M=( ) (85)
C D
The Schur complement of M with respect to subblock A is defined as
M/A =D — CA™!B, (B6)
and similarly

M/D = A —BD-C. (B7)

The matrix inverse can be found using the Schur complement as [133]

(A B>_1 ( (A—BD-10)! —(A - BD‘1C)‘1BD‘1>
= (B8)
C D —D-1C(A — BD™1C)! (D — CA"'B)!
_ ( (M/D)™! —(M/D)_lBD‘l)’ ©9)
—Dlc(M/DY' (M/A)!

The Schur complement can also be used to prove the Sherman-Morrisson
formula, that [133]

M 1uToM1

M+uTo)l=pm1-" """
( ) 1+ oM-tuT

(B10)
COMBINATORICS We will use x! to denote the factorial of x consisting of the
product of x with all smaller positive integers. We will additionally make use of
the rising and falling factorials of x, defined as the product of x with the following
or preceding n — 1 integers, which we denote

(0™ = % =x(x+1)(x+2)..(x +n—1) (B11)
(X)) = ﬁ =x(x—-1D)x—-2)...(x—n+1). (B12)

Unlike the regular factorial these do not stop at 0, and so the falling factorial of
x > 0 for any n > x is simply 0, and likewise the rising factorial for x < 0. The
two representations are related two each other by

()™ = (=1)*(=X) (), (B13)
(X)) = (=1)(=x)™. (B14)
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B.2 PRELIMINARY DERIVATIVE

We will represent as S, the set! of all permutations of the tuple o. When ¢ is
a non-repeating tuple this is also the symmetric group over o. When o contains
multiple identical elements, S as considered here treats those as distinct elements
such that

Staap) = 1(a,a,b),(a,b,a),(a,a,b),(a,b,a),(b,a,a),(b, a a) (B15)

To maintain notational consistency, we will denote as SK the set of all k-permutations

of o: all possible ways to draw k elements from o. For example,

S(Za’a’b) = {(a’ a)7 (a! a)! (a9 b)’ (a’ b)» (b’ a)’ (b! a)}’ (B16)

again treating repeating elements as distinguishable.

HYPERGEOMETRIC SERIES The set of hypergeometric series are an exten-
sion of the geometric series that introduces a fraction consisting of rising factorials
to the summand. In this thesis, we will make use only of the ,F hypergeometric
series [134] [135, (15.2.E1)] — also known as the Gaussian hypergeometric series
— of the form

(B17)

& M) xn
(i) = $ QOO x

’ = (o™ n!’

The series terminates only when one of the upper parameters, a or b, is a nonneg-
ative integer, in which case the summation variable n will at some point equal a
or b causing the rising factorial to evaluate to 0 for all following elements.

There exist a number of useful transforms on the hypergeometric series, which
we will make use of here. These will each be introduced when they are used.

B.2 PRELIMINARY DERIVATIVE

In solving the integral in equation (B2), we shall make repeated use of the derivat-
ives of

1 1
E= exp(zth + ZtVt), (B18)

with respect to some series g . Let us first, then, consider this derivative in isola-
tion.

1Although not strictly a mathematical set, as it may contain repeating elements, we will continue to
use the notation of sets here as this distinction is not important for our purposes.
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The first 4 derivatives in this series are given by

3E 1
% = E(akl + tkl)I/kl’ﬁlE (Blg)
1
E _ [(1\? 1
Eﬁg—(ﬂ(%+%mmﬂbﬁw%m+?%m5 (B20)
2 1 L
1 3
. <§) (ak, + tic, WV, 6, (@i, + i, ) Vi, 8, (s + i, )V
- E
Otg,0tg,0tg, +<1f{ %JJW3+%Q%MJ+%JJWa+%Q%m1
2 +%2763(ak3 + tk3)W(35ﬁ3

(B21)
[ (1)4{ (ar, + b )V, g, (ak, + tkz)%z,ﬁz}

2/ | x (ar, + )V, g, (ak, + 6 ) Ve, 8,

V3, g,(ai, + G Vi, g, (ai, + i )V, g,
+V3,.8,(ak, + i)V, 8, (ax, + 6 )V, 8,
(1)3‘ +V5,6.(ak, + i)V, 6, (@i, + 8 )V 6. | | E, (B22)

+V3,8,(ak, + e Wi, g, (i, + 6 )V, 8,
+V3,.8.(ak, + i Wiy g, (A, + e ) Ve, 5,
+V3, 8.k, + e )iy g, (A, + 1)V, 8,

F*E
9tg,0tp,015,0t,

1 2
(ﬁ{%&%@+%m%m+%m%&}

where repeated k; indices indicate implicit summation.

We can see in these first four derivatives a pattern emerging. The nth derivative
consists of a weighted sum of every way to distribute » indices ;, ... 8, between
%%i;ﬁj and %(aj+tj)lj{ﬁk. The distribution between these two terms can be described
by the number of ways to split n indices between i pairs and n—2i single indices for
all i. We prove this observation in the following lemma, in which we symmetrise
the resultas V ,, = %(I{,,b + V.a)»

Lemma B.1. Given
1 1
E= exp(zth + ZtVt)’ (B23)
wherea € RN, t = (ty, ..., ty), and V € RNXN symmetric, the nth-order derivative

with respect to some {dtg } is given by

anE 1 n l%J 1 m—1 n—1
dtg, ...0tg, - (5) mZ::O m!(n —2m)! Z <H VUZi’aZiH)( (ak+tk)‘/’v"ai> E,

creSﬁ i= i

i=2m

(B24)

where Sg is the symmetric group on (3 (representing the set of all permutations of ),
|-] is the floor function, and repeated k indices indicate an implicit summation over
allk € Zy.
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Further,

LI 5 (I e ) ([T @
_9rF | (=2 O (a’V) )
dtg, ...0tg o 2 m'(n —2m)! 0ESE \i=0 a2 i=2Zm 7

(B25)

Proof. We will prove this result by induction. It can be seen from equations (B19)
to (B22) that the first few derivatives of E fit this pattern. It suffices, then, to show
that the formula holds for n if it holds for n — 1 to prove it true for all n.

Before we begin, let us define for notational convenience the shorthand

1
Ai = (ar + Vg = (@ + 6V = 5 (@i + )V + Vi) (B26)

implicitly summed over k, and note that

1 1
3 = 2(aVik + UM )E = SAE, (B27)
0A; 1
a_t.l =Vj=Yi=3;+ Vo) (B28)
J

Let us now assume that equation (B24) holds upon differentiating over the
tuple o = B\ B, = (By_1> --- » B1) consisting of the first n — 1 elements of 3, such
that

an-1E 1\n-1 1254 m—1
i o= |(3) 2 e 2 (11 e (T 20) |2
(B29)
We can now find the result of the nth derivative as
o"E
dotg ...0tg
3 1 n—1 lnT_lj m—1
~ oty (5) Z m!(n — 2m = (11_[ Yo cl’“)(}:LAU') B (B30
1 n—1 % 1 m—1
- (5) mzzo m!(n —2m —1)! a;g (H T2i> Uzl+1><11:£1‘401) atﬁn
n-2
-1z m—1 n=2 0A, n=2
+ (—) _— < V.. )( ! A ) E
(B31)

-1 [nT_lj m—1

() 2 i 2 () ([T 40)3%. |

i= i=2m
1 n— 1 Tz n-=2 1

+ (E) Z ml(n_zm_l)l o'; < %—21 GZI+1>('Zm_( Uj! + ﬁna) H A )

=

(B32)

5
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We have lowered the upper bound of the second summation here as there are be
no A, terms when m = (n — 1)/2. Let us now consider the two square brackets
individually.

FIRSTTERM ThenewAg term within the first square bracket can be absorbed
into the A, product as

(%)n_l lzzioj m Z; <rﬁ Vo, azm)(H As ) SAg,  (B33)

o 1=
nl2

-(3) X m;;(ﬁ I{,y><g;Ay> (B34)

i=

by defining the set

={©@B 10 €S}, (B35)

of all previous o € S, tuples with 3,, appended. However, this set still imposes that
Ag, appear at the end of the product. To symmetrise the product, let us instead
define

Ay = {(n, )| resi e Sa\,ru{ﬁn}}, (B36)

the set of permutations of § in which the first 2m elements are drawn exclusively
from &, where we have used SX to denote the set of all k-permutations of X.
This set overcounts A’ by a factor of

(n=1)!
Al |52m||5a\nu{/3n}| o 1= 2ME (n—om)
AT |Sal (n—1) T (n-2m-1)!

=n-2m,

(B37)

for the n—2m positions Ag could take in the product. Due to the commutativity of
multiplication we can replace A’ by A simply by correcting for this overcounting

as
1 n "] 1 m=1 n-1
(E) Z ml(n—2m—-1)!'n— 2m ezm(zl;l): 2172i+1>(ign’47’i)’ (B38)
1 nl"TlJ 1 m=1 n-1
=(2) X sz 2 (1 (L1 42 (859)

which resembles our desired result.
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SECOND TERM  Let us now consider the second square bracket, given by

(11340)

1 nlnT_ZJ 1 m—1
=(§> mz_zo m!(n_zm_l)l Z 210'21+1> aj’ +‘/ﬁn0'1 (HA01>

€S, j= Zm( i=0

i=2m
i#]
(B41)
We can similarly absorb the new V terms into the 1, product as
12 i+1
O 2wt 2 (T )
= — V. >( A ) (B42)
2 e~ m!(n —2m— 1)! & \i V2is2i41 i=30m+1) Vi

by noting that the o and j summations can be equivalently written as the set

={(7r,j,ﬁn,f) |me s jea\n, t€ Sa\,r\{k}}
U{(?T, B0 | TESI, jEA\T, TE Sa\,r\{k}}, (B43)

which undercounts the previous expression by a factor of n — 2m — 1 for the
n — 2m — 1 positions in the A product from which % could have originated.

As we saw when we considered the first square bracket, though, this set still
imposes that the new V term exist only at the end of the product. We can symmet-
rise this set to allow for the new term to take any of the m + 1 positions within the
product by defining the set of permutations of 8 in which the latter n — 2m — 2
indices are drawn exclusively from o as

B ={(@.7) | = SE7"2, T = Serr 45, (B44)
This new set, as expected, overcounts B, by a factor of

1Bl 156722 lISanugs, ]

ml (B45)
1Bil 2182\ 7| IS
oD (e 2m—2) 4+ 11!
_ en-Gzmpp#~ D~ (1 —2m—2)+1] (B46)
(n(nl 12),;1)'(” 1-2m)(n—1-2m-1)!
=m+1, (B47)

and so replacing B;, by B,, causes the expression to pick up a 1/(m + 1) factor

and become
1\l n—2m—1 m n-l
(5) Z ml(n —2m—1)\(m + 1) ;m(g W”’”“)(i:zgﬂ)Ah) (B48)
1\" 1321 1 m n-1
- (E) mzo Ty e ZB‘,M g Vyﬁ,niH)(i:Zgn[H)Ayi). (B49)
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Reparameterising the summation index as m — m — 1 gives

n 15!

(3) n;lmy%(ﬁ Vyz,-,yml)<ll;nz4 ) s

which again resembles the final result.

RECOMBINING THE TERMS  Taking together these two terms, equation (B32)
can be written

lnT_IJ 1 m—1 n-1
IE <1>n Z ml(n — 2m)! yeZA <ll_[ rab yz‘“)( gnA”> E
dtg ...0tg  \2 141 1 m=1 n-1 '
Z ml(n — Zm)' ; 1(:1';!): I4’21 V21+1)< H AVi)
(B51)

Noting that B,,_; = @ whenm = 0 and A,, = @ when m = n/2 (because S5 = @
when «a has fewer than n elements), we can equalise the limits of both summations
tom : 0 — | %] and so combine the sums as

(B52)

O —— (T ) (£ 20) |2

yEALUB, i= i=2m

Let us now consider the combined summation set, A,, U 5,,,_;. The set A,,
consists of the set of all permutations of « with ,, inserted into one of the final
n—2m positions. The set B,,_; meanwhile consists of the same set of permutations
of a but with 8, inserted to one of the initial 2m positions. The union of these
two sets is identically Sg, and so we can immediately say that

E7

aLatﬂl - [ Z m'(n—2m)| Z <m 1V621 02,+1>(H(ak+tk)wca)

Sﬁ i=0 i=2m
(B53)

showing that this formula holds for n derivatives if it holds for n — 1 and thus
completing the proof.
The second result follows trivially by setting ¢ — 0. O
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B.3 FOUNDATIONAL INTEGRAL

Let us now consider the foundational integral underpinning every result in this
appendix, given in equation (B2). There are two core theorems in this section,
theorem B.2 in which we perform the full integration over the entire set of x
variables, and theorem B.3 in which we integrate over only a subset of those
variables.

Theorem B.2. The integral

f dNx (H xl-) exp(—xTV~-1x + aTx), (B54)
RN

ief

fora € RN, vV € RNXN symmetric positive semi-definite, and B a tuple of not
necessarily unique indices of x, is given by

15]

aav(3) 3 ot 3 (1] e (Tl @) evGarva,

m=0 Sﬁ i=0 i=2m
(B55)

where, Sg is the symmetric group of all permutations of f, |-] is the floor function,
and x! represents the factorial of x.

Notably, in the special case where a = 0 only the m = % terms remain and this
reduces to the previously known result given in equation (244).

Proof. This integral can be solved in the usual Gaussian fashion by first recasting
it as the derivative of a known integral as

f dNx (H xi> exp(—xTV~1x + aTx) (B56)
RN iep
an
=f dNx———— exp[-xTV~1x + (a + )x| (B57)
RN 6tﬁn 6t51 150
al’l
= f dVxexp[-xTV-lx + (a + O)x|| (B58)
tg .. 0lg Jon .

for t = (ty,...,ty_;)T. Performing the Gaussian integration then reduces the
problem to the derivative given by

N

s a" 1 T
5 5 exp[z(a +8TV(a+1)] (B59)
Vdet V=178 “th =0
=1 gx/ det Vexp( aTVa) 5 exp( avt+ - 1 tVt) , (B60)
.o ﬁ

t—0

which we have previously solved in lemma B.1. Substituting in that result com-
pletes the proof. O

Let us now consider the case in which the above integral is performed over only
some N’ of the N elements of x.
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Theorem B.3. The integral
f dNx, (H xl-) exp(—xTV~"1x + aTx), (B61)
RN’ ieB

performed over some subset x, of the variables in x, such that (down to an incon-
sequential reordering of indices)

xX=x,dx, a=a,da,

) , (B62)

<

Il
—
f S
SN

is given by

v [detV B
T dety eXp( azha) (zgﬁg xi) exp(=x] () 7'x, + 67x,)

1 n

(%)" Z ml(n' — 2m)! —2m)' 2, (H Sais 02H1)<H(Baz+2ij cri)’ (B63)

=0 OESg i=2m

where 3, and 3, represent the respective T/ J elements of B, n' = |B.|, and

6=a, +DTa, (B64)
B=V/V, =V, -V, V7'V, (B65)
D=V, V. (B66)

Although we have presented the ‘integrated’ and ‘non-integrated’ indices as a
contiguous block in this result, this is for notational convenience only and the result
applies immediately to any set T of indices.

Proof. First, let us note the form of the inverse matrix V=! using blockwise inver-
sion as [133]

-1

(VI VH> =( A ‘éj‘é_l‘éz)‘”’m‘é_l>
V71 V7 _%_lyﬂ(v;r - V1L7V7_1VJI)_1 (V7 - V?I I_IVIJ)_I
(B67)
Vi)t —(V/V)"'D
~( VW VI%)~D) (B63)
=D/~ (Vv

where D := V,_V~! and for notational convenience we additionally define
(VIV;) :=Band (V/V;) := A2

2Each of the inverses in equation (B68) are guaranteed to exist through the non-singularity of 1/
[133].
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We can use these definitions to split the integral into ‘integrated’ Z (5,) and
‘non-integrated’ 7 (f,) components as

f dNx, (H xi) exp(—xTV~-1x + aTx)
RN

ief

= (H xi) exp(—x]A™'x, + a,x,)

ieBs

X f dNx, (H xl-) exp(—xIB~!x, + (a, + 2B™'Dx,)Tx,), (B69)
RN’ =

which is exactly the integral in theorem B.2 for V. — B, a — a, + 2B™1Dx,.

Substituting the result from that theorem gives

’ 1 n'
(H xi> exp(—xTA™1x, + ajxj)nNT VdetB (§>
i€y
1%

| (| CRe,

OESg =0 i=2m

X exp[%(aI +2B7'Dx,)"B(a, + 2B7'Dx,)| (B70)

- \detB exp(é—llagBaI) (H xi) exp[-xf(A"! = DTB~'D)x, + (a, + DTa,)Tx, |

i€y

n L3

1% m
X(%) ,;om Z <1_[1B‘72u021+1>(1_[1(a + 2B~ leJ)kBkO')

aesﬁ i= i=2m

(B71)

Applying blockwise inversion again to equation (B68) to find (V"1)"! = V, we
can see that

(A1 -DTB D)1 = V. (B72)

Substituting in this result and noting that det B = det Vdet 1/~ [133] allows us to
condense the implicit k sum into a matrix multiplication,?

;le::// Xp( aTBaI) (H xl') eXp(—x}“é—lxj + (ag + DTaI)TxJ)
ief,

/[n7

() 2, 3 (o) ([T e w2002 o9

=0 creS =0 i=2m

which completes the proof.
In the x, = x case, that is to say integration over the complete RN domain, this
result reduces to that in theorem B.2. O

3Note that B is symmetric so Bk,ai = Bai,k'
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B.4 GAUSSIAN INTEGRALS OF POWERS OF VECTOR DOT PRODUCTS

In this section, we consider integrals of Gaussians multiplying vector products.
First, let us note a brief lemma on the partitioning of Z}; tuples.

Lemma B.4. Considera function actingona tupleof integerso € Z3, f(o) : Z} - R
for which the order of o is irrelevant; that is where

fl@)=f(r) VT € S,. (B74)

Then the sum over the set of all tuples can be partitioned into a 0 ... N’ sum and a
N +1..Nsumas

Y=Y Y " _fe.a+N), (875

"(n — n)!
OEZy n'=0g,e7%, o€, ni(n —n’)!
where o + N’ denotes the tuple o with N’ added to each element.

Proof. Consider an n-tuple o drawn from set of integers Z, with n’ elements
drawn from N’ and n — 1 elements drawn from N \ N'.

The function is not sensitive to reordering within o, so any element o € Zy;
can be reordered such that all elements drawn from Z - precede the remaining
elements.

It is trivially true that the set

Ai = {(O', T)lo' (S Z]”(]i” TE Zﬁl__r]l\l]/} (B76)

contains all such-reordered tuples containing precisely n; elements from Z .

There are n! opportunities to draw such an n-tuple from Z . if one does not
care about order, but only n;!(n — n;)! ways to draw it from .4;, hence a cardinality
correction of

n!

n;!(n — n;)! (B77)

is required.
The summation over all such .A4; sets with this correction is then equivalent to
a summation over Z,. O
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B.4.1 Gaussian integrals of (1 - x)"
Theorem B.5. The integral
f dNx, (A - x)"exp(—xTV-1x + aTx), (B78)
RN’

performed over only the last N' members of x such that the relevant vectors and
matrices split into ‘integrated’ T and ‘non-integrated’ J parts as

x=x,®x,, a=a,®a,
V. V.
v=["7 ﬂ) A=24,®4,,
Vig V&
is given by
Ly det V<_i\//1£B/11)nH (i (A4, +DA,)Tx, + %/153?11>
detyph 2/ VATEL,
z z
X exp(_x}“V?_li + eTx:f + %agBaz)’ (B79)

where H,, is the nth Hermite polynomial,

@=a,+Da;
B=V/V, =V, = V,,V;'V,
D=V, =V,
and V3! = (V)7L is the inverse of the X block of V.
We have presented this theorem in block form for notational convenience. It equival-

ently applies to a set of integration and non-integration indices which do not form a
contiguous block with appropriately defined Z, [J vectors and matrices.

Proof. We can derive this result by first expanding (4 - x)" to get the sum of

integrals,
f dNx, (A - x)"exp(=xTV"1x + aTx) (B80)
RN’
) n-1
=f dNx, > (H Aaixoi)exp(—xTV_lx + aTx) (B81)
RN’ o€ZY, =0

= ( Aai)f dl\”xz(nl_[_1 xgi) exp(—xTV-1x + aTx). (B82)
i RN’ i=0
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We can then use lemma B.4 to partition o between integrated () and non-integrated
(7) indices as

P Z - n),[HuZ)lHu)( i

leT

n n
TEZN N

xf dNx [H(xz) ]exp(—xTV‘ x +aTx), (B83)
RN

[<=leg

where N’ denotes the number of integration indices, and evaluate the integrals
using theorem B.3 as

detV
detV;

xZ( Ve | 2 (e

n-n' "i€T
TEL

1
exp(zagBaI) exp(—xIv=1x, + 67x,)

m—1

m'(n 2m)! 1 [H(/lz) ][ Bﬂzi’72i+1]|:in=g_:1(3’€ll)ﬂi + 2(Dij)n.i]

n’ TES, I€EC i=0

M~\=

m=0

(B84)

The commutativity of multiplication allows us to replace the product over o
with a product over one of its permutations 7 € S, removing the o dependence
from the summand. We can then note that for a summation of the form

Y, 2 f), (B8S)

!
oezn, TES,

with no dependence on o, summing over the symmetric group of elements of
a set which already contains every permutation precisely once, as Z does, is
superfluous and can be replaced by a cardinality multiplication, |S,| = n'!. We
can therefore combine the summations into

detV
detV;

><2< Vs | 2 (@)

n-n' jeT
TELY "\

1
exp(zagBaI) exp(—xIV"1x, + 6Tx,)

1% ,
X Z m'(n’n——'Zm)' Z [H(Az)azl z)c:rzl+1 C2is 02,+1][ H (/lz)cr (qul + 2DT j)U
m=o M- ! !

gezn’ i=0 i=2m

(B86)
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By partitioning Zy; between the two products as

3 [T 0 1er B ][ TT e B + 2075,

O’EZ"/ i=0 i=2m

[ 3 H(Az)%maazm ][ S [[GoiB%, +207x,),], (B87)

o’Esz i= ﬂEZ}"\l]/,_zm ier

and noting that

> I[x= (in (B88)

TELY, IETT i=0
n-1 N
> 1 f i) = ( >, fG ])) (B89)
nezZ i=0 i,j=0
we can factorise this result as
N [detV 1 _
T et v exp(zagBaI) exp(—xIV"1x, + 67x,) (B90)
n, 1) 1.,/ n!
~yn :
% ngo mZ:O(Z) m!(n—n")!(n' —2m)!
N-N' n-n't N’ mr N’ n'—2m
x[ 2 @] X o] [Lanee, +20m),
i=0 1,j=0 i=0

and identify the summations as vector/matrix products, to get

N [detV 1
72\ dety; FP(3azBan) exp(—x7 VX, + 6x,) (B91)
N % n—n' m n'—-2m
n' n! T r r o
Z Z ) m! (n—n)H (n' — 2m)! Az X, ATBA,| |AIB%a, +24IDTx,

Let us now swap the order of the summation as

DRI (892)
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(relabelling n’ — n — n’) which leaves the expression in the form

detV

T _+Ty/— T
2‘\/ detVeXp( azBa,)exp(—x; V"%, +0'x;) (B93)
2] h_2 ! n' m n—2m—n’
n—n’ : T T T THT

ZO WZO( ) mn'(n—2m— I’l)'[i ] [AIBAI] [AIB%I+211D X,

NT/ M 1 T —xTy-1 T

N et/ exp(4aIBaI) exp(—x;V,'x, +6'x,) (B9%4)

171 1 ! .

Sy M

PN {m,(n_z o[aze) }

n-2m n e
(n—2m)! T . .
X Z n'! (l’l —2m — I’l/)! Zﬂ'jxj AIB?II + ZAID X, .

Finally, we can use the binomial theorem to factorise the second term as

exp( alBa,)exp(—xIV1x, + 67x,) (B95)

n-2m

| m
x 3 (%)nm[ﬂm ] [za;xj + ATB, + ZA;FDij]

exp( alBa,)exp(—xIV1x, + 67x,) (B96)

1 | m n-2m
% Z(E) ﬁ[ﬂm ] [2(/13+D,11)Tx3+/1£3%1 ,

which we can identify as a Hermite polynomial of the form

2] .
Hyx)=nt Y — D" pynam, (B97)

= ml(n —2m)!

to rewrite the result succinctly as

detV(  VaTBA,\n . (. (A + DA%, + 5ATB%a, (B98)
detV ( 1 2 ) n(l [A%"BAI )

1
ZaEBaI),

x exp(—xIV1x, + 6Tx, +

completing the proof. O
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Corollary B.6. The partial integration of theorem B.5 with no linear term, given by
f dNx, (A - x)" exp(—xTV~1x), (B99)
RN’

over only the first N' members of x so that the relevant vectors and matrices split
into ‘integrated’ T and ‘non-integrated’ J parts as

. v
x=x,®0x,, A=4, 04, V=(V VJ)
JL va
is given by

, 2T T
\ detl VaTBa,

where H,, is the nth Hermite polynomial,

V/Vz = [(V_l)z]_l =V - VZJV.j_lI./jz

B
D=V, =V 'V,

and V3! = (V)7L is the inverse of the X block of V.

We have presented this theorem in block form for notational convenience. It equival-
ently applies to a set of integration and non-integration indices which do not form a
contiguous block with appropriately defined Z, J vectors and matrices.

Proof. This corollary follows immediately by setting @ = 0 in theorem B.5 and
noting that therefore & = 0. O

B.4.2  Gaussian integrals of [(Ay - x)* + (4, - p)*|"

Let us now consider integrals over two independent sets of variables, x and p
which form a single integrand as

[(Ax - 0)* + (A - P)*]" exp(—q"V~'q + a’q)
=[(Ax - x)* + (A, - )*]" exp(—=x"V"'x + a,x) exp(~p"V;'p + a,p) (B101)
forq=x® p.

We will assume in this section that the variables contain some symmetry
between x and p such that

Azz(‘{c/zcz)lxz = lgz(%/%z)’lpz (B102)

for A,,, 4,, the portions of 1,/, respectively corresponding to integrated variables.

x/p

203
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Theorem B.7. The partial integral
f dNe, dNp, [(Ay - x)* + (4, - p)*]" exp(—qTV1q + aTq), (B103)
R2N'
for q = x @ p performed over only the final N' members of x and p, such that the

relevant vectors and matrices split into ‘integrated’  and ‘non-integrated’ J parts is
given by

;[ detV 1
& @eXP(Zag(W V)a)exp(-q;V;'q, +67q,)n!

(Alx, + 3E) + (Alp, + %P;)Z)

. (B104)

X n!G”Ln(—
when the condition
A5Vl Vi) hxr = A5, (Vo Vi DA = G (B105)
is satisfied. Here, L, (-) denotes the nth Laguerre polynomial,

6=a,+V;V,a,,
Ay = Ay + Vi VenAnss A
F = Agz(wc/vm)axz’ Pi) = lpz(%/vpy)apza

and M is assumed to refer to M. @ M, when presented with no x/p subscript.
Proof. First, let us expand the binomial into two integrals

f AN [(he - % + (A, - pPlrexp(—qTV-1q + aTq)  (B106)
RZN’

= zn: < " )[f dNx, (A, - x)*"x exp(—xTV 1x + axx)] (B107)
RN’

n,=0 My

X [ f dNp,(4, - py*" exp(—pTV;p + app)],
RN’

each of the form solved in theorem B.5. Substituting that result and recombining
V=V, ®YV,gives

L(n\ N [detV 1 o1 r
n;o<nx>” \| dety; P(GazBa) XV e, +6°q,) (B108)
\//‘LTIBA.IZx A +DANVTx + 1T B
X{(_i—xzx - )nHznx(i( s Axr) Xy + 5Avs J%xz)}
v A‘.;IC-‘IBXZ'XZ
o\ AL ByApr 2(n-ny)  (Ap + Dplpz)TPJ + %lngpTapz
xi(-i4—5—) Hognonyi )b
V /‘LZ;IBPAPI

as defined in theorem B.5.

for 67q, = 6%x, + 6] p,,and 65/p> Bx/p> Dx/p
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Let us now, for notational convenience, denote

' detV 1
x=aN_] Tot 1/ exp(zazBaI) exp(—qlVv;lq, + 67q,) (B109)
va

Gy = AL By, = AL, (Vey — Vir Vi Wi Vs (B110)
Ay = /1;47 + Dx/lxz = /1x7 + nglvmlxz (B111)
E =AY B.ay, = AL, (Vey — Ver, Vi Ve, (B112)

and similarly define G,, A,, and F,, which allows us to rewrite equation (B108) as

IR R S

2
(B113)

ne=0

We can then use the Hermite-Laguerre polynomial identity [75, (18.7.19)], that
_1
Hyp(x) = (=) 1L 2 (x2), (B114)

to rewrite this as a sum of Laguerre polynomials as

n _1y, (Alx, + IE)?\ 1y, (Alp, + 3F,)?
xn! Z GJ'C‘xGlrjl—nxL(nxz)(_(“G—z"))L(n_2n)x<_%>. (B115)
n,=0 X 14

In the limited case in which G, = G, := G, we can then use the Laguerre polyno-
mial addition formula [75, (18.18.10)],

n
2 LWL (B) = LA + B), (B116)

1

to rewrite this expression as

(B117)

(Alx, + 1F)* + (Alp, + %Fpﬁ)

)(n!G"Ln<— G

which completes the proof. O


http://dlmf.nist.gov/18.7.E19
http://dlmf.nist.gov/18.18.E10
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B.5 GAUSSIAN INTEGRALS OF LAGUERRE POLYNOMIALS
B.5.1 General case

In this section we will finally solve the integrals of primary interest to us in this
section, that of the product of a Laguerre polynomial with a Gaussian, which
closely represents the Fock state.

Theorem B.8. The partial integral
f dN, dNE an([/lx X+ [, p]Z) exp(—q"V~'q+a’q),  (B118)
R2N'
where L,,(-) is the Laguerre polynomial of degree n, and q = x @ p, performed over

only the final N' members of x and p so that the relevant vectors and matrices split
into ‘integrated’ I and ‘non-integrated’ J parts, under the condition that

s/ Vi DAy = A (Vp/ Vi YAz (B119)
is given by
, | detV
N T Ty— T
detv, exp( TBa,)exp(—qlV,~1q, + 67q,)
n
x > ( )( G)"L,, ( 4G,[(2ATx +E)?+(ATp, +Fp)2]), (B120)
m=0
or by
=N [ —=—— detV exp( aTBaZ) exp(—qLV,'q, + 67q,)
detV, tV,
x (1—G)"L, ( slAlx, + B+ (alp, + Fp)z]) (B121)
where
0=a,+ V'V, za,, =1 I(V/Vm)/lxz = AL, (VI Vi DAz,
Ay =4, +Vx7 Virzhxzs A, =/1 1Vm/1pz,
1 1
F. = ilgz(zc/vm)axz’ Fl‘) = 2/1 ( )apz
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Proof. The first result follows immediately from theorem B.7. If we first expand
the Laguerre polynomial into its closed form and substitute the integral result
from that theorem, as

/ dN),CI dN, an<[/‘Lx ) x]2 + [/‘Lp ° p]z) eXP(—qTV_lq + aTq)
R2N'

— o (DT dNe. dNp_ (4 24 (4 21 Ty -1 T
_z m! m! -~ Xz I[(x'x) +(p'p)] exp(—q"V~'q+a'q)

(B122)
;[ detV 1 _
=N’ | aetV, exp(ZagBaI) exp(—qfV~lq, + 67q,)

X Zn: (n>(—n11?m m! G™ Lm(%[(zﬂxj +E)?+(2ATp, +1§,)2]) (B123)

’ detV 1 _
=N detV, exp(ZagBaI) exp(_q;[é 1% + equ)

<2 (Z>(_G)'"Lm<%[(2“‘§xa +E +Afp, + F)?)) (B124)

To derive the second result we start by expanding the Laguerre polynomials so
that
2

2 Z)(—G)’"Lm(;—é[(m;‘xg +E)* + (Alp, +F, )2])

m
n n mo (e (—1 b _1 b
= ZO <m>(—G)m bz;)(b>( b!) (E[(zA){xj +F)?+ (A% p, +Fp)2]) .
m= —
(B125)
Reordering the summations as
n m n n
Z Z - Z Z (B126)

b
m=0 b=0 b=0 m=b

207
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and relabelling the summation index so that m — m + b then leaves

>

n

_b
Z (m+b)<m+b>( i bl') (75lCALe, + 17 + 2afp, + 1)

b=0 m=0
(B127)
n n-b b

=2, . G =5 O 1 (gleATx, + £ + AT, + )
(B128)

— i n! ["ib [n—b]! (- G)m]Gb< (ZATx +F )2 + (2A +F )2])b

~ & bl [n—bltL L~ min—b—m]! P,
(B129)

= bZ_}O (Z)%“ — Gy(—1[ATx, + ) +2Alp, + BY]) (B130)

n _1)b
=1-6)n) <Z>_( bl,) (}1 - _1 T—5lATx, + E)? + (2ATp, +Fi,)2])b (B131)
b=0
=(1-G)"L, (1 G[(ZA,éx +E)?*+ (2A}p, +Fp)2]) (B132)

Recombining this with the first part from equation (B124) completes the proof. [J

Corollary B.9. The partial integral of theorem B.8 with no linear term,
f AN, dNp Ly([Ay - X1 + (4, - pI) exp(—q"V1q), (B133)
R2N’
where L,(-) is the Laguerre polynomial of degree n, and for q = x @ p, performed

over only the first N' members of x and p so that the relevant vectors and matrices
split into ‘integrated’ T and ‘non-integrated’ J parts as

x=x;Sx,, P=p:®p, q=x@ p,
Vs Vi |4 |4

WC:<XI XIJ>’ %:(pI pIJ>’ V:%Q%,
Verr  Var Vor W

A=A, ®AL, Ay =y ® Ay,

under the condition that
lgz(‘{cz - V;czj nglvxn)lxz = /lgz(vgv)z - ‘{)Ij Vp;lvpyz)/lpz (B134)

is given by

\/ (?:ttg(l )”Ln(%[m;x > +(Af p;,)z])eXp( q*v'q,) (B135)
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where
Ay =y + Vi Wardns
— 1
Ap = /197 + VIU ijzlpz
G= A‘J];I(sz Vezs VUIVUI)A‘XI = /1;7;1(%1 - I{)IJ Vpglvpﬂ)/lpp
V,=V.,® VPJ’

and V3t = (V)7L is the inverse of the X block of V.

We have presented this theorem in block form for notational convenience. It equival-
ently applies to a set of integration and non-integration indices which do not form a
contiguous block we appropriately defined Z, [J vectors and matrices.

Proof. This result follows immediately from theorem B.8 by setting a = 0 and
noting that this implies & = 0 and F,/, = 0. O

B.5.2 Single-mode output case

As our output states should be expected to be a mixture of Fock states, it will be
instructive to rewrite the output of this integral as a summation over the Fock
state Wigner functions. Before we do so, though, we prove a lemma that will come

in useful.

B.5.2.1 Preliminary lemma

Lemma B.10. Forn,m € Z>o, A,B€ Rand |B| <1,

= = — )( )( )
A B
a=0 b_max(m a. 0) (

m min(m,n)
=(1_BBW z;o <Z>(7Z>(%)b(A+1—B)"—” (B136)

1 min(m,n) n\(m\ ., . ,
=(1 — B)n+m+l bz_;) <b)<b>A B" (A +1-B)"". (B137)

Proof. Let us start by splitting the summation into a < m and a > m components
Z”: i n\fa+b\fa+b Aagb
al/\ m a
min(m,n)
_ Z n><a+b><a+b>AaBb+ Z Z (n)(a+b>(a+b)AaBb’
al/\ m a/\ m a

a=m+1 b=0
(B133)

as

which we consider separately.
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a: 0~ mSUMMATION

Let us first consider the a : 0 » m summation. Noting that the b summation
extends to infinity, we can rebase the index as b — b + m — a without changing
the upper limit, to give

min(m,n) o
Z Z (I’l)(l’}’l + b><m + b>AaBm+b—a (B139)

a=o h=o\H\ M a
min(m,n) oo ! ' '
= 2 2 ! - ! e Tbll)). 1 ) lAaBm+b_a (B140)
& &L am-a)! mb! a(m+b-a)
_ min(z’:n’") m!n! qapmaXy L(m+b)l(m+b) (m—a)
- & alal(n—a)(m-a)! &b m m'  (m—a+b)
(B141)
| minmm) min! apnea o Lt DOm+®
- alal(n — a)!(m — a)! b! _ (b) » (Bl142)
a=0 b=0 (m a+ 1)
for
x+a—1)!
()@ = Gr+a-1)t G- ) (B143)

the rising factorial.
We can then identify the b summation as an instance of the ,F hypergeometric
series, defined for |z| < 1 as [135, (15.2.E1)]

2F1<a,b;2) _$1@000 (B144)

¢ )T El @O

Substituting this result in, noting that we have restricted B to |B| < 1, gives

min(m,n) 11 1 1
- m.rt. 'AaBm—azFl(m+ ,m+ ;B) (B145)
& aad(n-a)l(m-a) m—a+1
We can now use the Euler transformation [135, (15.8.E1)],
o8 (%iz) =@ -2 (74 TP, (B146)

to transform the hypergeometric function into one in which the upper parameters
are negative integers,
min(m,n) min!

Z—:o alal(n — a)l(m — a)!

a=

-a,—a |
m—a+1’

Aagm=a(] — By~a-m-1_f ( B). (B147)


https://dlmf.nist.gov/15.2.E1
http://dlmf.nist.gov/15.8.E1
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Transforming the upper parameters into negative integers means that the pre-
viously infinite series now terminates, as (—a)®®) = 0V b > a and we can write
the hypergeometric series as [135, (15.2.E4)]

min(m,n) min! Aapm—a

—a)D)(—a)®)
az=0 alal(n — a)!(m — a)! (1 — B)ym+a —Bb

1(
b'(m—a+1)®

min(m,n)

1 a)(b)(a)(b) Bb
b'm—-a+1)®

& alal(n—a)(m—a)! (1-B)mta (B148)

a

T 24

m!n! ABmTe &
24

min(m,n) min! Aapm-a a al (m—a)!

(B149)

min(m,n) - jagm-a min!
Z (@1 -B)yntatl bZ=:0 b!(n — a)!(a — b)!(a — b)!(m — a + b)!

BP, (B150)

where we have made use of the relationship between rising and falling factorials
that (—x)(@ = (=1)3(x)y). Finally, we invert the summation, making the change
of index b — a — b, to give

min(m,n) q

m!n! Aapm—b
Z z(a b)!(n — a)!b!b!(m — b)! (1 — B)m+a+l
mln(mn) a m\(a\/m AaBm_b
- 2 260 @151

a:m+1mHnSUMMATION
Let us now return to the a : m + 1 — n summation, given by

zn: 3 ( )(“ + b)(a Z b)AaBb. (B152)

a=m+1 b=0

' M

By again expanding the binomials and identifying rising factorials we can write
this as a ,F; hypergeometric series,

250600

a +1 b=0
n (o) ' |
= > Z (@+b)!  (a+b) pp 153
a=m+1H=0 a'("— a) ml(a+b—m) alb!
n | o | | _ |
Y m %(a +nb)' “ +.b)' a=m ;B (B154)
azma1 (@—m)lm! =% & al  (a—-m+b)!
N ! ® (b) ®)
- R ﬁ(a ) +(2 B’ (B155)
a=m+1 (a—m)im! p=o 0t (a—m+1)
N n! e pfat+La+1
_a=m+1m 21(a—m+1’ ) (B156)

azzo alal(n — a)!(m — a)! (1 — B)m+at+l I;) b!'(a— b)! (a=b) (m—a+b)!

211
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http://dlmf.nist.gov/15.2.E4
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Again, applying the Euler transformation allows us to rewrite the upper para-
meters as negative integers, which ensures the series terminates, as

n

a (m+a+1) -m,—m |
p ;ﬂ G m)' A1~ B)” Fl( B ,B) (B157)
1 n! Al 1 (M)py(m)p)
= Bb Bl
et (a m)lml (1 B)M+a+1 Z b! (a m+ 1)(b) ( 58)
no n'm! Aapb

= 2 2 hm=bim—bla—m+ Hii—ay (1~ pyan B

Again, reversing the order of the inner summation by taking the index transform
b — m — b allows us to write this as

2,260 ) ®16)

Finally, we note that by definition, (') = 0V b > m. Hence, for a > m we can
set the upper limit of the inner summation to a to match equation (B151), with
the additional terms from b : m + 1 — a all vanishing. We finally write this
component, then, as

2,2 (0 e e

COLLECTIVELY Returning to equation (B151), we can recombine the two
outer summations as

S S e

b a=m+1b=0
(B162)

min(mn) @\ (q\(m\ AIBM-b n& (n\fa\[m\ Aspm-b

S £ BN
(B163)

n a m) AaBm—b
= — (B164)
35 (0)6)5 ) S e
Let us now swap the order of the two summations, as

$$ ¢ @165

a=0 b=0 b=0a=b
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and reindex a — a + b to get

Z()?b(aib)(“?b)(?)% ®160)

= ;)(Z><m)(1 f_lbg)rfnfbﬂ S b(" u ) a- B)) (B167)

- IE) (Z)(?)(l ilbg)}szﬂ + Gz B))"'b (B168)
:$ g (Z)(’Z)(%)b(fl +1-B)"b. (B169)

Noticing that (mm(" m)) 0 for b > min(m, n), allowing us to short-circuit the
summation, completes the proof. 0

B.5.2.2 Theorem

Corollary B.11. In the limited case in which the integration is performed over all
but one x, p variable termed x,,, p,, and in which the x and p components conform
to the symmetry conditions

Vo =W =V (B170)
AgI(KCI/VU)AXI = '1 (V /V )A =G (B171)
Ay + VigWorrdyr)* = (Apy + Vir' Vo A, )? (B172)

the integral
f dN"Lx, dNUp, Ly([Ac - %2+ [4, - PP ) exp(-q"Vlg),  (B173)
2(N-1)

is given by

N_1 VdetV A2

v (=)"(G - 1D"L, (2(1 )[2x§ + 2p§])exp(—%/[x§ + pﬁ]),
(B174)

or by the strongly convergent infinite series

NV (=1)/det v i (=1)"C,p Lm<2x} + 2p§) exp(—xg - pg) (B175)

m=0

for

min(m,n)
_ 2 n\(m\ V24 ., m—b n-b
C”'”_Ig+1 2 (b)(b)(1+1/v) (V+1) (1+1/V+G_1) '

b=0
(B176)

213
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Proof.

FIRST RESULT The first result is a direct corollary of corollary B.9 where
Ay = A A, = A, qFV;q, is expanded to x and p terms with equal V,

SECOND RESULT Let us start with the more general result of corollary B.9
that

[ N ¥, Ly ([ 5P + [y - PP expl-qV )
2N-1)

=N [ St (VG = (g (20T, ) + 24T, 2] exp(~aTY )
(B177)

for G, = G,=:G and where G, A are as defined in that result.

We now consider the case where the integration is performed over all but one
x, p index. Let us denote the surviving indices x, and p,. We further impose that
Vo =Wy
one and treated as scalars. This leaves,

N_1 VdetV

=: V and A% = A%, =: A2, noting that x, p,, and A are now of length

( DG - 1)L, [2(1 G)(Zx +2pj)] exp[ (x +p§)]

v
(B178)
1/ 2
=N d;t (-=1)™(G — 1)%,,[%(2&3 +2p§)]
X exp(—x2 — )exp[( (x + pj)] (B179)

Let us now rewrite the Laguerre polynomial and the second exponential as a
summation of monomials as

d . " _1)a 2 a a
N VetV ey 20@( 2 (s ) (22 +222) ]
X [i zblbl (1- %) (222 + 2P§)b] exp(—x? — p}) (B180)
—N Vdet VetV 1ynig — 1y
[22( )allbv<1 A 1) (30 -1m)) (202 + ) b]exp<—x§—p§).
(B181)

Let us now substitute the polynomial terms for their Laguerre representation
using

x=n (Z)(—l)mLm(x) (B182)
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to give
NP 16 - Dt exp(2 - p2)
5t (Malsarr) (3 o 85 (0 P )emrmt(acs + ) |

m=0
(B183)

N YV e 1yrexpx - g2,

X [i i ai‘f ( )(a + b)<a Z b)(% GA_Z 1)“(1 —21/1(7 )b(—l)mLm(z(xj + pj))]

a=0 b=0m=
(B184)

Swapping the order of the summations so that
(s8]

DI (B185)

a=0 b=0 m=0 m=0 a=0 b=max(m—a,0)

+b

Q

leaves

) RO I (M (G RS I

a=0 b=max(m—a,0)

% [(—1)’”Lm(2(x32 + pg)) exp(—x2 — pg)] (B186)

= NN (=1 det V Y] | (-1 L (202 + p2)) exp(—x2 — )|, (B187)
m=0
where we define

(G-t & & n\fa+b\fa+b\/1 A% \a,1—-1/V\b
Crm = 4 l;)bzmm%:n_a,o)(ax m )( a )(5G—1>( 2 J)'
(B188)

We can here immediately use lemma B.10, that

n & n)(a + b)(a n b)Aa X 1 min(rm.n) (n)(m)
B’ = ——— APB™b(A +1 - B)"b,
GZO b:max(zm—a,o) (a m a (1 - B)n+m+1 l;) b/\b

(B189)

for

2
a=12 (B190)

B= %(1 — ). (B191)
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The infinite series then reduces to a closed form as

_(G-1)" 1
Crm = v (% + i)n+m+1 (B192)
min(m,n)
n\fm 1
X )b( Q-1/y)m b(—— + 4+ —)" b,
z (:)(5)es" z
_(G -1 1
= 7 a+ 1/%)n+m+1 (B193)
min(m,n) 2 2
b A" b Lymop A Lvnb
CE RNt b
min(m,n)
1
= A ESAREE z 2b+1<Z>(’Z>A2b(1 )m A2+ (G- + — 7 ))n b
7 7 b=0 7
(B194)

Subsuming the (1 + 1/V;)"*™ term into the relevant terms in the summation by
introducing an additional (1 + 1/1;)?? allows us to simplify the brackets as

C — i) 2b+1 A2b( 1/% )m b( G 1)” b( )zb
”m_V(1+1/V) Z 1+1/V 1+1/V+ h 1+1/V

min(m,n) \/'_
__2 n\(m 2A L m—b n-b
"7+l X (b)(b)(1+1/v)2 (V+1) (1+1/V +G-1)

J b=0
(B195)

which completes the proof. O
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B.6 GAUSSIAN INTEGRALS OF A LAGUERRE POLYNOMIAL SUBJECT TO
A COORDINATE TRANSFORM

Finally, let us now consider integrals of the form we expect from our output state:
a Laguerre component and a Gaussian component with covariance matrix I, @ V;
that have each been subject to a coordinate transform. Before we go on to solve
this integral in theorem B.14, let us first consider two Lemmas that tell us what
form the G and A variables will take.

B.6.1 Lemmas

Lemma B.12. Consider an n + 1 X n + 1 square real matrix A, given in block form
by

A, A
A= ( 7 ﬂ), (B196)
AIJ AI

1x1 1 1
where A, € R, A, e R A, e R™, and A, € R™",
Consider also a second matrix given by

v oV
V=AWl = ( 4 ﬂ). (B197)
Vi Vi
Then,
G:=2A,-(VIV)-AL =2— J% €eR, (B198)
VAL
A:=12(4, + ) = g(A/AI) eR (B199)
T
for

y=1+A_ (AT 1A )AL =1+ (A ATH(A,AZDT € R, (B200)

where (B/C) denotes the Schur complement of B with respect to block C.

Proof. We will prove here of these results separately. Let us first, though, derive
the form of V/V/,.

FORM OF V/V,  To derive the form of the Schur complement, let us note the
two ways we can write the inverse matrix V1. First, directly from the form of
equation (B197) as
v-1= AT(l/Ul‘b [ W_I)A — ( Ag ;_Agj;%_illlzj AJTAJI +A%71%2:11A1) ,
NAAL+ALVE AL, ALAL+AZVEIAL
(B201)
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and second using blockwise inversion as

1= ( vy —(%)*Vﬁ(Vﬂé)—l)_ (B202)

—(VIv) TV, (K)7! /)

These allow us to read off the form of the Schur complement of V with respect to
block 1/ as

VIV, =[(v ), ]t =[ALA,, + AT 1A, 7L (B203)

The Sherman-Morrison formula for a square invertible matrix M and column
vectors u, v states that

M- 1yToM-1

M+uTv)yl=M1—- —————
( ) 1+ ovM-1uT

(B204)
Applying this formula to equation (B203) we can rewrite the Schur complement
as

AV ') ALAATV I A)™
1+ Aﬂ(A%"Iq{lAI)—lAJTI
ATVRAZHTALA AT R(AZDT
14+ A AT VR (AZHTAT

VIV, = (A 'A) T — (B205)

= A7 VR(AZDT - (B206)

FORM OF G  Let us now consider to the first result in this Lemma, shown in
equation (B198), that

G:=2A,-(V/V,) -AJTI. (B207)
Substituting in the form of the Schur complement found above, this becomes

ATVRATHTAT A, ATTVR(AZHT
1+ A AT VRATHTAL

—2A AYRA AT — 2 BeAT)RAAT) (A AT V(A A7)
grE R 1+ (A ATDRA, AT

20, - | ATVRAZHT - -AL (B208)

(B209)
2
oy —1)— 2=V (B210)
2
=2 - -, B211
7 (B211)
for y defined as
7 =1+ (A AZDRAAZDT € R. (B212)
FORM OFA  Now consider the expression in equation (B199),
VAL
A=12(4, + ). (B213)
J
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We can use the expression for the inverse of V from equation (B202) to first
rewrite V_, as

V==V, (VIV,). (B214)

Consequently, A becomes
V2[4, - (v (vl (B215)
=\2[A, = (A AL + ALV AV IV)AL| (B216)
=\V2[A, = A, [A,(VIV)AL] - ALV AL VIV, )AL | (B217)
=2 [% —AT, Ig;lAI(V/VJ)AjTI], (B218)

where we have recognised the term within the inner square bracket as equal to
1/2G. Let us now focus on the second term. Expanding out the Schur complement
using equation (B206), cancelling the V1A, matrices, and substituting in y we
can reduce this part to

AL VAL (VIV )AL (B219)
A ATWR(AZTHT

=AT VA | Az (AZ)T[ 1 — AT sz Rz AT (B220)

Z7 'R I[ z Rz T+ AL AT WR(AZD)TAL ||

A ATHRAATDHT
:AIJ(AEI)TAgTI 1-— ( \7z4 11 ) R( \7z4 11 ) (B221)
1+ (A AZDVR(AAZDT
1
=AL(A;1)TA}I; (B222)
Equation (B218) can then be written
A A, — AT _(A7HTAT
V2| - ALRALVIV)AL | =2 “ﬁ DAL (B
which we can recognise as the Schur complement A/A, = diiz(/?)) (noting A/A, is
z

scalar), completing the proof. O

Lemma B.13. Consider a symplectic matrix A given in block form as
*r , (B224)

with zeros in the empty off-diagonal blocks, and a second matrix given by

v, Vv
v=alaewyat =7 7). (B225)
Vi Vi
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When the conditions

=A,, (B226)
Vo =W 1=V (B227)
are met, then 'y, =y, :=y is automatically satisfied for y as given in lemma B.12,
which becomes
v
y=-5. (B228)
T

Consequently, the expressions for G, A from lemma B.12 reduce to

AZ
f— T _
Gx/IJ - 2A(x/p)JI : [V(vx/p)/v(x/p)f] 'A(x/p)]I =2 - 27;, (B229)
Vix/oyiAL
_ /DT (x /)1y 2,
Axpp = \/E[A(X/p)l + V_(x/p—)f —\/5?7, (B230)

and Gy = Gy, Ay = Ap are automatically satisfied.

Proof.

FORM OF y  Let us first note the property of symplectic matrices with zero
off-diagonal block that

A =T (B231)

Comparing this to the form of (A,)~! found through blockwise matrix inversion,

-1 _ -1 -1
At o ( el =l ) ) ) 5232)
_(sz)_ A)UI(Ax/sz)_ (Ax/A)U)_
we can read off the form of A, as
Ar = AP = (Ax/Ax) ™ (B233)

Equating these forms as

Azl = < A _AJAW(AXI)_I) = ( A Agﬂ) = AT, (B234)
_(AXI)_lAXIJAJ (Ax/AxJ)_l AWIT AZ;I P

also allows us to read off the result that

Ay AGE = P22 (B235)
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Now let us directly calculate the form of V/, the upper left element of 1%, as

A7 rx)(A Hr (B236)
A 0 I/;')C ApIJ ApI
((AJ)2 +Agzj er : ApI.] ) , (B238)
SO
= A+ AL, Vix - Apsse (B239)

These results in equations (B235) and (B239) allow us to rewrite the form of y,

as

Y =1+ (AxﬂA‘%)er(AmA;%)T (B240)

=1+ Ang,xApU (B241)

Vv —A2
=14+ L 2 B242
+ 2 (B242)
V
=/%. (B243)

An identical process can be followed to find y,, which takes the same final form.

FORMS OF G, A  Recall from lemma B.12 that G and A are defined as

G, 1=2— 2, (B244)
T

Ay i =V2 (), (B245)

Substituting the form of y from equation (B243) and (A,/A,;) = 1/A, from
equation (B233), we can immediately write these as

AZ
G, =2-2%7, (B246)
T

A
A, =\/57”. (B247)
i

The form of G, and A, can found identically. O
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B.6.2 Theorem

Theorem B.14. Consider a symplectic coordinate transform A acting on a symmetric
positive-definite matrix I, @ V. where V, and A are such that the transformed matrix
can be written in separate x/p components as

V. =AM A @ Vi )(AHT V, =A511 @ Vip)(ApHT.

Let us for simplicity denote as A, 4, the first row of A, Ap. Then, when the symmetry
condition

A=A = A, Vo= =Y (B248)

is satisfied, the integral

f dxy . NADs,.. .NLn(2lAy - X + 202, - PI?) exp(—xTV;1x = pTV; 1 p),

RZN—Z
(B249)
is given by the closed form
N VdetV o, A7 2 2 1.5 2
Vs e (2A2 - V) L"<—I§(2A} — I{7)[2x1 + 2p1])exp< 1é(xl + pl)),
(B250)

or by the infinite series

aN=1(=1)"/det V i C,(—1)m Lm(z(x% + 2p§)) exp(—x% - p%) (B251)

m=0
for
2 min(m,n) n\/m
=i 2, (o5 - e

(B252)

Proof. This result is a special case of corollary B.11 for
V= AL @ V)(AHT (B253)
A = V22, (B254)
A, =22, (B255)

Under the conditions outlined in equation (B248), lemma B.13 shows that the
G, A variables in corollary B.11 become
A2
G=2-237, (B256)

J

A
A=+\2%2, (B257)
v
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and G, = G, and A, = A, are automatically satisfied.

RESULT 1  Let us consider the first result from corollary B.11, that the solution
to the integral can be written

2
_1\/d§t Ya-oyr, (2(1A ~ [2x2 + 2p§]>exp(——(xj + pj)) (B258)

T

which in this case becomes

2
det V(zﬂ —-1)"L, (;[Mz + ij]) exp(——(x2 + pj)>
% 2V, — /v v
(B259)
detV A2 1
- V:+1 ( .3 - J)nLn<V(TJ—V)[2x‘; + 2p§]) exp(—vy(xg + pg))
7 g\el7 — Vg

(B260)

RESULT 2  Alternatively, the integral output can be written as the infinite series

aN'(=1)"/det vV Z =D)"Cpm Lm<2x§ + 2p§) exp(—x§ - p§) (B261)
m=0

min(m,n) \/'_
__2 n\(m 2A L m—b _ 1yn-b
Com =y 51 2 (b)(b)(1+1/v) (V +1) (1+1/V G-

b=0
(B262)

In this case, for G, A as given by lemma B.13, the expression for the coefficients

becomes

2 M e\ (m)\ 24,1V, 2A2/V2 Az
=TI (b)(b>(1+31/i7/)2b(v+1)m Gy )

7 b=0 7
(B263)

2 min(m,n) n\/m
_ . " .
~ (G + l; (b><b>(4f‘§) ( = 1)m=b(Y, + 1 - 242)n-b,

(B264)

O
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