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Abstract

Quantum computers have the potential to solve problems that are be-
lieved to be classically intractable. However, building such a device is
proving to be very challenging. In this thesis, two physically promising
settings for quantum computation are investigated: the one-way quan-
tum computer and ancilla-based quantum gates. The majority of both
the theoretical and experimental focus in the field of quantum compu-
tation has been on computation using 2-level quantum systems, known
as qubits. In contrast to this, in this thesis I consider the relatively
less well-understood setting of quantum computation using continuous
variables or d-level quantum systems, called qudits. 1 develop a simple
notation that encompasses each different encoding, and is applicable to
a ‘general quantum variable’. These ideas are then used to investigate
computational depth (a proxy for time) in quantum circuits and one-
way quantum computations in this general quantum variable setting. In
doing so, the parallelism inherent in the one-way quantum computer is

made precise.

In the second half of this thesis, a range of techniques are proposed for
implementing entangling gates on a well-isolated computational regis-
ter via interactions with ‘ancillary’ systems. In particular, ancilla-based
quantum gates for general quantum variables are investigated - including
the interesting case of hybrid quantum computation, whereby more than
one encoding is used in tandem. The methods proposed herein each have
their own unique advantages, such as: reducing gate-counts in certain
circuits, allowing for inherently parallel computation, or minimising the
physical requirements for universal quantum computation. In particular,
the final gate techniques that are proposed in this thesis may implement
any quantum computation using only a single fixed ancilla-register in-
teraction gate and ancillas prepared in simple states. This then allows
the computational register to consist of well-isolated ‘memory’ quantum
variables and the ancillas need only be optimised for a single high-quality
fixed interaction gate. Hence, this provides a simple and highly promis-

ing setting for physically implementing a quantum computer.
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Thesis overview

This thesis consists of three relatively distinct sections, outlined below.
Introduction

The introduction to this thesis encompasses Chapter 1 and 2. In Chap-
ter 1 a brief and relatively non-technical introduction to quantum com-
puters is provided. One purpose of this chapter is to present the inter-
related motivations for each of the two distinct lines of investigation
undertaken herein: the one-way quantum computer and ancilla-based
gates. Much of the work in this thesis is presented in terms of ‘general
quantum variables’ which encompass the three different variable types a
quantum computer may be constructed from - qubits, non-binary d-level
qudits, and quantum continuous variables. Hence, in order to motivate
the work herein, a substantial portion of Chapter 1 is dedicated to ex-
plaining why quantum computation with these systems is of interest.
Chapter 2 then provides a more technical introduction to the relevant
ideas and mathematics of quantum computation. This will introduce the
‘general quantum variable’ formalism that is used throughout this thesis
and which is, in my opinion, of interest in its own right. This chapter
is aided by Appendices A to G in which a range of further background

topics that are needed throughout this thesis are reviewed.

Quantum circuits and the one-way quantum computer

In the second part of this thesis, which encompasses Chapters 3 and 4,
the computational depth and size properties of quantum circuits and
the one-way quantum computer are compared, using the general quan-
tum variable formalism. These chapters present a range of results that
are novel outside of the qubit sub-case. Although the results of these
chapters do have certain implications later in the thesis, they may be
read without any reference to the work on ancilla-based gates included
in the latter chapters herein. The results of Chapters 3 and 4 have been
presented in Proctor (2015).



Ancilla-based quantum gates

In the final part of this thesis, which encompasses Chapters 5, 6 and 7,
techniques are presented for mediating gates on a well-isolated ‘compu-
tational register’ via ancillary systems. This work is again presented
within the general quantum variable framework. Hence, these chapters
rely heavily on the ‘general quantum variable’ formalism that is proposed
in Chapter 2. However, they can be largely read without reference to the
investigations into computational complexity undertaken in Chapters 3
and 4 (there are some minor exceptions to this). Much of the work in
these chapters may be found in Proctor et al. (2013, 2015); Proctor and
Kendon (2014, 2015, 2016).

Technical summary of the ancilla-based gates

The remainder of this thesis overview consists of a summary of the differ-
ent conditions and features of the three main ancilla-based models and
methods that are proposed in this thesis. This is intended to be used
only as a reference to clarify the subtle differences between the underly-
ing ideas of Chapters 5, 6 and 7. It is strongly advised that the following

technical summary is not read except for this purpose.

The three main ancilla-based models or gate methods in this thesis are
the geometric phase gates (GPGs) of Chapter 5, the ancilla-driven quan-
tum computer (ADQC) of Chapter 6, and the minimal control models
(MCMs) of Chapter 7. The controls required over the computational and
ancillary QVs in these models to achieve deterministic universal quan-
tum computation on the computational register are summarised in the

following table:

Model
GPG | ADQC | MCM

Chapter 5 6 7

Fixed interaction Yes Yes Yes
Preparation of ancillary QVs No Yes Yes
Local gates on computational QVs | Yes No No
Local gates on ancillary QVs Yes No No
Measurements on ancillary QVs No Yes No

Certain subtleties and some adaptations to these models have not been

detailed by this table and are summarised below:



The GPGs are valid with ancillary and computational QVs of different
types (e.g., computational qubits and ancillary qudits). Although it is
not specified in Chapter 5 that only a single fixed interaction should
be used between the ancillary and register QVs, the basic GPGs in that
chapter may still function under the restriction to such a fixed interaction
(i.e., restricted to a fixed parameter hybrid controlled Pauli gate) as long
as local controls are available - as indicated in the table above. Some
of the more specific gate methods presented in Chapter 5, which extend
the basic GPG, require ancillas prepared in particular states. However,
these gate methods are not essential for universal quantum computation
and are simply methods for reducing the number of gates needed to

implement certain unitaries.

The ADQC model is valid when the ancillary and computational QVs
are of the same type. This model is extended to include QVs of different
types in Section 6.4.1, but it is then no longer a deterministic model of
computation (i.e., it uses stochastic gate sequences). In Section 6.4.3 the
ADQC model is adapted so as to not require any measurements (and
hence it is then globally unitary) at the cost of now needing to be able

to apply local unitary gates on the ancillas to obtain universality.

The MCMs presented in Chapter 7 are universal only for qubit or qudit-
based computation. The first MCM, presented in Section 7.3, is ap-
plicable when the ancillary and register QVs are of different types (i.e.,
different dimension qudits). However, the model presented in Section 7.5,
which is in my opinion the more practical of the MCMs, is only valid
when the ancillary and register systems are qudits of the same dimension
(which includes the case of qubits). In Section 7.4 a model is presented
which improves on the first MCM in certain senses, but uses fixed mea-
surements (and hence does not strictly fit into the conditions of MCM, as
summarised in the table above) and can only implement gate sequences

stochastically.






Chapter 1

Quantum computers

1.1 Classical computers

Digital computers have had an almost unparalleled impact in shaping the mod-
ern world. They have become both ubiquitous and indispensable: computer chips
are in-built into an enormous range of everyday items, from mobile phones to tele-
visions, and much of the world’s essential infrastructure is utterly dependent on
complex and powerful computer networks. Although the concept of computational
machines stretches back to antiquity (e.g., the abacus), the theory of computation
is a relatively young field. One of the earliest pioneers was Charles Babbage in the
mid-nineteenth century who is credited with designing the first programmable com-
puter. However, the independent discipline of computer science is often considered
to have begun around the 1930’s with the rigorous abstract work on computability
of Alan Turing and Alonzo Church [Turing (1936) Church (1936)] amongst others
(e.g., Stephen Kleene, Emil Post, and Kurt Godel).

Initially building a digital computer was a huge challenge. The first computers
able to outperform humans for basic arithmetic were developed in the 1940s, with
an example of such an early computer, the Harwell Dekatron, shown in Figure 1.1.
Modern computers have far outstripped the power of these pioneering machines
and since then there has been an exponential increase in the power of both state-

1 However, this

of-the-art and mass produced computers, known as Moore’s Law.
year-on-year improvement in silicon chip technology requires ever more ingenious
engineering and cannot continue indefinitely, with a variety of important limiting
factors [Chien and Karamcheti (2013); Markov (2014)]. Hence, in order to continue
the advance of computational power, research into a range of alternative computa-

tional paradigms has become an active field, for example, various forms of ‘natural

!This is due to a famous prediction by Gordon Moore in 1965 that there would be a doubling
of the number of the transistors on a chip approximately every two years [Moore (1998)].
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Figure 1.1: The Harwell Dekatron from 1951 which could compute basic arithmetic
at a similar speed to a human. It could outperform human computers, as unlike
people it did not need a break.

computation’ such as molecular computers [Rozenberg et al. (2011)].

In this context, it is important to understand whether alternative computational
models allow problems to be solved more quickly than with a conventional computer.
To consider this, it is helpful to introduce the concept of an efficiently solvable prob-
lem. Most interesting computational problems may be defined for arbitrary input
size N. Such a problem is called efficiently solvable if there is an algorithm that
takes a number of time steps that is polynomial in N to solve it, using the elemen-
tary operations available to the computer (e.g., addition of bits). For example, the
school-book algorithms for the addition and multiplication of two N-digit numbers
require of order N and N? time steps respectively - assuming that the computer may
add a single pair of one-digit numbers in a unit of time, as is the case when this is
done by hand. Not all algorithms are of this sort: the time required may grow faster
than any polynomial, for example it may be exponential in N (e.g., 2V). Indeed,
for many problems the obvious ‘brute force’ algorithm may well be of this sort. The
reason that such an algorithm is considered inefficient is that it is of little practical

210

use for anything but small input sizes (you may be willing to wait seconds for

2100 geconds as this is

an algorithms output, but you should not consider waiting
longer than the estimated age of the universe...). A famous example of a problem
which has no known efficient (classical!) algorithm is the seemingly innocuous prob-
lem of finding the prime factors of an N-digit number. That solving this problem

is strongly believed to be completely impractical is nicely illustrated by noting that
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widely used public-key cryptography methods, such as RSA encryption [Rivest et al.
(1978)], would be rendered insecure by a fast prime factoring algorithm.

On the surface it would appear that whether an efficient algorithm exists might
depend on the model of computation considered, i.e., what the basic information en-
coding and available operations are. One possible model to analyse these algorithm
complexity issues with is the Turing machine, which manipulates symbols on a line
of tape. Interestingly, the so-called complexity-theoretic Church-Turing (CTCT)
thesis claims that it is only necessary to study whether a problem can be efficiently

solved using this single model.? Specifically, the CTCT thesis states:
A Turing machine can efficiently simulate any realistic model of computation.

There are two important points to note: firstly the ‘realistic’ qualifier is both es-
sential and natural and should be taken to mean that the model is in principle
physically realisable [Bernstein and Vazirani (1997)]; and secondly this does not im-
ply that the Turing machine has a special place in computation as many models
can also efficiently simulate the Turing machine. There are many examples which
give support to this thesis, e.g., a Turing machine and a random-access-machine
(RAM) - which is the model behind most physical computers - can simulate each
other with low overhead [Katajainen et al. (1988)]. Different models may provide
significant advantages in practice, but the point is that the CTCT thesis claims that
whether or not a problem is fundamentally intractable is independent of the realistic
computational model considered. Quantum computation presents a significant chal-
lenge to this idea and suggests the possibility that some problems that may never

be practical on any classical computer can be solved if such a quantum device can
be built.

1.2 From classical to quantum computation

At a fundamental level, nature does not obey the laws of ‘classical’ Newtonian
physics and is instead quantum mechanical. The foundations of quantum theory

were developed at the start of the 20"

century and largely pre-date the abstract
and practical development of computational machines. However, the suggestion
that a machine based on the rules of quantum mechanics might be a useful compu-
tational device did not appear until the 1980s, with Richard Feynmann [Feynman
(1982)] and David Deutsch [Deutsch (1985)] amongst the first to propose such a

computer. This was initially largely inspired by, and proposed as a solution to, the

2The CTCT thesis is not due to either Church or Turing! It is an extension of their ideas on
computability to complexity theory. It is sometimes called the strong Church-Turing thesis although
this can refer to a range of slightly different statements.
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inherent difficulty in using ordinary computers to simulate quantum physics [Feyn-
man (1982)]. However, the wider ramifications of quantum computation became
clear with the publication in 1994 of Shor’s celebrated algorithm for efficient integer
factoring using a quantum computer [Shor (1994, 1997)]. As discussed above, this is
widely believed to be an intractable problem for a classical machine. Hence, Shor’s
algorithm suggests that quantum computers may have a larger class of efficiently
solvable problems than classical computers, which directly calls into question the
complexity-theoretic Church-Turing thesis.

Since 1994 there has been an explosion of interest in quantum computers, both
in terms of developing the theory and attempting the daunting tasking of actually
building such a device. The problem of factoring numbers is alone perhaps not of
sufficient practical interest to justify building a quantum computer. However, there
is an expanding range of applications for such a device, including database search-
ing [Grover (1996)], machine-learning tasks [Schuld et al. (2015)], and techniques for
simulation of quantum systems [Brown et al. (2010)]. The degree to which quantum
computers may enhance classical processing is a particularly subtle and interesting
area of ongoing research: it is known that many tasks are not amenable to improved
efficiency using a quantum computer, and careful consideration is needed to account
for the practicalities of actual computations [Aaronson (2005, 2015); Bennett et al.
(1997)]. Nonetheless, the known enhancements cover a wide range of important com-
putational processes, and it seems likely that many more applications will become

apparent if a large-scale quantum computer can be engineered.

1.2.1 From classical bits to qubits

The overwhelming majority of modern classical computers are digital machines that
encode information into a register of bits, which may each take the values 0 or 1,
i.e., a bit has a state

Up; € {0,1}. (1.1)

The equivalent quantum system, known as a qubit, is a vector in a two-dimensional
complex vector space with unit length, where ‘length’ is calculated by Pythagoras’
theorem (i.e., it is defined by the Euclidean or /2 norm). An orthonormal basis
of this vector space consists of two vectors, and one such basis may be chosen to
encode logical ‘0’ and ‘1’. Using Dirac vector notation, we denote these basis states
by |0) and |1), which hence satisty (g|¢') = 04,4 With ¢,¢" € {0,1}, where (.|.) is the
ordinary dot product of vectors and d4 is the Kronecker delta (64, = 11if ¢ = ¢

and d, o = 0 otherwise). Therefore, the allowed states of a qubit have the form

’\PQubit> = a|0> + B|1>7 a,BeC st. ‘Ot|2 + |6|2 =1, (12)
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which includes states that are neither definitely logical ‘0’ nor ‘1’ but are in a wave-
like superposition of both. The physical interpretation of o and 3 is that |a|? and
|32 are the probabilities that the qubit is projected into the states |0) or |1) re-
spectively when measured (in this basis). The necessity for a specific concept of
measurement is perhaps rather strange, and is tied up in the interpretational diffi-
culties of quantum mechanics. However, it has a well-defined operational meaning
which is entirely sufficient for the purposes of quantum computation. A perhaps

more concrete representation of a qubit can be given as a column vector, as by using

) = (;) - (‘f) (1.3

which obeys the required orthonormalisation condition, then the qubit state above

W Qubit) = (g) : (1.4)

A qubit may initially appear to be essentially the same as a classical bit in some

the natural association

may be written as

probabilistic mixture of different states. Such a classical state is parameterised by
two positive real numbers py and p; which give the probabilities that the bit is 0 or
1 respectively, and hence pg+p; = 1. This may still be represented as a two-element

column vector, e.g.,
Pbo
Up_pit = <p ) , po,prt €ER>g st po+p1 =1, (1.5)
1

where the basis used here is such that (1,0)7 represents a bit in the state 0 and
(0,1)T represents a bit in the state 1. This demonstrates that the difference between
a classical bit and a qubit is surprisingly subtle and may be largely understood as
an alternative probability theory, whereby probabilities are extracted from vectors
as the modulus squared of amplitudes rather than the amplitudes themselves, as

summarised in Figure 1.2.

1.2.2 A register of qubits

A classical computer stores data in a ‘register’ of bits: for N bits there are 2V dif-
ferent possible states these bits may be in, so the register can represent up to 2%
different numbers. At each step of the computation the register is in one of these
states, e.g., one possible classical state is U _pits = (010100...0). A quantum regis-
ter of qubits may encode any superposition of these classical states simultaneously,

as the state of this composite quantum system is some unit vector in the 2V dimen-
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Figure 1.2: The state of a qubit |Vqupit) = a|0) + B|1) for real a and 5, may be
represented as a point on the unit circle (red arrow) as |a|? +|3|> = 1. The possible
states of a classical bit are equivalent to « = 1 or § = 1 (blue circles). A bit with
classical probabilities to be 0 or 1 is parameterised by two non-negative numbers
that sum to one (blue arrow and blue dashed line).

sional complex vector space obtained from a tensor product of each individual vector
space. Mathematically, using the computational basis for each qubit as a basis for

the whole system, the general state of a quantum register can be written as

|\I’N—qubits> = Z Qg ..qn |q1 ce QN>7 (16)
le{o,l}

with each ag,. 4y € C such that

Y gl =1 (1.7)

le{o,l}

To be clear, g is the computational basis state of the k' qubit (zero or one),
the sum runs over all permutations thereof, and this expression uses the shorthand
notation that |¢,¢) = [¢) ® |¢) which is used throughout (the ‘, is retained or
dropped for typographical convenience). This implies that a quantum register can
represent a superposition of all possible N-bit numbers at once, which may seem
like it has access to an unreasonable level of parallelism. However, the output of a
computation is given by measuring the qubit register at the end of the computation,
producing the single bit string (q1gz . ..qn) with probability |ag,g,. qn|>. Hence, a
quantum algorithm needs to intelligently make use of the allowed superpositions to
enhance the probability of the desired result, illustrating the subtlety of quantum
programming [Aaronson (2015); Bacon and Van Dam (2010)]. Again, it may seem
like this is similar to a classical computer with a distribution of probabilities to be
in each bit string, parameterised by 2V probabilities that sum to unity. However,

the subtle difference in the allowed states (based on how probabilities are extracted)

10
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appear to make this a much more powerful model, as clearly demonstrated by Shor’s
algorithm [Shor (1994, 1997)] for which there is no known classical probabilistic

equivalent.

1.2.3 Unitary transformations and quantum circuits

A quantum computation consists of transformations, U, that convert the total sys-

tem from one allowed quantum state to another, i.e., they are maps
U /
|lIIN-quitS> ‘\I/N—qubits>' (18)

As the state on which U acts has unit /2 norm, i.e., (¥ N-qubits| ¥ N-qubits)| = 1, and
so must all quantum states, a property required of the transformations is that they
preserve this norm. The relevant transformations are called unitary operators, which

have the defining property that
vUt =UU =1, (1.9)

which clearly implies that they preserve the (> norm, where throughout I will rep-
resent the identity operator of the appropriate dimension and UT is the Hermitian
adjoint of U. Any unitary operator acting on a d-dimensional vector may be rep-
resented by a C-valued d x d matrix, and hence the evolution stage of a quantum
computation is some global N-qubit unitary operator which may be represented by a
2N x 2N matrix. In quantum computation, unitary operators are often called gates,
and both terms will be used here (largely interchangeably).

To implement a quantum computation described by a given global unitary, it
must be decomposed into some physically available set of basic operations. Impor-
tantly, any N-qubit unitary can be exactly composed from the tensor product and
multiplicative product of gates acting on only one or two qubits at a time [DiVin-
cenzo (1995)]. Any set of gates that can (approximately) implement any quantum
computation is called a wuniversal gate set, and a common example of such a set
consists of the three unitaries cNOT, H and T [Boykin et al. (2000)], defined by

their matrix representation in the computational basis:

1 (1 1 1 0
() o (0) ew

A natural way to represent a quantum computation is in terms of a circuit diagram

CNOT =

o O O =
O O = O
o O O
S = O O

as shown in Figure 1.3, which uses gates from the set given above.

11
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1) —{H] o—H1+H—9—A
0) © P A
0) —{m] A
1) [T—& A
o) — {71} oA

Time —

Figure 1.3: A circuit diagram may be used to represent a gate sequence, where a wire
represents each qubit, time flows from left to right and symbols on or connecting
wires represent gates. A box containing u denotes the unitary u acting on the wire(s)
it covers (e.g., here the two gates H and T" are used). The two-qubit gate here is the
standard notation for CNOT. A circuit may terminate with measurements of some
or all of the qubits or it may instead output a quantum state.

It is important to note that the availability of a universal gate set does mot
imply that any N-qubit unitary can be implemented efficiently: the computation
is efficient only if it requires some polynomial-in-N number of gate layers, where a
layer contains at most one gate acting on each qubit, e.g., there are six layers in the
circuit of Figure 1.3. This may be clarified by an example: Shor’s algorithm for an
N-bit input is efficient as it can be implemented in of order N3 gate layers using
only operations that act on one and two-qubits at a time [Beckman et al. (1996)].
It may appear that which algorithms can be efficiently implemented will depend
on the particular choice of universal gate set, but as long as the set is physically
reasonable this is not the case. This is discussed in Chapter 2, where universal

quantum computation is covered in much greater detail.

1.2.4 Quantum computing with errors

To date, a useful quantum computer is yet to be built. Given the amount of time
and effort dedicated to developing such a device, this clearly indicates that this is
a difficult task! The root of the problem is that accurately manipulating quantum
systems and preserving their highly fragile states is inherently challenging. Further-
more, generically the difficulty grows with the size of the total quantum system,
as should be expected by considering the absurdity of Schrodinger’s famous dead-
and-alive cat thought experiment [Schrodinger (1935)]. This might suggest that
a useful quantum computer, which requires many qubits, can never be realised in
the real world where imperfections exist and nothing can be controlled with infi-

nite precision. Indeed, there are other computational models which also appear to

12
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improve on the Turing machine paradigm but which are probably not physically
realistic, for example computation with perfect-precision real numbers. An interest-
ing overview of such models is given in Aaronson (2005). However, there is good
reason to be optimistic that quantum computation really can be implemented due to
the theories of quantum error detection and correction, culminating in the concept
of fault-tolerant quantum computation [Aharonov and Ben-Or (1997); Knill et al.
(1998); Shor (1995); Steane (1996)]. A very basic outline of one of the main under-
lying ideas in quantum error correction is now given.

In a classical digital computer, real world imperfections can be mitigated by al-
lowing for large error margins between the physical states encoding zero and one,
e.g., substantially different voltages. Additionally, bits can be duplicated, for exam-
ple by letting 0 — 000. A bit flip error can then be found and corrected by taking
a majority verdict on the correct value, that is, if 000 — 010, it is corrected to
000. This cannot be directly applied to quantum computation as unknown quan-
tum states cannot be duplicated: the transformation |¥)|®Pgyeq) — |¥)|¥) defined
for all inputs |¥) is not unitary (it is nonlinear), which is known as the no-cloning
theorem [Wootters and Zurek (1982)]. However, rather than copying a quantum
state, logical basis states can be encoded over many physical qubits. For example,
we may associate

|0) = |000), \1>10giC = |111), (1.11)

logic

and hence a logical qubit is then stored in the three-physical-qubit state
|¥) = «|000) + B[111). (1.12)

Now, consider the case in which there is some (hopefully small) probability that
any physical qubit may suffer a bit-flip error, (i.e., |0) — |1) and |1) — |0)). For

example, an error on the first qubit gives

bit-flip error

@|000) + B[111) a]100) + B|011). (1.13)

It is essential to not destroy the quantum superposition, which will happen if any
individual qubit is measured to find out if it is in the state |0) or |1). However,
this encoding allows such an error to be detected by instead asking only what the
parity (i.e., sum modulo 2) is of both the first and second qubit pair, and the second
and third qubit pair. This has four possible outcomes, 00, 01, 11 and 10, and it is
easily confirmed that these correspond to no error, and an error on the first, second
and third qubit respectively. Importantly, the measurement does not distinguish
between the two logical basis states (with or without a bit flip error). If an error is

detected it can then be corrected by flipping that qubit.

13
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There are obvious limitations to this protocol: for example, it cannot cope with
two bit flip errors or errors of a different form, and it does not protect the state
from being destroyed if knowledge about whether the state of any physical qubit is
|0) or |1) is leaked into the environment. Although more advanced error correcting
codes do exist that allow for general single qubit errors to be corrected for [Laflamme
et al. (1996)], error detection and correction needs to be accompanied by methods
to implement logical gates on the logical qubits, via manipulations of the physical
qubits using gates which themselves are not perfect, and whilst still maintaining the
logical qubits protection from errors! Such a procedure is known as fault-tolerant
quantum computation. In principle, a quantum computation of arbitrary length
can be implemented using these techniques, as long as the physical error rate is
below some constant threshold value (with this value depending on the techniques
used) [Aharonov and Ben-Or (1997)]. There is now a vast array of ingenious meth-
ods to protect quantum states and implement robust computation, for example see
Aharonov and Ben-Or (1997); Knill et al. (1998); Shor (1995); Steane (1996) for
early work in this area and Brown et al. (2015); Fowler (2013); Klesse and Frank
(2005); Raussendorf and Harrington (2007); Terhal (2015) for a selection of more

recent work, with a clear introductory review provided by Gottesman (2010).

1.3 Beyond two-level quantum systems

Classical digital computers need not be formulated with bits but may instead use any
d € N base logic, with the basic d-valued unit often called a dit. Interestingly, in the
opinion of the eminent computer scientist Donald Knuth, ternary logic is “perhaps
the prettiest number system of all” [Knuth (1980)3]. Alternatively, computers need
not be digital at all and may instead use an analog continuous variable encoding,
where variables take values in R (in the ideal case). These machines predate the
invention of the digital computer, with the 19" century mechanical differential anal-
ysers designed by James Thompson [Thomson (1875)] an important early example on
which Claude Shannon later based the general theory of analog computation [Shan-
non (1941)]. In the formative years of the digital computer analog machines were
still of practical importance, with an interesting example given by Enrico Fermi’s
‘FERMIAC’ computer which was built in the late 1940s for Monte-Carlo simulations
[Metropolis (1987)]. The different possible information encoding types, from base-2
‘bits’ through to continuous variables, are illustrated in Figure 1.4.

As with classical computation, there is no a priori reason that a quantum com-

puter must be formulated with base-2 logic and it may instead utilise any d € N

3He is referring to balanced ternary, which uses the values -1, 0 and 1, as opposed to standard
ternary which uses 0, 1 and 2.
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1 R

Base-2 Base-d Continuous

Figure 1.4: From left to right, information may be encoded into: two distinct states;
d distinct states; a continuous degree of freedom.

base logic or a continuous variable information encoding. The majority of physical
quantum systems have more than two levels and are not fundamentally qubits, as
is the case with almost all systems being used to develop prototype quantum com-
puters (e.g., atoms, ions, light modes, etc). To use such systems to encode a qubit
they must be restricted to a two-dimensional subspace of their whole Hilbert space.
Larger portions of the physically available Hilbert space may be harnessed by us-
ing a different information encoding, potentially making better use of the available
quantum resources, and this provides a strong motivation for considering quantum
computation beyond qubits. This may be of particular relevance to initially devel-
oping a useful quantum computer, especially given the limited numbers of quantum
systems that can currently be interacted in a precisely controlled manner suitable
for quantum computation.

A rigorous introduction to quantum computation with d-dimensional quantum
systems, called qudits, and quantum continuous variables (QCVs) is delayed to Chap-
ter 2, which will also cover the details of qubits not given in this introductory chapter
via the special case of d = 2. As suggested by the title, large portions of this the-
sis will involve investigations of quantum computation without the restriction to
qubits and therefore, to motivate the rest of this thesis, a more complete discussion
of the known advantages and disadvantages of using non-qubit encodings is now
given. This is then followed by a brief discussion of the experimental progress in

manipulating these systems.

1.3.1 Beyond qubits: Advantages and disadvantages

Beyond the specific application of quantum computation, in quantum information
there are a range of reasons for consider systems other than qubits. For example,
quantum communication or entanglement sharing tasks (potentially important in a
quantum computer) are likely to be most straightforward in a QCV setting [Ander-
sen et al. (2010); Braunstein and van Loock (2005)], and an example of a concrete
improvement of non-qubit encodings is the increased key rate in quantum cryptog-
raphy obtained when qudits [Sheridan and Scarani (2010)] or QCVs [Jouguet et al.
(2014)] are used. In the specific context of quantum computation, there are a range

of known advantages (and some disadvantages) of both qudits and QCVs, which are
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considered in turn.

An especially striking advantage of qudits is that qudit quantum error correcting
codes possess remarkable improvements with increased qudit dimension, as shown
recently by a variety of authors [Andrist et al. (2015); Anwar et al. (2014); Camp-
bell (2014); Campbell et al. (2012); Duclos-Cianci and Poulin (2013); Watson et al.
(2015)]. Given the central role that error correcting will play in any eventual large-
scale quantum computer (see the previous section), this is therefore a strong mo-
tivation to consider a qudit-based machine. A further advantage is that qudit al-
gorithms have been shown to exhibit increased robustness and success probability
with increased value of d [Parasa and Perkowski (2011, 2012); Zilic and Radecka
(2007)]. An additional potential benefit inherent to d > 2 qudits is that, in compar-
ison to a binary encoding, there is a log,(d) reduction in the number of gates and
subsystems required for a computation. The downside is that this is countered by
the increased complexity of each gate (a single-qudit gate is a d X d unitary matrix)
which is described by more parameters than a qubit gate, and hence any advan-
tages would depend on the details of a given physical set-up [Muthukrishnan and
Stroud Jr (2000); Stroud and Muthukrishnan (2002)].

Turning to QCVs, many problems are most naturally described using contin-
uous parameters (e.g., most physics problems) and hence might be most directly
encoded into QCVs. However, perfect-precision manipulation of QCVs is obviously
impossible, and errors are generally more problematic in continuous variables (there
is more to go wrong!). However, error-correction techniques have been developed
for QCVs [Braunstein (2003); Lloyd and Slotine (1998); Ralph (2011); Van Loock
(2010)] and despite the potential pitfalls, quantum systems which are naturally de-
scribed as QCVs are some of the easiest to manipulate (see the next section). One
possibility for taking advantage of QCVs is to instead use them in a hybrid quantum
computer which employs different types of encoding simultaneously, e.g., qubits or
qudits combined with QCVs. This idea has been used to construct simpler algo-
rithms for finding eigensystems [Lloyd (2003); Travaglione and Milburn (2001)] and
reduce gate-counts in quantum circuits [Brown et al. (2011)], as discussed in detail
in Chapter 5.

Returning to discrete devices, hybrid qubit-qudit computers have also been pre-
viously shown to be useful for speeding up qubit-based logic [Borrelli et al. (2011);
Lanyon et al. (2009); Ralph et al. (2007)]; ideas of this sort will be further developed
later. Finally, a more physically grounded motivation for considering encodings
beyond qubits is that if higher-dimensional systems are used as qubits, the extra
unused physical levels must be considered to be part of the decoherence-inducing
‘environment’. Hence, any leakage out of the qubit computational space into these

extra internal levels is a source of decoherence [Devitt et al. (2007); Ghosh et al.
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(2013)], and if the natural processes of the physical system make this significantly
likely, it may be better to actively use these levels rather than attempt to suppress
them.

1.3.2 Beyond qubits: Physical realisations

Many quantum systems naturally allow for a d > 2 qudit or QCV encoding: for
example, atoms and ions have many electronic energy levels and a light mode is the
archetypal QCV but can also provides an obvious qudit encoding into photon number
states. Focusing on qudits, it is important to note that the physical availability of
more than two levels does not automatically mean that the system will be well-suited
to encoding a good-quality qudit. For example, a system might have two ground
states, and it might be possible to drive transitions between them using suitable
laser pulse sequences. This may then provide a good-quality and controllable qubit.
The other energy levels of the system could be used to encode further states for
a d > 2 qudit, however if these quickly decay back into one of the ground states
(e.g., via photon emission) such a qudit encoding would provide a very poor qudit
with a very short lifetime and would be vastly inferior to the qubit logic encoding.
Nevertheless, there is also no reason to suspect that there aren’t systems which can
provide high-quality qudits, and the very encouraging experimental progress in this
direction is now discussed.

Experiments with qudits have been conducted in a variety of settings. For exam-
ple, Neeley et al. (2009) have demonstrated the manipulation and measurement of
a superconducting phase qudit with a dimension up to d = 5. A particular promis-
ing qudit experiment is that of Anderson et al. (2015); Smith et al. (2013) who in
these two papers have demonstrated the control of a d = 16 qudit encoded into the
hyperfine structure of the electronic ground state in the Caesium isotope 33Cs. In
particular, they have implemented very high quality state mappings [Smith et al.
(2013)] and extended this to implement unitary gates with an average fidelity of
over 98% as measured by randomised benchmarking [Anderson et al. (2015)]. A
variety of experiments have demonstrated qudits encoded into photonic degrees of
freedom [Bent et al. (2015); Lima et al. (2011); Walborn et al. (2006)] including the
demonstration of techniques to create entangled photonic qudits [Dada et al. (2011);
Rossi et al. (2009)] with Dada et al. (2011) creating entanglement between d = 12
qudits encoded into the orbital angular momentum of the photons.

Experiments that encode information into QCVs are largely based on optics.
Although mainly limited to this one setting, these experiments are often some of the
most impressive experimental demonstrations of various basic quantum information
building blocks. For example, there are a range of experiments that demonstrate
techniques for creating entangled QCVs [Menzel et al. (2012); Su et al. (2007);
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Yokoyama et al. (2013); Yukawa et al. (2008)], including experiments designed to
generate cluster states, which are a type of entangled state useful for one-way quan-
tum computation - a very interesting model for implementing quantum computation
introduced in Section 1.4.1. Particularly promising recent results are those of Chen
et al. (2014) and Yokoyama et al. (2013) who have created entangled states useful for
one-way quantum computation of 60 and 10,000 QCVs respectively. In Yokoyama
et al. (2013) this is implemented using two light beams, with each QCV realised
as a finite-length wave packet. However, the technique of Chen et al. (2014), in
which QCVs are realised as different modes of an optical frequency comb, has the
advantage that the QCVs are all simultaneously accessible and the created state
is particularly well-suited to quantum computation. This state-of-the-art entan-
glement generation is complimented by experiments demonstrating quantum gates
with QCVs, for example Ukai et al. (2011) and Su et al. (2013) have implemented
basic gates in the one-way quantum computation paradigm, using four and six QCV
entangled states respectively. In addition to this, there has been recent experimental
progress in a range of quantum optics techniques that will be important for QCV
computation, including major improvements in photon-number-resolving detectors
[Calkins et al. (2013); Humphreys et al. (2015)] and matter-based quantum memo-
ries for photonic QCVs [Jensen et al. (2011)]. Finally, outside of quantum optics,
there are also encouraging experiments using atomic ensembles to encode QCVs, for
example see Gross et al. (2011); Krauter et al. (2013).

Before moving on, it is noted that the examples given here of qudit and QCV-
based experiments can obviously be countered with many impressive qubit-based
experiments showing precise controls of qubits in a huge range of systems, for ex-
ample see Barends et al. (2014). The main point that I wish to emphasise here is
that both qudits and QCVs are experimentally relevant, and it is likely that there
will be further experimental progress made in this direction. Given that no one has
yet built a quantum computer, it seems prudent to keep open the option of basing
such a device on something other than qubits. As this thesis is largely concerned
with avoiding any restrictions to qubit-only methods, it is convenient at this point to
introduce the term quantum variable (QV) to encompass qubits, qudits and QCVs.
This terminology, which to my knowledge is novel, and the mathematical machinery
that I will develop in Chapter 2 to be applicable in this general setting, will prove
highly convenient throughout this thesis.

18



1.4 Models for quantum computation

1.4 Models for quantum computation

A basic postulate of quantum mechanics is that a closed system evolves in time via

the Schrodinger equation
0 .
—|U) = H|W 1.14
i\ = A, (1.14)

where H is the Hamiltonian of the system, which is some Hermitian operator, and
where I have set A =1 and do so throughout. For a time-independent Hamiltonian

the solution to the Schrodinger equation is
T(1) = e (0, (1.15)

with |¥(0)) the initial state of the system. This is a unitary evolution, which follows
easily from one of the defining properties of a Hermitian operator: HY = H. This
leads to a natural and direct interpretation of a quantum circuit: Each QV in the
circuit is encoded into a separate physical quantum system and to implement the
gates in a layer of the circuit, the QVs are evolved in time via applying appropriate
physically available Hamiltonians for precise lengths of time. I will call quantum
computation in this fashion the quantum circuit model (QCM) [Barenco et al. (1995);
Deutsch (1989)].

From a physical perspective, there are inherent challenges to implementing the
quantum circuit model. Consider the generic case in which the aim is to implement
some unitary

U = e itHzate, (1.16)

acting on some number of QVs (e.g., a two-QV gate) where ¢ takes a fixed value. As
no experimental parameters which take values in R can ever be controlled exactly,
the actual applied Hamiltonian will have some extra unwanted noise term acting on
the system, i.e.,

Happlied = Hgate + 0 Huoise, (1.17)
and the actual evolution will be for some time t,pplica = t + At, where hopefully |J|
and |A| are negligible. Furthermore, no quantum systems can ever be completely
isolated from other nearby systems or fundamental fields with which they naturally
interact. Hence, a further source of errors is interactions with this environment, i.e.,

the Hamiltonian applied actually has the form

, ~ ~ N
applied == (Hgate + 5Hnoise) ® ]Ienvironment + 6If[systern—1—environment7 (118)

where Hgystemtenvironment T€presents the interactions with this environment and again

hopefully |e| is small. These interactions with the environment may be always active
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Figure 1.5: Quantum computation may be implemented by performing local mea-
surements on a highly entangled states [Raussendorf and Briegel (2001)]. An en-
tangled state is created, where here black circles represent QVs and dotted lines
represent entanglement between QVs; measurements are then performed on individ-
ual QVs, here the outcomes are 0 and 1 and the colours represent measurements
of different properties; finally, the output is obtained after all the QVs have been
measured.

regardless of whether a gate is being implemented (i.e., even when ﬁgate = 1I).
Although it has already been discussed that error-correction and fault-tolerance
is possible in quantum computation, this only becomes applicable if the errors are
below some threshold. Furthermore, if the error rate is not well below the threshold,
the overhead in extra QVs and gates required for the error-correction may well be
prohibitive, at least in early prototype quantum computers.

It should therefore be clear that in order for the quantum circuit model to be
physically viable, each gate needs to be achieved with high enough accuracy to
implement a minimal required quality of each gate whilst also maintaining sufficient
lifetimes of the QVs before the environment destroys the quantum coherences. Put
another way, the errors in the gates and the errors induced by the environment both
need to be sufficiently small, where what is meant by ‘sufficient’ depends on the

details of a specific task (e.g., the aim could be a small unprotected computation).

1.4.1 One-way quantum computation

One method for attempting to circumvent or minimise some of the problems in
implementing the QCM is to adopt a different paradigm for quantum computation.
One alternative that will be studied in this thesis is one-way quantum computation
(IWQC), introduced by Raussendorf and Briegel (2001) with qubits and extended to
qudits and QCVs by Zhou et al. (2003) and Menicucci et al. (2006) respectively. This
model is also often termed measurment-based or cluster-state quantum computation.
The basic idea of the IWQC is that, rather than implementing gates on a register
of QVs via Schrodinger-equation derived unitary evolution, the unitary gates of
a computation are carried out on a logical level using only local (i.e., single-QV)
measurements on a prepared entangled state. This is illustrated in Figure 1.5.

In the IWQC, a time-ordering in the computation emerges because, in order to
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implement a useful computation, it is necessary for the choice of which measurements
to perform to depend on some previous measurement outcomes. The final result may
be calculated by simple classical post-processing on all the measurement outcomes.
This procedure may be used to implement any desired quantum computation, and
hence it may simulate any quantum circuit [Menicucci et al. (2006); Raussendorf
and Briegel (2001); Zhou et al. (2003)], a fact that is not at all clear on an initial
inspection. 1WQC is very promising from a physical perspective, as creating large
entangled states is potentially much easier than precisely applying entangling gates
to a register via unitary evolution. Consequently, there is already much experimental
progress in this direction (as already mentioned in Section 1.3.2 in the context of
QCVs), for example, see Bell et al. (2014); Chen et al. (2007, 2014); Lanyon et al.
(2013); Su et al. (2013); Tame et al. (2014); Ukai et al. (2011); Yokoyama et al.
(2013). However, it is important to note that, although the 1IWQC has a range of
advantages over a direct implementation of a quantum circuit, there are clearly still
unavoidable difficulties related to imprecise controls: e.g., measurements and state
preparation will always have errors associated with them.

The properties of qubit-based IWQC have been extensively investigated, with
Anders and Browne (2009); Broadbent and Kashefi (2009); Browne et al. (2007,
2011); Danos et al. (2007, 2009); Duncan and Perdrix (2010); Raussendorf et al.
(2003) only a selection of the literature. However, there is much less known about
this model in the more general case of qudits or QCVs. In Chapter 4 I present a
rigorous comparison of the one-way model with quantum circuits that is applicable
to all types of quantum variable. I provide mappings between quantum circuits
and one-way computations and then use these to highlight the fundamental compu-
tational advantages inherent in one-way computation, which arise from its hybrid
quantum-classical nature. In particular, the quantum processing part of 1IWQC can
in many cases be implemented in logarithmically less time than the equivalent quan-
tum circuit. This extends results of Browne et al. (2011) to quantum computation
with quantum variables of an arbitrary type.

In order to study the IWQC with general QVs, an understanding of qudit and
QCV quantum circuits will be required. As far as I am aware, the relevant circuits
have to date not been studied in the literature and hence this is the subject of
Chapter 3. This short chapter will include defining and exploring an unbounded fan-
out model which will prove to be powerful for parallel quantum computation. This
extends qubit-based results of Moore and Nilsson (2001) amongst others [Fang et al.
(2006); Hgyer and Spalek (2003, 2005); Moore (1999); Moore and Nilsson (1998,
2001); Takahashi et al. (2010)] to this more general QV setting.

21



1. Quantum computers

1.4.2 Ancilla-based gates

Instead of departing entirely from the quantum circuit model paradigm, physically-
motivated gate techniques can be layered on-top of an underlying quantum-circuit.
Minimising environment-induced decoherence of computational QVs is achieved by
choosing naturally well-isolated quantum systems (e.g., nuclear spins [Zhong et al.
(2015)]) to encode these QVs into, but the very nature of well-isolated systems is
that they are generically difficult to manipulate and it is particularly challenging to
make these systems controllably interact with one another. Control and isolation
are largely incompatible properties, and hence compromises must be made to op-
timise both properties as much as necessary. One practical method of engineering
interactions between well-isolated QVs is by using an additional system to mediate
the interaction. Such mediating systems are often called a quantum bus or an an-
cilla, and they can have different properties that optimise them for interactions, in
contrast with the computational QVs optimised for isolation. Ancillas can be reset
or discarded after a few gate operations, so they do not need to maintain coher-
ence for the whole computation. This is common practice in the gate designs of a
wide range of promising physical systems being developed for quantum computers.
This ancillary system can have a range of different forms, for example the ancilla can
be: additional collective internal degrees of freedom of the variables, e.g., vibrational
modes of ions in an trap [Cirac and Zoller (1995)]; a physically distinct static system
which may interact with a set of computational QVs, e.g., flux qubits coupling to a
superconducting resonator [Stern et al. (2014); Wang et al. (2009); Xue (2012)]; a
‘flying’ quantum system which may implement gates between distant computational
QVs, e.g., photons entangling spin [Carter et al. (2013); Luxmoore et al. (2013)] or
atomic [Reiserer et al. (2014); Tiecke et al. (2014)] qubits. These latter two ideas

are illustrated schematically in Figure 1.6.

<— Register of QVs — Dlstant QVS

§ o 00 § ([
Ancﬂla Ancﬂla

Figure 1.6: An ancilla or quantum bus may be used to implement the interactions
required for a quantum computation. Left hand side (LHS): The ancilla can be
a system which may interact in turn with a set of QVs. Here the different colour
connections represent interactions at different times. Right hand side (RHS): Distant
QVs can be coupled via a ‘flying’ ancilla. The schematic here represents atomic QVs
trapped in separate cavities (e.g., using lasers) coupled using photons transmitted
via an optical fibre.
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The first important consideration is how an ancillary system may be used to
mediate entangling gates on the computational QVs. An interesting and common
technique consists of interacting two QVs simultaneously with an ancilla, e.g., via a

Hamiltonian of the form

IA{ = waf[a + Z wiI:Ii + Z giﬁ[i,aa (119)
i=1,2 i—1,2

where FLI, lEIZ and ﬁz}a represent the free ancilla Hamiltonian, the free Hamiltonian
for the i*® QV and the interaction between the it QV and the ancilla respectively
and wg, w; and g; are constants. With particular Hamiltonians, and usually only
approximately in some regime of the system (i.e., conditions on wg,, w; and g;),
this may create an effective direct coupling between the two QVs. That is, in the
relevant regime, H may be transformed into some effective Hamiltonian ﬁeﬁective =
HA'LQ which acts non-trivially on only the two QVs. For example, see Byrnes et al.
(2012) where this technique is applied to coupling qubits encoded into Bose-Einstein
condensates.

It is also interesting to consider the case where the ancillas may interact with

different register QVs one-at-a-time via some Hamiltonian
I‘AI = waﬁa + wiﬁi + giﬁi,aa (120)

which may be applied to any ancilla-register pair. Put another way, the QVs may
interact in-turn with the ancillas via an interaction-time parameterised family of two-
body unitaries U (t) = e~ hut not directly with each other. Methods to implement
entangling-gates between register QVs using ancilla-mediation of this sort are the
main topic of this thesis, encompassing Chapters 5, 6 and 7. The methods given will
be formulated to apply as generally as possible to different quantum variable types
and will cover the cases when the ancillary and register systems are either qubits,
qudits or QCVs, including when the ancillas and register systems differ in QV type.

The first ancilla-based gate methods that will be introduced are the geometric
phase gates and this is the subject of Chapter 5. The basic idea of such a gate is
that by interacting with the register QVs, an ancilla picks up a phase which depends

on the state of each register system:
“Ilancilla> — ew(éregmer) ‘\Ijancilla>a (121)

where ®pegister Schematically denotes the state of the register. The form of this
phase can be chosen such that this is equivalent to an entangling gate between

register QVs in conjunction with no action on the ancilla. This builds on previous
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work which considers using QCV ancillas to mediate gates between computational
qubits, often termed the qubus model, see e.g., Brown et al. (2011); Proctor and
Spiller (2012); Spiller et al. (2006). The novel contribution here is that it applies
to registers and ancillas of all types (i.e., qubits, qudits and QCVs) and this more
general construction will illuminate various interesting features of these methods. In
the context of the qubus model, geometric phase gates have been shown to provide
interesting advantages in terms of low gate-count circuits [Brown et al. (2011); Louis
et al. (2007)]. Similar ideas will be seen to hold in the more general cases given
here. This will then be used to obtain an understanding of what advantages can be
gained from using higher-dimensional ancillas, and how these advantages depend on
the variable types of both the computational systems and the ancillas. Both qudit
and QCV ancillas will be shown to have distinct and inter-related computational
advantages.

The geometric phase gate is sufficient to implement universal quantum com-
putation on a register consisting of any variable type (i.e., qubit, qudit or QCV)
when augmented with local controls of the individual ancillas and the computa-
tional QVs. However, local controls of either the register systems or the ancillas
may not be easily available in some circumstances and a further disadvantage of the
geometric phase gate is that it requires each computational QV involved in a gate
to interact with the ancilla more than once. This latter constraint may be particu-
larly problematic in some circumstances, such as with ancillas coupling distant QVs,
e.g., photons coupling atoms in separate cavities. Hence, in Chapter 6 a method
for implementing universal quantum computation on a register is presented which
requires only sequential interactions of the register QVs (involved in the gate) with
the ancillas using a single fized-time interaction gate augmented with measurements
of the ancillas. No further local controls of either the ancillas or the register are
required. A model of this sort has been previously formulated for qubits by Anders
et al. (2010), and is known as ancilla-driven quantum computation (ADQC). The
novel contribution here is to extend this to be applicable to any variable type. A
simple mapping between this model and 1TWQC explored in Chapter 4 is provided
for all QV types, which will show that ADQC may exploit the same computational
advantages as IWQC and is in some sense a hybrid between the QCM and 1WQC.
Interestingly, deterministic gate implementation is only possible when the ancillary
and computational registers are of the same QV type. However, when this is not the
case I show that either quantum computation can be implemented stochastically, or
determinism may be recovered by local controls on the register.

To realise the ADQC model of Chapter 6, experimental methods for implement-
ing a range of (single-party) measurements on each ancilla are needed, and this may

be challenging in some circumstances. Hence, in Chapter 7, a model is proposed
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whereby the required measurement is fixed. The cost of this added simplicity is that
the model is again only probabilistic and requires gate sequences of indeterminate
length. These ideas are similar to the recent work of Halil-Shah and Oi (2013, 2014)
carried out in parallel to that herein. The probabilistic element of these models is
highly undesirable and will add significant, and potentially unreasonable, overheads
to the computation. Hence, the final type of gate methods proposed herein are de-
signed to recover determinism by returning to globally unitary dynamics. The two
distinct models proposed still only utilise a single fixed ancilla-register interaction
gate and interestingly the only additional resource they require is preparation of
ancillas in very simple states (from the computational basis). These deterministic
models provide ‘minimal control’ methods for implementing universal quantum com-
putation on a register via ancillary systems, and in my opinion have the potential
to significantly simplify the realisation of a quantum computer.

In some cases, ancillas may not be required to implement basic gates, or they may
use alternative techniques to those proposed herein. However, future designs for a
universal, scalable and fault-tolerant quantum computer will likely be based around
modular quantum processing units (QPUs) of some fixed size, e.g., a single ion-trap
can hold only so many ion QVs. It will then be necessary to entangle individual
QPUs via some ancillary systems, as illustrated in Figure 1.7. Hence, ancilla-based
gate techniques may well be of importance to this higher-level aspect of quantum
computer design, regardless of whether or not they are needed for the individual basic
gates in the QPU. A recent proposal of this type is that of Nickerson et al. (2014)
who aim to construct a scalable network of high fidelity quantum registers linked
via more lossy optical ancillas. There are a variety of qubit register implementations
that are suitable for this architecture, with one of the most advanced being ion trap
technology, as suggested by Monroe et al. (2014) and recent promising experimental

progress has been made in this direction [Hucul et al. (2015)].

Quantum Processing Units (QPUs) ™~

(QpU [ )pU [ QP U B ) [R—
v v A
-----------

Figure 1.7: Many proposals for universal, scalable and fault-tolerant quantum com-
puter utilise fixed-sized quantum processing units (QPUs) entangled via ancillary
systems or ‘quantum communication buses’ [Monroe et al. (2014); Nickerson et al.
(2014)]. Here the coloured arrows represent ancillas sent between different QPUs
with the different colours representing different times.
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1.4.3 Further models of quantum computation

Finally, before concluding this introductory chapter, it is noted that there are many
different alternatives to, or adaptions of, the quantum circuit model. Although
some are purely of abstract interest, e.g., the quantum Turing machine [Deutsch
(1985)], as with the IWQC and ancilla-based gates, most of these are largely designed
to improve the physical viability of quantum computation. Important examples
include: adiabatic quantum computing [Epstein (2012)]; spin chain models with
‘always on’ interactions [Hu et al. (2007); Lloyd (1993); Satoh et al. (2015)]; quantum
walk models [Childs (2009); Childs et al. (2013)]; topological quantum computing
using exotic quasi-particles [Pachos (2012)]; and a range of special purpose designs
for quantum simulations [Brown et al. (2010)] or optimisation problems via quantum
annealing [Das and Chakrabarti (2008); Trummer and Koch (2015)]. These ideas are
not all necessarily entirely distinct, e.g. the one-way model can utilise topologically
protected gates [Raussendorf et al. (2007)], and quantum annealing is closing related
to adiabatic quantum computation. Each of these paradigms has its own advantages
and disadvantages in the quest to overcome errors and decoherence, however these

models are discussed no further herein.

1.5 Conclusions

Shor’s algorithm for efficient integer factorisation [Shor (1994, 1997)], is the most
famous example from a range of evidence strongly suggesting that there are prob-
lems that are classically intractable which can be efficiently solved on a quantum
computer, e.g., see Aaronson and Arkhipov (2011). Furthermore, there is a signif-
icant set of important computational problems that are expected to be amenable
to a quantum-enhanced speed-up, which, beyond those related directly to integer-
factoring, include machine-learning tasks [Schuld et al. (2015)], database searching
[Grover (1996)] and simulation of quantum systems [Brown et al. (2010)] amongst
others. Together, these provide substantial motivation for developing such a device.

The simplest basic element that a quantum computer may be constructed from
is the qubit, which may exist in states that are a superposition of logical 0 and
1. However, there is no a priori reason that quantum computation should be for-
mulated with two-level qubits and may instead employ d-level qudits or quantum
continuous variables (QCVs). Indeed, there are good reasons for considering these
more general quantum variables (QVs), ranging from their physical availability and
the experimental progress made in manipulating them, to abstract computational
advantages, such as improved error-correction techniques [Campbell (2014)] and im-
proved algorithm success probabilities [Parasa and Perkowski (2012)].

The quantum circuit model (QCM), in which elementary gates are applied to
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QVs via Schrédinger-equation derived unitary evolution, is the most well-known and
simple model for a quantum computer. However, this requires precisely applying
one and two-body Hamiltonians on-demand to a register of QVs, each of which must
also be isolated to minimise environment-induced decoherence as much as required.
These technical challenges motivate the exploration of alternative paradigms for
quantum computation, with the one-way quantum computer (1IWQC), as introduced
by Raussendorf and Briegel (2001), one such model. In Chapter 4, I will give a
detailed comparison of IWQC and quantum circuits with arbitrary QV type, mainly
focusing on an investigation into computational depth (a proxy for time) in these
models.

One possibility which allows the register QVs in a quantum circuit to be op-
timised for coherence times is to use more easily controlled ancillary systems to
mediate the required interactions between them. The majority of this thesis is on
gate methods of this sort, with this topic encompassing Chapters 5, 6 and 7. The
ideas covered range from the computational advantages available when using ancil-
las, as seen most clearly in Chapter 5, to minimising the required physical controls
necessary to implement universal quantum computation, as considered in Chapter 6
and especially Chapter 7. In order to proceed further, a more technical introduction
to quantum computation is required. This is the subject of the next chapter, which
will introduce a general ‘quantum variable’ formulation for quantum computation
that covers, in parallel, the key mathematics of qubits, qudits and QCVs that will
be needed throughout this thesis.

27



1. Quantum computers

28



Chapter 2

General quantum variables

In this chapter I review the terminology and mathematical tools for quantum com-
putation using qudits of arbitrary finite dimension and quantum continuous variables
(QCVs). I propose a simple unified quantum variable (QV) formulation that encom-
passes both qudits of any dimension and QCVs, which then enables a presentation
of the structures in quantum computation that is valid simultaneously for each type
of QV. This ‘quantum variable’ construction provides a succinct language for for-
mulating further results about quantum computation with any type of QV and it
will be used to this end throughout the remainder of this thesis. The underlying
content introduced in this chapter, and encompassed by the general QV formal-
ism, is almost exclusively a review of known material. However, this has previously
been largely presented separately for qubits, qudits and QCVs and I am unaware
of such a dimension-independent formulation of quantum computation anywhere in

the literature.

2.1 Qubits, qudits and quantum continuous variables

2.1.1 Qudits: d-level quantum systems

The mathematics of qudits (i.e., finite-dimensional quantum mechanics) was ini-
tially developed by Hermann Weyl in the early decades of quantum theory [Weyl
(1950)] and in the light of its relevance to quantum information it has since been
extensively investigated, see e.g., the work of Gibbons et al. (2004); Klimov et al.
(2009, 2005); Vourdas (2003); Wootters (1987), with Vourdas (2004) providing an
excellent technical review in a broad context. The material relevant to this thesis
is now covered, using the language of quantum computation. The state of a qudit
is a vector of unit length in a d-dimensional complex vector space. An orthonormal
basis of this vector space consists of d vectors, and such a basis may be picked out
to encode the logical values 0,1,...,d—1 and denoted |0),|1),...,|d — 1). The basis
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2mi/d

Figure 2.1: The d distinct d*” roots of unity are integer powers of w = e and

reside on the unit circle in the complex plane, illustrated here for d = 8.

states therefore obey (g|¢') = d4,4. This is called the computational basis. Hence,

the general state of a qudit may be written as
¥ Qudit) = @0|0) + a1|1) + -+ ag_1]d — 1), (2.1)
with a4 € C such that
jaol? + a2 4+ + g2 = 1. (2.2)

As with a qubit, the physical interpretation of « is that |ay|? is the probability that
the system is projected into the state |q) if measured. The d* root of unity, e2mi/d,

will play an important role, and is denoted w. It has the property that
W tw i+ T =0, (2.3)

as illustrated in Figure 2.1. Clearly the value of d determines the precise form of
w, as is also the case for all the objects introduced below, but everything discussed
herein holds true and is presented without reference to its particular value unless
otherwise stated.

The basic operators in qudit quantum computation are the (generalised) Pauli
operators denoted X and Z, which are the natural unitary extension of two of the
well-known qubit Pauli operators o, = ((1) (1)) and o, = ((1) 91) respectively. They
may be defined (as can any operator) by their action on the computational basis
states:

Xlg) =g+ 1), Zlq) == wilq), (2.4)

where the addition is modulo d, as on a clock with d hours, i.e., (d —1) +1 = 0.
As a computation, the X gate has a clear classical analogue which simply adds 1
modulo d to a dit and is the natural extension of a bit flip (0 - 1,1 > 1+1=0
modulo 2). In contrast, the Z gate creates complex phase factors which do not have

any obvious classical equivalent. Rather than using Dirac notation, these operators
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may be given a perhaps more familiar and concrete representation in terms of an

array of numbers. Using the association

1 0
0 1 0

=11, m=[.|. - la-n=|.[ (2.5)
0 0 1

which obeys the necessary orthonormalisation condition, the Pauli operators are the

d X d matrices

0 0 1 0
0 0 0 w 0 0
X=10 0 0], Z=10 0 w? 0 (2.6)
0 0 10 00 0 - wit

In fact, these operators pre-date quantum theory and were originally introduced by
James Sylvester in the 19" century [Sylvester (1882); Sylvester and Baker (2012)]
and in other contexts are called the ‘shift’ and ‘clock’ matrices respectively. These

operators have order d, obeying
X1=27z4=1, (2.7)

which, for d = 2, reduces to the well-known property that the qubit Pauli operators
are self inverse. One important difference between the general case and the special
case of a qubit is that, although the qubit Pauli operators are both Hermitian and

unitary, the qudit operators for d > 2 are only unitary.

2.1.2 Quantum continuous variables

A quantum continuous variable (QCV) [Braunstein and van Loock (2005); Lloyd
and Braunstein (1999)] is a quantum system with a continuous degree of freedom
taking values in R, e.g., translational position in one-dimension. A QCV is described
by the Hermitian operators £ and p, generically termed ‘position’ and ‘momentum’,

which obey the famous canonical commutation relation
(5,5] = i (2.8)

The spectrum of an operator is preserved under conjugation by a unitary operator,

where A conjugated by B is the operator C =BABL. Hence, the spectrum of z is
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the whole real line, R, as # is Hermitian and
e PretiaP = ¢ 4 g, (2.9)

for any ¢ € R, which may be confirmed directly using the equation

o N R o 1 . .
e"Be ™ =B+ [A,B] + ~[A,[A, B] +.... (2.10)
Therefore, the state |¢) obeying Z|q) = ¢|¢) may be used to encode the logical real
value ¢ € R.! These states form the computational basis. The position eigenstates
are not normalisable and instead obey the quasi-orthonormalisation relation (q|¢’) =
d(q — ¢') where §(-) is the Dirac delta function [Sakurai (1985)]. The general state

of a QCV may then be written as

Wqev) = /Oo dgv(q)la), (2.11)

where ¥(q) is a C-valued function obeying
| daluioP = 1. (212)

The physical interpretation of 1(q) is that |1(¢)|? is the probability density for ¢
and the 1 (q) function is simply the wavefunction familiar from ‘elementary’ wave
mechanics.

Any wavefunction v (g) such that ffooo dq |¥(q)|? < o0, called a square-integrable
function, may be normalised and hence describes a physical state. However, not all
functions are square-integrable, for example the delta function. This implies that
the computational basis states (i.e., the |¢)) are themselves not physical as |¢') has
a wavefunction §(¢ — ¢’). From an information-theoretic perspective, this is not
surprising, as if such a state could be realised it would encode a perfect precision
real number. However, these states can be approximated to any desired precision
with a state that can be realised in principle, for example, a possible state is one
which has a Gaussian wave function centred on ¢ with a narrow peak, which is
known as a squeezed state [Braunstein and van Loock (2005)]. This is shown in
Appendix B for completeness. The exact realisation of these states is sometimes
required to perfectly implement methods discussed or proposed herein. Whenever

this is the case this will be explicitly commented upon.

Note that these states are not part of the Hilbert space of square integrable functions and it
is necessary to employ the larger structure of a ‘rigged Hilbert space’ to consider these states in a
mathematically precise manner [De la Madrid (2005)]. Explicitly considering these technicalities is
not necessary to outline the theory of QCV quantum computation - but they do provide a solid
basis for these QCV manipulations.
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The basic operators in QCV quantum computation are again known in this con-
text as the Pauli operators and may be defined by their action on the computational

basis

X()lq) = |a+ ), Z(q)q) = €"q), 0,4 €R. (2.13)

The X (q) gate has the natural classical counterpart of addition in R. The Pauli

operators can also be expressed as exponentials of & and p, specifically
X(q) = exp(—igp), Z(q) = exp(iqd), q€R. (2.14)

It can be confirmed that these have the required action on the position eigenstates
with the aid of Equation 2.9. Outside the context of quantum information, these

operators are normally termed position and momentum translations, respectively.

2.2 General quantum variables

The preceding section was structured in part to highlight that qudits and QCVs
have basic properties in common. Although there are important differences, these
are fairly subtle and broadly speaking these are due to the different properties of the
set of integers, Z, and the real line, R. I now present a notational formulation of the
above basic structures that encompasses both cases simultaneously and is applicable
to a general quantum variable (QV), that is: a qubit, qudit or QCV. This formulation
is novel and in my opinion will be of use in topics well beyond those considered in
the remaining chapters of this thesis. Initially, this may seem overly complex and
formal. However, it will allow the relevant material for qubits, qudits and QCVs that
still needs to be introduced in the remainder of this chapter to be presented only
once, using this general QV formulation, with any important differences between
each type of QV noted. Before beginning, it is noted that there are various topics
that do require particular variable types, e.g., some phase-space methods apply only
to QCVs or prime (and power of prime) dimension qudits [Gibbons et al. (2004);
Vourdas (2004); Wootters (1987)]. However, the majority of the work in this thesis
will be independent of the particular type of QV.
The underlying structure on which a d-dimensional qudit is defined is the set of
d integers
Z(d) ={0,1,2,...,d — 1}, (2.15)

along with modulo d arithmetic: this is known as the ring of the integers modulo d.
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In contrast, the underlying structure for a QCV is the field of the real numbers R.?
To consider both qudits and QCVs simultaneously, it is useful to define

Z(d) for a d-dimensional qudit,
Sq = (2.16)
R for a QCV.

Using this notation, the computational basis for a QV may be taken to be some basis

B :={lqg) | ¢ € Sa}, (2.17)

where the basis states obey the orthonormalisation condition that

(ald) = 6(g— ), (2.18)

where 0(¢ — ¢') represents the Kronecker delta for a qudit, normally denoted 444/,
and the Dirac delta function for QCVs.

The only further structures that have been introduced so far are the Pauli oper-
ators. In the QCV case these were continuously parameterised, and for a qudit they
were simply fixed operators (i.e., constant matrices). However, for all QVs they may
be taken to be a mapping from S; to the unitary operators. This is achieved for

qudits by defining
X(q) = X1, Z(q) := 714, Vg € Sq. (2.19)

The g = 1 cases will appear regularly (even for QCVs), for both these and other
q € Sy parameterised gates introduced later. Hence, for any gate G(q) with ¢ € Sy
the shorthand G = G(1) will be used. Integer powers of the the d™ root of unity

w = e27ri/d

and a continuously parameterised phase factor were intrinsic to the
definitions of the Pauli operators for qudits and QCVs, respectively. These can be
unified into one notation by defining the dimensionality constant, d, for a QCV to

be d = 27. Then

X)) =|q+4d), Z(¢)q) = wi|g), Vq,q € Sa. (2.20)

2mi/d

where still w = e Hence, this reduces to the required phase factor for each

case, as can be seen with reference to Equations 2.4 and 2.13. Here, g + ¢’ should

2As an aside, the difference between a ring and a field is that every non-zero element of a
ring does not necessarily have a multiplicative inverse whereas in a field it does (e.g., 1/a is the
multiplicative inverse of non-zero a € R as a-1/a = 1). Any element in Z(d) that is coprime with
the dimension d has a multiplicative inverse in Z(d). Hence, prime dimension qudits are a special
case because then every non-zero number in Z(d) is coprime with d and so this is precisely the cases
in which the integers modulo d is a field (called a finite or Galois field).
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be understood to be the appropriate arithmetic for Sy, i.e., ordinary arithmetic in
R for a QCV and modulo d arithmetic for a qudit. Often it will be convenient to
use expressions such as |—¢q) or X(—¢q). Whenever a value is used outside of Sy, it
should be understood to be modulo d for a d-dimensional qudit (for a QCV it is
never outside the allowed values as this is all of R). For instance, |[—1) should be
taken to mean |—1 modulo d) = |d — 1) for a qudit. In some cases this is not strictly
necessary, e.g., X (—q) can be taken to mean X 7, but it may always be assumed to
be taken modulo d if it is unclear as to whether or not it is of consequence.

Before moving on, it is noted that in certain contexts (especially QCVs in quan-
tum optics), the Pauli operators are often replaced by the entirely equivalent dis-
placement operators, with the difference simply one of convention. The displacement
operators for any QV type, denoted D(q, ¢'), may be defined by their relation to the

Pauli operators
D(g,q") x Z(¢") X (q)- (2.21)

A more detailed discussion of these operators is given in Appendix C.

2.2.1 The Fourier gate

An important unitary operator that will be required throughout is the Fourier gate,
denoted F. As its name suggests, it is simply the unitary representation of the dis-
crete and continuous Fourier transforms in the case of qudits and QCVs respectively.
Explicitly,

Flg) = \}g S wil|g), (2.22)

q'€Sq

where this summation notation denotes the sum or integral over all computational
basis elements as appropriate. Specifically, for a d-dimensional qudit the sum runs
over the values ¢ = 0,...,d — 1, and in the QCV case this represents an integral

over all computational basis elements. Hence, for a QCV

1 [ -
F@:m/ dq'e" 7 |q). (2.23)

The > qes, Dotation will be used throughout this thesis without further comment.
Note that, for qubits, F' = % (% _11), which is more commonly known as the
Hadamard gate and has been encountered briefly already in Equation 1.10, where
following convention it was denoted H.

The Fourier gate is ubiquitous in quantum circuits, and its multi-system gen-
eralisation is a key ingredient in many quantum algorithms, e.g., Shor’s algorithm

[Shor (1994, 1997)], and will be encountered later. In Appendix D it is shown that
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this transformation is indeed unitary and that it has order 4, i.e.,
F'=1. (2.24)

Furthermore, it is also shown that for QCVs it is a particularly natural operator as

it may be generated by the quantum harmonic oscillator (QHO) Hamiltonian

Hawo = 5 (82 +57) (2.25)

N |

applied for a time ¢t = 37/2. Many quantum systems are QHOs or may be approx-
imated as such, e.g., a micro-mechanical resonator [Poot and van der Zant (2012)]
or a single light mode [Gerry and Knight (2005); Radmore and Barnett (1997)]. As
the QHO Hamiltonian is used occasionally in this thesis, the properties of -HQHO are
considered in more depth in Appendix A.

The Fourier gate may be used to relate the Pauli operators to one another. Under
conjugation by the Fourier gate, the Pauli operators are transformed with the cyclic

relation

X(q) Z(q)

(2.26)

Z(-q) ~—— X(—9),

where this represents FX (¢)FT = Z(q), FZ(q)FT = X(—q), etc. This is also shown
in Appendix D.

2.2.2 The conjugate basis

A conjugate basis, denoted B, may be defined in terms of the action of the Fourier

transform on the computational basis:
By :={l+q) :==Fla) | ¢ € Sa}. (2.27)
Each of these states is an equal superpositions of all possible computational basis

states with different phase factors, e.g., for a qudit |+1) is
1
Vd

Note that, for qubits, the conventional notation is |+) = |+0) and |—) = |+1)
(as w = —1 and so |£) o |0) £ |1)) and the notation here is adapted from this.

1) = —= (10) + wl1) + - +wa - 1)).

The conjugate basis states have maximal uncertainty in terms of the outcomes of

computational basis measurements and vice versa, which is a property inherited
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directly from their relationship to a Fourier transform. This is because

qq’
(al+) = = Vg.q' € Sq, (2.28)
q \/&

which is easily confirmed directly. This property means the bases are what is termed
mutually unbiased.

In the conjugate basis, the roles of the Pauli operators are reversed. Specifically

Z(q)+q) = [+g+); X(d)l+q) =™ [+q), Vg,q €Sq,  (2.29)

which follows directly from the cyclic relation in 2.26. The reader is reminded again
that for qudits this addition is modulo d. Hence, the computational and conjugate
bases are eigenstates of Z(q) and X (q) respectively. The actions of the Pauli and
Fourier gates can be intuitively summarised in a phase space diagram, as shown in
Figure 2.2. There is a wide range of rigorous and powerful phase space methods,
e.g., quasi-probability distribution functions, both for QCVs and qudits [Silberhorn
(2007); Wootters (1987)]. However, herein phase space will be used only occasionally

and as a schematic aid.

A

basis

Conjugate Zﬁ F
Z(q)
Lx(q)+>

Computational basis

Figure 2.2: The Pauli operators may be represented as orthogonal translations in
a phase space formed from the computational and conjugate bases. The Fourier
transform is a /2 rotation in phase space. The background phase space is Sy X Sy
(e.g., for qutrits this is a 3 x 3 periodic lattice).

2.2.3 Entangling gates

All of the operations described so far in this chapter have applied to one QV. For

quantum computing, interactions between pairs of QVs are required. The quantum

3A set of bases {B1,Ba, ...} for a qudit of dimension d (a QCV) which are orthonormal (quasi-
orthonormal) are said to be mutual unbiased if for any pair of bases B; and By (j # k) in this set
and for any basis states |a) € B; and |b) € By in these bases then |(a|b)| = k where the constant k
is k = 1/d (any non-zero and positive value) [Durt et al. (2010); Weigert and Wilkinson (2008)].
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gate often considered is the SUM gate given by

suM|g)lq’) = lg)lg + ¢'), (2.30)

as adding the value of two QVs is naturally a useful computational resource. This is
conventionally called CNOT for qubits and was encountered already in Equation 1.10.
Two quantum systems (in a pure state) are entangled if their joint state cannot be
written as |¥) = |[¢1) ® [1)2), otherwise they are called separable. Hence, it is clear
that SUM may create an entangled state of two QVs as, for example,

L SUM L

\/g(|0>+’1>+|2>"')|0>—>\/g

For qubits, this is one of the famous Bell-states which are at the heart of many

(100) + [11) + |22)...). (2.31)

quantum information protocols, e.g., teleportation [Bennett et al. (1993)] or dense
coding [Bennett and Wiesner (1992)], and the modern formulation of the hotly-
debated Einstein-Podolski-Rosen paradox [Einstein et al. (1935)].

An alternative gate to SUM, which is essentially equivalent, is the ¢z gate which

has the action
czlg)ld’) = wiq)|d), (2.32)

and this gate will be used frequently throughout this thesis. It is often called the
controlled-phase gate but I will not use this term as ‘the phase gate’ will have
a different specific meaning herein. The SUM and Cz gates are particular cases
of an important class of gates that are ubiquitous in quantum computation: the

controlled-u gates, denoted Cu, with the action
C
) |d") —— lg)ul|q), (2.33)

for some unitary u. The first QV is called the control and the second the target.
Note that this is still well-defined for control and target QVs of different types (e.g.,
a control qubit and a target QCV) and will be used as such later. When necessary,
super and subscripts will be used to denote the control and target QVs respectively,
ie. .
Clu

9);]4"),, —— la);u?|d' ), (2.34)
where a subscript k£ on a state denote that this is the state of the QV labelled
k. Finally, the circuit notation used for these controlled gates is introduced in

Figure 2.3.
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D D
\

N\

a
\J
q

Figure 2.3: From left to right: circuit notation for sum, a general Cu, ¢z and sum'.
The black circle denotes the control QV (¢z acts symmetrically).

2.2.4 The unitary group

At this point it is convenient to take a diversion to discuss the n-QV unitary group.
Considering first qudits: The unitaries that act on n-qudits form a group, which is
normally denoted U(d"™) and which when represented as matrices (in some basis)
are d" x d" complex-valued matrices obeying UUT = UTU =1, as has already been
discussed briefly in Section 1.2.3. Hence, such an operator is defined by a set of
m < 2d*" real parameters. For example, a general single-qubit unitary (a U(2)

operator) may be parametrised by the matrix

(2.35)

X e?cos e ¥sinf
u(07 Qb, @, ¢) = 6“@ ( ) .

—e%sinf e @ cosh

Therefore, it is clear that the n-qudit unitary operators are easily understood in
terms of matrices containing a finite number of real-valued parameters.

In contrast to this, an arbitrary unitary operator on only a single QCV requires
infinitely many parameters to define [Lloyd and Braunstein (1999)]. As it is neces-
sary to specify which transformation it will be demanded that an n-QCV quantum
computer can perform, it is convenient to restrict ourselves to considering the set of

all n-QCV unitaries that may be written as

U= eipoly(il,ﬁl,...,in,ﬁn)’ (236)

where poly(Z1,p1,...,2n,Pn) is any real polynomial of finite degree in the & and p
operators of each of the n QCVs. For example, a possible polynomial for two QVCs
is ad$ +bpapa + cps for a, b, ¢ € R. Any such unitary operator is defined by a discrete
set of real-valued parameters (i.e., the coefficients in the polynomial), putting this
set of unitaries on a similar footing to the set of qudit unitaries. This then enables a
well-defined and useful construction of universal quantum computation with QCVs,
as first given by Seth Lloyd and Samuel Braunstein [Lloyd and Braunstein (1999)]
and encompassed in the general construction I provide in Section 2.3. For notational
simplicity, throughout I will use U(27") to denote the set of these n-QCV unitaries,

so that the relevant unitary operators for a general QV are members of U(d").
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2.3 Universal quantum computation

The concept of a universal quantum computer has already been introduced briefly
in Chapter 1. However, a more exact exposition of these ideas is required for the
purposes of this thesis. In particular, for Chapters 3 and 4 it will be useful to have
a concept of a quantum computer and universality which is not framed entirely in
terms of quantum circuits. To do this I introduce the concept of a general quantum
computational model (to my knowledge, this is novel), again formulated for arbitrary
types of QVs.

Definition 2.1. A quantum computational model using QVs is defined by the object
M = (0,8) where o is a set of basic allowed operations which act on QVs and s is

some set of preparable states.

The allowed operations are not necessarily restricted to unitary gates. Opera-
tions are in general allowed to have classical outputs (i.e., they are measurements
of some sort) or depend on classical inputs (e.g., measurement outcomes). Follow-
ing Browne et al. (2011), a quantum computation in a particular model is then a
quadruplet

Q=(V730,q), (2.37)

where V is a set of QVs, 7,0 C V are input and output subsets and q is a sequence of
operations from o which act on QVs from V. A sequence of operations is considered
to be ill-defined if any operations depend on outputs from operations occurring
later in the operation sequence, as in such a case the sequence has no clear practical
meaning. All non-input QVs®*, V\ J, are prepared in states from the preparable set
s and it is assumed that the input QVs may in general be in an arbitrary state [¢).

A quantum computation may be considered to implement the |J|-QV unitary U
if for any input state [¢), the final state of the output QVs is U|¢), which requires
|O] = |7J]. Such a computation will be denoted Qr;. Here and throughout this thesis,
I use the standard notation that |s| is the cardinality of the set s, i.e., the number
of elements it contains. QVs that are not in the input or output sets are normally
termed ancillas, however I will term them auziliary QVs. This is to avoid confusion
with the ancillas considered in the latter chapters of this thesis, which play a special
gate-mediating role. Computations employing ancilla-mediated gates may involve
both auxiliary and gate-mediating ancillary QVs, and hence to avoid ambiguity it
is preferable to have distinct terminology.

For two computations Q = (V,7,0,q) and Q" = (V',7,0’,q') such that O =7,
which may be enforced with a QV relabelling as long as |O| = |¥’|, the composite

‘serial’ computation Q' o) may be defined in a natural way as [Browne et al. (2011)]

481\ 82 is the standard notation for the set of elements that are in 8; and are not in Ss.
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Q' oN:= VUV, 3,0, qq). (2.38)

Here ¢'q is the concatenated operation sequence, i.e., the ¢ command sequence fol-
lowed by the q' command sequence. In a similar way for VNV = (), the ‘parallel’

tensor product of two computations may defined by [Browne et al. (2011)]
Qe = VuVv,jul,oud, qq). (2.39)

It is evident that if the two computations implement the unitaries U and U’ then
the serial and parallel composite computations implement the unitaries U'U and
U ® U’, respectively. This formalises the concept of building larger computations
from smaller ones.

If in a particular model there are basic building-block computations that imple-
ment some set of unitaries, it is important to know what global unitaries these can
be composed to compute, e.g., can the computer implement Shor’s algorithm? A
quantum computational model is considered to be universal if it may implement
any unitary on any number of input QVs. However, there are two subtly different
notions of universality: exact and approximate. Largely the difference is irrelevant,
but this is covered now for clarity because here there are some subtle differences
between qudits and QCVs. Furthermore, these different forms of universal compu-
tation do have some implications in Chapters 3 and 4. Following the circuit model
convention, in the following I talk about the basic unitaries that can be implemented

as the gate set.

2.3.1 Exact and approximate universality
An exactly universal gate set is defined in the following way:

Definition 2.2. A set of gates is exactly universal for quantum computation on
n-QVs if a finite sequence of gates from the set may be used to exactly implement
any U e U(d").

From a mathematical perspective, an exactly universal gate set generates the
full U(d"™) group. The number of elements in the group U(d") is uncountable, which
is a simply consequences of R being uncountable. The set of unitaries generated by
combining the elements of a finite set of gates must contain a countable (although
not necessarily finite) number of elements, which implies that an exactly universal
gate set must have an infinite number of basic gates.

There is a weaker notion of universality which may be satisfied by finite gate
sets. It is necessary to first introduce a precise meaning of gate error, considering

initially only the case of qudits. Any two n-qudit gates U and V may be adapted to
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have the same determinant by the physically irrelevant action of choosing the global
phase of either operator, as det(e!?/?"U) = e*det(U). For two unitary operators
U and V with det(U) = det(V), the error in the approximation of U € U(d") by
V € U(d™) may be defined to be

EWU, V)= sup [(U=V)[¥)l, (2.40)
ey li=1

where |||[¢)|| = \/(¢[¥) is the norm of [1). The justification for this definition of
error is that it is a bound on the difference in the measurement statistics for any
possible measurement [Nielsen and Chuang (2010)], but there are many alternative
definitions of gate error that could be used such as those based on fidelity, e.g., see
Gilchrist et al. (2005) for a discussion of this. Using this definition of gate error,
V is called an e-approzimation to U if E(U,V) < e. For QCVs, it is more natural
to say that V is an e-approximation to U when every coefficient in the generating
polynomial poly(Z1,p1,...,%n,pn) of V is within € (or alternatively €/n) of the
coefficient in the generating polynomial of U [Lloyd and Braunstein (1999)]. This

facilitates the following definition:

Definition 2.3. A set of gates is approximately universal for quantum computation
on n-QVs if for any U € U(d™) and € > 0 there exists a finite sequence of gates from

the set that is an e-approximation to U.

From a mathematical perspective, approximate universality means that the gate
set need only generate a dense subset of U(d") and this condition can be satisfied

by gate sets containing a finite number of gates.’

2.3.2 Approximate universality is practical universality

The definitions of exactly and approximately universal gate sets may seem reason-
ably straight forward, however there are some points that need addressing, particu-
larly in the case of QCVs. Consider the notion of exact universality. In one sense,
for qudits this is a useful concept: A unitary on n qudits is a d" x d"™ complex-valued
matrix and matrix decomposition techniques can be used to express this without
approximation as tensor and multiplicative products of matrices representing only
two- and one-qudit gates [Bullock et al. (2005); Nielsen and Chuang (2010)]. Hence,
there are reasonable gate sets for qudits which are exactly universal, with important
specific sets covered in Section 2.5. However, to reiterate what I have already said
above: the number of gates in the set must still be infinite (i.e., continuously pa-

rameterised). Therefore, although an exactly universal gate set is a useful abstract

5 A finite set of gates can only generate a countable set of operators, but a countable set can be
dense in an uncountable set. For example, the rational numbers are countable but are dense in R,
as there is a rational number arbitrarily close to any element of R.
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object with which to study quantum computation with qudits, in practice such a
gate set still cannot exist.

For QCVs, it is not clear that exact universality is a useful concept at all. In
general, an available gate set for QCV computation with any physical relevance will
have the form

9QCV == {eiiﬁlt, e*l’ﬁgt’ ceey eiiHNt}, (241)

where the ij are real finite-degree polynomials in the position and momentum
operators of some number of QCVs and here we assume that in each case t may
take any value in R. In QCV computation, unitaries are constructed using the two
relations [Braunstein and van Loock (2005); Lloyd (1995)]:

eif{j5t€iﬁk5t6—iﬁj6t6—iﬁk5t — e[Hj,f{k}&fz + O(5t3)7 (242)

oiHj0t/2 GiHySt iH;5t/2 _ i(H;+Hy)st n O(6t3), (2.43)

which may be confirmed with a Taylor expansion.® Using arbitrarily small §¢ and

arbitrarily many repeated applications of these equalities, the unitaries el il

and e+t for any desired values of ¢ € R may be constructed. Furthermore,
using these gates and applying the above techniques again, we may implement any
unitaries generated by the Hermitian operators [Hj, [H;, H\, i[Hy, [H;, [ﬁIj, Hll,
i[[Hy, H;), [Hj, Hy]] and so on, along with those unitaries generated by real-valued
linear combinations of these. That is, any gate of the form el where H is the sum
of the H ; and of nested commutators of these operators is implementable [Lloyd
(1995)], which is called the algebra over R generated by commutation of the set of
operators {H, H, ...} [Humphreys (1972)].

This construction gives a sensible meaning to how a unitary may be approxi-
mated to any accuracy (an e-approximation) with a finite sequence of gates from
some set - simply by applying the construction above to the accuracy required. In
order to be an approximately universal gate set, the algebra of the generators of
the available gates must include every polynomial of the position and momentum
operators for any number of QCVs. Importantly, as with qudits, only one and two-
QCV gates are required to approximately generate any n-QCV unitary [Lloyd and
Braunstein (1999)] meaning that physically sensible approximately universal gate
sets exist, with specifics covered in Section 2.5. However, it is not clear that exact
universality has any relevance to QCV computation: for finite sequences of gates
the above gate composition techniques are in general intrinsically approximate (this
is not to say some gates outside the basic gate set cannot be implemented exactly).

Consequently, whenever exact universality is mentioned from now on it should be

SNote that there is not a missing factor of ¢ in the exponential here. This is because [Hj, flk] is
not a Hermitian operator, but +i[H;, Hy] is.
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assumed this applies only to qudits.

2.3.3 The overhead of gate approximations

Regardless of the technicalities discussed above, in practice the relevant notion of
universality is clearly approximate universality, for all types of QVs. Therefore,
given a particular approximately universal gate set, it is important to understand
how the length of the gate sequence required to e-approximate any unitary scales
with e. For example, if the length scaled exponentially with the required accuracy
this would be a serious problem. For qudits, a result known as the Solovay-Kitaev
theorem shows that there is a surprisingly small overhead required - to obtain an
accuracy of € the gate sequence need only be of length O(log®(1/¢)), where ¢ > 1 is
a small constant that depends on the details of the particular method [Harrow et al.
(2002); Kitaev (1997)]. Furthermore, the standard proof of this theorem provides
an efficient classical algorithm for finding the gate sequence, for example, a detailed
presentation of an algorithm with ¢ = 3.97 is provided by Dawson and Nielsen (2006).
Note that the gate sequence length does scale exponentially in the number of qudits
that the gate to be approximated acts upon, but this is to be expected as otherwise
it would provide an efficient method for simulating any n-qudit unitary. As this
theorem is relied upon to guarantee efficient gate simulation for the approximate
gate sets used herein, it is stated formally in Appendix F.

As far as I am aware, there are no similar theorems implying that only a poly-
logarithmic overhead is required for gate approximations in QCV computation.
However, it is known that the length of the gate sequence need grow no faster
than a small polynomial in 1/e [Lloyd and Braunstein (1999)]. It will be important
in this thesis to have some some specific universal gate sets, however it is convenient

to delay this discussion until after the next section.

2.4 The Clifford group

The Clifford group is of fundamental importance in quantum computation, for ex-
ample, it underpins the theories of error correction and fault tolerance [Gottesman
(2010)]. Furthermore, it will be central to the results of Chapters 3 and 4 and hence

it is now introduced. It is first necessary to define the Pauli group.

2.4.1 The Pauli group

An important property of the Pauli operators is that they commute up to a phase
via the relation
Z(q)X(q) = X () Z(q), (2.44)
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2.4 The Clifford group

which may easily be confirmed by the action of each side of the equality on the
computational basis. This is often called the Weyl commutation relation and is per-
haps the most used equality in this thesis. This relation means that under operator
multiplication the Pauli operators may be used to form a strict subgroup of the
single-QV unitary group called the single-QV Pauli group. This is denoted P; and
defined by

P1 = {peqs =w*X(9)2(¢) | £ €Sp, 4,4 € Sa}, (2.45)

where Sp is defined as

Z(2d) for qudits,
Sp = (2.46)
R for QCVs.

For a QCV this is a very natural definition: it is simply the group generated by
multiplication of X (¢) and Z(q), as can be seen from the Weyl commutation relation.
However, for qudits there are extra phases that are powers of w'/2, and hence it is
necessary to add w'/?I to the X (q) and Z(q) operators to generate the whole group.
One justification for these extra phases is that for d = 2 this recovers the normal
qubit Pauli group, generated by the two operators X and Z along with the third
ordinary Pauli operator Y = ¢X Z, which is normally introduced on an equal footing
with X and Z when only qubits are considered. A more concrete reason for these
extra phases is that they are required for even-dimension qudits in order for the
Clifford group, introduced below, to have equivalent properties for all types of QV
(i.e., for QCVs and both even and odd-dimension qudits). Including the extra
phases for odd-dimension qudits, as well as even-dimension qudits, is in my opinion
the most convenient choice. This is in line with some of literature, see e.g., Hostens
et al. (2005), but other authors take the alternative view, see e.g., Farinholt (2014).

The n-QV Pauli group, denoted P, is a simple generalisation of this and is the

subgroup of U(d"™) consisting of all operators of the form

Pei5 -= Dé1,v1,0n41 ®p52,v271)n+2 & vees @ Pepy 0200 (2'47)

where £ = & + & + ... + &, with the addition as approriate for Sp (i.e., modulo D

for a qudit) and @ is the vector 7 = (vq,...,va,) € SA™.

2.4.2 The Clifford group

The (n-QV) Clifford group is the normaliser of the Pauli group in the group of the
unitaries. Hence it is defined by [Bartlett et al. (2002); Gottesman (1999a,b)]

C:={UeU(d) | UpU" € P Vpe P}. (2.48)
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Therefore, the Clifford gates (the elements of €) are those unitaries which transform
Pauli gates to Pauli gates under conjugation. It is easily confirmed that it is indeed
a group under operator multiplication. It turns out that all of the specific gates so
far introduced in this chapter (X (q), Z(q), F, ¢z and sum) are Clifford. A further
important Clifford gate is the phase gate, P(p), defined by

P(p)lg) := w2 (ated|g), (2.49)

with p € Sp and where g4 = 1 for odd-dimension qudits and g4 = 0 otherwise. For
qubits, this reduces to the well-known gate P = ( (1) ?), also often denoted S in the
literature.

It will be useful in this thesis to have a set of gates which generate the Clifford
group. It is convenient to use the standard notation that § = (g1, ..., gx) represents

the statement that G is the group generated by the elements g1, ..., gx.
Proposition 2.1. C = (cz,Z(q), P(q), F) with q € Sq for all QV types.

To be clear, this is the statement that, for any QV type, any n-QV Clifford gate
can be exactly decomposed into ¢z, Z(q), P(q), and F gates. Furthermore, it turns
out that such a decomposition need only contain O(n?) of these basic generating
gates. For qudits this follows from the work of Hostens et al. (2005) and Farinholt
(2014)7 and for QCVs it was shown by Bartlett et al. (2002). Not all of these
generators are required in each case. For example, with qudits Z(q) and P(q) can
be obtained from powers of Z and P and hence only four generators are needed,
and in prime dimensions Z can be obtained from P and F.® However these minor
differences can be largely ignored.

In Chapter 4 it will be useful to have the conjugation relations of these generators

on arbitrary Pauli operators. In Appendix E it is shown that

Z(p)

De,q,q ? Pe+2pa,q,q 5 (2.50)
F

P¢q,q' ? De—2qq’ ,—q' (2.51)

P(p)
Dgq.q' ? Pe+pa(q+o4).a.4'+pa> (2.52)
— < 2.53
D¢ (q1,92,4;.95) Pe+2q1q2,(a1,42,¢; a2 .d5+a1)" (2.53)

The changes in the phase factors are often, but not always, of no importance. Note

that the arithmetic in each subscript is calculated as appropriate for the QV type,

"In the case of qudits, many derivations in the literature apply only in prime dimensions. E.g.,
see Gottesman (1999a); Hall (2007).

8n odd dimensions F2PY"'F2P = Z. For qubits P? = Z. Although it is claimed by Farinholt
(2014) that for all dimensions of qudits the Z generator is unnecessary, I am unaware of any proof
that confirms this.
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2.4 The Clifford group

which for qudits is modulo 2d for the phase factor and modulo d for the X (-) and
Z(-) gate variables.

2.4.3 Classical simulation of Clifford circuits

Gates from the Clifford group are alone not sufficient for universal quantum com-
putation as they form a strict subset of the unitary group. Furthermore, quantum
computations consisting of only Clifford gates acting on QVs prepared in the com-
putational basis and which have access only to measurements of the computational
basis can be efficiently exactly simulated on a classical computer. This is known
generally as the Gottesman-Knill theorem, due to its original formulation for qubits
by Gottesman (1999b) and which is accredited therein to Emanuel Knill. The gener-
alisations to qudits and QCVs may be found in Bartlett et al. (2002); De Beaudrap
(2013); Gottesman (19994); Hostens et al. (2005); Van den Nest (2013). This the-
orem is nicely illustrated by the qubit Clifford circuit simulator programmed by
Scott Aaronson [Aaronson and Gottesman (2004, 2005)]. Clifford gates can create
highly entangled many-QV states from separable computational basis inputs, such

as n-qubit Greenberger-Horne-Zeilinger (GHZ) states

1
V2

and hence, the Gottesman-Knill theorem may appear surprising. However, because

IGHZ) = —(]00...0) + |11...1)), (2.54)

the theorem is only valid given strict restrictions on the allowed input states and
measurements, this prevents the full array of non-classical resources available in

states such as GHZ being accessed.

2.4.4 Further Clifford gates

The four gates ¢z, suM, F' and P(q) along with the Pauli operators are the most
important Clifford gates herein. However, there are certain other Clifford unitaries
which will appear regularly and hence these are now introduced. The first of these

is the SWAP gate, defined by

swap|g)|d') == [¢)|a), (2.55)

and which as the name suggests has the action of swapping the states of the two
input QVs. It is obvious that this is Clifford. A further useful operator is the
squeezing gate defined by

S(s)la) := |sq), (2.56)

47



2. General quantum variables

for any s € S such that there exists s~ € S;. Without this condition on s it would
not be unitary. This condition holds for all non-zero s € S; with QCVs and prime
dimension qudits, and any non-zero s which is co-prime with the dimension of the
qudits in other cases (such an s is called a unit in Sy). This gate can be confirmed

to implement the conjugation maps

5(s)

Deqg — 7 Pe,sqst (257)

q/.

The ¢z and SUM gates are the most important special cases of the more general
gates CZ(q) and CX(q) (the special case is ¢ = 1). Again, it is easy to confirm
that these gate are Clifford. For qudits, they may be obtained as powers of SUM and
cz. For QCVs, Equation 2.57 implies that they may be obtained from either Cz or
suM and the squeezing gate, as shown in Figure 2.4. Finally, Figure 2.5 presents the
simple relation between CX (¢q) and CZ(q) in terms of local Fourier gates which will

be used regularly throughout.

a
"y

—5%(q) Slg)— —X(q)—

Figure 2.4: General controlled Pauli gates can be implemented via cz or SUM and
local Clifford gates. Here the squeezing gate is used to create the C' X (q) gate.

—F X @ HF- 20

Figure 2.5: Conjugation by local Fourier gates transforms between CZ(q) and CX(q)
gates. This includes as a special case the relation between ¢z and SUM.

2.5 Universal gate sets

We are now ready to return to the subject of universal gate sets, and in particular to
give certain universal sets that will be of relevance herein. A particularly important

result in quantum computation is the following;:

Proposition 2.2. A gate set composed of any entangling gate in conjunction with
any set of single-QV gates that is (approximately / exactly) universal for single-QV

unitaries is an (approzimately / exactly) universal gate set.
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2.5 Universal gate sets

For qudits, this results is due to Brylinski and Brylinski (2002), and for QCVs
(where only approximate universality applies), it was shown by Lloyd and Braunstein
(1999). This implies that, as long as some entangling gate can be implemented and
there are sufficient local controls of each QV then universal quantum computation
is possible. Clearly this leaves substantial freedom in terms of the exact gates,
particularly as almost any multi-partite gate is entangling [Lloyd (1995)]. Often the
entangling gate is taken to be CZ or SUM due to their convenient properties and the
natural role they play in algorithms, but this is not essential.

Proposition 2.2 raises the important question of which single-QV gate sets pro-
vide single-QV universality. To consider this, it useful to introduce the rotation gate
which is a single-QV unitary that is parameterised by a function 9 : S; — R and is
defined by

R(9)|q) = ¢ @]g). (2.58)

To guarantee that this is well-defined for a QCV, in this case this function is con-
strained to being some finite-degree real polynomial in ¢. There is a physically irrel-
evant global phase freedom in this gate, which can be removed by setting ¢#(0) = 0.
In the case of qudits, the gate set of all such rotation gates’ along with the Fourier
gate is an exactly universal single-qudit set. This is well-known for qubits [Nielsen
and Chuang (2010)!°] and for qudits it is implied by the results of Zhou et al. (2003).
This can then be adapted to a finite gate set and approximate universality by simply
picking a set containing one ‘generic’ rotation gate along with the Fourier gate F.
This is shown in Appendix G and is again well-known for the qubit sub-case.

For prime dimension qudits there is a particularly elegant result that will be
useful herein: the addition of any non-Clifford gate to a set of generators of the
Clifford group elevates that set to (approximate) universality [Campbell et al. (2012);
Nebe et al. (2001, 2006)]. Similarly, for QCVs it is known that the addition of
continuous powers of any non-Clifford single-QCV gate to the Clifford group is
sufficient for (approximate) universality [Lloyd and Braunstein (1999)]. Hence, for

such QV types and a single-QV unitary u ¢ €, then
Ge—unt = {SUM; pr(Q)7 Z(Q)a u? ‘ qc Sd}a (2'59)

is an approximately universal set. As far as [ am aware, it is not known whether this
holds for non-prime dimension qudits. However, in such cases the u gate can be taken

to be a generic single-QV rotation gate, to obtain universality via the argument of

9For qudits, these rotation gates are parametrised by d phase angles in R, or d — 1 phase angles
if the global phase is fixed

9 Any single-qubit unitary may be written as U = e'® R(0) H R(¢) H R(v) where R(x)|q) = €™*|q)
and H is the Hadamard gate, i.e., the qubit Fourier gate. This may be shown directly via simple
matrix multiplication.
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Appendix G. In this thesis, it will be at times convenient to know that the Clifford
gates can be generated exactly, and hence I will make substantial use of this gate
set for some unspecified single-QV gate u that elevates the set to universality, and
which will often be assumed to be diagonal, for convenience.

Finally, there are a range of simple choices for the non-Clifford gate in this gate
set, which may be practically convenient. One option is to choose a diagonal ‘cubic’
gate. The T or the m-by-8 gate for qubits, as already introduced in Equation 1.10,
can in a certain sense be considered cubic as T|q) = w/ ds\q>, and it is not hard
to show that for all QV types that this provides a non-Clifford gate (e.g., via the
results below). However, for QCVs the k = 3 case of the gate

Di(r)|q) := ™ /¥|q), (2.60)

with & € N and r € Sy is normally considered, termed the cubic phase gate [Gu et al.
(2009)]. Note that, for QCVs and even-dimension qudits, ¥ = 1 and k = 2 give the
Pauli Z(r) gate and the phase gate P(r) respectively. Again, for qudits this cubic
gate will also provide a non-Clifford gate. However, Campbell (2014) suggests that
a more natural generalisation for the T" gate, to prime-dimension qudits with d > 3,
is T(r)|q) = w™’|q) with 7 € S, which is also equivalent to the cubic phase gate
for QCVs up to a rescaling of » € R. These gates have important applications to
fault-tolerant quantum computation, due to their interesting relation to the Clifford
group [Campbell (2014); Howard and Vala (2012)]. However, as this is not discussed
herein, it is of no consequence which non-Clifford gate is chosen to elevate the Clifford
group to universality, beyond possible practical considerations of what the simplest

non-Clifford gate is to implement.

2.6 Conclusions

In this chapter I have reviewed the terminology and mathematical tools for quantum
computation using qubits, qudits of arbitrary finite dimension and quantum contin-
uous variables. A simple unified formulation of the fundamental state spaces, bases,
operators, groups and concepts necessary to the theory of quantum computation
has been proposed. This will be utilised throughout the remainder of this thesis to

succinctly present results in a manner that is applicable to all types of QVs.
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Chapter 3

Unbounded fan-out circuits

with general quantum variables

This chapter introduces and investigates the computational power of the unbounded
fan-out gate, defined on general quantum variables (QVs), which may quantum-copy
QVs into an arbitrary number of auxiliary QVs. I show that a circuit model in which
this gate may be implemented in unit time has greater parallel computation power
than quantum circuits using only gates with fixed input size. This extends results
by several authors on qubit quantum circuit complexity into the general QV domain,
which applies to quantum computation not only with qubits, but also with qudits

of any dimension and QCVs. This chapter is based on Proctor (2015).

3.1 Introduction

Understanding which problems are fundamentally efficient to solve and which are not
is a question that has clear practical implications and has interested many researchers
in computer science and beyond. The answers to such computational complexity
questions have, broadly speaking, proven particularly challenging to solve. Perhaps
the most famous question of this sort is the ‘P wersus NP’ problem, which asks
whether the set of classically efficiently solvable problems (the complexity class P),
and the set of problems for which a given solution can be classically efficiently verified
(the complexity class NP), are the same [Arora and Barak (2009)]. It is widely
believed that P # NP [Hemaspaandra (2012)], and there is plenty of motivation to
settle this question either way (including a $1,000,000 prize). However, to date no
one has been able to prove it.

In light of this, it is sensible to consider simpler problems in the hope that
progress on these will shed light on the more over-arching open questions in com-

plexity theory. One avenue of research is into the power of Boolean circuits with
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3. Unbounded fan-out circuits with general quantum variables

access to limited resources of some sort, where Boolean circuits are essentially the
(irreversible) classical version of quantum circuits [Arora and Barak (2009)]. A
natural resource to restrict is computational time, called depth in the context of cir-
cuits. For example, this can be restricted to a constant or poly-logarithmic growth
as a function of input size. There are a range of interesting results known about
the power of such restricted-depth Boolean circuits [Arora and Barak (2009); Furst
et al. (1984); Goldreich (2008)].

The study of quantum circuit complexity is a natural extension of these clas-
sical complexity ideas into the realm of quantum computation, providing insights
into both the power of quantum computation and the differences between closely
related quantum and classical circuit classes. As far as I am aware, the first explicit
definitions and investigations of constant and restricted-depth quantum circuits are
due to Moore and Nilsson (1998) and this work has since been extended by a range
of authors [Fang et al. (2006); Moore (1999); Moore and Nilsson (2001); Takahashi
et al. (2010)], with Hoyer and Spalek (2003, 2005) providing a detailed investigation
of the power of unbounded fan-out gates. However, to my knowledge, up until now
all of the literature on this topic has exclusively considered qubits and any extension
to either qudits or QCVs is lacking.

In this chapter I present investigations into constant and poly-logarithmic depth
quantum circuits with general QVs. This therefore includes the previously neglected
cases of d > 2 qudits and QCVs. The gates and models that I define and the proposi-
tions that I prove in this chapter will provide the basis for linking the computational
properties of quantum circuits and the one-way quantum computer for all QV types,
which is the subject of Chapter 4. However, they are also interesting in their own
right as a study of non-binary qudit and QCV circuit depth and size complexity.
To keep the presentation concise and because the results given here extend previous
qubit-based work into the general QV domain, rather than beginning this chapter
with an extensive review of the qubit literature, I will discuss if and where the
qubit special case of each result I present in this chapter can be found in the liter-
ature when appropriate. The remainder of this chapter is structured as follows: In
Section 3.2 quantum depth and size are introduced. In Section 3.3 definitions are
proposed for the fan-out gate, standard quantum circuits, and unbounded fan-out
circuits for general QVs. It is then shown that, when restricted to constant depth,
unbounded fan-out circuits are more powerful than standard quantum circuits. In
Section 3.4 it is shown that constant depth unbounded fan-out gates can compute
sequences of commuting unitaries and any Clifford circuit. Section 3.5 includes a
brief discussion of certain technical issues that arise in the setting of QCV quantum
circuits, along with a resolution to these problems. In Section 3.6 the physical rel-

evance of unbounded fan-out circuits is briefly considered and the chapter is then
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concluded in Section 3.7.

3.2 Depth and size in quantum computation

In order to study computational depth and size complexity in quantum circuits,
formal definitions of these concepts are required. These are expressed in terms of a
general quantum computational model so that they can also be immediately applied

in Chapter 4 to the one-way quantum computer.

Definition 3.1. For a quantum computation Q = (V,7,0,q), a path of dependent
operations is a sub-sequence (q;) of q such that each operation either

(a) acts on a QV in common with, or

(b) depends upon the outcome of,

the previous operation in the subsequence.
This facilitates the following definition of the (quantum) depth of a computation:

Definition 3.2. The quantum depth of a quantum computation 9, denoted depth(9Q),

18 the number of operations in the longest path of dependent operations.

The depth represents the number of steps required for the computation, and
hence such a definition of depth encodes the standard assumption that two oper-
ations cannot be performed simultaneously on a QV and that an operation may
not be performed simultaneously with one whose output it depends upon. For a
quantum circuit the depth is simply the number of layers in the circuit, but this
definition also encompasses the more subtle concept of depth in one-way quantum

computation.

Definition 3.3. The quantum size of a quantum computation, denoted size(Q), is
the sum of the size of each operation it contains, where the size of an operation is
defined to be the number of QVs on which it acts.

For example, the SUM gate has a size of 2. The concepts of size and depth may
be clarified further by reference to the circuit given in Figure 3.1 which has a size
of 17 and depth of 9. These quantities are referred to as quantum size and depth
as they take no account of any classical computational resources required for any
manipulations of any classical outputs. However, this is physically well-motivated
given the relative practical difficulties of classical and quantum computation.! Note
that the quantum depth does not tell you how long a computation need be, but
rather how long a given computation is. For example, the two circuits in Figure 3.2

have the same action, but have a different depth. In this case it is obvious that the

1This is of course assuming that the model does not use unreasonable classical resources.
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Figure 3.1: This quantum circuit has a depth of 9 and a size of 17.

greater depth circuit can be compressed, but in general it is a highly non-trivial task
to confirm whether or not a particular decomposition is optimal. Serial and parallel

computations (see Equations 2.38 and 2.39) obey

depth(Q; 0 Qp) < depth(9Q;) + depth(Qy), (3.1)
depth(Q; ® Qo) = max(depth(Q1), depth(Qy)), (3.2)

as is to be expected. In both cases sizes simply add.

In the rest of this chapter, the main topics of study are asymptotic depth and size
scalings of quantum circuits. Hence, although the standard asymptotic notation has
already been used herein without an explicit definition, it is crucial for the following
that its precise meaning is understood. A function f(n) is O(g(n)) if, for some
constants C' > 0 and ng, then f(n) < Cg(n) for all n > ng. A function f(n) is
Q(g(n)) if, for some constants C' > 0 and ng, then f(n) > Cg(n) for all n > ny. For
example, n? + 10n is O(n?) and Q(n?); it is also O(n3) and Q(logn), but it is not

Figure 3.2: The depth of the circuit on the LHS is 6. The depth of the equivalent
circuit on the RHS is 2.

3.3 Standard and unbounded fan-out circuits

For any type of QV, a quantum circuit model (QCM) is any quantum computational

model 9t = (0, 5) in which the allowed operations, o, is some set of unitary operators
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(quantum gates). It is conventional to restrict the set of preparable auxiliary QV
states to s = {|0)}, and this will be taken to be the case herein. It it often also
required that the input and output QV subsets in any computation are equal, and
this will happen to be true in all cases in this chapter, but this is not strictly
necessary. A gate that acts on a constant number of QVs is a unitary that transforms

some fixed number of QVs, e.g., SUM takes two QVs as an input.

Definition 3.4. The ‘standard quantum circuit model’ is a QCM with some uni-

versal gate set that contains only gates that act on a constant number of QVs.

A standard quantum circuit is then a particular computation in this model.
Roughly speaking, the exact specification of the gate set is not necessary in order to
consider only how computational depth and size scale with the number of input QVs
for the implementation of n-QV unitary families, and for this reason no particular
gate set was mentioned in this definition. However, there are certain issues related
to whether the gate set is approximately or exactly universal. More specifically, for
exact universality, which is relevant only for qudits, then any exactly universal set
(with fixed-size gates) is completely equivalent to any other, in this context. This
is because any unitary acting on k qudits may be exactly decomposed into O(d?*)
gates from any exactly universal gate set [Bullock et al. (2005); Lloyd (1995)] and
so one universal gate set may simulate another with only constant size and depth
overhead (as each gate in the set to simulate acts on no more than k-qudits for some
constant k). For concreteness, we may consider the exactly universal set of sum
along with all single-qudit gates, which we denote Gyy:.

In the case of approximate universality, as one approximately universal gate set
cannot necessarily exactly simulate the gates from another approximately univer-
sal set, there can be more subtle issues related to how the overhead to simulate
one gate set depends on the systematic gate-error level that may be tolerated (e.g.,
polynomial or poly-logarithmic overheads). However, these issues will not have any
direct implications for the results of this chapter as long as the gate set can exactly
generate any Clifford gate. Hence, for concreteness, in the case of approximate uni-
versality we consider the set G¢_yni, which was already introduced in Equation 2.59
as

Se—um = {SUM, F, P(q), Z(q),u | q € Sa}, (33)

with non-Clifford single-QV unitary « which may be taken to be a diagonal gate.
This may exactly generate any Clifford gate, and is appropriate for all QV types.
Instead of this particular set, for qudits and for the purposes of this chapter, any gate
set containing any other set of Clifford group generators is completely equivalent.
However, in the case of QCVs this is not entirely true due to a slightly subtle issue

that arises from the non-periodic nature of the QCV Pauli gates: a discussion of this
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is delayed until Section 3.5. In summary, the following results on standard quantum
circuits are valid with either: any exactly universal qudit gate set including only
fixed-input-size gates (e.g., Guni), or with the approximate universal set G._yy; for
all types of QVs.

3.3.1 Unbounded fan-out circuits

An alternative circuit model, which I will show does not have the same depth com-
plexity as standard quantum circuits, can be defined by first introducing the n-QV
‘fan-out’ gate. To my knowledge, outside of the qubit sub-case such a gate has not
been defined in the literature. I will denote this gate by FANOUT and define it by

the action

FANOUT|q)|q1,---sqn) == @) |q1 + ¢, qn + q) - (3.4)

Unlike for the qubit sub-case, for general QVs the fan-out gate is not self-inverse -
for a d-dimensional qudit it has order d (this is because ¢ + d = g modulo d). A
circuit notation for this gate is defined in the circuit on the LHS of Figure 3.3. It is
obvious that this gate may be composed from a sequence of n SUM gates, as shown
in the middle circuit diagram of Figure 3.3. The fan-out gate is named as such as it

may be used to copy computational basis states into n QVs, specifically?

FANOUT

19)[0, ..., 0) @) g, ..., q). (3.5)

Hence, it may be used to delocalise a logical QV in a single QV over n + 1 QVs,

which will prove to be a useful resource for parallel computations.

Definition 3.5. The ‘unbounded fan-out model’ is a QCM with some universal gate
set that contains only gates that act on a constant number of QVs along with fan-out

gates acting on any number of QVs.

Again, an unbounded fan-out circuit is then a particular computation in this
model. The gate set discussions below Definition 3.4 are directly applicable again

here. Hence, for the same reasons as given there, the gate set may be taken to be

Sranour = Ge—un U {FANOUT}, (3.6)

or alternatively, the exactly universal set obtained by replacing G¢_yx1 — Gunr in this
equation. It does not really matter which, except that a fair comparison between
the two circuit models herein is given by considering the exact or universal set in

both cases.

2Note that this does not violate the no-cloning theorem as it only copies basis states - it does
not copy a QV, but instead creates a highly entangled multi-QV state for a general input.
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3.4 Constant depth unbounded fan-out circuits

Proposition 3.1. Any standard quantum circuit for the n-QV fan-out gate has a
depth of Q(logn). There is a standard quantum circuit for this gate with a depth of
O(logn) and a size of O(n).

Proof: A circuit for the n-QV fan-out gate with a depth of O(logn) and size
of O(n) is presented in the RHS of Figure 3.3. This uses a standard ‘divide-and-
conquer’ strategy, via SUM and suM! gates. All the output QVs of the fan-out gate
depend on the state of the control QV. With [ circuit layers composed of gates
that act on at most m QVs for some constant m, at most m! QVs can depend on
the state of the control QV. Hence, for n QVs to depend on the control QV it is
necessary for at least I = log,, n layers. Therefore, any standard quantum circuit
for the fan-out gate must have a depth of Q(logn), which concludes the proof. This
proof is essentially identical to that for the qubit sub-case, originally presented by
Fang et al. (2006).

This proposition shows that the ability to implement the fan-out gate on an un-
bounded number of QVs in unit depth allows for lower depth circuits in comparison
to standard quantum circuits, which require logarithmic depth to simulate an n-QV
fan-out gate. In the next section, it will be shown that unbounded fan-out gates
facilitates interesting circuit-depth reductions. A simple lemma of Proposition 3.1 is

the following complexity relation between standard and unbounded fan-out circuits:

Lemma 3.1. Any n-QV unbounded fan-out circuit § may be implemented with a
standard quantum circuit that has a size of O(size(§)) and a depth of O(depth(F) logn).

This lemma may be used to convert the remaining results of this chapter, which
will be stated in terms of unbounded fan-out circuits, into statements about standard
quantum circuits. It may be also used to the same end with regard to the results
of Chapter 4, in which relationships between the 1IWQC and the quantum circuit

model will be derived.

3.4 Constant depth unbounded fan-out circuits

It is now shown that certain operators may be implemented in constant depth with
an unbounded fan-out circuit. The main purpose of presenting the following results is
that they will be required to derive many of the results in Chapter 4. However, they

are also of independent interest in terms of quantum circuit complexity questions.

3.4.1 Commuting circuits

Consider the circuit diagram of Figure 3.4, which shows k pair-wise commuting

unitaries acting in series on a set of n QVs. An interesting property of the unbounded
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3. Unbounded fan-out circuits with general quantum variables
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Figure 3.3: LHS: A circuit notation for the n-QV fan-out gate. Middle: The fan-out
gate decomposition into n SUM gates with a circuit size and depth of O(n). RHS:
An alternative circuit decomposition implementing the fan-out gate with a depth of
O(logn) and size O(n). The case shown here is for n = 23 — 1. The same structure
may be used for all n = 2™ — 1 and for other cases the structure for 2/tes(*+1)1 _ 1
may be used with the gates omitted which would act on non-existent QVs. The
circuit notation used here for suM and sum' gates was introduced in Figure 2.3.

Ui Us Us - Us

Figure 3.4: A sequence of & mutually commuting unitaries U;, with ¢ = 1,...,k,
acting on a set of n QVs. Commutation implies that they are all diagonalised by
some n-QV unitary B, i.e., D; = BU;B' for some diagonal unitaries D;.

fan-out gate is that it facilitates the application of commuting gates on a set of QVs
in parallel, whenever the basis in which they are all diagonal can be transformed

into with a sufficiently low depth circuit. More precisely:

Proposition 3.2. Consider a sequence of k mutually commuting unitaries U; that
act onn QVs, which are therefore diagonalised by the same n-QV operator B, i.e.,
BU;BT = D; where D; is some diagonal unitary for each i. Such an operator se-
quence may be implemented with an unbounded fan-out circuit that has a depth of
max; (depth(D;))+2depth(B)+6, and a size of max(O(n?), O(size(B)), O (3, size(D;))).

Proof: The proof precedes by providing such a circuit. The first stage of the
circuit is to apply a B gate to the n-QVs, changing into the basis in which all of the
gates are diagonal. Next, copy the n-QVs into k — 1 sets of n auxiliary QVs, using
n fan-out gates in parallel and n(k — 1) auxiliary QVs (prepared, as always, in |0)).
The diagonal unitary D; is applied to the i*! register and these may be implemented

in parallel (distinct QVs). This creates the required total phases because phases
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3.4 Constant depth unbounded fan-out circuits
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Figure 3.5: This circuit implements, in parallel and with the aid of fan-out gates,
any sequence of k mutually commuting unitaries U; = BID;B (with i = 1,...,k)
that act on a set of n QVs. The case shown here is with n = 4. This circuit has
constant depth (as a function of both k and n) if B, FANOUT and D; for all i may be
implemented in constant depth. This circuit requires n(k — 1) auxiliary QVs. Each
inverse fan-out gate may be implemented with one FANOUT and four F' gates.

add, ie., eei® = ¢U0+9) Inverse fan-out gates are applied to return the auxiliary
QVs to the |0) state (this requires F, FT and fan-out gates). Finally, the QVs are
rotated back into the computational basis by Bf. A careful counting of the depth
and size of each stage provides the total depth and size stated above, concluding the
proof. The fan-out circuit from this proof is shown in Figure 3.5.

In the special case of qubits, this proposition can be found in the literature
and is due to Moore and Nilsson (2001). This result will be of use later, both in
Section 3.4.2 and in Chapter 4. Moreover, it may also be applied to reduce the depth
of a variety of interesting quantum circuits. One example is now considered: an
arbitrary polynomial-size circuit on n-QVs, consisting of one- and two-QV diagonal
gates. Such a circuit can be easily (and efficiently) rearranged into a circuit of the
form given in Figure 3.6. This circuit has a depth of 2n — 1 (ignoring the overhead
in decomposing these gates into those from the available set), but it is not clear how
it can be computed with a lower depth than this without fan-out based techniques
and utilising auxiliary QVs. By applying the technique of Figure 3.5, each layer

can be implemented in parallel using auxiliary QVs and unbounded fan-out gates.
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3. Unbounded fan-out circuits with general quantum variables
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Figure 3.6: A polynomial-size circuit on n-QVs consisting of arbitrary one- and
two-QV diagonal gates can be arranged into a circuit of this form, which contains
2n — 1 layers. This is achieved by writing it as a layer of local gates, followed by a
sequence of two layers for nearest-neighbour interactions, then two layers for next-
nearest-neighbour interactions and so on. This is partially shown here for n = 10,
where the gates in this circuit represent generic one- and two-QV diagonal gates,
and gaps are shown between layers for clarity.

This requires only constant depth with an unbounded fan-out circuit.> Without
unbounded fan-out gates it seems unlikely to me that this can be implemented in less
than log(n) depth, which can be obtained via a direct simulation of the unbounded

fan-out circuit, e.g., via the method in Figure 3.3.

3.4.2 Clifford circuits

Two novel adaptions of the fan-out gate that will be useful herein are the FANOUT(?)
and MULTISUM(¥) gates, which are both parameterised by a vector v = (vy,...,v,) €
S7, and I define by

FANOUT(?)

) a1, -, qn) 9) g1 +viq, .., qn + Vnq) , (3.7)

MULTISUM(?)

la)|aqrs - an) g+ viq1 + -+ Undn) Q1,5 Qn)s (3.8)

respectively. The latter of these gates is the natural extension to general QVs of what
is called the qubit parity gate (the parity gate, denoted PARITY, is the MULTISUM(?)
gate for qubits with ¢ = (1,...,1)). Using the conjugation action of the Fourier

gate on the Pauli operators, it is easy to confirm the conjugation relation

FANOUT(¥) _rere-oF MULTISUM(—7). (3.9)

3 Again, this is ignoring any overhead of decomposing the unitaries, in each parallel part of the
computation, into the available one and two-QV gates - in many cases this will not scale with n,
and if it does this will also apply to the original fan-out free ‘serial’ circuit as well.
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3.4 Constant depth unbounded fan-out circuits

This has a similar form, and reduces to, the well-known relationship between the

qubit fan-out and parity gates

FANOUT — 828 s pARITY, (3.10)

first noted by Moore (1999), where H is the qubit Fourier gate more often known
as the Hadamard gate.

Lemma 3.2. Any n-QV FANOUT(¥) or MULTISUM(U) gate may be implemented with
an unbounded fan-out circuit that has a depth of O(1) and a size of O(n).

Proof: Tt is only necessary to show how to implement any FANOUT(¥)) gate as
then a MULTISUM(¥) gate may be implemented by the relation in Equation 3.10.
Any FANOUT(¥) gate may be implemented using standard fan-out gates and CX (q)
gates as follows: Let c; label the control QV and 1,...,n label the target QVs of
the FANOUT(v) gate. Fan-out the control QV into n — 1 copies using n — 1 auxiliary
QVs, labelled ¢, ..., ¢,. Next, implement C;jX(vj) gates in parallel (j = 1,...,n,
each gate is on distinct QVs). Such gates can be easily obtained from the generators
of the Clifford group (which have been assumed to be in the available gate set),
either as powers of SUM for qudits, or using SUM and the squeezing gate for QCVs,
as shown in Figure 2.4. Applying inverse fan-out gates (in parallel) disentangles the
auxiliary QVs and completes the gate. Each stage has a constant depth and O(n)

size.

Lemma 3.3. Any polynomial-size n-QV circuit consisting of only controlled and
local Z(q) gates may be implemented with a constant depth and O(n?) size unbounded

fan-out circuit.

This circuits consists of commuting gates, and hence this lemma is implied by
Proposition 3.2. In particular, it is a special case of the application of Proposition 3.2
to circuits consisting of only one- and two-QV diagonal gates which was discussed

below that proposition and in Figure 3.6.

Proposition 3.3. Any polynomial-size circuit consisting of only controlled and local
Z(q) and X (q) gates may be efficiently rearranged into a polynomial-size circuit con-
sisting of only controlled and local Z(q) gates, followed by a polynomial-size circuit

consisting of only controlled and local X (q) gates.

Proof: Gates on distinct QVs commute and hence it is only necessary to provide
a rule for commuting gates which act on at least one QV in common. Consider com-

muting controlled Z(q) and controlled X (q) gates. As controlled Z(q) is symmetric,

4There is a simpler method for simulating any FANOUT(%), valid for QCVs and prime dimension
qudits, which uses one ordinary fan-out gate and local squeezing gates on each of the target QVs.
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3. Unbounded fan-out circuits with general quantum variables

Figure 3.7: Commutation rules for reordering controlled X(q) and Z(p) gates. A
black (grey) box containing ¢ denotes Z(q) (X(q)). This covers all cases as the
controlled Z(p) gate acts symmetrically on its input QVs.

there are only three cases to consider. Commutation rules for rearranging all three
cases so that CZ(q) gates act before CX(q) gates are given in Figure 3.7. Rules for
commuting the local gates, and combinations of local and controlled gates, can be
obtained from these. E.g., Z(q) may be commuted past a controlled X (q) gate via
the relation obtained by considering the input |1) to the top QV in the middle and
RHS circuits of this figure. That the resulting circuits are still of polynomial size is

obvious.

Proposition 3.4. Any polynomial-size n-QV circuit consisting of only controlled

and local Z(q) and X (q) gates may be implemented with an unbounded fan-out circuit

of O(n?) size and O(1) depth.

Proof: By Proposition 3.3, such a circuit may be rearranged into a polynomial-
size circuit consisting of only controlled and local Z(q) gates, followed by a polynomial-
size circuit consisting of only controlled and local X (¢q) gates. The first part of the
circuit may be implemented with a constant depth and O(n?) size unbounded fan-
out circuit, by Lemma 3.3. Hence, it only remains to show that a polynomial-size
circuit consisting of only controlled and local X (g) gates can be implemented with
a constant depth and quadratic size unbounded fan-out circuit.

The controlled and local X (q) gates map computational basis states to compu-
tational basis states. Hence, for each computational basis input |qi,...,¢,), this

controlled and local X (gq) circuit maps

IQIv"'7QH>_>‘f17"'7fn>a (311)
for some output computational basis state | f1, ..., fn). Consider the first layer of the
circuit: It is not hard to confirm that this maps |q1,...,qn) — |4}, .-, q,), where, if

the layer contains the gate X (p) acting on the £** QV then ¢, = g + p, if the layer
contains the gate CiX (p) then ¢, = g + pgj, and if k is either a control QV of a
CX (q) gate, or it has no gate act on it in the layer, then ¢ = g,. Hence, by writing

62



3.4 Constant depth unbounded fan-out circuits

7= (qu,...,q,)7, and q = (q4,...,q,)T, the first layer of circuit has the action

¢ = Mg+ g, (3.12)
where MU is the identity matrix which is altered by letting M,E]. = p if the gate

J
CJ.X (p) is in the layer, and o1l is the vector with v,[cl] = p if the layer contains the

gate X (p), and v,[cl} = 0 otherwise. A matrix M@ and a vector 7%, representing
each layer a = 1,...,1 of the [-layer circuit, can be found in exactly the same way.
Then, by writing the final output as f = (fi,--., fa)T, and repeatedly applying

Equation 3.12, the output vector is related to the input by
F= (o () (Mg ) 4+ 52 ) 45l (3.13)

By expanding this, the total action of the circuit may be expressed as

—

f=Mq+7, (3.14)
where M € S x S% is given by M = MU ... MPEIMI and 7 € S? is given by
=M MBI PRI p W Bl 4 (3.15)

noting that all arithmetic is that for S;. Hence, the action of the circuit is entirely
described by this n x n matrix M and n element vector ¢/, which can be efficiently
found from a given circuit.’

For any given M and ¢ pair, it is now shown how to simulate the controlled
and local X (q) gate circuit they describe. This requires mapping an arbitrary com-
putational basis input state |q1,...,qn) to |f1,..., fn), where the f; are given by
(fio. s f)T = M(qu,...,q,)" +. To do this we use an additional auxiliary ‘result’
register (and further work auxiliary registers). The method is split into four steps,

the first of which is to implement the map

’(.Il~~'Qn>|0"'0>H‘Q1-~~Qn>|f{"'f1/1>v (3.16)

where the second register is this result register and f; = fi — vi (so f’ = M¢q). To
begin, fan-out the main register into n auxiliary registers using n fan-out gates in
parallel and n? auxiliary QVs (initialised to |0)). In the k" auxiliary register the kP
QV is mapped from g — f; using a CX (Myy,) gate, with the control the k™M QV in
the original register, and a MULTISUM gate. Specifically, for the MULTISUM gate the

5The matrix and vector for each layer can be easily found as above, and then the total M and
¥ for the circuit are obtained via matrix multiplication. As the circuit is polynomial size, this is
efficient.
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3. Unbounded fan-out circuits with general quantum variables

k" QV in that register is the target and the remaining n — 1 QVs are the control

QVs. The gate is MULTISUM (1) where my, € Sg_l is the k™ row of M with the
My element removed. These gates may be implemented on each auxiliary register
in parallel and, by Lemma 3.2, the MULTISUM gates may be implemented via fan-out
gates in constant depth and linear size. The value of each f; may be written into
the ‘result’ auxiliary register in a depth of 1 using n SUM gates. The next step is
to disentangle the n auxiliary work registers from the main and result registers, by
uncomputing each f;. This is achieved by applying the entire circuit (except the
copying into the result register) backwards, with gates replaced with their inverses.
This leaves n? clean auxiliary registers along with the original and result registers in
the state |q1,...,qn)|f1,- .., f}) for each input computational basis state |q1, ..., qn).
In order to clarify this method a circuit diagram is provided in Figure 3.8.

The second stage is to clean the original register, performing the transformation

lqv- - an)lf1-- - fu) = 10 O fr)- (3.17)

To do this, |qi...qn) is calculated from |f]...f]) using the above method again
(i.e., via the n auxiliary registers), but with the changes now described: The roles
of the original and result registers are reversed and M is replaced with M1 (which
may be found by directly inverting M, or by using the same the method as used for
finding M). This then computes g; on the k" QV of the k' auxiliary register. A
suM' gate, with the target the k" QV of the original register and the control the k"
QV of the k" auxiliary register, maps the target to |gx — qx) = |0). As above, the
inverse computation is implemented to disentangle the n auxiliary registers, leaving
the original and result registers in the state [0,0...0)|f], f5, ..., f1)-
The third stage of the circuit swaps the states of the original and result registers,
i.e., the mapping
0. 0)f1 - - f2)y = |fi .- f2)]0...0). (3.18)

This may be implemented by n SWAP gates in parallel, where SWAP was defined in
Equation 2.55, or alternatively, simply using one SUM and one suM! gate per QV
pair. Hence, swapping the registers requires constant depth and linear size. Finally,
the mapping |f{ ... f1) = |f1... fn) is implemented via a X (q) gate on each QV (the
required gate on the k™ QV is X (vy), as fi. = fr — vx). Hence, the total mapping
lg1, -y qn) = | f1,-- -, fn) has been performed, as required. A careful consideration
confirms that this unbounded fan-out circuit, which implements a polynomial size
circuit consisting of only controlled and local X (q) gates, has a depth of O(1) and
size of O(n?) which concludes the proof.

A similar proposition to this was proven for the qubit sub-case by Moore and
Nilsson (2001). Proposition 3.4 will be crucial in the Chapter 4. It also facilitates
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Figure 3.8: The first stage of a constant depth and quadratic size unbounded fan-
out circuit simulating any polynomial-size n-QV circuit of controlled and local X ()
gates. The details of this circuit are described in the proof of Proposition 3.4, which
also defines the parameters in the gates. Here the case of n = 3 is shown.

the proof of the following:

Proposition 3.5. Any n-QV Clifford operator may be implemented with an un-
bounded fan-out circuit of O(n*) size and O(1) depth.

This proposition could be obtained by directly adapting Proposition 3.4 to also
include Fourier and phase gates. However, this results in an unnecessarily cumber-
some proof (it is the Fourier gates which cause the main complications), hence I
will instead prove it indirectly via the relationship between the one-way quantum
computer and the unbounded fan-out model that is derived in the next chapter
(and which requires Proposition 3.4 to obtain). It will be noted when the results

presented are sufficient to directly imply Proposition 3.5.

3.5 Physically reasonable Clifford group generators

In this section, a possible criticism of the gate set used throughout this chapter
is discussed which is relevant only in the case of QCVs. This is perhaps rather
technical, but it is covered for clarity and because it will be important again for an

observation made in Chapter 5. The results presented so far in this chapter have
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3. Unbounded fan-out circuits with general quantum variables

assumed that a set of generators for the Clifford group are included in the basic gate
set. Specifically, it has been assumed that the set includes the suM (or ¢z), F'; P(p)
and Z(q) gates, for all ¢,p € S4.% For qudits, the general phase and Z(q) gates can
be replaced with P and Z, as P(p) = PP and Z(q) = Z9 for integer p and ¢, and the
overhead of simulating any such Z(q) or P(p) gate with P and Z is less than d. This
is a constant, and hence all the results throughout this chapter equally apply when
considering this more restricted basic gate set, which is likely to be more physically
relevant.

This may seem rather obvious, however, there is a more subtle technical issue
in the case of QCVs. In this case, it has been assumed that P(p) and Z(q) for any
p,q € R are in the available gate set. However, the assumption inherent in including
a gate in the basic gate set is that it is valid to claim it may be implemented in a depth
of one, or at the very least, constant depth. As depth is meant to be a simple proxy
for computational time, it is important that this is physically justifiable. However,
it can be argued that this is not the case for Z(q) and P(p) with any p,q € R. To
see this, note that

Z(g) =€, P(p) = e/, (3.19)

where Z is the position operator. Hence, ¢ and p are essentially the time that the
Hamiltonians —# and —22/2 need to be applied for, in order to implement these
gates (up to a rescaling by any physical constants). It is therefore hard to physically
justify the claim that a Z(g) or P(p) gate can be implemented in a unit of time (and
hence a depth of one) for all ¢ and p in R (or R>g). If this argument is accepted,
a natural solution to this problem is to restrict the Clifford gate generators in the
basic gate set to ¢z, F, Z(q) and P(p) where now ¢,p € [0,a] for some constant
a € R with a # 0, for example, a = 1 or a = 27 are obvious possible choices,
and I consider the former choice, for concreteness. It is easily confirmed that these
operators still generate the Clifford group, and it is now justified in claiming that
each of these gates can be implemented in a unit of time.

There are consequences in changing to this more physically motivated gate set
which, if adopted, necessitates some minor adaptions to the lemmas and propositions

of this chapter. For example, consider the n-QCV family of unitaries
Up=2(q)®Z12)®Z(3)® - & Z(n). (3.20)

With the full gate set used earlier in this chapter this can obviously be implemented
in a depth of 1, but using only Z(q) gates with g € [0, 1] this has a depth of n, which
is a linear rather than constant scaling. However, by using fan-out parallelisation

techniques, it is possible to recover constant depth unbounded fan-out implementa-

6See the start of Section 3.3 for a discussion of this.
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Figure 3.9: The gate Z(m + ¢) for m € N and ¢ € [0, 1], may be implemented in
constant depth and O(m) size via unbounded fan-out gates, m auxiliary QCVs and
Z(q) gates with ¢ € [0,1]. The same method may be used to implement P(m + 0)
gates.

tions of the operators Z(q) and P(q) for any ¢ € R>g. Implementing such a Z(q) or
P(q) gate is achieved by writing ¢ = m + § for some m € N, and § € [0, 1], and then
using an m-QCV fan-out gate, and m auxiliary QCVs, as shown in Figure 3.9.”7 The
one further issue that this raises is that now care must be taken to make sure that
the unbounded fan-out circuit implementing Z(q) or P(q) is polynomial size - which
it is if the ¢ parameters are only polynomially large.® By using these ideas, then all
of the lemmas and propositions of this chapter can be adapted to apply to this more
physically realistic QCV gate set whilst still achieving constant depth unbounded
fan-out circuits, as claimed previously in these statements. The exact required tech-
nical changes to the results of this chapter, for this different QCV gate set, are listed
in the following final paragraph in this section in the interest of completeness. This
may be skipped if these details are of no interest to the reader.

For QCVs and the gate set restricted as discussed above, Lemma 3.2 must be
adapted to only apply to FANOUT(¥) and MULTISUM(¥) gates with a vector ¢ € R"
for which the modulus of each element in 7 is a polynomial in n, i.e., O(|vg|) = f(n)
where f(n) is a polynomial. The resulting unbounded fan-out simulation of such
gates still has constant depth, but now has O(nf(n)) size. In Lemma 3.3 and
Proposition 3.4, the ¢ € R parameters in the local and controlled Z(q) and X (q)
gates (as appropriate for each statement) must all have O(|g|) = f(n), where f(n)
is a polynomial. The resultant constant depth unbounded fan-out circuit is now no
longer guaranteed to be quadratic size, but it will be polynomial size. Proposition 3.5
must be adapted to no longer apply to any Clifford operator, but rather a Clifford

operator composed from (or that may be decomposed into) polynomially many ¢z,

"Z(q) and P(q) with any ¢ € R can then be obtained via Fourier gates.

8E.g., the circuit for parallelising the unitary U, in Equation 3.20 via unbounded fan-out gates
would be expoentially large if the parameter in the Z(-) gate on the k" QCV was not k but instead
c* for some constant c.
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3. Unbounded fan-out circuits with general quantum variables

F, Z(q) and P(q) gates where all the parameters ¢ € R are O(f(n)), for a polynomial
f(n). Again, the unbounded fan-out circuit simulating this is still constant depth,

but it is now only guaranteed to be polynomial size rather than quartic.

3.6 Implementing unbounded fan-out gates

For the purposes of this section and later chapters, it is useful to introduce the two

Hermitian operators

2= dlga,  pi=) ] ale) (g, (3.21)

q€Sy q€Sq

where this notation is used because they are the position and momentum opera-
tors for a QCV. Hence, the ‘position’ and ‘momentum’ terminology will be used
for all QV types. The powerful nature of unbounded fan-out circuits for parallel
quantum computation raises the question: is the unbounded fan-out gate physically
implementable in a single time-step? The model that unbounded fan-out circuits
has been compared to here is one in which SUM gates can be applied on-demand
between arbitrary pairs of QVs and more than one SUM gate can be applied simul-
taneously, if acting on distinct QVs. One simple way that this might be achieved is

if it is possible to turn on and off the Hamiltonians

T = 35 @ i, (3.22)
for arbitrary QVs j and k. This implements the SUM gate, with control QV j and
target QV k, if applied for a time ¢ = 27/d. Dropping the j and k labels, that is:
SUM = e~ 2mH™/d,

If each of these Hamiltonians can be turned on and off on demand, and if they can
also be turned on and off simultaneously on distinct pairs of QVs, there is no obvious

TSUM

reason why it would not be possible to turn on the n commuting Hamiltonians H_;7",

; col H oo simultaneously. This would implement the total Hamiltonian

]:IFANOUT = fi'c b2y (]51 +132 +-+ ﬁn)a (3-23)

where this notation includes n — 1 implicit identity operators in each of the terms in
the sum. The application of this Hamiltonian, for a time ¢ = 27 /d, implements the
n-QV FANOUT gate. By this argument, it would appear that FANOUT is as physically
plausible as on-demand SUM gates between arbitrary QVs.

There are a few potential problems with this idea: Firstly, the physical detail
of how SuM gates are actually implemented could (and probably would) differ from
simply applying H5"™, and the reasoning given above might not apply. This would
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3.7 Conclusions

depend on the specific physics of any given set-up. The second issue is that, in many
of the proposed architectures for a quantum computer, SUM gates between arbitrary
pairs of QVs are not directly possible, and interactions are only implementable
between nearest-neighbour QVs in some geometry, e.g., a linear array [Fowler et al.
(2004); Ladd et al. (2002)] or a 2D square lattice [Hollenberg et al. (2006)]. When
this is the case there are significant over-heads associated with shuttling logical
QVs around through different physical QVs (or using other techniques) in order to
implement the required gates in a circuit. As such, in this setting even SUM cannot
be considered to have unit depth between arbitrary QVs [Sacedi et al. (2011)].
One possible method for implementing entangling gates between arbitrary pairs
of QVs in unit time is via ancilla-mediated gates: if the ancillas are highly mobile
it may be possible to use them to interact distant QVs in a unit of time (i.e., in
essentially one gate layer). This is further motivation for the ancilla-based gate
methods investigated in the latter chapters of this thesis. Interestingly, these may
also provide a method for implementing n-QV fan-out gates in constant depth, as
is briefly discussed in Chapter 5. The final point that I would like to make is that,
regardless of whether the Hamiltonian of Equation 3.23 or some other method may
be used to implement fan-out gates, in all cases it seems clear that a fan-out gate of
unbounded input size is hard to justify physically.” Finite input-size FANOUT gates
can still potentially provide very significant parallel power, but crucially they cannot
provide any asymptotic advantages. However, although not irrelevant, asymptotics

are certainly not the only important consideration.

3.7 Conclusions

In this chapter I have introduced the general QV fan-out gate and investigated the
computational power of circuits in which this may be implemented in unit depth on
an unbounded number of QVs. In particular, it was shown that this gate can be used
for constant depth implementations of commuting circuits, and it was claimed that
this is also the case for any Clifford circuit. This latter statement will be confirmed
in the following chapter. It is interesting that the ability to apply the single n-
QV Clifford gate FANOUT in unit depth substantially reduces the depth required
to implement any n-QV Clifford gate. Finally, I discussed whether the unbounded
fan-out gate can be implemented in unit depth in practice. The results presented
in this chapter will be crucial to the investigation of the one-way model for general
QVs undertaken in the next chapter.

For the qubit sub-case, logarithmic and constant depth unbounded fan-out cir-

cuits have been previously investigated in detail by Hoyer and Spalek (2003, 2005)

9Causal influences can only travel at the speed of light.
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3. Unbounded fan-out circuits with general quantum variables

and other authors [Moore and Nilsson (2001); Takahashi and Tani (2013); Takahashi
et al. (2010)]. There are a range of low-depth qubit unbounded fan-out circuits that
are not included as a sub-case of any of the general QV results I have presented. For
example, there is a constant depth qubit unbounded fan-out circuit that can approx-
imate the quantum Fourier transform (QFT) [Hoyer and Spalek (2005)], which is
an important component in many quantum algorithms. In future work, it would be
interesting to consider whether this can be extended to the QFT on a qudit register,
particularly as Parasa and Perkowski (2011, 2012) have shown that the qudit QFT

circuit has a range of advantages over the binary version.
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Chapter 4

One-way quantum computation

with general quantum variables

In this chapter the parallel power of the one-way quantum computer (1IWQC) is
investigated using the general quantum variable formalism, which is simultaneously
applicable to qubits, qudits of any dimension and QCVs. To facilitate this, a formu-
lation of the 1IWQC is proposed in terms of general measurement patterns which go
beyond a model focused exclusively on measurements on pre-prepared many-body
entangled states. I introduce a depth-reduction procedure that can be applied to
composite measurement patterns, which will then be used to highlight the differences
between quantum circuits and the IWQC. In particular, it is shown that for all types
of quantum variables the computational depth complexity of the IWQC is exactly
equivalent to that of unbounded fan-out circuits. This implies that the inherent
parallel power of the unbounded fan-out model is also available to the IWQC. As
such, the IWQC is not only a physically practical model for quantum computation,
but it has computational advantages over standard quantum circuits. This chapter
extends a range of qubit-based results to the general QV domain, especially those of
Broadbent and Kashefi (2009); Danos et al. (2007) and Browne et al. (2011). This
chapter is based upon Proctor (2015).

4.1 Introduction

It has been known since Raussendorf and Briegel (2001) introduced the one-way
quantum computer (1IWQC) that adaptive local measurements of qubits prepared
in an entangled state are sufficient for universal quantum computation. Not long
after this it was shown that this can be extended to models defined on qudits [Zhou
et al. (2003)] and QCVs [Menicucci et al. (2006)], and hence the IWQC provides

an alternative to quantum circuits for quantum computation with any type of QVs.
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4. One-way quantum computation with general quantum variables

This remarkable computational paradigm is particularly appealing from a physical
perspective as it allows the creation of entanglement to be separated into an initial
off-line procedure, which is potentially much simpler than on-demand application
of unitary entangling gates. Indeed, entangled resource states have been generated
in a variety of settings, with a particularly impressive example given by the recent
QCV-based experiments of Chen et al. (2014) and Yokoyama et al. (2013) in which
60 and 10,000 QCVs have been entangled, respectively. Furthermore, there are a
range of promising experiments demonstrating the basic measurement-induced gates
required to compute in this model [Bell et al. (2014); Chen et al. (2007); Lanyon
et al. (2013); Su et al. (2013); Tame et al. (2014); Ukai et al. (2011)].

The one-way quantum computer, often also termed measurement-based quantum
computation', may appear to have very little in common with the quantum cir-
cuit model. As such, it is perhaps surprising that it is capable of universal quantum
computation. However, for qubits the relationship between the 1IWQC and quantum
circuits has been extensively researched and is now well understood [Broadbent and
Kashefi (2009); Danos et al. (2007, 2009); Raussendorf et al. (2003)], with one inter-
esting conclusion that the one-way model requires less quantum computational steps
to implement certain operator sequences than standard quantum circuits [Broadbent
and Kashefi (2009); Browne et al. (2011)].

Although there has been some investigations of the computational properties of
the IWQC in the more general setting of qudits [Hall (2007)] and QCVs [Gu et al.
(2009)], a detailed and unified understanding of the qudit and QCV 1WQC models,
and their relationship to quantum circuits, remains to be developed: This is the topic
of this chapter. In the following, I will provide mappings between quantum circuits
and one-way computations for general QVs. This will then be used to show that the
1WQC has exactly the same parallel power as the unbounded fan-out model, which
was introduced and investigated in the previous chapter. This extends a qubit-
based result of Browne et al. (2011) to the setting of general QVs. The results of
this chapter highlight that, for all types of QVs, the IWQC is especially powerful for
parallel quantum computation, whilst also being a particularly physically appealing
model for realising a quantum computer. I would argue that the d > 2 qudit-based
model is especially promising as, along with this parallelism, it may also benefit
from the improvements in error-correction codes and algorithm success probabilities
associated with moving from a binary encoding to higher-dimensional qudits [Andrist
et al. (2015); Anwar et al. (2014); Campbell (2014); Campbell et al. (2012); Duclos-
Cianci and Poulin (2013); Parasa and Perkowski (2011, 2012); Watson et al. (2015);
Zilic and Radecka (2007)].

The remainder of this chapter is structured as follows: Section 4.2 provides an

'T will only refer to this model as one-way quantum computation in this thesis.
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introduction to ‘quantum teleportation’ - which is the underlying technique that the
1WQC is based upon. Section 4.3 introduces the 1IWQC, within the general QV
framework, and confirms the universality of this model for quantum computation.
A procedure for reducing computational depth in a 1IWQC is formulated in Sec-
tion 4.4, which extends qubit-based work of Danos et al. (2007). In Section 4.5 I
present mappings between the IWQC and quantum circuits, which are used to derive
the relationship between unbounded fan-out circuits and the IWQC. The relation-
ships between 1WQC, unbounded fan-out circuits and standard quantum circuits
are then expressed in terms of complexity classes in Section 4.6. In Section 4.7, these
complexity classes are used to show that there are a large range of quantum com-
putational models which the IWQC can simulate with no increase in depth scaling.
Section 4.8 will briefly comment on the classical computations required in the IWQC
and the role of quantum resources in enhancing classical computations. Finally, the
experimental progress in implementing 1WQC is discussed in Section 4.9 and the

chapter concludes in Section 4.10.

4.2 Logical gates via projective measurements

Projective measurements generically destroy quantum superpositions, and hence it
may seem strange that they can be used to drive unitary evolution. Therefore, before
considering the IWQC more formally, it is useful to begin by demonstrating the basic
underlying idea on which this model rests: quantum teleportation. Consider two
QVs, the first of which is in some computational basis state |¢), and the second of
which is prepared in the conjugate basis state |+¢). If a 0z gate is applied to this
pair of QVs, they are mapped to

)| +0) ——— la)|+4)- (4.1)

This has imprinted the value of ¢ into the second QV. Next, apply an R(J) gate
(which is defined in Equation 2.58) to the first QV, for some arbitrary function ¥,
and then an F gate also to this QV. This is the mapping

FR(9)SI

|9)+q) D) |+4). (4.2)

The key point to note is that this phase factor is no more associated with one QV
than the other.

Now, consider performing a destructive measurement on the first QV which
projects it onto the computational basis state |m), with associated outcome m € Sy.
By a destructive measurement it is meant that the measured QV is destroyed in

the measurement process; mathematically it is traced-out, leaving a one-QV state.
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4. One-way quantum computation with general quantum variables

Hence, the effect of the measurement on the second QV is:

i9(q) measurement <m‘+q> id(q)

e\ V) |+ e 4475 4.3
for known m € Sy, where the denominator in the fraction is the required renor-
malisation term. The overlap of a computational and conjugate basis state is
(m|44) = w™/\/d, as stated in Equation 2.28, and so this state may be written as

(ml+q)

9(q) _, mqi9(q)
e +q4) =w'e +q)- 4.4

Therefore, the measurement has induced a phase factor which depends on both m
and ¢. As X(—m)|+4) = w™i|+,) via Equation 2.29, then from the action of R(?})

and I’ on the computational basis it follows that
WD |4 g) = X (=m)FR(9)|q). (4.5)

As such, the effect so far has been to ‘teleport’ |¢g) from the first to the second QV
and in the process apply the gate F'R(1)) and the probabilistic measurement-induced
X (—m) ‘error’, where every m € Sy is equally likely to be the actualised value. This

error can be removed by applying X (m), leaving the final state
X (=m)FR@)|q) —"""— FR()|q). (4.6)

The X (m) gate can be considered a hybrid quantum-classical SUM gate, as m is the
value of a classical variable. By linearity, if the first QV is in the general input state

) = > 4es, €al), this whole procedure maps
[¥)|+0) ——— FR(I)|¢). (4.7)

This is summarised in Figure 4.1 as a quantum-classical hybrid circuit, where double
wires represent classical variables of the same type as the QVs (i.e., for qubits
they are bits, for qudits they are dits, and for QCVs they are classical continuous
variables).

A projection onto a computational basis state is only one possible measurement
and the local gates on the first QV, in the above protocol, may be absorbed into a
more general ¥-parameterised measurement. In order to introduce these measure-

ments, it is useful to define the u-parameterised Hermitian operator

RES Z q (qu)(q\u) = uldu, (4.8)

q€8q
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) H R(0) A m

[+0)

FR(9)[¢)

.

Figure 4.1: A hybrid quantum-classical circuit which implements the gate FR(9)
and teleports a QV in an unknown state [¢)) to a second QV initialised to |+¢). In
addition to unitary gates, this circuit uses a destructive measurement and classical
controls. The operations enclosed by a dashed box can be combined into a general
J-parameterised measurement.

T

) FR(9) )

+o) &— FR(9)|¢)

Figure 4.2: Local unitary controls can be absorbed into a change in measurement
basis. This gate implementation protocol is the basis of the IWQC.

where & is the ‘position’ operator for a general QV, as introduced in Equation 3.21.
In practice, a measurement of this operator does not need to actually have the
outcome ¢ associated with a projection onto u”q) in the sense that, as long as the
measurement outcome for each basis state is distinct, the outcomes can be mapped
onto these values. It is sometimes a useful shorthand to discuss ‘measuring in a

basis’. Consider the basis
By, = {u'lg) | ¢ € Sa}- (4.9)

By the statement ‘a measurement in the basis B,’ what will be meant is a measure-
ment of the Hermitian operator z,. For a destructive measurement, the application
of u followed by a computational basis measurement is exactly equivalent to a mea-
surement in the B, basis. Therefore, the procedure of Figure 4.1 can implemented
without any single-QV gates by instead using a J-parameterised B rpg(y) basis mea-
surement, as shown in Figure 4.2. Note that performing variable measurements may
in practice be no easier than implementing local gates and a fixed measurement -
but it is at least no harder, as it can always be decomposed as such.

There is no a priori reason that a measurement of one of a pair of entangled
QVs, encoding a shared logical QV, will result in a unitary action on this logical

QV. For example, consider the two-QV state

©) =" cqlg,q), (4.10)

q€8q
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which encodes the [¢) =3~ g cqlg) logical QV. A destructive computational basis

measurement of either QV will implement the mapping

Z Cq\q,q> B—measurement |m>’ (411)
q€Sq

with probability |c,,|?, which is not a logical unitary: it has destroyed the logical
QV and extracted some information about the values of ¢,. The key to the scheme
of Figure 4.2 is that the measurement is in a basis that is conjugate to the basis
in which the shared QV is encoded: if either QV in Equation 4.2 is measured in
the conjugate basis then the value of ¢ is revealed, but a measurement of either QV
in the computational basis reveals nothing about this value. The inherent element
of randomness in the measurement outcomes is then realised as the random phase
error.

The protocol presented above is the basic building block of one-way quantum
computation. It may seem like this method has involved quite a lot of hard work
simply to implement a single-QV unitary gate, however, the 1WQC model based on
this has a range of advantages over quantum computation with unitary evolution
(and final measurements) alone. In my opinion, a particularly intuitive way to think
of the TWQC is as a structured method for turning fully quantum circuits into
quantum-classical hybrid circuits. In doing so, it transfers some of the computation
to the classical domain, which is highly preferable in practice. Bearing this in mind
throughout the remainder of this chapter can help to clarify the results presented.
However, from other points of view the one-way quantum computer is radically

different to quantum circuits.

4.3 The one-way quantum computer for general quan-

tum variables

The 1WQC for general QVs is now defined. This will include cluster state compu-
tation (i.e., measurements on a lattice entangled state) as a sub-case, which is the
standard formulation for the qudit [Zhou et al. (2003)] and QCV [Menicucci et al.
(2006)] models, but it is more general than this. As the formalism I propose here
largely extends previous qubit-based work, the notation and terminology I use in
the remainder of this chapter is chosen to closely match that in common use for
the qubit sub-case, see e.g., Danos et al. (2007). It will be useful in this chapter,
and throughout this thesis, to use a subscript on an operator to denote the QV it
acts upon, e.g., ujvy represents u and v acting on QVs j and k, respectively. In
the following, I will define the IWQC in terms of a quantum computational model

M, and I will use the associated notation and concepts (e.g., serial and parallel
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4.3 The one-way quantum computer for general quantum variables

compositions), which were introduced in Section 2.3.

I define the general quantum variable IWQC to be a quantum computational
model 9 = {o0,s} in which the allowed set of operations o are the entangling oper-
ations, Pauli corrections and dependent and independent measurements which will
be defined in-turn below. The set of preparable states, s, which non-input QVs can

be initialised to, is taken to be s = {|+0)}. Each operation type is now introduced:

1. Entangling operations: The entangling operation, denoted E; j, where ¢ and j
are the QVs on which it acts, is defined by

E;; = C'Z, (4.12)

which is simply the ¢z operator.?

2. Pauli corrections: The Pauli corrections are classically-controlled X and Z
operators, specifically they are X;(s) and Z;(t) operators where s,t € S; are
classical variables (CLVs) calculated from constants and measurement out-

comes (see below) using the arithmetic of Sy.

3. Dependent measurements: A dependent measurement, denoted t[MZ-ﬂ]S, is

defined to be a destructive measurement on the i*" QV of the operator

TRR9)X (s)Z (1) (4.13)

for some ¥ : S; — R and s,t € S;. The measurement outputs a CLV, and this
is denoted by m; € S;. A phase function, ¥, and values for the s and ¢ CLVs

must be provided to completely specify a dependent measurement.

4. Independent measurements: This is a measurement which does not require
input CLVs to define. It is a measurement of Zpp(g). Such a measurement is
denoted Mlﬁ .

Because a destructive measurement of Z,, is equivalent to a u gate followed by a

measurement of Z, and because & = Iy, it follows that

etdu

7

9 sts’ 9]° / / 9 1 /
[M.} - [M} Xi()Zi(t)) = MY X;(s + §) Zi(t + t'). (4.14)
t+t! t
Hence, it is simple to convert between dependent measurements and independent
measurements preceded by Pauli corrections. To implement a dependent measure-

ment the values of the CLVs may be accounted for by altering the phase function 4,

2This uses the C;-u notation for ¢z as it is more convenient for explicitly denoting which the
control and target QVs are. It might also seem questionable whether there is any need for this
extra E; ; notation. However, it will make the similarities between this and another model, with
an alternative entangling operation, more obvious when discussed later in this thesis.
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as we now see. By noting that X (s) maps |¢) — |¢ + s) and that Z(t) = R(y) with
©(q) = 2mtq/d, it follows that

R0)X(5)Z(t) = X(s)R (s) (4.15)
where ¥ is the s and ¢ adapted phase function
Vs1(q) = V(q + s) + 27tq/d. (4.16)
Using this, it may then be shown that
(gIFR(9)X(5)Z(t) = (g FX(s)R (Us,) = w™*(q| FR (Vs,) - (4.17)

This implies that
TRRW)X(8)Z(t) = TFR(W,.0)- (4.18)

and hence a dependent measurement can be accounted for by adapting the ¥ parame-
terised measurement dependent on the CLVs s and ¢, via ¥ — 9, ;. This encompasses
the adaptive element of the IWQC. The formalism that has been introduced above

will be particular useful for comparing quantum circuits and the IWQC.

4.3.1 Basic measurement patterns

A computation in the one way model will be called a measurement pattern. A

particular pattern is specified by giving a quadruplet

;'B = (’\77 j7o7p>’ (4'19)

where p is a sequence of operations on the set of QVs V (and J and O are input
and output subsets of QVs). The definitions of the allowed operations in the model
may appear rather technical and hence, in order to illustrate how a measurement
pattern implements a quantum computation and to demonstrate the universality of
the model, examples of patterns are now given.

It is essentially trivial to give a pattern that implements the CZ gate. As the en-
tangling operation is a CZ operator, this can be implemented with the measurement-

free pattern

&BCZ = ({1’2}?{172}’{1?2}’E1,2)a (4'20)

in which V =37 = O. To be clear, there are two QVs in total on which the measure-
ment pattern acts, labelled ‘1’ and ‘2’ (the set {1,2}), and these are also the input
and output subsets.

In Section 4.2 it has already been shown how a F'R(¢}) gate may be implemented
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via an entangling operation and a variable measurement, as summarised by Fig-

ure 4.2. The procedure of Figure 4.2 may be expressed as the measurement pattern

‘BFR(I?) = ({172}7{1}7{2}7X2(m1)M}9E1,2)7 (4.21)

in which there is one input QV, labelled 1, and one output QV, labelled 2, and the
first QV is destroyed in the process.®> This demonstrates the utility of this notation:
this expression is a fairly compact representation of a non-trivial procedure. From
this measurement pattern it is possible to generate F' and any R(v}) using composi-
tion of measurement patterns. Specifically, using the ‘zero function’ ¥y(q) = 0 for
all ¢, then?

Pr = Prrw) Prew) = PBroProPBr o Prre), (4.22)

which uses relation that F4 = I, given in Equation 2.24. Although a special case of
the R(¥) gate, the Z(q) gate may also be implemented with the measurement-free

pattern

mZ(q) = ({1}7{1}7{1}721((1))7 (4'23)

which simply uses a correction to implement the gate.

4.3.2 A universal set of measurement patterns

The measurement patterns presented above can generate logical gates that are suffi-
cient for universal quantum computation - an entangling gate, the Fourier gate and
some set of rotation gates is a universal gate set, as was discussed in Section 2.5.
Hence, by composition of measurement patterns, this shows that the IWQC is a
universal quantum computer provided suitable measurements are available. Note
that this has already been shown in the original papers on 1WQC, using the cluster-
state formalism [Menicucci et al. (2006); Raussendorf and Briegel (2001); Zhou et al.
(2003)].

One of the aims of this chapter is to compare the 1IWQC and the quantum
circuit models introduced in the previous chapter. Hence, to facilitate a suitable
comparison, it is helpful to restrict both models to equivalent logical gate sets. If we
wish to only consider approximate universality then (again) the gate set that will be
considered is Ge_uyni, as introduced in Equation 2.59, which includes the generators
of the Clifford group ¢z, F', P(p) and Z(q) for q € S4, along with g € S; powers of

3 Alternatively, a nice way to think of this is that the measured QV is being transformed into a
classical variable by the measurement.

4This uses the idea of a serial computation as given in Equation 2.38, denoted by the composition
symbol ‘o’. The idea is that the output of one computation is the input to the next. With
measurement patterns this is less trivial than with quantum circuits, but is still fairly straight
forward.
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4. One-way quantum computation with general quantum variables

some single-QV non-Clifford gate u that is sufficient for universality. We again take
this u gate to be diagonal, with its phase function denoted /¢, and this may be the
relevant ‘cubic’ gate for the QV type, as discussed in Section 2.5, if a specific choice
is needed.”

To implement the Clifford gates in this set, it is sufficient to demand that mea-

surements of &y can be performed for phase-functions ¥o(g) and Jp(, given by

)
o
—~
)
~

I
=

(4.24)
9p(p)(a) = pa(q + 04)/d, (4.25)

where g4 = 1 for odd-dimension qudits, and ¢ = 0 otherwise. This is because
these phase functions in the pattern gy implement logical F' and F'P(p) (as the
phase gate acts as P(p)|q) = e™®2(a+2a)/?|4)) and the other generators are obtained
from the measurement-free patterns Pz and Pz,). The availability of an &y,
measurement is then essential to access a universal gate set, and furthermore, for
some purposes, it is also essential to be able to measure the classically-adapted
version of this, as given by Equation 4.17. Finally, if it is instead desirable to
consider exact universality (relevant only for qudits), the set of all ¥ phase-functions
is sufficient for this (see Section 2.5). For most of the following the exact gate set, or
rather the measurement-basis set, is not explicitly relevant. However, some results

rely on the implicit assumption that Clifford gates can be implemented exactly.

4.3.3 Depth and size in measurement patterns

The main aim of this chapter is to study depth and size complexity in measurement
patterns, and compare this to quantum circuits. The definitions of quantum depth
and size given in Section 3.2 can be immediately applied to measurement patterns
and compositions of measurement patterns. However, the concept of depth is in this
case rather more subtle than with quantum circuits and therefore an example is now

given. Consider the measurement pattern
P =({1,2,3,4}, {1}, {4},p), (4.26)
with the operation sequence p given by
p = Xy(ms — q — my — pma) Za(ma) My @ [MET™ MU By 3By 4By 5. (4.27)

This is a sequence of three entangling operations, followed by three measurements

(two independent, one dependent), and finally, a pair of corrections on the output.

5This is appropriate for QCVs and prime dimension qudits. For non-prime dimensions a generic
rotation gate will suffice (see Appendix G).
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The size of a pattern is no more complex to understand than with a circuit: this pat-
tern has a size of eleven (with a contribution of two from each entangling operation,
as they act on two QVs, and one from each of the other operations).

The (quantum) depth of a computation is defined as the longest subsequence of
dependent operations from its command sequence p: a subsequence of dependent
operations is one in which each operation acts on a QV in common with, or de-
pends on the outcome of, the previous operation in the sequence (see Definitions 3.1
and 3.2). It is easy to find dependent subsequences in a measurement pattern, for
example, take the first and third operations in p. This is the subsequence Es 3] 2
and this satisfies these criteria: Eo 3 acts on a QV in common with F; . However,
the subsequence of the first and second operation E3 4F1 2 is not a dependent sub-
sequence - encoding the idea that they can be implemented simultaneously. In this
pattern the depth is five, as this is length of the longest dependent subsequence. For

example, one such subsequence is highlighted in cyan below:
p=Xy(mz—q—mq — pmg)Zl(mg)M:fP(p) [z“\lﬂ””A\]{jE273E3,4L'1.2. (4.28)

The [M5]™ measurement does not act on the same QV as the operation before
it in this subsequence, but it does depend on the outcome of that operation. An
alternative dependent subsequence of the same length is obtained by removing Mf
and including Es 3, but both operations cannot be included as they act on no QVs
in common, and M} does not depend on an outcome of Ey3 (which is not even a
measurement). The measurement pattern used here to illustrate size and depth may
seem rather arbitrary. However, it is a useful computation which implements the
unitary FP(p)Z(q)FR(¢)FR(Y) and, as will be seen in the next section, this can
be obtained by composition of the individual basic patterns for the F'P(¢) gate and
the Z(q) gate, which were given in Equation 4.21 and Equation 4.23.

4.4 Standard measurement patterns

The presentation of the 1IWQC given so far does not highlight the advantages over
quantum circuits inherent in measurement patterns. These can be illuminated by
introducing an operation rearranging process that can be applied to composite mea-
surement patterns, and which will be called standardisation. This extends ideas
developed for qubits by Danos et al. (2007).

4.4.1 Entangle — measure — correct

Composite measurement patterns can be rearranged so that they consist of an initial

sequence of entangling operations, followed by measurements, and then finally Pauli
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corrections only on the output QVs. This then links general measurement patterns
to computation with cluster states, in which dependent measurements are performed
on pre-prepared entangled states. Let the i QV, along with the classical variable
my; this is converted to by a measurement (if any), be termed variable i. Operations
acting on, or depending on, distinct variables commute and may be freely rearranged.
Hence, the operations in any pattern may be reordered into entangling operations,

measurements and then corrections, with the aid of the equalities

Eij - Xi(s)Zi(t) = Xi(s)Zi(t)Z;(s) - Eij, (4.29)
M) Xi() Za(t) = 4y (M) (4.30)
The first of these equalities follows from the conjugation rule for ¢z on Pauli gates,
given in Equation 2.53, and the second equality was already stated in Equation 4.14.
Notice that the rearrangement of the entangling operation to precede the correc-
tions, whilst maintaining the corrections as Pauli gates, is only possible because the

entangling operation is Clifford.

4.4.2 Removing dependencies for Clifford gates

In the case of patterns including Clifford operators, a further stage of pattern rewrit-
ing can be implemented, which will be called Pauli simplification. The only patterns
for generating the Clifford group that require measurements are those for F' and
FP(p), with associated measurement phase functions 6y and ¥p(y), introduced in
Equations 4.24 and 4.25. Using the phase and Fourier gate conjugation rules given
in Equations 2.51 and 2.52, it follows that

(alFP(p)X (5)Z(t) = wPEHed2=05(q| FP(p) Z(t + sp), (4.31)
and similarly, (q|F X (s)Z(t) = w™%(q|FZ(t), which respectively imply that
TFR(p(y))X()2(t) = TFRW p(p) Z(t-+3p)> (4.32)
TRRW90)X(5)2(t) = TFR(90)Z(2)" (4.33)
Written in terms of the measurement operations notation, this says that

{Miﬂ””)} s
t

M Pﬂ : (4.34)

o
[ = o] 439

where dropping one dependency super-script (or sub-script) is a natural way to

denote that the measurement no longer has this dependency type (we could equiv-
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4.4 Standard measurement patterns

alently put a 0 superscript here). Hence, by using these equations after standardi-
sation has been applied to a pattern, all the X-type dependencies can be removed

from these Clifford measurements in a pattern.

4.4.3 Removing all Z-type dependencies

The final stage of pattern rewriting to be introduced will be called signal shifting
and this removes all Z-type dependencies in all the measurements. Again, using

the conjugation relation in Equation 2.51, it follows that
(q|FR(9)X (5)Z(t) = w™*{q| X (—t)FR(Y) X (s) = w (g + t|FR(9) X (5). (4.36)

Therefore, a general s,t € S; classically-adapted measurement operator may be

rewritten as

Frraxezw = 20—t (X (=) RO F I FRO)X(s)) . (4.37)
q€Sq

Such a measurement is equivalent to instead measuring Zrpg(9)x(s) and then sub-
tracting ¢ from the measurement outcome.® In terms of measurement operations,

this can then be understood as the equality

(i (M1 = (i — 8, (M) (4.38)

This denotes that the measurement outcome m; is classically post-processed if the
change in the measurement basis is dropped, and hence, anywhere in the pattern

that m; appeared, now m; — t appears.

4.4.4 Applying the standardisation procedure

The composite process of standardisation, Pauli simplification and then signal shift-
ing will be called complete standardisation, and a pattern on which this has been
applied is called completely standard. A completely standard measurement pattern
for a Clifford circuit will have no dependent measurements, and hence all of the
measurements may be performed simultaneously. To clarify the process of complete
standardisation, an example of applying this to a composite pattern is now given.
Consider the composite patten for the single-QV unitary F R(v)Z(q)FR(p)F R(1)
for some arbitrary functions 9, and v and ¢ € Sy, as obtained from the basic

patterns Prry) and Pz(,), which are given in Equation 4.21 and Equation 4.23,

SFor qudits, note that subtraction of ¢ means adding d — ¢t modulo d.
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4. One-way quantum computation with general quantum variables

respectively. Via the definition of serial composition, this is the pattern

sBFR(W)Z(q)FR(<,0)FR(7§‘) = ({17 2,3, 4}a {1}7 {4}a p)> (439)

where p is given by

p— (X4(m3)M;E3,4> Z5(q) (Xg(mg)Mngg,) (Xg(ml)MfE1,2>, (4.40)

where the brackets are used to clearly distinguish the operation sequence obtained
from each of the four basic patterns. First we apply standardisation to this sequence

of operations. This procedure gives

p = Xa(ma) My Es473(q) X3(ma) M Ea 3X5(m1) MY Ey o, (4.41)
= Xa(ms) M3 Z3(q) X3(m2) Za(ma) B3 4 M$ Xo(m1) Zs(m1) Ea MY E1 9, (4.42)
= X1(m3)Za(ma) [M3]™ Mg Xo(m1) Zs(m1) M} E3 4 s 3B 2, (4.43)
= X4(m3) Za(m2) gy, [M3 "2 [MS]™ MY Ey 3 E3 4 By o, (4.44)

(4.45)

mal

This pattern is now standardised. It is clear that it now consists first of entangling
operations, then measurements, and finally corrections on the output QV. In this
case, as there are no Clifford gate measurements, the Pauli simplification stage

changes nothing. Signal-shifting is then applied, which results in the transformation
p(s) = X4(m3 —q— ml)Z4(m2)[M37]m2 [Méo]ml M3E2,3E3’4E172. (446)

This sequence is then completely standardised. Notice that, although this procedure
has (slightly) reduced the depth of the pattern, none of the measurements have lost
their dependencies, and so they still have to be performed in sequence.

To demonstrate the procedure when some of the gates are Clifford, return to
the standardised pattern p* and set v = ¥p(,). The Pauli simplification procedure

obtains the pattern

- 9 m, m
P = Xa(ms) Za(ma) gy, [My " )" [ME]™ MY B 3B 4 B 9, (4.47)
Y m
= X4(m3)Z4(m2)q+m1+Pm2 [MB P(p)} [Méo] 1M}9E2,3E3,4E1727 (4'48)

Applying signal shifting to this new operation sequence then results in the pattern

~ v
p(ps) = X4(m3 —q—mi — pmg)Z4(m2)M3 P(p) [Mg)]ml MfE273E3,4E1’2. (450)
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4.4 Standard measurement patterns

This pattern is now completely standard. Notice that the Clifford measurement
now has no dependencies, and hence, it may be implemented in the first round of
measurements. This is the pattern that was used in Section 4.3.3 to demonstrate
depth and size in the IWQC.

It can be shown that complete standardisation never increases the (quantum)
size or depth of a pattern’, and in many cases it can substantially reduce it. The
cost of this is the addition of simple classical processing - the exact requirements of

this classical side-processing are discussed Section 4.8.

4.4.5 Entanglement graphs

The complete standardisation procedure results in a computation in which classi-
cally controlled measurements are implemented on an entangled state, and explicit
corrections are only applied on the output (if at all®). This is exactly the idea of
cluster state computation. The entanglement stage of a pattern may be represented
uniquely as a graph in which the nodes are the QVs and the number of edges between
nodes represents the number of entangling operations acting on each QV pair (for
qudits, this may be restricted to being in Z(d)). The graph may also be labelled with
measurement bases, along with their dependencies, to completely define a standard

measurement pattern. This is shown in Figure 4.3.

Definition 4.1. The entanglement depth is the minimum depth of the entanglement

operations in a standardised pattern.

It is defined to be the minimum depth because, by arranging the entangling op-
erations in a particularly inconvenient order, the depth can (in most cases) obviously
be increased. However, as the entangling operations can be freely commuted, it is
more useful to know what the minimum depth can be by a judicious rearrangement
of these operations. For example, consider the ‘cascade’ of €z gates, which may be
arranged for the depth to be either two or the same as the number of gates, shown
in Figure 3.2. The entanglement depth of a standard pattern can be easily extracted

from its graph representation:

Lemma 4.1. [Broadbent and Kashefi (2009) Lemma 3.1] Let G be the entanglement
graph of a standardised pattern B and let A(G) be the maximum degree of G. The
entanglement depth of B is either A(G) or A(G) + 1.

"Broadbent and Kashefi (2009) have shown that this is the case for standardisation with qubits.
Essentially the same derivation will hold here.

8Corrections on the output do not actually need to be applied: either they can be absorbed into
the next stage of a measurement pattern, or, if the QV is then measured, they can be absorbed into
a re-interpretation of the result. The exception to this is if the output of a measurement pattern is
to be input into something other than another measurement pattern, e.g., a quantum circuit.
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4. One-way quantum computation with general quantum variables

The lemma of Broadbent and Kashefi (2009) is presented in the context of qubit
measurement patterns, but as it only relates to the properties of the entanglement
graph it is easily confirmed that it also applies here. To be clear, the degree of a
node in a graph is the number of edges attached to the node, and the maximum
degree of the graph is the maximum over all the nodes (e.g., a square 2D lattice has

maximum degree 4, a linear chain has maximum degree 2).

e

Figure 4.3: A standard measurement pattern may be represented in terms of a
graph. The nodes represent QVs and the edges represent entangling operations
between QVs. White circles represent input QVs, prepared in an arbitrary input
state; black circles represent auxiliary QVs prepared in |+¢); diamonds represent
output QVs, prepared in |4+¢) and which are not measured. A phase function and any
dependencies may be written by each node that represents a QV that is measured in
the pattern (normally all non-output QVs) to completely define a standard pattern.

4.5 Quantum circuits and measurement patterns

Mappings in both directions between quantum circuits and measurement patterns
are now provided (see Broadbent and Kashefi (2009) for similar work for the qubit
sub-case). This will then be used to provide depth-preserving mappings between
measurement patterns and unbounded fan-out circuits, extending a result of Browne

et al. (2011) to the general quantum variable domain.

4.5.1 Measurement patterns simulating quantum circuits

Definition 4.2. The standard measurement pattern simulation of a quantum circuit

is obtained by

1. Rewriting the circuit as the composition of the single-gate circuits €cy, Cp,

Q:R(ﬁ) and Q:Z(q)~

2. Replacing each basic circuit in the decomposition with the equivalent basic mea-
surement patterns Pez, PBr, Pre) and Pz(g)

3. Completely standardising the resultant measurement pattern.

It is noted that this procedure introduces additional auxiliary QVs. The number
of additional auxiliary QVs required generically scales with the size of the quantum

circuit.
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4.5 Quantum circuits and measurement patterns

Lemma 4.2. Any standard quantum circuit € may be implemented with a measure-
ment pattern P that has a depth of O(depth(€)) and a size of O(size(€)).

Proof: Consider the standard measurement pattern implementation of the cir-
cuit, as given by Definition 4.2. Each basic measurement pattern replacing each
basic gate is at most a small constant increase in size and depth. Hence, after (and
before) standardisation, this pattern will have, at most, a constant increase in size
and depth over the original quantum circuit.

This method of converting a quantum circuit into a measurement pattern is, in
general, not optimal in terms of the depth of the pattern, and it will not always
give constant depth patterns for Clifford circuits. Consider, for example, any cir-
cuit consisting of only €z gates, in which case the measurement pattern will include
no measurements and have an identical depth to the circuit. Hence, an alterna-
tive circuit-simulation procedure is now given which will produce constant depth

patterns for Clifford circuits.

Definition 4.3. The cluster-state measurement pattern simulation of a quantum
circuit is found using an identical procedure to the standard measurement pattern
except that, before conversion to a measurement pattern, four €p basic circuits are

inserted between any €qy gates that act consecutively on the same QV.

This has no effect on the unitary implemented by the circuit (and hence the
unitary implemented by the resultant measurement pattern) because F* = I, and
this procedure will increase the depth and size of the circuit, and hence the pattern,
by less than a factor of four. However, it may be shown that now the entanglement
graph of the pattern has nodes of at most degree three. This is important in proving

the following proposition:

Proposition 4.1. Any n-QV Clifford operator may be implemented with an O(n?)

size and constant depth measurement pattern.

Proof: Any n-QV Clifford gate may be decomposed into an O(n?) size circuit
with no auxiliary QVs consisting of only F, P(q), Z(q) and Cz gates, using the
efficient algorithm of Farinholt (2014) and Hostens et al. (2005).° Consider the
cluster-state measurement pattern simulation of this circuit. This pattern still has a
size of O(n?). Such a pattern has a constant depth for the entanglement operations
(of at most 4) by Lemma 4.1, as its entanglement graph has a maximum degree of
three. As the pattern is completely standard, and the measurement phase functions

are only those for implementing F' and F'P(p), all the measurements are independent

9The work of Hostens et al. (2005) and Farinholt (2014) is in the context of qudits, but can be
easily applied to QCVs (which, in this context, are simpler than general dimension qudits as all
non-zero elements of R are invertible).
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4. One-way quantum computation with general quantum variables

and hence may all be implemented simultaneously. This therefore requires only unit
depth. The corrections all apply to different QVs in the output and hence may be
applied in a depth of 2. Hence, the measurement pattern has a total size of O(n?)

and the depth is a constant (more specifically, the depth is 7 or less).

Lemma 4.3. The n-QV fan-out gate can be implemented with an O(n) size and

constant depth measurement pattern.

Proof: The n-QV fan-out gate is Clifford, as can be seen from its decomposition
into n SUM gates in Figure 3.3. Hence, by Proposition 4.1, this may be implemented
in constant depth. The O(n) size scaling is because the SUM gate circuit for fan-out,

as given in Figure 3.3, has a size of O(n).

Lemma 4.4. Any unbounded fan-out circuit § may be implemented with a measure-
ment pattern B that has a depth of O(depth(F)) and a size of O(size(F)).

This follows from Lemmas 4.2 and 4.3. The consequences of this are that the
1WQC has access to the parallel computation power of the unbounded fan-out
model: this includes all of the results shown in Chapter 3. Furthermore, it is likely
that general-QV unbounded fan-out circuits are substantially more powerful for par-
allel computation than shown in this thesis as there are a range of further known
results in the qubit sub-case [Hoyer and Spalek (2003, 2005); Moore and Nilsson
(2001); Takahashi and Tani (2013); Takahashi et al. (2010)], as discussed briefly in
the conclusions to Chapter 3. Hence, this provides a further motivation for future

extensions to the studies of Chapter 3.

4.5.2 Circuit simulations of measurements patterns

It is now shown how a quantum circuit may simulate a measurement pattern. In the
complete standardisation procedure, the Pauli corrections that are obtained have
the general form Z; (¢; + ), csmi) and Xj (g + >, ¢im;), where the sum is over
the measurement outcomes of different QVs (the m;), and where each measurement
outcome may be added or subtracted to the other values (i.e., ¢; = £1), or may also
have more general multiplicative factors, which come from dependencies removed
from phase gates (see Equation 4.34). The ¢; € S; parameters are obtained from any
Pauli gates in the pattern implemented directly via corrections (see Equation 4.23).

This is used in the following definition:

Definition 4.4. The coherent circuit simulation of the measurement pattern P =
(V,3,0,p) is the circuit € = (V,3,0,¢(p)), where c(p) consists of an initial layer
of F gates on all QVs in 'V \ I, followed by the operations of p in order using the

replacements
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2 X (%’ + 2 iem; Cz‘mz‘) = X;(qj) [ien, C3X (i),

3. Z; (Qj + 2 iem, Cimi) = Z;(4j) [icu, CjZ(ci).

Here, each M; C V is the set of measured QVs on which the correction on the gt Qv
depends, and c; is the value that the m; outcome is multiplied by in that correction

in the pattern (e.g., ¢; = £1 or ¢; is a phase gate parameter).

No replacement rule is needed for entangling operations as the E;; operation
is simply the C;Z gate. This procedure may be used to turn any measurement
pattern into a quantum circuit by decomposing any dependent measurements into
Pauli corrections followed by independent measurements. This quantum circuit
implements the same operation as the measurement pattern by the principle of
deferred measurement - a measurement can always be delayed until later and classical
controls replaced with quantum control, see e.g., [Nielsen and Chuang (2010)].10
This method for the coherent implementation of a measurement pattern explicitly
highlights the intrinsic role of classical computation in the one-way model: Local
gates controlled by classically computed CLV sums are replaced by a sequence of
two-QV gates in which these sums are quantum computed. Hence, the power of the
one-way model is in using classical computation instead of quantum computation

when the quantum element is superfluous.

Proposition 4.2. Any polynomial-size measurement pattern, B, may be imple-
mented with an unbounded fan-out circuit that has a depth of O(depth(*B)) and a

size of O(size(P)?depth(P)).

Proof: Without lose of generality, consider a completely standard pattern 3.
The operation sequence of P consists of three sequential stages: 1. Entanglement
operations; II. A sequence of measurements that may each be either X-type error
dependent ([M}’]* operations) or independent (M}’ operations); III. Pauli correc-
tions on the output QVs. Consider the coherent circuit implementation of 3, as
given by Definition 4.4. The preliminary stage of this circuit consists of F' gates on
the QVs in the non-input set V \ J. This may be implemented by an unbounded
fan-out circuit that has unit depth and a size no greater than size(}3). Consider
stage I: This consists of Cz gates and, as these are the same operations as in the
measurement pattern, this requires a quantum circuit of no greater depth or size
than the entangling stage of the measurement pattern. Consider stage II: This cir-

cuit subsection consists of no more than depth(3) layers each of which consists of

100Moreover, here there is no need to perform the delayed measurements. This is because, the
auxiliary QVs in the circuit which would have been measured in the measurement pattern, will each
just be in the state |+o) at the end of the circuit.
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4. One-way quantum computation with general quantum variables

first a CX(¢q) and X(q) gate circuit, acting on at most size(f) QVs (and obtained
from the X-type corrections, which come from expanding the X-type error depen-
dent measurements into corrections and independent measurements), followed by
some local F' and R(v) gates on these QVs, which all act on distinct QVs (and are
obtained from the independent measurements). This polynomial-size circuit acting
on size(P) QVs and consisting of only controlled and local X (¢) gates may be im-
plemented with an unbounded fan-out circuit of size O(size()?) and depth of O(1),
by Proposition 3.4. The following local F' and R(9) gates may be implemented with
unit depth. As there are at most depth(3) such layers, this results in a total size
for this stage of the circuit of O(size(f)?depth(P)) and a depth of O(depth(R)).
Consider stage III: This is a polynomial-size circuit consisting of only CX(q), X(q),
CZ(q) and Z(q) gates, which acts on at most size(J3) QVs. By Proposition 3.4, this
may also be implemented by an unbounded fan-out circuit with a size of O(size(B)?)
and depth of O(1). Hence, the unbounded fan-out circuit simulation of 3 has a size
of O(size(P)?depth(P)) and a depth of O(depth(‘P)).

This proposition, in combination with Proposition 4.1, proves the claim in Chap-
ter 3 that unbounded fan-out circuits can implement any Clifford gate in constant
depth, which was stated in Proposition 3.5. As a slightly technical aside, note that,
for QCVs, if the basic gate set in the quantum circuits is restricted to only include
Z(q) and P(q) gates with ¢ € [0, 1], which it was suggested in Section 3.5 might
be necessary from a physically perspective, then this proposition must be slightly
adapted. In particular, consider a measurement pattern that has a polynomial size
and only contains measurements that implement P(q) gates with polynomially large
q and ‘gate-like’ Pauli corrections Z(q) (i.e., those Z(q) ‘corrections’ which are not
corrections as such, but have been inserted to implement a Z(q) gate, and hence ¢ is
a constant rather than a measurement outcome) also with only polynomially large
q. A QCV unbounded fan-out circuit that uses this more restricted gate set can be
found that simulates such a measurement pattern and which has the same depth as

the measurement pattern and a polynomial size.

4.6 Depth complexity classes

Quantum and classical circuits are both non-uniform models of computation. What
is meant by this is that for an n-variable input problem there is a different circuit,
and hence a different computational device, for each size of n. When we consider a
circuit to implement the unitary U,,, defined for arbitrary n € N, e.g., n-QV FANOUT,
what is really meant by this is that we are considering a family of circuits €1, &€,
€3, ..., where circuit €, computes U, for input size n. Therefore, it is possible for

completely unrelated circuits to be picked for each value of n, and this can allow for
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powerful computational properties to be hidden in the circuit description [Goldreich
(2008)]. Hence, it is often useful to consider uniform families of circuits, which are
those circuit families which, for each n, the associated circuit can be found efficiently
using a Turing machine.'’ This technical restriction to uniformly generated circuits
(and measurement patterns) is used below.

A concise way in which to summarise the results of both this and the previous
chapter is in terms of complexity classes. For quantum circuits with qubits, the
complexity class QNC* of operators (or alternatively decision problems) that may be
computed by poly-logarithmic depth (O(log® n)) standard quantum circuits was first
introduced by Moore and Nilsson (2001), as the quantum analog of the equivalent
classical circuit class NC*. Extensions of this complexity class for qubit unbounded
fan-out circuits, denoted QNC?, and measurement patterns, denoted QMNCF, have
also been defined [Browne et al. (2011); Hoyer and Spalek (2003)]. I now further

extend these classes to general QVs.

Definition 4.5. The complexity classes QNCS, QNC]}yd and QMNCS contain oper-
ators computed exactly by uniform families of standard quantum circuits, unbounded
fan-out circuits and measurement patterns, respectively, which have input size n, a

depth of O(log* n), and polynomial size.

Naturally, the class of operators depends on the QV type, which the subscript
d in the complexity class notation is used to denote, and the qubit case recovers
the previously defined and studied classes.'? Note that the classes depend to some
degree on the universal gate set available, and it may be assumed that each model
has the relevant basic set built from G._yy; in each case, as has been largely the case
throughout (i.e., the standard circuit model has this exact gate set, the unbounded
fan-out model has this set along with FANOUT, and the allowed measurements in the
1WQC are those to implement G¢_yy;)-

The relationship between unbounded fan-out circuits and measurement patterns,

that I have proven in Lemma 4.4 and Proposition 4.2, can be summarised by
QNC% ; = QMNCY, (4.51)

which holds for all k. This is an extension of a theorem of Browne et al. (2011) to

general QVs. Proposition 3.1 then implies the complexity class inclusion

QNCj C QNCY, = QMNCj C QNCy, (4.52)

"The classical computation required to find the circuit may be restricted in size and depth: e.g.,
a poly-logarithmic time and space Turing machine.

12Sometimes these complexity classes are instead defined in terms of decision problems, e.g., in
Browne et al. (2011). However, in much of the literature the classes are defined to contain unitary
operators (as here), e.g., see Moore and Nilsson (2001).
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which summarises the difference in depth complexity between standard quantum
circuits and unbounded fan-out circuits: unbounded fan-out gates cannot be com-
puted in constant depth with a standard quantum circuit, but can be computed in

log(n) depth. For all k, Equation 4.51 and Proposition 3.1 also imply that
QNC} € QNCE, = QMNCE C QNChTL. (4.53)

However, except for k = 0, none of these inclusions have been shown to be strict.!?

This mirrors the situation for the qubit sub-case [Browne et al. (2011)].

4.7 Measurement patterns have optimal depth

I now shown that there are a large range of quantum computational models which
cannot have a lower depth complexity than measurement patterns. This will be

useful for understanding the computational model introduced in Chapter 6.

Proposition 4.3. Consider a quantum model MM = (o0,s) in which the set of allowed

operations o consists only of
1. Unitary operators in QMNCY,

2. Destructive measurements of Hermitian operators, O, that act on any number
of QVs and which have outcomes in Sg, such that UOU' is diagonal in the
conjugate basis for some U € QMNCg,

3. Unitary operators u(n) € QMNC?I with n € Sq, where n is the value of a
CLV calculated from arithmetic in Sy on previous measurement outcomes and

constants in Sy,
and where the set of preparable states for the non-input QVs, s, is such that
4. For each |[¢) € s, |[)) = Ul+q) for some U € QMNCY,.

For any computation Q in M, there exists a measurement pattern P that simulates
Q in a depth of O(depth(Q)).

Proof: The preparation of all non-input QVs in states from s can be achieved with
initial measurement patterns of constant depth from QVs prepared in |+q), by con-
dition 4 of the proposition. Q may be decomposed into depth(£Q) sub-computations,
each of unit depth. In each sub-computation there is at most one operation on each
QV. The unitaries in this layer that are not classically controlled may be imple-

mented with constant depth measurement patterns, due to condition 1.

3For k # 0, showing that these inclusions are strict, or conversely that they are actually equal-
ities, is likely to be very difficult.
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Each (in general, many-QV) measurement in the layer may be simulated by first
applying the unitary that diagonalises the measurement in the conjugate basis, which
may be done with a constant depth measurement pattern by condition 2, and then
implementing Mf  operations (which are conjugate basis measurements) on each
QV that the measurement acts on. The appropriate measurement outcome of O,
associated with the projection onto the resultant conjugate basis state of the QV(s),
can then be calculated from the individual measurement outcome(s). Note that,
although this is in general different to a measurement of O (as O has outcomes in Sy
rather than Sfl where k is the number of measured QVs), as the measured QVs are
discarded (the measurement is destructive) these procedures are identical under the
assumption that only the CLV calculated from the individual measurement outcomes
is retained. As the procedure for each measurement in the layer is of constant depth,
and all the measurements in the layer must act on distinct QVs, the measurements
may be implemented by a constant depth measurement pattern.

The classically controlled unitaries may implemented with a constant depth mea-
surement pattern, as they all act on distinct QVs and, by condition 3, all of these
unitaries may be implemented in constant depth measurement patterns, regardless
of the CLV input. Furthermore, the CLV on which they depend may be calcu-
lated with the classical computations that have been assumed to be available to
the TWQC: arithmetic in Sg. Therefore, each component in a layer of  may be
implemented with a constant depth measurement pattern and, as each operation in
the layer acts on distinct QVs (and may only depend on outcomes from previous
layers), the composite measurement pattern for the entire layer has constant depth.
Hence, the total pattern simulating  has a depth of O(depth(£Q)), which concludes
the proof.

This proposition is similar to one proven for qubits by Browne et al. (2011) (see
Theorem 4 therein). Any model using only Clifford operators, single-QV measure-
ments, Pauli corrections and preparation in states preparable by Clifford circuits
from the computational basis satisfies the constraints of this proposition. This will

therefore cover the model introduced in Chapter 6.

4.8 Quantum resources for classical computation

The considerations so far in this chapter have largely overlooked the classical side-
processing required to implement the IWQC. There is good physical justification
for this, given that simple classical computations can be considered to be essentially
free in comparison to the difficulties inherent in implementing quantum operations.
This may not always be entirely true: if the time required to implement any classical

calculations between quantum layers results in any significant wait time this may
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have some implications. However, this would depend on the particular measurement
and coherence times in any physical device and there are many other layers of
classical controls in an experiment which would also need to be considered in such

an analysis.

4.8.1 Classical processing introduced via complete standardisation

In order to obtain an understanding of both the IWQC and quantum computation
more generally, it is interesting to consider what classical resources are required in
addition to measurements of an entangled state, to obtain deterministic and uni-
versal quantum computation. This may be understood by considering the classical
computations introduced via complete standardisation, as is done below. Here, and
particular in Section 4.8.2, it will be helpful to distinguish between ordinary arith-
metic (i.e., arithmetic on R) and the arithmetic defined on the ring Sy. This is
achieved by denoting addition, subtraction and multiplication in Sy by @, © and ®
respectively.

The standardisation procedure on a measurement pattern requires ¢ addition of
measurement outcomes and constants, for all QV types, as implied by Equation 4.30.
Standardisation is sufficient to turn any measurement pattern into one consisting of
measurements on an entangled state, and hence, addition of measurement outcomes
is all that is necessary for deterministic universal quantum computation in this fash-
ion. However, the removal of any unnecessary dependencies, via Pauli simplification
and signal shifting, adds further classical computations: Pauli simplification in gen-
eral uses both & and ® operations on measurement outcomes, due to the phase gate
relation given in Equation 4.34, and signal shifting uses the & operation, as seen in
Equation 4.38.

For qudits, the variable p € S; parameterised phase gates are not actually re-
quired (cz, F, P and Z generate the Clifford group), and if the parameter p is
set to unity in Equation 4.34, then no multiplication of measurement outcomes by
constants is needed. Furthermore, modulo subtraction can be obtained from d — 1
applications of modulo addition. Hence, for qudits the classical control computer
for the IWQC requires only the SUM gate, or with irreversible logic it may use the
gate

w o~ od
w o~ olo
o JRSCIN R
_— O W NN
N~ O | w

demonstrated here for d = 4. For bits, this is known as XOR (exclusive or). The clas-
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4.8 Quantum resources for classical computation

sical computer that uses only SUM gates, I will refer to as a SUM computer, and for
bits this is known as the parity computer [Aaronson and Gottesman (2004)]. In con-
trast to qudits, with QCVs the continuously parameterised P(p) gate is necessary to
generate the Clifford group and subtraction cannot be obtained via addition. Hence,
in this case, if IWQC is to be implemented without unnecessary dependencies then
addition, subtraction and multiplication in R are all required to be available to the
classical control computer.

Interestingly, for all QV types, it appears that the full power of classical compu-
tation is not required for controlling the IWQC: it is well known that XOR is not a
universal gate for Boolean logic [Pelletier and Martin (1990)], and similar consider-
ations apply to the modulo addition gate for d-valued logic.!® For example, modulo

addition cannot be used to implement the modulo multiplication gate

®[0 1 2 3
0({0 0 0 O
170 1 2 3
210 2 0 2
310 3 2 1

again demonstrated for d = 4 and known as AND for bits. Similarly, although the
control classical computer for the QCV 1WQC requires addition, subtraction and
multiplication, this is not sufficient for universal classical analog computation: such
a device requires access to some further operations, with universality achievable via
the inclusion of an integrator and a constant function in the basic operations set
[Bournez et al. (2006)]. Note that here I mean analog computation in the sense of

Claude Shannon’s general-purpose analog computer based on differential analysers.

4.8.2 GHZ states as a resource for a classical processor

An intriguing way to look at 1WQC is in terms of a quantum resource (a cluster
state) giving a very limited classical computer access to the power to solve problems
presumed to be intractable with any classical machine. Extending this idea, Anders
and Browne (2009) considered if there are more limited quantum resources that can
increase the power of the parity computer and they showed that access to single-
qubit measurements on three-qubit GHZ states allows the calculation of the AND

gate with the parity computer, which along with XOR is universal for Boolean logic

4Note that exact real-valued arithmetic is not required - it is only of any benefit to calculate
the values to the precision that the quantum operations can be performed.

15%0R is not functionally complete as its truth table contains the same number of 0’s as 1’s.
Hence it can only implement Boolean functions f : {0,1}" — {0,1} which output 1 for half of the
input strings and 0 for the other half (even when using auxiliary fixed 0 and 1 bits). Similarly, the
@ logic gate for general d can only implement functions f : Z(d)™ — Z(d) which give each value in
Z(d) for a fraction of 1/d of the possible inputs.
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4. One-way quantum computation with general quantum variables

[Pelletier and Martin (1990)]. I now briefly show how this idea can be extended to
qudits of any even dimension, and hopefully in doing so shed some light on the binary
special case. Interestingly, it would not be expected that this can be extended to
also include odd dimension qudits as it is known that there is a local hidden variable
model for odd-dimension qudit Stabilizer quantum mechanics [Gross (2006)]. In the

following, it will be necessary to use the equality'®

- Z ratd) = (g @ ¢). (4.54)

reZ (d)

Given two classical dits a, b, the SUM computer may compute a @ b using a single
suM gate. Take the 3-qudit GHZ state

|GHzZ) = Z la.4.q (4.55)

qEZ

Now, consider performing a measurement on the qudits in this state of the operators
Lrp(a), Lrp@p) ad Tppi(aep). Doting that the measurements to be performed can
be controlled by this restricted-power SUM computer. This is equivalent to applying
the operator FP(a) ® FP(b) ® FPt(a @®b), followed by a computational basis mea-
surement. Hence, the measurement outcome triplet (m,n,p) € Z(d)? is obtained
with the probability

2
Prob(m,n,p) ‘\f Z *atb— a®b)/2<m,n,]’|+q7+q,+q> ) (4.56)
ez(d
1 a —Qa m-+n ?
== Z @ (a+b—a®b)/2+q(m+n+p) (4.57)

q€Z(d)

where (g|+4) = w? /v/d has been used. Now consider the case when a + b < d,
which implies that a + b — (a @ b) = 0. Hence, using Equation 4.54, it follows that

% Z wi(m+n+p)

q€Z(d)

2

Prob(m,n,pla+b < d) = d(mendp). (4.58)

_d2

That is, the probability is only non-zero if m & n ® p = 0. In other words, each
possible outcome g € Z(d) is equally likely for each measurement but they must all
add up to zero modulo d.

Consider now the remaining cases not covered above, which are when a + b > d.

16This may be proven using the formula for a geometric series: see Appendix D, where this
formula is also stated and a brief proof is given (for all QV types).

96



4.8 Quantum resources for classical computation

It then follows that ¢ + b — a ® b = d. Now in this case

wq2(a+b—a@b)/2 _ ei7rq2 _ (_1)(]2 _ (_1)(1 _ wqd/2, (459)

as the square of an odd (even) number is odd (even). Therefore, using this equality
and Equation 4.54, it follows that

1 !
Prob(m,n,pla+b>d) = |- Z walmEntp+d/2) | ﬁé(m@n@p@d/%, (4.60)

q€Z(d)
noting that this is well-defined because, as d is even, d/2 is an integer. Therefore,
again, any outcome for each measurement is equally likely in isolation, however, now
they must obey m@&n@®p=d/2 (asthen m&n@&pdd/2=0).
The consequence of this is that by first calculating a @ b, then performing this
measurement procedure and finally using further SUM gates to calculate the modulo
sum of these measurement outcomes, a SUM computer with access to GHZ states

can calculate the function

0 if a+b<d,
THRESHOLD(a,b) = (4.61)

d/2 ifa+b>d

Alternatively, it may be written as a truth table, for example, with d = 4 it has the

form
THRESHOLD |0 1 2 3
0j{0 0 0 O
110 0 0 2
210 0 2 2
310 2 2 2

The binary special case (bits and three-qubit GHZ) reproduces the result of Anders
and Browne (2009), up to minor differences.!” In the binary case, this technique
has provided the parity computer with the ability to implement the AND function.
As AND and XOR can together implement any Boolean function, this GHZ state
resource has elevated the parity computer to universal classical computation.

More generally, for computation with dits of even dimension d > 2, it is not
obvious what significance the THRESHOLD gate has as an additional resource for a
suM computer beyond the observation that it is indeed an additional resource as
it cannot be constructed from @. One issue with dealing with higher-base logics is

that the number of different two-input irreversible gates is 4 (this is the number

"In Anders and Browne (2009) the measurements are of Pauli operators. Note that the qubit
Y Pauli operator is given by Y = PFX.
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4. One-way quantum computation with general quantum variables

of unique truth tables), and while for bits this is only 2% = 16, for d only as large
as 4 this is 416 = 4,294,967, 296. However, the point stands that, with dits of even
dimension, a quantum 3-qudit GHZ resource state can provide further power to a
classical SUM computer. As an aside, the complexity class of problems that can
be efficiently solved by the parity computer is what is known as Parity-L or L
[Aaronson and Gottesman (2004)]. T suspect that the relevant class for the sum
computer is ModyL, defined as the set of decision problems solvable by a log-space
Turing machine such that the number of accepting paths is divisible by d if and only
if the answer is ‘no’.'® However, my limited knowledge of Turing machines prevents
me from claiming this with any certainty. It is only a conjecture that L and ModyL
are strict subsets of the full class of classically efficiently solvable decision problems
P. Finally, I wish to emphasise that I am not suggesting that GHZ resources are
useful in practice for implementing classical computation - the ideas here are merely

observations on the nature of entangled quantum resources in computation.

4.9 Physical implementation

Entanglement generation is often simpler to achieve in practice than the application
of on-demand unitary gates, and this is one of the main reasons why the 1IWQC has
such great potential for a physical realisation of universal quantum computation. In
this final section before concluding the chapter, the experimental progress and the
prospects for IWQC are briefly discussed.

There have been a range of physical systems proposed for implementing 1WQC
with qubits, and to date the most well-developed experiments are with ion-trap and
optical technologies [Bell et al. (2014); Chen et al. (2007); Lanyon et al. (2013);
Tame et al. (2014)]. Specifically, Lanyon et al. (2013) have implemented a uni-
versal set of operations on up to seven entangled ion-trap qubits, and Bell et al.
(2014); Tame et al. (2014) have entangled and performed computations on up to
five qubits encoded into photons, with Chen et al. (2007) presenting a alternative
technique whereby 1WQC was performed on four logic qubits encoded over two
photons. Furthermore, there have been a variety of proposals for creating the many-
qubit resource states that are required for a useful 1IWQC, for example, such states
may be realised as the ground state of certain many-body Hamiltonians [Bartlett
and Rudolph (2006); Brennen and Miyake (2008); Chen et al. (2009)]. However, as
of yet no such large-scale states have been realised that allow for individual qubit
addressability, which is a requirement for computation.

In this regard, IWQC with QCVs is an especially promising paradigm, as demon-

strated by the spectacular recent experiments of Yokoyama et al. (2013) who have

8For a more detailed definition, see the complexity zoo at https://complexityzoo.uwaterloo.ca.
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entangled 10,000 individually addressable QCVs encoded into finite-length wave
packets in two light beams. Complementing this is the alternative technique of
Chen et al. (2014) who have created resources states of 60 QCVs, realised as dif-
ferent modes of an optical frequency comb, and where all the encoded QCVs are
simultaneously accessible. To implement 1WQC, measurement techniques are re-
quired that implement a universal gate set. In order to implement any Clifford gate
- called a Gaussian transformation in this context - it is only necessary to employ
homodyne detection, which is a measurement of the operator Zsinf + pcosé for
some 0.'? This has been experimentally demonstrated by Ukai et al. (2011) and Su
et al. (2013), who have implemented one and two-mode Gaussian transformations,
using four and six QCV entangled states, respectively. However, this is not sufficient
for universal quantum computation and the difficulty in extending this to a universal
set of operations is that this requires a non-linear optical element of some sort. The
cubic phase gate, as introduced in Equation 2.60, is sufficient to obtain universal-
ity and one method for approximately implementing this gate is via photon-number
counting and some additional Gaussian resources [Gottesman et al. (2001); Gu et al.
(2009)]. Moreover, recent experimental improvements in photon-number-resolving
detectors suggest that this may well be feasible [Calkins et al. (2013); Humphreys
et al. (2015)].

The 1IWQC with qudits of dimension d > 2 has seen only limited attention in the
literature to date, but it has been noted that (as with qubits) suitable resource states
can be obtained as the ground states of many-body Hamiltonians for spin (d — 1)/2
particles [Zhou et al. (2003)] and a method has been suggested for creating d = 4
photonic cluster states [Joo et al. (2007)]. Although, to my knowledge, there have
been no experiments directly implementing a proof-of-principle qudit-based 1WQC,
there have been a range of experiments that have shown impressive control and high
quality measurements of qudits in a variety of systems. In particular, qudits have
been encoded into photonic degrees of freedom [Bent et al. (2015); Lima et al. (2011);
Walborn et al. (2006)] and multiple photonic qudits have been entangled [Dada et al.
(2011); Rossi et al. (2009)]. Particularly interesting is the experiment of Dada et al.
(2011) in which they generate entanglement between d = 12 qudits encoded into
the orbital angular momentum of the photons. Given that there is no fundamental
limit on the dimensionality of the qudit that may be encoded into this degree of
freedom, and a range of high-quality measurements have been demonstrated on

orbital angular momentum encoded qudits [Bent et al. (2015)], systems of this sort

19By reference to Section 4.3, it follows that the measurement to implement F' for a QCV is
simply —p. To implement FP(q) the measurement required is then —P(—q)pP(q) = —p — q& =
—(pcosf + @sinf)/cosf where § = tan"'(q). Hence, to implement the phase gate a homodyne
measurement may be performed along with a rescaling of the measurement output [Menicucci et al.
(2006)).
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may have the potential for future progress on IWQC with qudits.

Outside the optical regime, a particular promising experiment is that of Ander-
son et al. (2015); Smith et al. (2013) who have reported high-quality control and
measurement of a d = 16 qudit encoded into the hyperfine structure of the elec-
tronic ground state in the Caesium isotope ?3Cs. Note that, although many atom-
based experiments use fundamentally binary measurements (e.g., via pumping only
one basis-state-encoding level to a photon-emitting state and detecting any emitted
photons), such measurements can be used to simulate a d-outcome measurement
via multiple binary measurements in conjunction with permuting the different ba-
sis states in between these measurements. Furthermore, varied basis measurements
may always be simulated via local unitary controls along with a fixed d-outcome
measurement.

One potential problem with QCV 1WQC is that it cannot be implemented per-
fectly even in principle: it requires the realisation of conjugate basis states which
are not normalisable and are unphysical. In practice they are realised by finitely
squeezed vacuum states (see Appendix B for the formal relation) and until recently
it had not been shown that this did not cause uncorrectable errors in the computa-
tion. However, Menicucci (2014) showed that by encoding a logical qubit into each
QCV, using the scheme of Gottesman, Kitaev and Preskill (GKP) [Gottesman et al.
(2001)], these errors due to finite squeezing can be corrected for. Because of the uni-
versality of QCV 1WQQC, it is immediately implied that universal computation can
be implemented on the encoded qubit. Furthermore, due to the nature of the encod-
ing, the qubit-encoded Clifford operators can be implemented via only QCV Clifford
operators [Menicucci (2014)]. Interestingly, the GKP encoding scheme could also be
used to embed qudits into each QCV and hence this may provide a promising route
for an optical implementation of qudit IWQC. A more detailed investigation of this
idea, including looking into whether this qudit encoding can be made fault-tolerant
using the same ideas employed by Menicucci (2014), would be an interesting future

avenue of research.

4.10 Conclusions

In this chapter, the computational power of the one-way quantum computer with
arbitrary QV type has been investigated. To do this I have introduced a general
‘measurement pattern’ formulation of the 1IWQC, which extends the cluster state
paradigm [Menicucci et al. (2006); Zhou et al. (2003)] to a more flexible setting that
is well-suited to a comparison with the gate model. Depth reduction ‘standardisa-
tion’ protocols were then developed, following the qubit-based work of Danos et al.

(2007), and using this a simple procedure for mapping between quantum circuits
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and measurement patterns was provided. The implication of these mappings is that
the depth complexity of the IWQC is exactly equivalent to that of the unbounded
fan-out model investigated in Chapter 3. This confirms and makes precise the par-
allelism inherent in 1IWQC and extends a qubit-based result of Browne et al. (2011)
to the setting of more general QVs. Possible future work could investigate how the
full range of highly-developed concepts in the qubit 1IWQC, e.g., information flow
notions [Browne et al. (2007); Duncan and Perdrix (2010)], may be extended to the
general QV setting. It would also be interesting to continue the investigations into
the interplay between classical and quantum resources in higher-dimensional 1WQC

which was briefly touched upon in Section 4.8.
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Chapter 5

Geometric phase gates for

general quantum variables

In this chapter geometric phase gates for general quantum variables are proposed
and investigated. These gates employ an ancilla to entangle QVs in a computational
register via a sequence of register-QV controlled Pauli operators on the ancilla. The
construction given will be applicable both when the computational elements and
ancillas are QVs of the same and of different types. This will include elements of
what is known as qubus computation [Spiller et al. (2006)] as a special case, given
when the register consists of qubits and the ancillas are QCVs, but is applicable
in a broader setting. The computational advantages associated with having access
to ancillas of a different dimension to the computational QVs are investigated. In
particular, this will include a proposal for a practical and highly efficient method for
implementing generalised Toffoli gates and also a comment showing that a previous
method proposed for implementing the quantum Fourier transform via a QCV ancilla
[Brown et al. (2011)] is infeasible. Finally, the physical relevance of these gate
methods is discussed. This chapter is partially based on Proctor et al. (2015).

5.1 Introduction

The elements of the computational register in a quantum-circuit-model computer
need to be well-isolated in order to minimise the destructive effects of decoherence.
On the other hand, it is also essential to implement two-body entangling gates to
perform any computation. The tension between these demands is one motivation
for sidestepping direct interactions and instead mediating entangling gates via an
ancillary system. This allows the register to be specifically tailored for long coherence
times, and interactions are only required with some physically distinct ancillary

systems. These ancillas may be chosen to optimise the interactions with the elements
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of the main register and moreover, as the quantum information is stored in the main
register, the coherence time of these ancillary systems is not as critical as for the
computational systems. Hence, they may exhibit complementary properties to the
register systems, such as being comparatively easy to manipulate. Indeed, ancillas
are used in a range of experiments, such as superconducting flux qubits coupled via
transmission line resonators [Majer et al. (2007); Stern et al. (2014); Wang et al.
(2009); Xue (2012)], spin qubits coupled via ancillary photonic qubits [Carter et al.
(2013); Luxmoore et al. (2013); Yamamoto et al. (2009)] or nuclear spins coupled to
electron spins [Taminiau et al. (2014, 2012)].

In light of this, it is of both practical and theoretical interest to study the effect
of incorporating the ancillary system into the computational model, hence to date
there has been a range of literature on this subject: for a selection see Anders et al.
(2010); Halil-Shah and Oi (2014); Ionicioiu et al. (2008); Spiller et al. (2006). There
is no obvious physical reason why the ancillary system should be the same type of
QV as the computational elements in the register. For example, photons couple to a
range of systems and hence they are a natural candidate as an ancillary system and
they can be employed as either qubits (e.g., via a polarisation encoding), qudits (e.g.,
using the number states as a basis) or QCVs (using the quadratures eigenstates as
a basis). Furthermore, as has been argued in Section 1.3.2, it also seems pertinent
to avoid assuming that the computational elements in a quantum computer will
necessarily be qubits. Therefore, it is preferable to develop schemes relevant to the
full range of encodings whenever possible. In the remainder of this thesis I propose
and investigate a variety of methods for implementing quantum computation via
interaction-mediating ancillary systems, with much of the work applicable to all
types of QVs. In this chapter, I propose what will be called geometric phase gates
for general quantum variables, with this terminology due to their relationship to
closed phase-space paths. Interestingly, many of the methods encountered later in
this thesis can be understood as adaptations of this gate.

The remainder of this chapter is arranged as follows: In the Section 5.2 the
basic gate is introduced. Although (to my knowledge) this is novel in all other
cases, for a qubit register and QCV ancilla this gate has been previously proposed
[Milburn (1999)] and investigated in detail, see e.g., Spiller et al. (2006). In this
qubit-QCV setting, there have been a range of interesting results showing that this
basic gate can be adapted for low gate-count implementations of certain qubit-based
circuits [Brown et al. (2011); Louis et al. (2007)]. Hence, in Section 5.3 efficient gate
decompositions using the more general geometric phase gate proposed herein are
investigated. This will include a proposal for an efficient implementation of gener-
alised Toffoli gates (on qubits) via qudit ancillas. In Section 5.4 I outline the links

between geometric phase gates and hybrid quantum computation - in which quantum
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S

a
>
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>

Figure 5.1: Two qubits may be entangled without any direct interactions via ¢z and
CNOT gates acting on a target ancillary qubit.

computation is implemented on more than one type of QV simultaneously. Finally,
the possibilities for physical implementations of the gate methods proposed in this

chapter are discussed in Section 5.5 and the chapter then concludes in Section 5.6.

5.2 The geometric phase gate

To begin the geometric phase gate is illustrated in the simplest case: mediating a
gate between two computational qubits via a third ancillary qubit. Consider the
gate sequence shown in the LHS circuit of Figure 5.1, which consists of cNOT and
cz gates. If the two computational qubits are in the states |¢) and |¢’) respectively,

then the operator applied to the ancilla is

01q,10q01q,10q g (1 0
<1 O) <0 _1> (1 0) (0 —1) =1 (0 1)‘ (5.1)

Hence, it has no net effect (i.e., an identity) on the ancilla, but, regardless of the
ancilla state, it creates a —1 phase factor on the composite system if ¢ = ¢/ = 1.
This is exactly the action of CZ on the two register qubits (for qubits, cz|q)|¢’) =
(—=1)%|q)|¢’)), as denoted by the RHS circuit of Figure 5.1. Therefore, by interacting
each qubit with an ancillary qubit twice, an entangling gate between the two register
qubits has been mediated.!

Before introducing this gate in the more general case it is necessary to take a
diversion to discuss what may be termed hybrid controlled Pauli gates. Up to this
point in this thesis two-QV gates have always acted on two QVs of the same type:
either two qudits of the same dimension or two QCVs. In this chapter the ancilla
will not generally be assumed to be of the same type as the computational QVs it
is used to mediate gates between. Therefore, it is necessary to use two-QV gates

which act on systems that may be of different types. A general control gate Cu, as

!Given the simplicity of this relation it seems likely that this has been noted somewhere in the
literature (prior to its discussion in Proctor et al. (2015)).
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defined first in Equation 2.33, has the action

Cu(lg) ® 1)) = lg) ® u?|q), (5.2)

and this is still valid for control and target QVs of different types - it is only necessary
for u to be a unitary that acts upon the target QV type. In this chapter, the
interactions that will be largely considered are the (hybrid-QV) controlled Pauli
operators, CZ(p) and CX(p). Consider the action of CX (p):

CX(p) (l9) ® 1d") = lg) @ X(p)|d)- (5.3)

Now, this is perfectly well-defined for all combinations of QV types. However, the

gate enacted on the target system is only a Pauli gate if

X(p)? = X(qp), (5.4)

for all ¢ € Sy, where S, is the relevant set for the control system, and clearly the
same considerations apply to CZ(p). This equation holds for all combinations of
QVs except if the control system is a QCV and the target system is not. In this case,
q takes all values in R, and a continuous power of a qudit Pauli operator is not a
Pauli operator (see Equation 2.20). Hence, in the remainder of this chapter all cases
are considered except a register of QCVs mediated via ancillary qudits. In order to
keep the presentation as simple as possible, this will not be explicitly accounted for
in the formulas and it should be assumed that the relations given will not hold in
this particular case.

The qubit-mediated gate of Equation 5.1 is possible only because the qubit Pauli
operators commute up to a phase (of —1) and X2 = Z2 = I. The first of these is a
property shared with the Pauli operators for all QV types, which commute up to a
phase of w, as was seen in the Weyl commutation relation of Equation 2.44. This

relation directly implies that
X () 2(=p)X (1) Z(p) = 'L (5.5)

This may be understood pictorially in phase space in terms of a closed loop of
translations creating an area-dependent phase, as shown in Figure 5.2. As such, this
can be thought of as a geometric phase which motivates the ‘geometric phase gate’
terminology for the gate now introduced.

Global phases have no physical consequence in quantum mechanics, however,
as in Equation 5.1, controlled Pauli gates can utilise the geometric phase of Equa-
tion 5.5 to entangle QVs. Specifically, consider the circuit diagram on the LHS of

Figure 5.3 for two computational QVs and an ancilla of an arbitrary QV type (given
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Conjugate Z(—q) | |
basis J, R >|

Computational basis

>

Figure 5.2: A closed loop of translations generated by Pauli operators creates an
area-dependent geometric phase.

the restriction discussed above). For the computational QVs in the states |¢) and

|¢) respectively, the action on the ancilla is
X(dP)Z(~ap) X (—q'P) Z(qp) = P97, (5.6)

where the subscript a denotes that the phase is dependent on the ancilla QV type,

2mi/da wwhere d, is the dimension of the ancilla, as it will be throughout

that is, w, = €
this and later chapters. The ¢ and ¢’ dependent phase, on the RHS of this equality,
is equivalent to the controlled rotation gate CR(27wpp’/d,) on the computational QV
pair, with

R(9)lq) = "|q). (5.7)

This R(A) notation is used as a short-hand for the linear and scalar-parameterised
case of the more general phase-function parameterised rotation gate introduced in
Equation 2.58 and used throughout the previous two chapters. Note that, in all
cases, if the dimensions of the computational and ancilla QVs match this is the ¢z
gate (when p = p/ = 1). For clarity, the cases of a qudit and a QCV ancilla are

considered individually:

1. Qudit ancilla: The gate parameters are restricted to p,p’ € Z(d,) and d, is
the dimension of the ancillary qudit. By varying p and p’ then d, — 1 distinct
non-trivial gates may be implemented, which are the d, — 1 integer powers of
the gate given by p = p’ = 1. The exact gate implemented depends on the QV
type of the register.

2. QCV ancilla: The gate parameters may take any values p, p’ € R and d, = 27.
By varying p and p/, any CR(f) gate for any phase parameter § € R can be
implemented. For any type of computational QVs this may be chosen to
implement Cz, with the appropriate choice of phase angle depending on the
computational QV type (e.g., pp’ = 7 gives the cz gate for qubits, and more
generally take pp’ = 27/d).

For all types of ancillas and computational QVs, this gate method may implement
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b
= — R(2mpp'/d,) —

Figure 5.3: An entangling gate on two computational QVs may be mediated via
an ancilla using controlled Pauli gates. A black (grey) box containing a variable p
denotes the gate Z(p) (X (p)). The induced gate on the computational QVs is the
symmetric controlled R(27pp’/d,) gate, where d, is the dimension of the ancilla and

R(0)|q) = €'?|q).

an entangling gate on the register and is therefore sufficient for universal quantum
computation when augmented with local controls of the computational register. As
the action of the gate leaves the ancilla unchanged, the ancilla may be either reused,
discarded or reset to remove any residual entanglement from imperfect operation.

For QCV ancillas and computational qubits the gate method introduced above
is not novel - to my knowledge it was originally proposed by Milburn (1999). This
has been followed by a large literature, investigating both the possibilities for phys-
ical realisations and the computational properties of both this and closely related
schemes, for example see Brown et al. (2011); Horsman et al. (2011); Khosla et al.
(2013); Louis et al. (2008, 2007); Milburn et al. (2000); Munro, Nemoto and Spiller
(2005); Proctor and Spiller (2012); Spiller et al. (2006); Van Loock et al. (2008);
Wang and Zanardi (2002). There is one notable difference between the literature
on this QCV-ancilla mediated entangling qubit gate and the presentation here: the
literature is phrased in terms of controlled displacement operators. These nota-
tional differences can be bridged via the relations between complex-parameterised
displacement operators and the QCV Pauli operators given in Appendix C. As far
as I am aware, this ancilla-based geometric phase gate is novel in all cases outside
the qubit-QCV setting.

5.3 Size-reducing circuit decompositions

The geometric phase gate described above is sufficient for universal quantum compu-
tation on the register (assuming the addition of local controls), and hence any gate
sequence can be implemented by many applications of such gates. Moreover, I will
now show that the gate can be adapted to implement some common gate sequences
in a more efficient fashion. Consider the gate sequence in Figure 5.4, in which many

computational QVs, separated into ‘control’ and ‘target’ sub-registers of n and m

108



5.3 Size-reducing circuit decompositions

QVs respectively, interact in turn with an ancilla (demonstrated in Figure 5.4 for
n = 3 and m = 2). Let the control and target sub-registers contain QVs labelled

1,...,nand n+1,...,m+ n, respectively. As it is essentially trivial that

Z(zn) ... Z(22)Z(z1) = Z(2n + -+ 22 + 21), (5.8)
X(@nam) - X(@ns2) X (Xnt1) = X (Tngm + - + Tnt1 + Tnt1)s (5.9)

then using these equations and applying Equation 5.5, it may be confirmed that if
the j*" QV is in the state |g;) then the gate sequence of Figure 5.4 maps the ancilla

as

|¢ancilla> - wézlql+...+ZnQn)(l'n+1Qn+1 ++TntmGnim) |¢ancilla>- (5'10)

Here |pancilla) is some arbitrary initial state of the ancilla and, as always, w, is
dependent on the QV type of the ancilla. Expanding the brackets confirms that this
is equivalent to m x n controlled rotation gates: one between each of the systems in
the control register and each of those in the target register - noting that this has been
achieved using only 2(n + m) gates. Consequently, this is a gate-count reduction
from the obvious (but not necessarily optimal) quantum circuit to implement this
unitary without the aid of an ancilla. In the context of a qubit register and QCV
ancilla these gate-count reduction ideas were originally developed by Brown et al.
(2011, 2012); Horsman et al. (2011); Louis et al. (2007)? but to my knowledge the
result is novel in all other cases.

One important feature of this gate method is that the controlled rotation gates
induced on the register by this sequence do not all have independent rotation pa-
rameters — this would not be possible as there are only n + m parameters in the
ancilla-mediated gate sequence. This gate method is a particularly clear setting
for considering any efficiency gains obtained from using ancillas of a different di-
mension to the main register to aid a computation: the phase parameter in the
controlled rotation enacted on the j™ control and k' target QV pair is e27i%i%k/da
with 2,z € Sq,, and hence, higher dimensional ancillas give greater freedom in the
implemented rotation angles. For example, with a QCV ancilla the phase may take
any value in R, but for a qubit ancilla every phase is either 0 or 7. Whether there are
any fundamental advantages associated with combining ancillary and computational
registers of different QV type is discussed further in Section 5.4. However, before
turning to this, some specific highly-efficient ancilla-mediated gate decompositions
are considered, which may be of practical interest. These are essentially extensions
of the gate method given above, and, in the interesting cases, will employ ancillas

of a different dimension to the register QVs.

2The techniques used in these papers are all special cases or adaptions of this.
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®
2 4

—T4 —I5 T4 T5

Figure 5.4: An ancilla-mediated gate sequence that enacts a controlled rotation gate
between every control-target pair of QVs from ‘control’ and ‘target’ sub-registers.
The specific circuit demonstrated here is for three QVs in the control sub-register
(top three quantum wires), and two QVs in the target sub-register (quantum wires
four and five). The lowest quantum wire represents the ancilla.

5.3.1 The quantum Fourier transform

The ancilla-based gate-count reduction method given above has been adapted to
implement the quantum Fourier transform (QFT) on a qubit register using a QCV
ancilla by Brown et al. (2011). I now point out a problem with this method. In
the interest of generality and in keeping with the majority of this thesis, I will not
show this directly for the qubit-based QFT method of Brown et al. (2011), but
for a simple and natural extension to a technique for implementing a qudit-based
QFT via a QCV ancilla - which hence includes the binary version as a special case.?
To clarify, this is a negative result showing that the previous method proposed by
Brown et al. (2011) (and the simple extension here) is not of any practical use. Any
readers uninterested in such a result are encouraged to skip ahead to Section 5.3.2.
To begin, the QFT is introduced.

The Fourier transform has already been encountered in this thesis - as the single-
QV Fourier gate F', which was first introduced in Section 2.2.1. More generally,
what is conventionally termed the quantum Fourier transform (QFT) modulo k is
a unitary which acts on k orthonormal basis states |0),]1),..., |k — 1), encoding
the numbers 0,1,...,k — 1. Here it will be denoted QFTj, and it is defined by the

mapping

k—1
QFT 1 rigd
lq) ——— 7k > emad kg, (5.11)
q'=0

Therefore, as with the F' gate, it is exactly the unitary representation of the discrete

Fourier transform, but it is now defined as a family of operators where for each value

3 Although it may seem strange to extend a method I am going to show is infeasible, given the
material already covered in this thesis, it essentially requires no additional effort to present this
more general case.
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L

Figure 5.5: An n-qudit circuit to implement the quantum Fourier transform modulus
d", where d is the dimension of the qudits [Cao et al. (2011); Zilic and Radecka
(2007)]. This circuit also inverts the ordering of the qudits, and hence to implement
precisely QFT4n, as given by Equation 5.13, is is necessary to swap the output qudit
ordering: that is, swap qudit 1 with qudit n, qudit 2 with qudit n — 2, etc. Here Ry,
is the gate with the action Ry|q) = 274/ |¢).

of k it acts on a different sized Hilbert space.

The QFT for modulus k& < d™ is an operator that can be implemented using n
qudits of dimension d, and it is particularly simple to perform QFTy4~ using n qudits.
The most natural way to embed QFT . as an operator on n qudits is to use the
association

ld" ™+ d" 4+ nd”) = a1, 2, ), (5.12)

which is the d-nary encoding of the numbers 0 to d" —1 into n qudits. Using this rep-
resentation, the QFT modulus d” is then found by replacing each ¢ in Equation 5.11

with the d-nary representation of q. Hence, it is the mapping

d—1

QFTgn 1 ; n / gm—a—b
|QI>Q25"'>QH> —d> \/diﬂ Z 627mza’b:1(qaqbd )’q/17Qé77Q’:L> (513)

q1,8%5-qp=0

For a single qudit (n = 1) this reduces to a single local Fourier transform F', as it
should. The QFT is a critical sub-routine in a significant proportion of algorithms
that exhibit a quantum speedup [Nielsen and Chuang (2010)], including Shor’s al-
gorithm [Shor (1997)] and related problems. In most of the literature the imple-
mentation of the QFT over a register of qubits has been considered (either with
modulus 2™ or more generally). However, the non-binary QFT may have certain ad-
vantages, including reduced errors when the smaller rotations are not implemented
[Zilic and Radecka (2007)]. Furthermore, in direct analogy to the binary sub-case, it
is an important component in qudit algorithms, such as the qudit phase estimation
algorithm [Cao et al. (2011); Parasa and Perkowski (2011)].
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An expansion of the phase terms in Equation 5.13 can be used to show that
the qudit QFT can be implemented by the quantum circuit given in Figure 5.5,
consisting of single-qudit Fourier gates and controlled rotations. This decomposition
is originally due to Coppersmith (1994) for qubits, and this qudit circuit may be
found in Cao et al. (2011); Zilic and Radecka (2007).* The qudit QFT circuit of
Figure 5.5 has a size of O(n?) and, with a careful pairing of controlled gates,” it has
a depth of O(n).

A method for a low-gate count implementation of a ‘QFT-like’ unitary on a
register of qudits via a QCV ancilla is now presented, which includes the technique
of Brown et al. (2011) as a special case. Define the ‘QFT-like’ unitary Uy g, which
is parameterised by n single-qudit gates uq,...,u, and a matrix of phase angles 8,

by the product of basic single and two-qudit gates

U{Lg = Unp, (CZ_1R<9n71,l)) Up—1 .- - (H ClQR(HQJ)) u9g (H CllR(HLl)) ui, (5.14)
=3 =2

where 0;, €R,j=1,...,n—landk=j+1,... ,n.% The natural circuit represen-
tation for this unitary is given in Figure 5.10, which should hopefully clarify why it
is termed ‘QFT-like’: it is has the same circuit structure as the standard circuit for
the QFT modulus d". Indeed, it reduces to the QF Tz when uy = F for all k£ and if

the phase angles are given by
05 = 2md’~ -+, (5.15)

As with the QFT, the circuit given in Figure 5.10 has a size of O(n?) and a depth
of O(n), via a suitable pairing of controlled rotations.
Now, consider the ancilla-mediated gate sequence given in Figure 5.11. This is

probably simpler to comprehend as a circuit diagram, but for completeness the gate

4See Nielsen and Chuang (2010) for a clear derivation in the binary case, which may be easily
adapted to the qudit QFT.

5This may be achieved using a similar, but slightly more subtle, method to that already en-
countered in Figure 3.6.

In this expression, the subscript k on wuy is used to denote that these are in general different
unitaries for each k, and also to denote which unitary the operators acts on (i.e., ur denotes the
unitary ug acting on qudit k.). Although perhaps slightly vague, I consider this preferable to a
more complication notation.
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sequence is

[y

Upr-se = ( Cle(—Zz)) nCEX () - (Co 2 (1) 00 1 O3 X (1) ) -
1=

(cgz(zg)vg,ch(:cg)) : (cgzw)@chm)) CLZ(—z) - <H ch(—xl))
=2
ClZ(z)v, (5.16)

where the ‘a’ subscript denotes the ancillary system. Via a careful consideration of
this sequence, or the circuit of Figure 5.11, and with the aid of the Weyl commutation
relation of Equation 5.6, it may be confirmed that this implements the QFT-like
unitary Uy ¢ with uy = v, and with the controlled rotation parameters in the matrix
0 given by

0k = 2mzjxy/dy, (5.17)

where as always d, is the dimension of the ancilla, and z;,z; € Sq,. On an initial
inspection, the ancilla-mediated circuit of Figure 5.11 has a size of 9n—8 and a depth
of 5n — 4, which are both O(n). Hence, this provides a reduction from quadratic
size to a linear size scaling in comparison to the defining circuit for a general Uy g
unitary, as given in Figure 5.10.

Consider now the case of a QCV ancilla, whence 0 = z;zy and z;, 7, € R. If
the aim is to apply the QFT4» then it is necessary to implement the phases given
in Equation 5.15. Leaving z; as some arbitrary value, which may be chosen later
for convenience, in order to satisfy Equation 5.15 for j = 1 and 1 < k < n, it is
necessary to take

xp = 2md %)z (5.18)

This then gives z1z, = 27d~*, as required. Now, to satisfy Equation 5.15 for

j=2,...,n—1and general k = j + 1,...,n, it is necessary to take
zj = zd’ 7t (5.19)

This gives zjz), = 2md?~17% as required. Hence, the QCV ancilla-mediated gate
sequence of Figure 5.11 implements the QFT modulus d" on the n-qudit register if
we take the the values for the z; and x;, parameters given above (z; may be fixed to
any non-zero value, say z; = 1) and with wu,, = F for all m. As such, this provides
a method for implementing the QFT modulus d”, via a QCV ancilla, with a circuit
depth and size of O(n). This is in contrast to the standard circuit decomposition
for the (exact) QFT, which has a size of O(n?) and depth of O(n).

However, there is a problem with this ancilla-based circuit decomposition for
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the QFT, as now explained. The assumption in the analysis of the circuit depth
and size in this circuit is that controlled Pauli X(¢) and Z(q) operators with any
parameters ¢ € R are available in the basic gate set, and hence may be implemented
in unit depth. As has already been argued in Section 3.5, the claim that all such
gates may be implemented in a unit of time cannot be physically justified.” Hence,
in order for depth to be an accurate proxy for computational time, it is necessary
to restrict the values of ¢ € R for which CZ(q) and CX(q) gates are assumed to
be implementable in a unit depth by considering only ¢ € [0, a] for some (non-zero)
constant a € R. However, the controlled Pauli gates in this QFT-implementing se-
quence contain parameters which grow exponentially large as a function of input size
n, which can be confirmed via Equation 5.19.% Therefore, with the more physically
appropriate gate set of bounded-magnitude controlled Pauli gates, some of the gates
in this sequence require exponential depth (and time), which renders this QFT im-
plementation technique impractical, and vastly inferior to the ordinary O(n?) size
and O(n) depth decomposition, given in Figure 5.5 (which may be implemented
via ancilla in a gate-by-gate fashion, if required). It might appear as though the
exponential resource-scaling in this ancilla-based method can be removed with the
aid of local squeezing gates on the QCV ancilla, but although these gates can trans-
fer the exponential parameter scaling from the ancilla-register interaction gates to
local squeezing gates (see Figure 2.4), exponential scaling in such gates is essentially
just as problematic and unphysical. Finally, before moving on it is noted that this
ancilla-based technique for implementing a QFT-like unitary is valid in certain other
cases that are not the QFT, by which I mean that, even under the restriction of
bounded-magnitude controlled Pauli gates, it will have the depth and size scaling
initially claimed. However, it is not clear that it implements any unitaries of interest

in such cases, except those also covered by the simpler technique of Figure 5.4.

5.3.2 Modulo controlled gates via qudit ancilla

So far in this chapter, only register-controlled Pauli gates have been considered as
the ancilla-register interactions. The reason for this is that Pauli operators have
convenient properties that make them easy to manipulate, and which also allow
for an analysis that can be applied simultaneously to each type of QV. When only
considering operations of this sort, a qudit ancilla has strictly less power to enhance

a computation than is available with a QCV, as inferred by the discussions near

"The discussion in Section 3.5 largely considers local Pauli gates, but the conclusions given
obviously extend to controlled Pauli gates.

8This exponential parameter scaling cannot be removed by taking z; to be exponentially small,
that is by choosing z1 o< d™". This is because if z1 < d~" then the biggest x; parameter grows
exponentially with increasing n, as then Equation 5.18 implies that z2 oc d". Hence, either the
controlled X (z2) or controlled Z(z,—_1) gate has a parameter which grows exponentially with n.
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the beginning of this section. However, the restriction to controlled Pauli gates
is perhaps rather unnatural for a qudit ancilla, and it can be argued it is more
physically well-motivated to consider a general controlled rotation interaction gate,
which maps

@)l )0 < €0 g) ), (5.20)
where § € R. For 6 = 27nz/d, with z € Sg,, this gives the CZ(z) gate. Hence,
this operator is only a generalisation from CZ(q) for the case of qudits, as with a
QCV target system then CR(f) = CZ(#). This is a natural extension of the allowed
interactions for qudit ancillas as it is easy to confirm that this operator is generated
by the same Hamiltonian as the controlled Pauli operator, with the interaction
time controlling 6, as will be shown in Section 5.5. This gate allows for continuous
parameters in qudit ancilla-based sequences, but also means that the periodicity
of a qudits phase space can be harnessed to efficiently implement some interesting
gates, as I now show. In the following, the ancilla and register are restricted to
being qudits and, as always, the ancilla and register dimensions are denoted d, and
d, respectively.

Controlled rotation operators along with ancilla preparation may be used to
implement a controlled rotation gate on the register of arbitrary phase angle, by
adapting the geometric phase gate of Figure 5.3. This is because the CX gate maps
a register system in an arbitrary computational basis state |¢), and an ancillary
qudit in the state |0), to

CX
9)/0) = |g)|q mod d,). (5.21)
Hence, as long as d, > d, then for two register qudits ¢ and ¢, this implies that
(0],CSXT- CLR(0) - CSX|0), = CYR(H). (5.22)

Note that (0| appears in the LHS of this equation so that the RHS is simply a
gate acting on the register, but equivalently it could be dropped and then the final
ancilla state on the RHS would be |0). The circuit diagram for this gate is given in
Figure 5.6. In contrast to when the gates are all controlled Pauli operators, ancilla
preparation is now essential in order for the qudit not to remain entangled with the
register. This is because the overall operation on the ancilla is a register-controlled
phase, which acts as the identity if the ancilla is prepared in the state |0) (or a
constant phase multiplied by the identity if initialised in any other computational
basis state). This gate method may not seem of much consequence, but it provides
the basis for the more interesting gates introduced below.

Before going any further, it will be useful to introduce a succinct notation for
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Figure 5.6: A circuit which implements a general controlled rotation gate between
register qudits of dimension d via an ancilla qudit of dimension d, > d. The SUM and
sum' gate circuit notation (the @ and © symbols, respectively) is used to denote the
CX and CXT gates, because these can be considered to be hybrid sum and sum!
gates respectively.

controlled gates with multiple control and target QVs. Consider two sets of QVs,
Q and @/, with no elements in common (i.e., Q U Q" = ). Then, for a scalar-
parameterised unitary u(p) with p € S C R and u(a)u(b) = u(b)u(a) for all a,b € S,
and a map 6 : Q' x Q — S, define

cgu(®) = [ [[ CcZu(d q)). (5.23)

q'€Q’ qeQ

That is, this unitary is equivalent to a controlled u(-) gate between each QV in
Q and each QV in Q', with u(-) taking a potentially different parameter for each
control-target pair. This is well defined as the ordering of the gates in Equation 5.23
is irrelevant, due to the commutativity of each Cu(-) gate. This notation is a simple
way to denote many multi-QV gates that are defined naturally in terms of controlled
gates without explicit and cumbersome expansions. For example, the utility of this
notation can be seen by observing that the ancilla-based circuit of Figure 5.4 can be
succinctly expressed as

C¥X(z) - C2Z(—2)- C¥X(—z) - C2Z(2) = CR(2rzx/d,), (5.24)
where z: Q = Sy, and 2 : Q' — Sy, . It will also be useful to have a simple notation
for an arbitrary diagonal gate on a set of QVs, Q. Such a gate is parameterised by a
potentially different phase for each computational basis state, and hence it may be

defined by the unitary Dq(¢) with the action on the computational basis
Do(9)
g1, ..., q) —— €@ 9 gy, qpq)), (5.25)

where ¢ is a function ¢ : S'CIQ‘ — R, and the reader is reminded that |Q| denotes the
number of elements in the set Q.

We are now ready to consider interesting qudit ancilla-mediated gates that utilise
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the periodicity of the ancillary qudit’s phase space. Consider two sets of register
qudits Q = {1,...,n} and Q' = {n +1,...,m + n}. Then, if the first set of qudits
interact with an ancilla prepared in |0) via the n-gate sequence C2X(z), where

x:Q— Sg,, then the affected register qudits and the ancilla are mapped as

C2X(x)
a1, -, @n)|0) —=—= |q1, ..., qn)|z(1)q1 & - - - & x(n)qn). (5.26)

The @ notation is used here, and throughout the rest of this section, to explicitly
denote that this arithmetic must be taken modulo d,, and that this is in general not
the same modularity as if a similar summation was implemented in a register qudit
(which would only be true if d, = d). From Equation 5.26, and using the action of

a controlled scalar-parameterised rotation given in Equation 5.20, it follows that
(0|CIX (—x) - CF R(6) - CX (2)[0) = Davar(4), (5.27)

where the phases of the diagonal gate, which acts on all n+m of the register qudits,

are given by

(q1s s Gnm) = (O(n+m)gntm + - +0(n+ 1)gn+1) (x(n)gn & - @ z(1)q1) -

(5.28)
When d, > (dr — 1) Y jco#(k), then the modulo arithmetic is equivalent to ordi-
nary arithmetic. In this case, this implements the unitary C3, R(#) where 6(j, k) =
x(j)0(k), which is almost identical to what can be achieved with controlled Pauli
operators and a QCV ancilla, as given in Equation 5.10 and discussed below that
equation. Although this is an extension on what can be achieved with a qudit ancilla
in Equation 5.10 (which allows only phases that are integer multiples of the dt" root

of unity for a qudit ancilla), a much more interesting case is when

da < (dr - 1) Zx(k)’ (5'29)

keQ

which is when the modularity of the arithmetic is central to the effect of the gate. It is
perhaps not entirely obvious whether this gate has any uses in quantum computation,
when written in this general form. However I now give a simple adaption of this
to implement a novel ‘step’ gate, which I now introduce and which includes the
important generalised Toffoli gate as a particular case for qubits. Before presenting
the method, this ‘step’ gate is defined and the importance of generalised Toffoli gates
is briefly discussed.

Define the step gate, denoted STEPp(u), by the action:

STEPp (u

a1, ala) Y gy ) @ wlla e /Dl gy (5.30)
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where |z] is the floor function, which returns the largest & € N with k£ < x. There-

fore, this gate applies the unitary v on the target qudit, when
Dm+1)>q +---+¢qn > Dm. (5.31)

Hence, the step gate is a family of unitaries (i.e., it is defined for a general input size
n + 1) which require a unitary u and a value D € N to be fully defined, noting that
D may be chosen to scale with n if desired. For qubits, this includes the generalised

Toffoli gate as a special case, which maps

TOFFOLIy, (u)

lq1 -+ - an)lq) g1+ . qn) @ uI eI g), (5.32)

and hence applies the unitary u to the target system if and only if all of the n
control qubits are in the state |1). Specifically, it is the special case of the qubit step
gate, STEPp(u), with D = n. The Toffoli gate plays an important role in quantum
computation, for example, it appears in many error correcting codes [Fedorov et al.
(2011); Gottesman (1997)] and it is a natural component in a variety of quantum
algorithms [Nielsen and Chuang (2010)]. The importance of this gate is in part
because the ordinary Toffoli gate (n = 2, u = X) is a valid classical 3-bit gate,
and alone is universal for classical reversible computation [Toffoli (1980)Y]. Hence,
efficient decompositions of Toffoli gates into physically realistic primitive gates are
of interest.
Consider the sub-case of Equation 5.27 where Q' = {¢}. From this equation it
follows that
(0/CSX - CLR(~0/dy) - CEX|0) = Doy (). (5.33)

where the phases of the diagonal gate are given by

0
¢/(QI7"'7Qn7qt) = _Iqt (Ch@@%) (534)
a

As long as d, > d, then individual additional control rotation gates of CF¥R(0/d,),
for k =1,...,n, can be applied via n applications of the ancilla-based gate sequence
in Figure 5.6, which uses a total of 3n gates. If these additional gates are appended
to the sequence of Equation 5.33, the total unitary effected is

CPR(0/da)Dauiry (6) = Daugey (¢), (5.35)

9nterestingly, the addition of only the Hadamard gate, or indeed any basis changing gate, is
enough to make this universal classical set become universal for quantum computation [Shi (2002)].
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Figure 5.7: This circuit implements the gate STEP4, (R(f)) on one target and n
control register qudits of dimension d, via an ancilla of dimension d, > d prepared
in the state |0). The lowest wire of the main register is the target of the step gate
and 03 = 0/d,. This circuit has a size of 10n + 2 and a depth of 5n + 1.

where the resultant gate has the phase factor function ¢’ given by

& (qry @) =0 (14 +qn) — (1 B qn)) /da, (5.36)
= GQtL((h + -+ Qn) /daJ' (5'37)

The latter equality follows via considering the difference between the same ordinary
and modulo arithmetic sums. Hence, D(¢) is exactly the gate STEP4, (R(6)), where
0 can take any value in R. Therefore, this ancilla-based sequence gives a method
for implementing a subset of step gates using only 5n + 1 basic gates. The complete
circuit is given in Figure 5.7.

For a register of qubits, this may be converted via local gates to a step gate
with any unitary u, as for all u € U(2) there is a v € U(2) and 6, ¢ € R such that
u = ei‘z’vR(O)vT, which is simply u expressed in terms of its eigenvectors (columns
of v) and eigenvalues (which are ¢ and e*(?+9)). As the n-qubit Toffoli gate is the
special case of the qubit step gate, STEPp(u), with D = n, then this gives a method
for implementing any generalised Toffoli gate on n qubits via 5n + 1 interactions
with an ancilla of dimension n. Moreover, this method may be adapted slightly
to reduce the gate-count for the generalised Toffoli gate, with a circuit given in
Figure 5.8 which requires only 2n +5 gates (a saving of ~ 3n).!9 Although the most
well-known decomposition of generalised Toffoli gates into two-qubit gates, due to
Barenco et al. (1995), requires a number of gates quadratic in n, it is known that this
can be reduced to a linear scaling without the need for higher-dimensional ancilla
[Barenco et al. (1995); Maslov et al. (2008); Saeedi and Pedram (2013)]. This is the
same scaling with input size n as the qudit-mediated scheme I have proposed here,
however (to my knowledge) all known decompositions into two-qubit gates require

more than 2n + 5 elementary gates. As far as I am aware, the optimal qubit-only

10Gimilar adaptions apply more generally for step gates, but have been ignored for simplicity.
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construction in the literature (in terms of both size and depth) is due to Saeedi and
Pedram (2013) and requires 12n — 22 gates.!!

T T .
0) —&—— -+~ R(—0s) FO-{ R(ba) O~ - —6-0—¢ o~ [0)

Figure 5.8: A circuit acting on n 4+ 1 qubits and an ancillary qudit of dimension n
initialised to |0) which implements the gate R(#) on the the qubit n + 1 if and only
if all of the other control qubits are in the state |1). This is the generalised Toffoli
gate TOFFOLIL, (u) with u = R(#), where the Toffoli gate is defined in Equation 5.32.
From this a generalised Toffoli gate with any u € U(2) can be implemented via local
controls. This circuit has a size of 4n + 10 and a depth of 2n + 5. The parameter 64
is given by 64 = 6/n.

An alternative method for implementing generalised Toffoli gates in a highly
efficient manner via a qudit ancilla has been proposed previously by lonicioiu et al.
(2009). I now present a (slightly improved version) of this method to compare to
the technique introduced above. Consider a qudit ancilla with dimension d, > n
that is initialised to |©&n) (i.e., |d, —n)). Then, as with the method above, if the

interaction sequence CgX is applied, this maps

c2x
lg1 - gn)l@)|on) == |q1 ... qu)la)|g1 ® -+ ® g O ). (5.38)

Hence, the ancilla is in the state |0) only when all of the qubits are in the |1) state
(as dy > mn). Therefore, if the gate u is then implemented on the target subsystem

controlled on whether the ancilla is in the state |0), i.e., the unitary

dg—1
Uo(u) = [0)0] @ u+ Y _ [k)(k| @1, (5.39)
k=1

this implements a u gate on the target qubit only if all of the n control qubits are in
the state |1), as required of the generalised Toffoli gate. As in the method proposed
above, applying CgX T disentangles the control qubits, finishing the gate.'?

' This uses n—2 auxiliary qubits. With only one auxiliary qubit then 24n—64 gates are required.

12The gate that is implemented if the input size n is allowed to scale independently of d, is
what might naturally be called a MODg, (u) gate, which applies u to the target qubit if and only if
QDD gn =0, where the summation is modulo d,.
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——— —
Uo(u)
|de —n) ——b D S, O—0— |dy —n)

Figure 5.9: The method of Ionicioiu et al. (2009) for implementing a generalised
Toffoli gate on n + 1 qubits via a qudit ancilla of dimension d, > n. The Uy(u) gate
applies the gate u to the target register qubit if the ancillary qudit is in the state
|0), and applies the identity otherwise.

This method for implementing the generalised Toffoli gate is summarised in
Figure 5.9 and requires only 2n + 1 gates, which is a reduction of four gates from
the method I have proposed herein, as given in the circuit diagram of Figure 5.8.
However, the circuit of Figure 5.9 has a substantial disadvantage: it contains a
Uo(u) gate. A direct implementation of this gate requires an additional ancilla-
register interaction Hamiltonian, as it is not generated by the same Hamiltonian as
the CR(#) gate, and it cannot be obtained from such a gate and local controls alone.
For this reason, I would argue that the method proposed herein is substantially more
practical, as it uses only CR(#) and CX(+1) gates (which can all be easily obtained
from CR(0) and local F" gates, as discussed further in Section 5.5). Finally, one nice
feature of (the adaption of) the scheme of Ionicioiu et al. (2009) given here is that
it can be used to implement generalised Toffoli gates on different sized inputs, n, as
long as n < d,, with the only change for different input sizes being a different initial
ancilla state. This can also be achieved with the method proposed herein simply
by changing the ancilla input state in the circuit of Figure 5.8 to |n — d,), which

facilitates the implementation of a generalised Toffoli for any input size n < d,.

5.4 Hybrid quantum computation

The ancilla-based gates discussed in this chapter use (in general) hybrid variables,
and hence are clearly hybrid quantum computation in one sense. However, the fo-
cus has been entirely on implementing gates on the register and has not considered
whether some computation may also be implemented explicitly in the ancillary regis-
ter (there will necessarily be many ancillas in practice, i.e, a ‘register’ of ancillas). If
universal quantum computation can be performed in both registers, when they are of
different QV types, then the computational model can be considered a hybrid quan-

tum computer in a much stronger sense. I will now show that the physical primitives
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5. Geometric phase gates for general quantum variables

used in the geometric phases gates of this chapter allow for truly hybrid quantum
computation with all pairings of different types of QVs for the computational and
ancillary systems. The following discussion will then be useful for understanding
to what degree ancillas of a different dimension can provide efficiencies in quantum
computation and, as such, may be used to put the results of Section 5.3 into a more
general context.

To begin, consider the case when the register and ancillary systems are all qudits,
which may in general be of different dimensions. The interaction gate we have been

considering is the CR(6) gate (6 € R), which is completely symmetric as'3

CLR(0)la),ld)a = € 1a),|¢")a = CFR(0)la),1d')a- (5.40)

Hence, the ancilla can be equally considered to be the control system in such a gate.'*
As such, it is clear that, along with local controls on both ancillary and register
systems, an interaction gate of this sort allows for universal quantum computation
on both the ancillary and computational registers (geometric phase gates, etc, may
be implemented on the ancillary register, via computational QVs).

Essentially the same considerations hold true for a qudit register combined with
QCV ancillas, although it is less straightforward to see. In the following, and in the
next section, it be useful to use the ‘position’ and ‘momentum’ operators for a general
QV, given by & = > s qlg)(q| and p = 3 s ql+q)(+q| respectively, as first
introduced in Equation 3.21. In this qudit-QCV context, the implicit assumption
throughout this chapter has been that it is possible to implement CZ(q) gates, for
arbitrary ¢ € R (or at least, arbitrary ¢ € [0, a] for some non-zero a € R), between
any register-ancilla pair, where the register QV is the control system. This operator
can be expressed in terms of the position operators of the two systems, specifically
CrZ(q) = €% ®%  Hence, as F2F!T = p, then via local Fourier gates it is also

possible to implement the gate
(F, ®@1,)-CrZ(q) - (Ff @1,) = 'Pr®2a (5.41)

between any register qudit, r, and ancillary QCV, a. Therefore, for a single register

system, r, and two ancillary QCVs, a and b, it is possible to implement the operation

3Note that, in this equation, the R(0) gate on the LHS is not exactly the same gate as on the
RHS. That is, on the LHS it is the R(f) gate for a d,-dimensional qudit, and on the RHS it is a
R(0) gate for a d-dimensional qudit. Obviously, if this was not the case this equality would not
make sense.

Y“For example, taking 8 = 2mq/d with ¢ € Sq, can be interpreted as implementing an ancilla-
controlled Pauli Z(g) gate on the register qudit.
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sequence
QiPr @y giqEr D o —iqpr @y, —iqTrOFa _ oq° [rLr]@Ta @7 + O(q3), (5.42)
where this equality follows from the general relation
eiHj(steiI:Ik(ster:Ij§t67i1:fk5t _ e[ﬁj,ﬁk]éﬁ + O(5t3), (5.43)

for Hermitian Hj and H; [Braunstein and van Loock (2005); Lloyd (1995)], which
has already been stated in Equation 2.42. As discussed in Section 2.3.2, this means

that via repeated applications of this sequence the unitary

U = ed’[ﬁrvir}@i’ﬂ@jb, (544)

can be built up to arbitrary accuracy for any finite ¢ € R. Now, if the register qudit
is prepared in an eigenstate of the Hermitian operator i[p,, Z,|, then this implements
the gate U(f) = €¥%a®%  for some § € R, which is the two-QCV controlled Z(6)
gate.'® Hence, a register qudit has been used to entangle two ancillary QCVs, im-
plying that along with local controls of both the ancillary and register systems, this
interaction is sufficient to implement universal quantum computation in both the
main and the ancillary registers. This derivation is very closely related to the work
of Lloyd (2003) in which the concept of hybrid discrete-continuous quantum com-
putation was introduced. Interestingly, this qudit-mediated two-QCV gate can be
understood as an infinitesimally constructed version of the geometric phase gate.©

The discussions up to this point have explicitly shown the close link between
ancilla-mediated geometric phase gate techniques and hybrid quantum computation,
but have not shed any light on the degree to which such different-dimension ancillary
systems can provide additional efficiencies in quantum computation. To consider this
question, the case in which the register and ancillary systems are both qudits is first
discussed. An ancillary qudit may be simulated with k& = [log,;d,| many register
qudits, which is a constant (given that the dimension of the ancillas is a constant,
which is a physically appropriate constraint). To implement any local gate on this
encoded d,-dimensional qudit requires only O(d?*) = O(d2) gates and a similarly
small number are needed to simulate an interaction gate between an ‘ordinary’ single
register qudit and this d,-dimensional encoded qudit. The simulation is particularly

simple when the ancilla has a dimension that is an integer power of d, i.e., d, = d¥,

15Exactly what the eigenstates of i[pr, -] are, is not that important - it is not being suggested
here that this is an especially practically method for implementing an entangling gate on two QCVs.
For qubits, the eigenstates of this operators are those of the Pauli Y =i XY gate.

16The geometric phase gate does not work in an exact sense for qudits mediating an interaction
between QCVs, which is the case that has been excluded throughout this chapter.
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and this is discussed briefly for clarity.

Consider the case when d, = d*. The most natural encoding of a d,-dimensional
qudit into k = log,(d,) qudits of dimension d, is given by taking the computational
basis states of the encoded qudit to be

g+ d R ) = ). (5.45)

With this representation, an encoded rotation gate R(#) (a u is used to denote a
unitary w that acts on the emulated qudit) is simply the tensor product of single-

qudit rotation gates, specifically,
R(6) =R (d'f—le) ® R (d’f—%)) ® .- ® R(df) @ R(H). (5.46)

As a circuit on the physical qudits, this has a depth of one, and a size of k. To achieve
the single d-dimensional qudit controlled version of this gate, CR(f), each of these
gates simply needs to be controlled by the control system, and hence this need have
a depth of no more than k and a size of 2k. The encoded local Fourier gate, F,
is simply the QFT modulus d, = d* on the k physical qudits, and hence may be
implemented with a circuit of O(k?) = O(log,(dy)?) size, and O(k) = O(log,(da))
depth (see Section 5.3.1). From this, X(q) (and controlled X(q)) gates can be
obtained, via R(#) gates (or CR() gates) along with Fourier gates.

In summary, the overhead of simulating ancillary qudits of a different dimen-
sion to the register qudits is low for physically relevant dimensions and in scaling
terms it is irrelevant. Hence, it is clear that the advantages associated with aiding a
d-dimensional qudit-based computer with d’-dimensional ancillary qudits are reason-
ably limited. However, an argument in favour of such devices, and the qudit-aided
proposals of Section 5.3.2 such as that for the generalised Toffoli gate, is that even
relatively small efficiency savings may still be of practical utility - particularly in
prototype quantum computers.

The advantages that QCV ancillas can provide for a qudit (or qubit) based
quantum computer are less easily understood. However, there are certain conclusions
that can be drawn. Perhaps the simplest way to understand why QCVs may have
the potential to aid a computation (in theory, at least), is that they can employ
intrinsically real-valued, rather than integer, arithmetic. E.g., for a set of n qudits,
labelled 1, ..., n, then an ancillary QCV can be mapped to the state [riq1 + ... 7.qn),
where ¢ is the computational basis state of the k™ qudit, and the 7, parameters

are real numbers. Such arithmetic is fundamentally not available to a discrete-only
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encoding.!” The conclusion that this real-valued arithmetic is key to any advantages
associated with QCV ancillas may be further reinforced by the simple observation
that, if the computation uses only controlled QCV Pauli gates with parameters that
all have the form 2mq/k for some constant k € N and integer values of ¢, then
these operations may be simulated with a k-dimensional ancillary qudit. Hence, in
such cases, there can be no benefits to using QCV ancillas, beyond those limited
benefits associated with qudit ancillas. Furthermore, it is important to note that,
in practice, any advantages that QCV ancillary systems can provide are likely to
be illusionary to some degree: finite precision essential reduces a QCV to a discrete
set of accessible states and operators. Adding further weight to this point of view
is the observation that, if error correction is to be layered on-top of the ancillary
system, then some discrete encoding of information into the QCVs will be essential
(e.g., via the GKP encoding scheme of Gottesman et al. (2001)).'® This is because
error-correction of even a classical (logical) continuous variable appears not to be

possible.

5.5 Physical implementation

In this penultimate section, the physical implementation of the gate methods that
have been proposed throughout this chapter is discussed. Moreover, much of what
follows will also be applicable to the models and gate methods introduced in the

next two chapters. Consider the ancilla-register interaction Hamiltonian
HY = &y @ &a, (5.47)

where the first system, denoted with a subscript r, and the second system, denoted
with a subscript a, are a register and ancillary QV respectively. Note that the
ancillary and register QVs may be of different types and, as in the previous section,
the & operator is again the ‘position’ operator for a general QV (see Equation 3.21).
It is easily confirmed that such a Hamiltonian, applied for a time ¢, generates the
interaction gate

CTR(—t) = exp (—z‘tﬁlgﬁ) : (5.48)

17Encoding r1q1 + ...Tngn into the QCV computational basis state |rigi +...7nqn) is very
different to possible encodings of this value into qudits or qubits, such as encoding it into a phase.
For example, a qubit state can be easily created of the form |0) + ¢*("191F+-"n9)|1) but here the
value of r1q1 +. .. 7nqn is not physically accessible in the same sense as the QCV encoding, in which
case this value has been mapped into orthogonal basis states. Orthogonal states can in-principle be
distinguished with a one-shot measurement, whereas a continuous phase parameter cannot.

18Note that such quantum error correction of the ancillary systems would be necessary in a full-
scale and fault-tolerant quantum computer if the ancillary systems are to remain entangled with
the register for extended periods of the computation.
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which for ¢t = 2mq/d,, with ¢ € Sy, is the CZ(—q) gate. Register-QV controlled
X(q) gates on the ancilla, and CR(6) gates with positive § € R, can be generated
from CR(—t) gates (with t > 0) and local Fourier gates on the ancilla, via the relation
given in Figure 2.5 and using the equality F2R(0)F? = R(—0), respectively. Hence,
the interaction Hamiltonian in Equation 5.47, augmented with local Fourier gates,
is sufficient to implement all of the ancilla gate methods proposed in this chapter
(although not the generalised Toffoli gate method of Ionicioiu et al. (2009)).

In the context of qubits, or more general dimension qudits, ‘position’ and ‘mo-
mentum’ operators are not commonly used, and it is more conventional to consider
‘spin’ operators. A qudit of dimension d may be considered to be a spin s = (d—1)/2

particle, which has a Hermitian z-spin operator defined by?’

s 0 0 0
0 s—1 0 0
Se=1: . e (5.49)
0 0 —s+1 0
0 0 0 —s

Observe that, when s = 1/2, this reduces to the qubit Pauli Z operator (up to
a factor of 1/2) but this is not the case more generally as it is only for qubits
that the Pauli operators are both unitary and Hermitian. Replacing the position
operator, &, with the z-spin operator, §Z7 in the Hamiltonian of Equation 5.47,
when either the ancillary or register systems are qubits or qudits, will still generate
the required interaction CR(6), up to local rotation gates. Hence, this provides
a perhaps more familiar Hamiltonian from a physics perspective, for generating
the relevant interactions. E.g., for a qubit register and a QCV ancilla, this is the

commonly encountered Hamiltonian

A 1
H=0,9%=0,% —(a+a), (5.50)

V2

9Moreover, for a QCV ancilla local controls (in the form of squeezing gates) allow the interaction
time to be fixed to any non-zero value, as can be confirmed with reference to Figure 2.4. For qudits
it may be fixed to an irrational multiple of 7, or, if only those gate methods which use controlled
Pauli operators are to be used, it may be fixed to 27/d,. Obviously, an interaction time that is an
irrational multiple of 7 is not something that can be achieved in practice - in the realistic setting
of finite precision a fixed-time interaction is still sufficient, but a more careful analysis would be
needed for how this should be fixed.

20That the z-spin operator is diagonal in the computational basis is essentially an arbitrary choice
that has been made here, i.e., the particles spin eigenstates in the z-direction can be considered
to define the computational basis. Defining the computational basis is always in a sense arbitrary,
without the grounding of a specific physical context.
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where the subscripts have been dropped for typographical simplicity, and with

at =

Q>

\}i(fc —ip), - \2(@ +ip), (5.51)
which are termed the ‘creation’ and ‘annihilation’ operators, respectively. These op-
erators will be preferred to the QCV position and momentum operators throughout
this section, in keeping with the majority of the literature relevant here.

Before moving on to discussing physical systems in which interaction Hamiltoni-
ans of this form might be engineered or have been realised, because the Fourier gate
on the ancilla is key in implementing the schemes discussed in this chapter without
recourse to more than one ancilla-register interaction Hamiltonian, it is important
to first discuss how this gate may be generated. It has already been mentioned in
Section 2.2.1 that this is a particularly natural operator for a QCV. This is because
it is generated by the quantum harmonic oscillator (QHO) hamiltonian

1
5
which is the free hamiltonian in a range of systems, such as micro-mechanical res-
onators [Poot and van der Zant (2012)] or single light modes [Gerry and Knight
(2005); Radmore and Barnett (1997)].2! As such, the Fourier gate is easily imple-
mented in these settings (e.g., with a light mode, it may be implemented with a
suitable length phase/time-delay).

In the context of qudits, Stroud and Muthukrishnan (2002) have claimed that
the local Fourier gate is a particular natural unitary evolution in atomic systems.
However, regardless of whether or not this is an especially straightforward gate to
implement directly in the particular qudit-encoding physical system in question, it
can always be composed from a small number of physically reasonable operations.
In particular, any local gate on a qudit of dimension d can be composed from ap-
proximately d? operations that couple only two levels of the qudit at a time [Brennen
et al. (2005)]. Moreover, the implementation-time overhead associated with this de-
composition is reduced if these couplings can be implemented in parallel [O'Leary
et al. (2006)], as may well be the case in some systems, e.g., with atoms multi-
ple couplings can be achieved with additional control fields [O’Leary et al. (2006)].
Hence, implementing local Fourier gates on qudits can be considered to be relatively
straightforward, at least in comparison to the inherent difficultly in achieving strong
and high-quality couplings between physically distinct systems. This is supported by
some impressive experimental progress on local gates in non-binary systems. E.g.,

d = 16 qudits encoded into the hyperfine structure of the electronic ground state

218ee Appendix D for a derivation of the equality F = e~ 3miHano/2

discussions on the properties of the well-known QHO hamiltonian.

and Appendix A for further
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in the Caesium isotope '?3Cs have been demonstrated to be a particularly promis-
ing setting for non-binary quantum computation by Anderson et al. (2015); Smith
et al. (2013), with Anderson et al. (2015) reporting high-quality local gates with
an average fidelity of over 98%, as measured by randomised benchmarking. Having
discussed local operations, we now turn back to two-QV interactions.

To begin, consider first the case in which either the ancillary or register systems
are qubits. One common Hamiltonian, which it will be seen can generate appropriate
gates to implement the methods of this chapter, is that of the Jaynes-Cummings
model [Jaynes and Cummings (1963)]. This model describes the coupling of a qubit
to a QHO, and (in the rotating wave approximation [Gerry and Knight (2005)]) is
given by

. 1\ Q
Hye = w <aTa + 2) + 52 +g(0-i' +04a), (5.53)

where o4 = |0)(1| and o = |1)(0], w is the frequency of the QHO, (2 is the frequency
of the qubit, and g is the qubit-oscillator coupling strength. The Jaynes-Cummings
model describes a wide range of physical systems, for example, qubit-oscillator cou-
plings in a cavity [Shore and Knight (1993)] and circuit QED [Blais et al. (2004);
Deppe et al. (2008)], and for a variety of qubit types coupling to mechanical os-
cillators [Groblacher et al. (2009); Wallquist et al. (2009)]. In the dispersive limit
(9/A < 1 where A = Q —w) of the Jaynes-Cummings model, H,c may be shown to
be approximated by [Blais et al. (2004)]2

HYP ~ wala + (2 - g:) Z+ gAQZ ®ala. (5.54)
Importantly, this limit of the Jaynes-Cummings model has been experimentally re-
alised with a large enough coupling strength, g, to implement an entangling gate
within the decoherence time of the system (referred to as the strong coupling regime)
[Schuster et al. (2007); Wallraff et al. (2004)].

Clearly, a QHO naturally lends itself to a QCV encoding. However, one possi-
ble way to encode a d-dimensional qudit into a QHO is by using the first d energy
cigenstates of the free QHO Hamiltonian (the eigenstates of a'a) as the qudits com-
putational basis, often called the number states. With this encoding, the Jaynes-
Cummings model describes a qubit-qudit coupling, and in particular, the dispersive
limit Hamiltonian, given above, generates controlled rotations gates, CR(6), and

controlled Pauli Z(q) gates, on this qubit-qudit pair (up to local rotation gates?).

22This can be derived by considering the conjugation transformation H, — UH,UT, with U
the unitary given by U = exp(gZ;(o+a — o_a')), and then expanding to first order in g/A.

23The single-system terms in the Hamiltonian of Equation 5.54 create only local gates on each
system and do not effect the non-local gate implemented by this Hamiltonian, as they commute
with the interaction term.
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Interestingly, using the Jaynes-Cummings Hamiltonian to implement qubit-qudit
interactions has been proposed elsewhere by Mischuck and Mglmer (2013) in the
context of implementing qudit-based quantum computation via control-field pulse-
sequence techniques. Alternatively, if we do not consider encoding a qudit into the
QHO but instead treat it as a QCV, the dispersive limit of the Jaynes-Cummings
Hamiltonian generates what may be termed qubit-controlled phase-space rotations
on the QCV.24 This is a different qubit-QCV interaction gate to the qubit-controlled
QCYV Pauli operators that have been considered throughout this chapter, and there
are a range of interesting ancilla-based gate methods that have been developed
that directly use interactions of this sort, e.g., see Louis et al. (2007); Munro,
Nemoto, Spiller, Barrett, Kok and Beausoleil (2005); Proctor and Spiller (2012);
Spiller et al. (2006). However, by multiple interactions and local controls of the
QCYV, controlled phase-space rotations may be converted into controlled QCV Pauli
operators [Van Loock et al. (2008); Wang and Zanardi (2002)2%], and hence these
interactions may also be used for the gate methods discussed herein.

There are a range of physical systems and interactions, in addition to the Jaynes-
Cummings model, that can provide suitable ancilla-register interactions for the
methods given in this chapter. The qubit-controlled QCV Pauli operator is gener-
ated by the Hamiltonian of Equation 5.47 which can be realised in superconducting
systems [Spiller et al. (2006); Wang et al. (2009); Xue (2012)]. This has been demon-
strated experimentally, for example, a very recent experiment by Yoshihara et al.
(2016) implemented such controlled QCV Pauli operators (called controlled phase-
space displacements therein), and confirmed that they can create large amounts of
entanglement between the qubit and QCV, as would be expected in the ideal case.
In order to consider qudit-qudit or qudit-QCV couplings it is obviously necessary to
go beyond couplings between single two-level systems and oscillators. One possible
interaction, that is relevant to photonics, is the coupling between two oscillators
given by

Hyprr = a'a @ b, (5.55)

This is often called the cross-Kerr Hamiltonian, and may be engineered using elec-
tromagnetically induced transparencies [Sun et al. (2008); Yang et al. (2009)], optical
fibres [Li et al. (2005); Matsuda et al. (2009)] and cavity QED systems [Miicke et al.
(2010); Zhu (2010)]. With qudits encoded into both of the QHOs this describes a

241n the literature, these are normally simply called controlled rotations. The addition of ‘phase-
space’ to the name, is used herein to avoid confusion with CR() gates, which are not the same as
this gate.

ZFrom Appendix D, it follows that exp(—3mic.afa/2) = e¥™/40)(0] @ F + e~ 3*/4|1)(1| @ F1.
Using the relation FZ(q/2)F" = X(—gq/2), it may then be confirmed that CX(¢) = (I® X (q/2)) -
exp(—3mio,ata/2)- (I Z (g/2))-exp(+3mic.ata/2). See Van Loock et al. (2008) for a more general
relation, which is not dependent on large controlled rotations, i.e., it may use exp(i@aszd) gates
with general 6 € R.
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qudit-qudit coupling that implements a controlled R(6) gate (if the encoding con-
sidered above is used). Moreover, this provides another method for implementing
qubit-controlled phase-space rotations on a QCV ancilla, as discussed above, which
may be achieved by encoding the qubit into the the lowest and first energy eigen-
states of a'a, in which case afa is equivalent to the qubit position operator (for
photons, this is encoding the qubit in terms of whether or not there is a photon
in the mode). A further possibility was suggested by Ionicioiu et al. (2009) who
proposed that qubit-controlled qudit Pauli operators may be realisable with a qubit
encoded into a field mode and a qudit encoded into a spin s = (d — 1)/2 particle in-
teracting via the generalised Jaynes-Cummings (GJC) model in the dispersive limit,
where the GJC model describes a coupling of a spin-s particle to a field mode anal-
ogous to that in the ordinary Jaynes-Cummings model. Alternatively, this model
can obviously describe the coupling of a qudit with a qudit or QCV and in these
cases it may also provide relevant interactions for the gate methods herein.

Qudits have been experimentally realised in a wide range of physical systems,
including superconducting [Neeley et al. (2009)], atomic [Smith et al. (2013)] and
photonic systems, where in the latter the qudit is encoded in the linear [Lima et al.
(2011); Rossi et al. (2009)] or orbital angular momentum [Dada et al. (2011)] of a
single photon. Hence, there are likely to be many further alternatives setting in
which the gate methods considered herein will be relevant. One possible alternative
encoding for a qudit is in the collective excitations of an ensemble of qubits. Such
systems are an active area of research [Byrnes et al. (2012); Dooley et al. (2015,
2013); Lii et al. (2013); Ma et al. (2015); Marcos et al. (2010); Stanwix et al. (2010)]
and experiments have been conducted in a range of physical settings, including en-
sembles of caesium atoms [Christensen et al. (2014)] and nitrogen-vacancy (NV)
centres in diamond [Zhu et al. (2011)]. One appealing property of such N-qubit
ensembles is that the coupling strength between these ensembles and other physical
systems generically exhibits a v/N enhancement [Lukin (2003); Rabl et al. (2006)],
providing a means for obtaining strong coupling even when the individual inter-
actions are relatively weak. Qubit ensembles have been investigated as a possible
long-life quantum memory for logical qubits [Lii et al. (2013); Marcos et al. (2010);
Petrosyan et al. (2009); Rabl et al. (2006)], however, to my knowledge, encoding
non-binary qudits into these systems has not been explored in detail and hence I
now briefly outline how this might be achieved in a physically appealing manner.

Qubit ensembles are naturally described by the collective spin operators. Define

the collective z-spin operator, for an ensemble of N qubits, by

J. =2+ Zy+ -+ Zn, (5.56)
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noting the implicit identity operators on the remaining N — 1 qubits in each term of
this sum. Collective J, and J, operators may be defined analogously (where the Y
qubit operator may be defined as Y = i X 7), and using these, the total spin operator
may be defined by J? := J2? + Jg + J2. By showing that [J, J,] = 2i.J,, along with
cyclic permutations, it follows that [J2, Ji] = 0, for k = x,%, 2. As these operators
commute, an orthonormal basis for the total N-qubit Hilbert space can be found
consisting of the joint eigenstates of J2 and .J., with these known as the Dicke states
[Dicke (1954)]. The subspace of maximal total angular momentum (which is N), is

spanned by the N + 1 eigenstates of J, in this subspace, given by

Inp) = (Z) o 3 ‘1®<N—”)0®">, (5.57)

perm

with n = 0,..., N, and where the sum is over all possible arrangements of the n
excitations.?® Hence, a d = N + 1 dimensional qudit may be encoded into this
subspace of the ensemble, with a convenient choice for the computational basis of
the qudit given by these Dicke states, i.e., B = {|np) | n = 0,..., N}. Because
the states in this subspace are symmetric with respect to exchange of qubits, they
are physically accessible by operations that act symmetrically on all the qubits, i.e.,
there is no need for individual qubit addressability.

To use a qudit encoded in this way for the gate methods proposed herein, or
indeed, any useful quantum information processing, it is necessary to be able to
couple such spin ensembles to either qubits, qudits or QCVs. Considering the gate
methods herein, the spin-ensemble-encoded qudits may play the role of either com-
putational or ancillary systems and, given the large coherence times of spin ensem-
bles, they may be particular well-suited to providing long-life computational qudits.
As already mentioned, ensemble-qubit couplings have already been proposed in the
context of utilising the collective ensemble states as a quantum memory [Lii et al.
(2013); Marcos et al. (2010); Petrosyan et al. (2009); Rabl et al. (2006)], with a
computational qubit stored in the ground and first excited Dicke states. These pro-
posals provide methods for interacting spin ensembles and qubits, suggesting that
it may be possible to entangle qudits encoded into ensembles via ancillary qubits.
More specifically, given the encoding discussed above, an interaction Hamiltonian of
the form Hy, = Z ® J, would be appropriate for implementing controlled rotation
gates and controlled Z(q) gates, as used throughout this chapter.?” One specific
physical system that may be relevant for this proposal is an ensemble of NV centers
coupled to a superconducting flux qubit. Couplings of this sort have been proposed
by Lii et al. (2013); Marcos et al. (2010) and experimentally realised by Zhu et al.

*The |np) state is the eigenstate of J, with eigenvalue 2n — N, i.e., J:|np) = (2n — N)|np).
ZTThese gates are symmetric, so it is not necessary to specify which system is the control.
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5. Geometric phase gates for general quantum variables

(2011). This setting has the advantage that the NV centers have an energy spec-
trum that may allow for gap-tuneable flux qubits to sequentially interact with the
spin-ensemble by bring them into resonance in turn.

Alternatively, it might also be of interest to consider using this spin-ensemble-
encoded qudit as an ancillary system for mediating gates and aiding computation
on some register of qubits or qudits. The above discussions are also relevant in this
case and in Proctor et al. (2015) we have proposed an alternative method for using
such an ensemble as an ancillary system to mediate entangling gates on qubits via
controlled ‘SU(2) displacements’. Although linked to the ideas presented in this
chapter, this gate method is notably different to the techniques used in the rest of
this thesis and hence, in the aid of continuity, this has not been included in the main
text and may instead be found in Appendix K. This appendix also provides a much

more detailed introduction to the spin operators that have been used here.

5.6 Conclusions

To protect the quantum information in a quantum computation it is necessary for
the computational QVs to have long coherence times, but to implement a useful
computation it is essential to be able to implement high-quality entangling gates
on these QVs. A naturally solution to fulfilling these competing requirements is to
use highly-controllable, but perhaps short-lived, ancillary systems to mediate the
interactions between well-isolated QVs in a computational register. Moreover, as
discussed in Section 5.1, there are a range of additional advantages associated with
implementing quantum computation in this fashion, e.g., if the ancillas are highly
mobile (e.g., states of light), they may be used to implement gates between distant
computational QVs in some static array (e.g., a 2D square lattice, or linear array)
without any overheads. In this chapter, ancilla-mediated geometric phase gates
have been proposed and investigated. These two-QV entangling gates, introduced
in Section 5.2, are implemented on a pair of computational QVs via a sequence of
controlled Pauli operators acting on a target ancilla, which may be of a different QV
type to the register systems. The particular case of this gate with computational
qubits mediated via ancillary QCVs has been considered previously in literature, e.g.,
see Louis et al. (2008); Milburn (1999); Munro, Nemoto and Spiller (2005); Spiller
et al. (2006), and is often called ‘qubus’ computation. However, the construction
given here applies to computation with more general QV types and where the ancillas
can be qubits, qudits or QCVs: to my knowledge it is novel in all cases outside the
qubit-QCV setting.

The ancilla-mediated geometric phase gate, when augmented with local gates on

the computational systems, is sufficient to implement any quantum computation.
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As such, any quantum circuit can be decomposed into a sequence of these basic
gates. However, by adapting the gate to keep some register systems entangled with
the ancilla for extended periods of the computation, it was shown in Section 5.3 that
the number of ancilla-register interactions required to achieve certain unitaries may
be reduced. These ideas have been developed previously in the ‘qubus’ sub-case (i.e.,
qubit register, QCV ancillas), by Brown et al. (2011, 2012); Horsman et al. (2011);
Louis et al. (2007) and, in particular, Brown et al. (2011) have given a method
for implementing the quantum Fourier transform (QFT) on a qubit register with a
reduced number of gates. However, in Section 5.3.1 it was shown that this method for
implementing the QFT requires exponential time, and as such, is much worse than
the ordinary decomposition of the QFT. Highly efficient methods for implementing a
range of modulo-arithmetic based gates, via a qudit ancilla, were then developed in
Section 5.3.2, including a simple scheme for implementing generalised Toffoli gates
(on qubits). Furthermore, in Section 5.4, the links between these gate methods and
full hybrid quantum computation were investigated and finally, in Section 5.5, the
possibilities for the physical implementation of these gate methods were discussed.

The analysis throughout this chapter has assumed that all operations are per-
formed perfectly and no decoherence is present. In any physical realisation of ancilla-
based gates this will not be the case, hence an interesting extension of this work
would be to assess the impact of physically realistic noise and gate errors to the
operation of the geometric phase gate and its extensions. In the previously studied
‘qubus’ model this has already been considered by Louis et al. (2008), in the context
of a photonic ancilla and photon losses during the gate implementation, and they
have shown that high fidelity computations can still be achieved in the presence
of moderate dissipation. It seems likely that similar considerations will carry over
to the further gate methods introduced herein, although the relevant decoherence
mechanisms will be depend on physical systems in question. The circuit-size re-
ducing techniques proposed in this chapter rely on many computational QVs being
entangled with an ancillary system simultaneously, and hence, any errors on this
ancilla may cause correlated errors on these QVs. Such correlated errors can cause
problems for quantum error-correction [Terhal (2015)] and there will then be a trade-
off between reducing gate counts and introducing these problematic errors. For the
‘qubus’ case this optimisation has been considered by Horsman et al. (2011), con-
firming that gate-count reductions of this sort may indeed prove useful in practice.
Again, it is likely that similar results hold for the more general gate methods intro-
duced herein and a careful analysis of this would also be interesting to investigate
in the future.

One unfortunate feature of the geometric phase gate is that each QV involved

in the gate must interact with the ancilla twice, which in some settings may be
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5. Geometric phase gates for general quantum variables

particularly inconvenient (e.g., a ‘flying’ ancilla implementing a gate on distant
QVs). This then provides one motivation for the ancilla-based model proposed in
the next chapter, which minimises the required number of interactions per gate
to a single interaction with each computational QV. This model will employ gate
methods that are closely related to the geometric phase gate and it will also be seen
to have many similarities to the one-way quantum computer (1WQC). Hence, it
will provide an interesting conceptual link between the ideas in this chapter and the

1WQC.
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Chapter 6

Quantum computation driven

by measurements of ancillas

In this chapter a model of quantum computation for general quantum variables is
proposed in which universal quantum computation is implemented on a register using
only: repeated applications of a single fixed two-body ancilla-register interaction
gate, ancillas prepared in a single state, and variable basis measurements of these
ancillas. Driving the computation via measurements of the ancillas introduces a
fundamentally probabilistic aspect to the computation, but step-wise determinism
can be maintained via classical feed-forward of measurement outcomes in a similar
fashion to the general quantum variable one-way quantum computer (1IWQC), which
was investigated in Chapter 4. A method for simulating the 1WQC within this
model is provided, which is used to demonstrate that the hybrid quantum-classical
advantages of IWQC are also inherent in the model presented here, including the
ability to implement any Clifford gate in constant depth. Hence, the model proposed
here not only requires highly limited physical controls but is also powerful for parallel
quantum computation. The links between this model and the geometric phase gate
of the previous chapter are explored and an adaptation of the model to globally
unitary dynamics is given. The main measurement-based model presented in this
chapter is novel in the case of non-binary qudits and QCVs, with the qubit sub-
case previously proposed by Anders et al. (2010); Kashefi et al. (2009), and the
adaptation of this model to unitary dynamics given herein is novel in all cases. This

chapter is based upon Proctor et al. (2013); Proctor and Kendon (2015).

6.1 Introduction

Decoherence is the major obstacle that is currently preventing the realisation of a

useful quantum computer. In order to minimise the destructive effects of decoherence
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6. Quantum computation driven by measurements of ancillas

it is essential that each quantum variable in the register of a quantum computer
is isolated as effectively as possible. Indeed, this is the key motivation for the
development of ancilla-based techniques for quantum computation, as they remove
the necessity for direct interactions between the register QVs, allowing them to be
more effectively isolated. Continuing in this line of thought, it is well-motivated
to consider ways in which the access needed to the register, in order to implement
universal quantum computation on it, can be further reduced to a minimum. This
is the subject of both this and the next chapter.

One perspective on minimising access to the register might be to try and min-
imise the total number of operations, or perhaps only the number of two-body gates,
that need to be applied to the register in a particular quantum computation. This
can be understood in terms of decomposing algorithms into an operation sequence
(i.e., a sequence of gates and possibly measurements) over some operation set with
a minimal computational size. In both this and the next chapter an alternative
perspective is considered in which the number of different operations in the ba-
sic operations set is to be minimised. More precisely, as the priority is optimising
the computational register for long coherence times, it is of utmost importance to
minimise the number of operations in the basic set that act on register systems,
leaving the possibility of manipulations on the ancillas to compensate for such re-
stricted access to the register. Motivated by this, in both this and the next chapter,
general quantum variable models will be proposed that require only a single fixed
two-body ancilla-register interaction gate, along with certain controls on individual
ancillas, for universal quantum computation on the register. Quantum computation
with a scheme of this sort then allows the register systems to be optimised for long
coherence times, with only a single fixed two-body gate needing to be engineered.

In the interests of physical simplicity, it is also natural to minimise the number of
interactions between an ancilla and a pair of register elements required to implement
an entangling gate. It is obviously necessary for the ancilla to interact with each
register QV at least once and it will be seen that this minimum is indeed possible -
with the aid of single-party measurements on the ancillas. To be more specific, the
main model that is proposed and studied in this chapter will require only a single
two-body ancilla-register interaction gate, ancillas prepared in a fixed state, and
measurements of the ancillas in a variable basis, and furthermore, each entangling
gate will be implemented via sequential interactions of an ancilla with the pair of
register QVs on which it is to act. This model can be understood as an extension, to
the setting of general QVs, of the qubit-based ancilla-driven quantum computation
(ADQC) model developed by Anders et al. (2010) and Kashefi et al. (2009). For
this reason, the same name will be used for the more general model proposed herein,

which is introduced in Section 6.2.
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6.2 Ancilla-driven quantum computation

Measurement outcomes are fundamentally probabilistic, hence the measurements
on the ancillas must create errors in the computation. However, it will be shown that
the ADQC model may achieve (step-wise) determinism via adapting measurement
bases using classical feed-forward of previous measurement results, in direct analogy
to the IWQC investigated in Chapter 4. It will then be shown that the general
QV 1WQC may be embedded inside the ancilla-driven model proposed herein. In
particular, this will be used to demonstrate that the parallelism of the TWQC is
also available in ADQC. Hence, this ADQC model is not only interesting from a
physical perspective, but also because it has access to a level of parallelism which
is not present in any purely gate-based globally-unitary scheme (which uses only
bounded input-size gates).

General variable-basis measurements may well be challenging in practice, par-
ticularly in the case of QCVs. Hence, in Section 6.3 sets of measurements which are
sufficient to guarantee that the model may implement universal quantum computa-
tion are discussed - it will be shown that for the QCV-based model, with ancillas
realised as optical states, homodyne detection and photon-number counting on these
ancillas is sufficient for universality. In Section 6.4 a range of adaptions to the ADQC
model are presented, including a proposal for an alternative ancilla-based model of
quantum computation which removes the need for high-quality measurements of
each ancilla at the cost of now requiring local unitary gates on the ancillas. To be
precise, to achieve universal quantum computation this alternative model requires
only a fixed ancilla-register interaction gate, ancillas prepared in a single state, and
access to a universal set of single-QV gates which need act only on the ancillas. As
such, this model provides a globally unitary counterpoint to the measurement-based
ADQC model and may be of relevance in physical settings in which high-quality
measurements are not available. In the interests of clarity, the constraints of the
models in this chapter and how they compare to both the gate methods of the pre-
vious chapter and those that will be introduced in the following chapter have been
summarised in the thesis overview, on pages 2-3 of this thesis: the reader is referred

there for a concise summary of the different ancilla-based models herein.

6.2 Ancilla-driven quantum computation

To begin, the main model of study in this chapter is introduced. This model is
defined on general quantum variables, and as already noted in the introduction, this
will include as the qubit sub-case the so-called ancilla-driven quantum computation
(ADQC) model which was introduced by Anders et al. (2010) and Kashefi et al.
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6. Quantum computation driven by measurements of ancillas

(2009).1 For this reason, the more general model proposed here will also be referred
to by this term. This ‘ADQC’ model provides an ancilla-based method for imple-
menting deterministic universal quantum computation on a register of QVs using
only a fixed ancilla-register interaction gate, ancillas prepared in a fixed state, and
single-party measurements on the ancillas, where the ancillas are of the same QV
type as the register QVs.

It is clearly necessary to carefully chose the ancilla-register interaction, as uni-
versal quantum computation will not be possible in this fashion with just any fixed
two-QV gate (e.g., it must be entangling), as discussed again later. Furthermore, it
is also important to consider which measurements will be permissible in the model,
as they will not all be equally difficult in practice, and hence, it is preferable if these

are as limited as possible. Specifically, consider:
1. The fixed ancilla-register interaction gate, Ear, defined by E, = FTF;r C.Z.

2. Measurements on ancillas of the operators & and Zpp(y), for variable phase-
function 9 : S; — R.

3. The fixed ancilla preparation state, |+o).

The exact measurements allowed will be restricted no further than this at this point
- which measurements are necessary for universality will be discussed again later.
Note that, as in the previous chapter, a subscript a will be used to refer to an
ancillary QV and other subscripts to refer to register QVs. Furthermore, here a

measurement of the Hermitian operator &, has been used, which is defined by

o= a(ufla)alu) = uliu, (6.1)

q€Sq

as already introduced in Equation 4.8, where & = qug qlq){q| is the general QV
‘position’ operator. Finally, note that R(J) with J : S; — R is the gate used
throughout Chapters 3 and 4 and defined in Equation 2.58 as R(")|q) = €7@ |q).

6.2.1 A universal gate set on the register

It is now shown how universal quantum computation can be implemented in this
‘ADQC’ model. It is simple to confirm, via the equality Z(q)|+o) = |+4), that
the action of the fixed interaction, E,,, on a register QV in the state |¢) and an
initialised ancilla is )

[a)]+0) = |+)la)- (6.2)

!The qubit sub-case of the model herein is the same as the model of Anders et al. (2010) and
Kashefi et al. (2009) up to a very minor alteration, which is noted later.
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) —e—{F] $— FR()|Y)
|+0) H’—‘ Jall ’— @FR(ﬁ))- m

Figure 6.1: Any F'R(¥) gate may be implemented on a register QV, via an interac-
tion with an ancilla prepared in the state |+o), using the fixed gate E = (F® FT)-cz
followed by a measurement of the ancilla in the ¥-parameterised basis Bprpg(y). The
intended gate is followed by a probabilistic error gate X (—m), where m is the mea-
surement outcome. This error may be removed with local controls, as shown here,
or instead it may be accounted for via feed-forward, as will be shown in the main
text.

Hence, an interaction of a register QV with an ancilla will delocalise a logical QV
in the register over the two physical QVs. Therefore, any subsequent manipulations
(i.e., gates or measurements) on the ancilla will implement transformations on the
logical QV, and measurements of the ancilla will destroy this delocalisation. It is
this delocalisation which enables the following universal gate set implementation.
Local single-QV gates can be implemented via a measurement in almost exactly
the same fashion as in the 1WQC, which was covered in detail in Section 4.3. In
particular, after an ancilla-register interaction, a measurement on the ancilla of the
operator & pp(y) implements the gate F'R(J) on the register QV up to a Pauli error
of X(—m), where m € Sy is the measurement outcome. Formally, this gate method

is confirmed to act on the register as claimed by showing that

(m|FaRa(9) Ear|+0)
||<m|FaRa(79)Ear|+0>”

= X, (—m)F,R.(9). (6.3)

A more detailed derivation is not given as it follows in a very similar fashion to the
1WQC teleportation calculation of Section 4.3. This gate method is summarised
in the quantum-classical circuit diagram of Figure 6.1 which explicitly corrects for
the error. However, as with the 1IWQC, it will be shown in Section 6.2.2 that these
errors do not need to be directly corrected for - which would require local gates on
the register, which have been assumed to be unavailable in this model - and can
instead be accounted for with classical feed-forward. Gates of the form FR(J) are
sufficient for implementing any single-QV gate for all types of QV, as discussed in
Section 2.5.

In order to elevate any set of universal single-QV gates to full universality, all that
is necessary is a method for implementing some entangling gate (see Proposition 2.2),
hence it is only now required to show how such an entangling gate may be applied

to the register via an ancilla. Sequential interactions between an ancilla and two
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register QVs, r and s, followed by a computational basis measurement of the ancilla

implements such an entangling gate on this pair of register QVs.? This is because,

if the QVs r and s are in the states |¢) and |¢’) respectively, then, with reference to
Equation 6.2 and using F'|n) = |+_,), it follows that

/ EasEar qq’ 6 4

19),|0")s|+0) == w |+q>r‘+q’>s|+fq>- (6.4)

Note that the w9 phase is exactly the phase that would by created by a cz gate

acting on these two register QVs. Therefore, given that the measurement outcome is

m € Sy, the gate implemented after the ancilla has been measured may be confirmed
to be

E.E N
<m| VaS VCLT'|+O> — Xr(m)Ers, (65)
[{m| Eas Ear|+0) ||

where E, is the symmetric entangling gate given by

E,s = F,F,C.Z. (6.6)

Notice that the phase that creates the ¢z gate (i.e., the w?? factor) is not obtained
from the measurement-induced phase. The role of the measurement is simply to
relocalise the logical QV, which is achieved via a measurement in a basis which
reveals no information about which conjugate basis state the ancilla was in. A circuit
diagram of this gate method is given in Fig. 6.2, where again the measurement-

induced error is explicitly corrected for.

6.2.2 Adaptive measurements for determinism

It has now been shown that the gate methods given in Figures 6.1 and 6.2 are suffi-
cient to implement (step-wise) deterministic universal quantum computation on the
register using the fixed ancilla-register interaction E, along with ancilla preparation
and measurement, if local corrections can be applied to the register after each gate.
Moreover, it is now shown how these errors can be accounted for without local con-
trols via a simple classical feed-forward process that uses classical computation and

some adaptive measurements, with the technique analogous to that for the 1IWQC

2Here there is one minor difference between the model herein in the qubit sub-case and the
qubit-based model of Anders et al. (2010) and Kashefi et al. (2009). Specifically, the measurement
basis for the entangling gate is not the same, with Anders et al. using a measurement in the basis
constructed from the eigenstates of the Pauli operator Y = ¢XZ = i(|1)(0] — |0)(1|). Implementing
the entangling gate in the general QV model herein with a measurement in a basis which is an
extension of this is possible (see the ‘phase basis’ introduced in Section 7.4.1, which consists of the
eigenstates of Y = wted)/2X 7 defined for a general QV). However, the mathematical details are
substantially more complicated and as this is unnecessary it is therefore avoided.
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|

¥ _
L] -

Figure 6.2: Sequential interactions between an ancilla and two register QVs, using
the fixed ancilla-register gate E = (F @ F') - ¢z, followed by a computational basis
measurement of the ancilla may be used to implement an entangling gate E =
F ® F - ¢z on the register up to a probabilistic X(m) error, where m € Sy is
the measurement outcome. This error may be removed via a classically-controlled
local X(—m) gate, as shown here, or may be accounted for using feed-forward and
adapting later measurement bases.

|

7 &

|+0) —

=

given in Chapter 4. One method for achieving this would be to introduce ADQC
‘measurement patterns’ and then give an ADQC ‘standardisation procedure’ in a
very similar manner to the work for 1IWQC in Section 4.4. However, a less for-
mal approach is taken here, which in my opinion is more helpful for gaining an
understanding of the ADQC model.

Consider an n-QV computational register and write the state it is in as p¢ |1),
where p¢ 5 = wS/2 X, (11)Z1(vn41) - - - Xn(vn) Zp(vey,) as defined in Equation 2.47. In
other words, the register is in the state [¢)), up to Pauli errors on all of the QVs
(and a global phase). It will be useful to let the elements of the vector ¥ be denoted
U= (1,...,2n,21,--.,2n)", as then the error on k™" QV is Xy (x1) Zx(2x). Tt is now

shown how, given the vector ¢, we may implement either of the two mappings

peal) = per g Fr R (9) 1)), pealY) = perw Ers|t), (6.7)

for any register QVs r and s, using the available operations in ADQC - and hence
without recourse to directly implementing local gates on the register. Furthermore,
it is also shown how the new Pauli error vector ¢/ may be calculated in each case,
using simple classical side-processing. By repeated applications of these processes
it is then possible to deterministically implement any quantum computation (by
decomposing it into E and FR(¥9) gates) up to final Pauli errors on each QV. Pauli
errors on the final output state can then be accounted for in classical post-processing
of final measurement outcomes (or absorbed into further computations). Note that
the natural way to think of the vector ¢ is as 2n classical variables (CLVs) which
computations are implemented on in parallel to the quantum computation on the n
QVs.

First consider the case when the aim is to apply an E,s gate to the r and s
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QVs in the register. By implementing the procedure of Equation 6.5, or Figure 6.2
without the explicit correction, the actual gate implemented is Xr(m)ETs, where
m is the outcome of the measurement on the ancilla. Now, as the entangling gate
FE is Clifford, the Pauli errors on r and s may simply be commuted past FE whilst

remaining Pauli errors (of a different form). Specifically, the relation is

Xr(m)Erer(xr)Zr(zr)Xs(xs)Zs<zs) =
w_(rTx5+xTZT+xszS)Xr(m — 2p — Xs) Zp () Xs(—25 — xr)Zs(xs)Ers, (6.8)

which is found via Equations 2.51 and 2.53. Using this relation, the procedure to
keep track of these errors upon application of an E gate simply requires an updating
of the CLVs associated with QVs r and s (i.e, four elements from ¥). Specifically,

for measurement outcome m, the classical computation required is
(.Z‘T,l'S,ZT,ZS) — (m_zr — Tsy, —Rs _xr)xrwrs)a (69)

which can be achieved with classical SUM, SWAP and inversion (r — —z) gates.?
To clarify this process, it may be written as a quantum-classical circuit which acts
on two register QVs, one ancillary QV and four CLVs. Specifically, this process to

implement £ and update the classical CLVs is summarised with the circuit

1

o~

T, -__“
Zr

T ;_
Zs

where the first and second quantum wires represent the r and s QVs respectively,
a register QV connected to an ancilla with ‘o’ symbols denotes the fixed ancilla-
register interaction E, a box containing I denotes the inversion operator x — —,
and wires connected via a line and ‘X’ is the standard notation for the SWAP gate,
which maps (z, z) — (z,z). Using a further CLV, it would be possible to keep track
of the change in the global phase at each stage of the computation, but such phases
are of no physical consequence and as such this may be ignored.

Consider now the second scenario, whereby the aim is to apply a F'R(J) on one
of the QVs, for some ¥ : S; — R. The Pauli X (x) maps |¢) — |¢ + =), and hence,

3As always, —z is taken modulo d for dits.
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by taking 9, to be the z-adapted phase-function with J,(q) = 9(q + z), then
X(—m)FR(9,)X (2)Z(2) = w **X(—z — m)Z(x) FR(Y), (6.10)

where this has used the conjugate relations for F' on Pauli operators, given in Equa-
tion 2.26. Hence, to implement this gate on the r*' QV without recourse to local
corrections, the measurement of the ancilla should be of the z,-adapted operator
TFR(9,,), SO that the X (—m)F R(V,,) gate is implemented on the register, with m

the measurement outcome. Hence, this procedure implements the intended F'R(¥)

gate, and the CLV update required is
(Tpy2r) = (—2p — M, 24), (6.11)

where m is the outcome of the measurement of the ancilla. This may also be written

as the quantum-classical circuit module

[+0) 1 TFR(9) '

z

where the adaption to the measurement basis is shown schematically via the classical
control wire to the measurement device.

For exactly the same reasons as with the IWQC, when the FR(¢}) operator is
a Clifford gate then the dependencies can be removed from this procedure - at the
cost of further classical computation. The error up-date procedures for the F' and
FP(p) gates on the r** QV, when no classical control is used, can be found from
Equations 2.51 and 2.52, to be

(zr, 2r) LN (—zp —m, ), (T, 2r) m) (—zp — pxy — myx,), (6.12)

respectively. When written as quantum-classical circuit modules, the Fourier gate

is implemented via the circuit

+0)

and the Fourier-phase gate, F'P(p), is implemented via the circuit
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+0) 1 Tppp) )

| TEP®) )
x X(p) 1=
z ﬂ

Finally, it is interesting to note that Z(q) and X (q) gates can be implemented with
only classical processing, e.g., to implement the gate X,(¢)Z,(¢') gate simply map
the CLVs for the 7" QV as (2, 2z.) = (2, — ¢, 2 — ¢'). Written as a circuit module

this is the almost trivial circuit

As has already been stated many times in this thesis, ¢z, F', FP(p) and Z(q) are
sufficient to implement any Clifford gate (see Proposition 2.1), hence, as methods for
implementing these operators have been given which require no classically-adapted
measurements, then no measurement dependencies are required for any Clifford
gates. This should not be surprising given the closely related analysis of the IWQC
in Chapter 4.

6.2.3 Simulating the one-way quantum computer

The analysis given above does not immediately imply that Clifford gates can be
implemented in constant depth on the register. For example, consider the obvious
procedure for implementing a sequence of m single-QV Clifford gates on one register
QV, which uses m ancillas which must each be entangled with the register QV and
can only be implemented sequentially.? Despite this, the ADQC model does contain
exactly the same parallel power as the IWQC (and therefore also the parallel power
of unbounded fan-out circuits). As such, it can implement any Clifford unitary
in constant depth - which is just one of the parallel features of the 1WQC (see
Chapters 3 and 4). The way that I will show this is by providing a method for
simulating any 1WQC using ADQC with only a constant increase in computational
depth. In the following, it will be assumed that the measurement bases available in
each model are equivalent in the sense that they allow the implementation of the
same set of F'R(V) gates, i.e., the same phase-functions ¥ : S; — R. This is a natural

assumption to ensure that the models being compared use similar resources.

4Although the analysis of the previous section does imply that all the ancillas could all be
measured simultaneously after they have been entangled with the register QV in sequence.
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Proposition 6.1. Any ADQC computation, A, can be simulated by a 1WQC mea-
surement pattern, B, that has a depth of O(depth()). Any 1WQC measurement
pattern, P, can be simulated by a ADQC computation, A, that has a depth of

O(depth(B)).

Proof: Consider any computation in the ADQC model. The allowed operations
in ADQC are a Clifford entangling gate, E, single-QV measurements (of the ancillas)
which are either computational basis measurements, or equivalent to F'R(J) gates
(for some set of ¢ functions) followed by computational basis measurements, where ¥
may in general be classically adapted by a sum of measurement outcomes, constants,
and measurement outcomes multiplied by constants. By proposition 4.3, such a
model can be simulated in the IWQC with no scaling increase in depth, i.e., there
is a measurement pattern ¢ for any ADQC computation 2 such that 8 has a depth
of O(depth(2l)). This proves the first part of this proposition.

Without loss of generality, consider a completely standard measurement pattern
P = (V,7,0,p), which consists of a sequence of entangling operations (which are ¢z
gates), followed by a sequence of measurements, and finally a set of corrections on
the output QVs (see Section 4.4, and Chapter 4 more generally, for further details on
completely standard measurement patterns). Treat the total set of QVs in the mea-
surement pattern, V, as the register in ADQC (i.e., this includes any auxiliary QVs
in the measurement pattern), and ancillas will be used to drive IWQC on this regis-
ter. All register QVs which are not inputs to the pattern (V \ J) must be initialised
to |+o). If they cannot be prepared directly in this state, this can be achieved via
ancilla-driven F' gates on QVs prepared in |0), which are the conventional auxiliary
states in the quantum circuit model®, and this requires only constant depth. The
entangling stage of the measurement pattern consists of layers of ¢z gates on distinct
QVs. The ¢z gates in each layer can be implemented (up to Pauli errors) in constant
depth, as 0z = F3 @ F3 . E and all measurements of ancillas to implement these
gates have no dependencies. Hence, the entire entangling stage can be implemented
with only a constant increase in depth (of at most six) in comparison to that stage
of the measurement pattern. Note that the entangled state created here is only
equivalent to that created in the measurement pattern up to Pauli corrections on
each QV (due to the measurements of the ancillas). These may be accounted for via
additional changes to the following stage, which simulates the dependent and inde-
pendent measurements in the measurement pattern, but will not add any increase
in depth as these measurement outcomes are obviously already known at the end of
this stage.

It is now shown how to simulate the measurement stage of the measurement

5The preparable auxiliary states of the main register in the ADQC model has not been specified,
but it is perhaps natural to restrict them to the |0) state.
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W)> ? |+m)
[+0) —o m

Figure 6.3: A computational basis measurement of a register QV may be simulated
via an interaction with an ancilla, followed by a computational basis measurement
of this ancilla. The register QV is projected onto |+,), but if it is discarded, this is
irrelevant.

pattern. The key to this is introducing a method for driving the non-unitary mea-
surement dynamics on the register via ancillas. All of the measurements in the mea-
surement pattern are of the operator Zpp(g), where ¥ may be classically adapted,
and hence there may be a time-ordering induced by these dependencies. Hence, to
simulate this in ADQC, it is necessary to be able to implement these measurements
on any register QV using only the operations allowed in ADQC. A measurement
of Zrr) on register QV is equivalent to F'R(), where ¥ may have dependen-
cies, followed by a computational basis measurement. A local F'R(Y) gate is easily
applied via an ancilla, using the method of Equation 6.3. A computational basis
measurements on a register QV can be simulated by interacting the register QV to
be measured with an ancilla and then measuring the ancilla in the computational

basis. This is because

(o Barlh), [+0)o | = [(m[i)], (6.13)

which may be confirmed from Equation 6.2. Hence, a post-interaction measurement
of the ancilla is equivalent to a (non-destructive) pre-interaction measurement of
the register QV.% or stated another way, the measurement of the ancilla performs a
computational basis measurement of the logical QV that was stored in the register
QV, as required. The circuit to implement this measurement is given in Figure 6.3.
The only reason that this Z pp(y) measurement simulation procedure cannot be per-
formed simultaneously, on all the register QVs that are to be measured, is because
there is a time-ordering structure (encoded in dependencies of ¥ on other measure-
ment outcomes) inherited directly from the measurement pattern. Hence, the depth
of the measurement stage is only increased by a constant factor (of at most four) in
the ADQC simulation of the measurement pattern.

The final stage of the measurement pattern is the corrections on the output.

SFollowed by a Fourier gate on the register QV. This is irrelevant in this context as this QV has
now been removed from the IWQC as it is no-longer entangled with any other QVs and its state
does not matter.
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Strictly speaking, these cannot be simulated in ADQC unless we allow final local
corrections on the register in ADQC. However, in neither model are these actually
required, in the sense that they can be absorbed into classical post-processing. Either
way this requires the same depth in each model, as it is either only a depth of two or is
only a classical computation and hence does not contribute to the depth. Hence, the
total measurement pattern has been simulated with a ADQC with only a constant
increase in depth (at most, a multiplicative factor of six), which concludes the proof.

This proposition implies that all of the depth complexity results of Chapters 3
and 4, for unbounded fan-out circuits and the IWQC, also apply to the ADQC model
with general QV type. Therefore, although the primary motivation for introducing
the ADQC model for general QVs is its potential for simplifying the requirements
for a physical realisation of a quantum computer, it also has very interesting com-
putational advantages over a purely unitary gate-based model. Finally, note that
Kashefi et al. (2009) proved that the qubit ADQC model had at least the same
parallel computational power as the 1IWQC, using so-called ‘twisted graph states’.
Hence, combining the results of Kashefi et al. (2009) with the qubit IWQC depth
complexity theorems of Browne et al. (2011) provides an alternative proof of Propo-
sition 6.1 in the qubit sub-case. However, the depth-preserving ADQC simulation
of a IWQC provided here is very different to that of Kashefi et al. (2009), hence
the result herein still has some utility even in the qubit sub-case as it provides a

different perspective on the known results.

6.3 Universal sets of measurements

The gate methods given so far are sufficient for universal quantum computation on
the register. However, these techniques include Z g (y) measurements for unspecified
phase-functions 9 : S; — R and not all such measurements will be equally straight-
forward in practice. This can be restricted to a similar set of measurement bases to
those needed in the IWQC, which was discussed in Section 4.3.2. As summarised by
Figures 6.2 and 6.1, the measurements required for the entangling and local gates

are

E gate <> measurement operator: 7, (6.14)

FR(J) gate <> measurement operator: &pg(y), (6.15)

respectively. Furthermore, to implement any Clifford gate it is only necessary to
implement measurements of the operators & and Zpp(, for ¢ € Sq, which are used
for implementing E and FP(q), respectively. In order to discuss this in more detail

it is convenient to consider qudits and QCVs in turn.
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For qudits only three measurement operators are required to implement any Clif-
ford gate because F', F P, Z and E generate the Clifford group for qudits (this follows
from Propostion 2.1). Hence, only measurements of #, Zr and Zpp are necessary
to implement any Clifford gate. For a qubit, a direct calculation can be used to
confirm that these are equivalent to measurements of the Pauli Z, X and Y opera-
tors, respectively, up to a post-processing on the measurement outcomes of +1 — 0,
and —1 — 1. As an aside, these qubit operators define a set of three mutually
unbiased bases (i.e., the bases formed from their eigenstates), and this is is similarly
true for the non-binary qudit measurement operators, as can be inferred from re-
sults which are presented later in Section 7.4.1.” To implement universal quantum
computation, it is necessary to also have access to some non-Clifford gate, which in
prime dimensions may be any non-Clifford gate [Campbell et al. (2012); Nebe et al.
(2001, 2006)], e.g., the qudit cubic “I” gate (see Section 2.5), and in any dimen-
sion this gate may be some FR(J) with a generic phase vector (see Appendix G).
Alternatively, by the same arguments as given in Appendix G, the phase function
with 9(d — 1) = 6 for some generic 6 and ¥(q) = 0 if ¢ # d — 1 is also appropriate
for obtaining universality when added to the Clifford group and this may be more
convenient in practice. Variable-basis measurements of this sort, or equivalently,
variable local gates followed by a fixed-basis measurement, have been implemented
in a range of physical systems encoding non-binary qudits, e.g., see Anderson et al.
(2015); Neeley et al. (2009), and are common practice in qubit systems, e.g., see
Barz et al. (2014); Gao et al. (2011); Lanyon et al. (2013).

Turn now to QCVs. In the following, it will be useful to use the diagonal gate
Dy(q) = eiad" /k , as introduced in Equation 2.60. The conjugation relations of this

gate on the position and momentum operators are given by

229 5 p 2D 55 et (6.16)
respectively, which may be derived with the aid of Equation B.2 and by showing
that [2%,p] = iki*~! with & € N. Now, in order to implement any Clifford gate
in the QCV-based ADQC model, it is only necessary to be able to measure the
quadrature operator X (¢) = (pcos ¢+ & sin ¢) for variable ¢ € [0, 27), although this
must be aided with additional post-processing on the measurement outcomes. This

is because
X(n/2) = %, X(m) = Fi&F, (6.17)

with the later relation holding because —p = FTZF, and a measurement of these

"In Section 7.4.1, it is shown that that the eigenstates of & (i.e., the computational basis),
the eigenstates of p (i.e., the conjugate basis), and the eigenstates of &t pi (which will be called
the phase basis) form a set of three mutually unbiased basis. These are slightly different to the
measurement operators here, but the results of Section 7.4.1 can be easily adapted to these bases.
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operators is what is required to implement E gates and the F' gates, respectively.
Furthermore, by noting that P(p) = D2(p) and then considering Equation 6.16, it

may be confirmed that
X(¢) =cosp(p+ T tan¢) = —1cos ¢ (P(tan ¢)TF1&F P(tan (;S)) . (6.18)

Hence, a measurement of X (¢) implements the gate F'P(tan ¢), with the measure-
ment outcome m needing to be post-processed via the mapping m — —m/ cos ¢.
Quadrature measurements, often called homodyne detection, are now routine in
quantum optics, see e.g., Su et al. (2013); Ukai et al. (2011), and are implemented
by mixing the light to be measured with a strong local oscillator on a beam splitter,
with the relative phase of the oscillator fixing the phase-space angle, ¢, of the mea-
surement [Tyc and Sanders (2004)]. Although the most natural realisation of the
ancillary systems in QCV-based ADQC is probably an encoding into optical states,
interestingly, homodyne detection of QCVs encoded into atoms has also been re-
cently demonstrated [Gross et al. (2011)].

To obtain a universal gate set, it is again necessary to augment the Clifford
gates with some non-Clifford unitary and this must be a gate which is generated
by at least a cubic function of Z and p, as gates which are generated by quadratic
functions of & and p are Clifford. As with the IWQC, the natural gate to consider
is the cubic phase gate, which is the k = 3 case of the Dy(q) gate and hence is given
by Ds(q) = ¢19%*/3  This cubic phase gate may be implemented via measurement of
the operator

Ds(q)' F12FDs(q) = q&* — p, (6.19)

where this equality follows directly from Equation 6.16. The CLV-adapted version
of this gate required for direct step-wise determinism is simply given by letting
q — q + z in Equation 6.19, where x is CLV tracking the X-type error on the
register QV, which is the operator (¢ + x)#? — p (see the paragraph containing
Equation 6.10 for more details on this). However, this can also be decomposed into
a measurement of the operator in Equation 6.19 followed by z-dependent Clifford
gates, as will be implied by the following discussions, and this is likely to be easier
in practice.

The measurement to implement the cubic phase gate is quadratic in the position
operator and such a measurement is not easy to achieve experimentally as it requires
a non-linear optical element. However, one alternative to these measurements is to
use an auxiliary resource state, such as the so-called cubic phase state [Gottesman

et al. (2001)]. For example, consider the state

|cubic(v)) = D3(v)|+0), (6.20)
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for non-zero v € R. It is now shown how, if such states can be prepared in auxiliary
register QCVs, cubic phase gates may be implemented on computational register
QCVs (up to Pauli corrections) within the constraints of the ADQC model and
using only homodyne detection. This uses a similar method to that proposed by Gu
et al. (2009) in the context of the IWQC. It will then be shown how these resource
states can be made in a physically realistic fashion in the ADQC model, via a simple
adaption of the proposals of Gottesman et al. (2001); Gu et al. (2009). To begin,
via Equation 6.16 and by noting that U eiOUT = iUOUT fo; any unitary U, it follows
that

2(q) 29 z(g),  X(g) 22 40D = 0(q, ), (6.21)

where C(q,7) is a Clifford gate as it is generated by a quadratic in & and p.® Now,
by noting that R(1) commutes with €z, it is not hard to confirm that

) ~{Ft e {FH D= m

R(0)[+0) R(O) X (=m)[)

as this is essentially the same as the teleportation procedure that the 1IWQC is based
upon, which is summarised by Figure 4.1. Hence, with the aid of the conjugation

relations of Equation 6.21, then it follows that

X(@)Z()|) m

D3(7)[+0) Clg —m,")Z(z)D3()|v)

Hence, by using an auxiliary cubic phase state, the cubic phase gate has been imple-
mented on a computational register QCV in an arbitrary state, |¢), with pre-existing
Pauli errors, X (z)Z(z), and in the process the computational QCV has been tele-
ported to the auxiliary QCV and a (non-Pauli) Clifford error has been created, in
addition to an ordinary Pauli error. Before discussing the Clifford error, it is impor-
tant to note that this circuit can be implemented with an ancilla-driven sequence:
The three unitary gates in this circuit can be implemented via ancillas and homo-
dyne detection (which will induce changes in the Pauli errors, i.e., x — 2/(z, z, m;)
and z — 2/(x, 2, m;), where m; denotes that these error CLVs will also be a function
of the further measurement outcomes on these additional ancillas). Furthermore,
the computational basis measurement of the first register QV may be simulated via
an ancilla, by the method given in Figure 6.3.

This ancilla-driven circuit has created a (non-Pauli) Clifford error and the gate

8This equation implies that the Pauli gates are mapped to Clifford gates under conjugation by
the cubic phase gate. The set of gates with this property are in what is termed the ‘third-level of
the Clifford Hierarchy’, see e.g., Howard and Vala (2012), and the qudit and qubit ‘T” gates also
have this property [Campbell (2014); Howard and Vala (2012)].
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methods given so far in this Chapter are only concerned with accounting for Pauli
errors. However, this Clifford error can be converted to a Pauli error via an ancilla-
driven C'(m — q,7) gate, as such a gate can be implemented up to Pauli errors
by decomposing this Clifford gate into a sequence of FP(p) and F Clifford gates.”
Therefore, it has been shown how an auxiliary cubic phase state can be used to

implement the mapping
X(2)Z(2)l) — X (') Z (') D3(v) ), (6.22)

for any arbitrary logical register state |¢), with v fixed by the auxiliary state. More-
over, this can be converted to a cubic phase gate D3(q) with any ¢ € R, by noting
that Ds(q) = S(v/q)D3(v)S(q/v), where S(s)|q) = |sq) is the Clifford squeezing
gate, which was introduced in Equation 2.56. Hence, by applying (ancilla-driven)
squeezing gates before and after the protocol given above, any cubic phase gate may
be implemented via ancillas using only the fixed ancilla-register interaction, homo-
dyne detection of the ancillas, and auxiliary cubic phase states. It is important
to note that this procedure requires adaptive measurements even though all of the
unitary gates implemented are Clifford, as exactly which Clifford gates need to be
implemented depends on one of the measurement outcomes.

Although it has been shown how auxiliary cubic phase states may be converted
to cubic phase gates, no method has been given for how these states can be made.
Before turning to this, it is convenient to first consider another challenge asso-
ciated with the ADQC model in the setting of QCVs, which is an issue shared
with all QCV-based quantum computation: the conjugate and computational basis
states cannot be exactly physically realised even in principle [Lloyd and Braunstein
(1999)]. In ADQC, the ancillas should be initialised to |4+¢) in the ideal case. How-
ever, these states may be approximated by the squeezed vacuum, or more precisely
|+0) =~ S(s)|vac) and |0) ~ S(1/s)|vac) for s > 1, where |vac) is the ground state
of the QHO, and this approximation becomes exact in the limit s — oo [Radmore
and Barnett (1997)], with a derivation of this included as Appendix B. The effect
on the computation of preparing the ancillas in such approximations to |+¢) will be
a distortion of the output register state from each gate, as shown for the IWQC by
Gu et al. (2009), and by analogy to the IWQC, this distortion will build up linearly
with the number of gates implemented. Squeezed states, which approximate the
quadrature eigenstates, have been prepared with reasonably high levels of squeezing

in the laboratory: The quantity of squeezing in a state is often expressed in terms of

9The exact decomposition can be found by using the methods of Farinholt (2014). Although
these are presented in the case of qudits, they are easily applied also to QCVs.
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decibels (dB), where the state S(s)|vac) has 101log;y(s?) dB of squeezing,'* and as
far as I am aware, the current experimental record stands at 12.7 dB [Eberle et al.
(2010); Mehmet et al. (2011)]. However, it is unlikely that these currently obtainable
values are sufficient for viable computations in the QCV-based models herein - a re-
cently established minimal squeezing threshold for error-correction in qubit-encoded
QCV-based 1WQC is around 20 dB [Menicucci (2014)]. The errors associated with
this finite squeezing is discussed no further here, and a full investigations of the
effect of these distortions is left for future work.

It is now shown how cubic phase states may be generated with ancilla-driven
gates and a physically plausible measurement. Gottesman et al. (2001) have shown
how to approximately generate a cubic phase state with gaussian operations acting

on squeezed vacuums, and a measurement of the number operator, i, defined by'!
1
n = 5(5:2 +p2—1)=d'a. (6.23)

This technique has been converted to the setting of the IWQC by Gu et al. (2009),
and by a simple manipulation of the IWQC computation given therein (see Equation
45 of Gu et al. (2009)), it may be confirmed that

S(s)|vac) —o— pt ~ eV (ME )
S(s)lvac) — X () n

where v(n) = (64/2n + 1)~!, and where this approximation holds when s > 1 and
q > s. In this circuit, the lower quantum wire represents an ancilla initialised in an
approximation to |+¢) (which is the state that all ancilla would be initialised to in
practice), the top wire represents an auxiliary register QCV initialised similarly, and
it should be noted that the local F'T gate on the register QCV may be applied, up to a
Pauli error, via an ancilla-driven gate. Although this measurement is a non-Gaussian
operation, in a QHO it is very natural as it is simply a measurement of the QHO’s
energy. Hence, in optics, this is photon-number counting and there have been many
recent improvements in the state-of-the-art in this technology [Calkins et al. (2013);
Humphreys et al. (2015)]. Although photon-number resolving detectors are highly
challenging to implement in comparison to homodyne detection, it is perhaps the

most well-developed non-Gaussian optical component. Hence, in combination with

10The quantity of squeezing in any given state, with respect to the phase space angle ¢, is often
defined to be 10log;,(2AX (¢)?)dB, where AX(¢)? is the variance of X(¢) with respect to the
state in question, i.e., AX(¢)? = (#| X (¢)2|#) — (9| X (#)|¢)? [Lvovsky (2014)]. This then gives the
amount of squeezing stated for the squeezed vacuum in the main text (with ¢ = 0).

1The eigenvalues of 7 are the set of integers greater than or equal to zero, and the eigenstates
are obviously those of the QHO.
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the method given above for transforming this resource state into a cubic phase gate,
it has been shown that ancilla-driven gates that employ homodyne detection and

number-counting measurements are sufficient for universal quantum computation.

6.4 Adapting the ancilla-driven model

In this penultimate section of the chapter interesting adaptions to the ancilla-driven
model are presented. In Section 6.4.1 a generalisation of the ADQC model is consid-
ered in which the ancillary and register QVs may have different dimensions and the
effect that this has on step-wise determinism is discussed. In Section 6.4.2 an alter-
native fixed interaction gate appropriate for the ADQC model is given, which then
leads onto Section 6.4.3 where this gate is used to define an alternative completely
deterministic computational model, in which the measurements of the ancillas are

replaced with unitary controls.

6.4.1 Determinism and the dimension of the ancillas

One of the first constraints imposed on the ADQC model was that the ancillary
and register QVs where all of the same type. In contrast to this, the ancilla-based
gates methods developed in Chapter 5, centred on the geometric phase gate, were all
applicable to ancillas of a different dimension (i.e., different QV type) to the register
QVs. As such, it is interesting to consider whether it is also possible to extend
the ancilla-driven model to apply in this more general setting. This question can
be answered by showing how the geometric phase gate can be transformed into the
same form as the entangling gate of ADQC, with the added benefit of this analysis
being that it will highlight the link between these two techniques. In the following,
it will be assumed that the register does not consist of QCVs.'? By considering
the geometric phase gate circuit of Figure 5.2, it is clear that this gate functions
independently of the ancillary input state. Hence, the circuit will have exactly the
same effect if the ancilla is prepared in the state |[+o) and measured at the end in

the computational basis, which is the quantum circuit

From Figure 5.2, it follows that this induces a CR(27pq/d,) gate on the pair of reg-
ister QVs, where d,, is the dimension of the ancilla and R(27pgq/dy)|q) = €*74/a|q)

12This is because the geometric phase gate is only valid for register QCVs when the ancillas are
also QCVs, and this case has already been covered in the ADQC model so may now be ignored.
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is the scalar-parameterised rotation gate. Now, after the first three gates of this
sequence, the ancilla has returned to the state |+¢), regardless of the state of the
register QVs. Furthermore, the |+() state is an eigenstate of the final gate, with an
eigenvalue of unity for all values of the gate parameter p. Hence, the last gate in this
circuit has the same effect as an identity operator, and can therefore be dropped.
Moreover, the penultimate gate (which has now become the final gate), can equally
be understood as an ancilla-controlled R(—2mq/d,) gate on the first register QV.
Now, as a quantum-controlled gate followed by a computational basis measurement
of the control system is equivalent to performing the measurement before the gate
and then applying a classically controlled gate, this implies that the circuit given

above can be simply rewritten as

R(_QWQ/da) [

|+0) q T )

This already looks very similar to the ADQC entangling gate. Moreover, by using the

relation of Figure 2.5, (and noting that F2|q) = |—¢)) this can be further rearranged

to

R(QWQ/da) [

[+0) %F*%FTH@

Hence, by setting p = ¢ = 1,' this gate sequence requires only a fixed ancilla-register

interaction gate, and by adding in a local Fourier transform to the interaction, we

arrive at the sequence

e [F] R,(2r/d) |~  —|R(2n/d,)
)

where Ry (0)|+,) = €|+,). The ancilla-register fixed interaction gate used here,

and this method for implementing a two-qudit entangling gate, is the natural gen-
eralisation of the ADQC interaction and entangling gate to allow the ancillary and
register QVs to be of different types.

It is clear that the gate technique given above may be used to implement an

13Tt is not essential to set the value of the two parameters to unity, but they should be set to
the same value.
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entangling gate on the register, but without local controls of the register this is only
implemented up to the error Ry (2mm/d,) and with an ancilla of general dimension
this is not in all cases a Pauli gate. The condition under which this is guaranteed
to be a Pauli gate is when d, = d/k for some positive integer k, where d is the
dimensionality of the register qudits, as in this case then Ry (2mw/d,) = X(—km).
Before considering the repercussions of non-Pauli errors, consider the obvious ex-
tension of the ADQC single-qudit gates, as summarised in Figure 6.1, to this more

general setting. This is the circuit

[¥) F Ry (2m/da) — FR(9)[¢)

+0) Ff ’— i“FR(ﬁ))- m

which may be easily confirmed to act as claimed via a direct calculation, where 9 is
the phase-function given by 9(q) = 9(0@q) for ¢ € Sy with @ denoting the arithmetic
of Sg,. Hence, when d, > d or the ancilla is a QCV, any F'R(¢¥) operator may be
applied to the register (up to the error) by an appropriate choice of measurement
basis for the ancilla. However, when d, < d then, no matter what measurement is
chosen, the gate implemented has a phase function which obeys 9(q) = (¢ mod d,).
For example, if the ancillas are qubits then each F R(1J) gate that can be implemented
on the register has a phase-function ¥ with 9(q) = 9(0) if q is even and 9(g) = 9(1)
if ¢ is odd for some ¥ : {0,1} — R, which is fixed by the choice of measurement
basis. Therefore, when d, > d it is clear that a universal set of single-qudit gates
can be implemented on the register, but it is not at all obvious that this is the case
for d, < d.

This analysis highlights a clearly problem with this extension of the ADQC
model to a setting where the ancillary and register QVs are of a different type: Still
assuming a qudit register, it is necessary for the ancillas to be qudits of dimension
dg < d for the measurement-induced errors on the register to be Pauli gates, which
is required for the step-wise determinism techniques used herein. But in this case,
unless d, = d, it may not be possible to implement a universal gate set as the single-
qudit gates that can be implemented on the register are restricted.'* When the
ancillas are qudits of dimension d, > d or QCVs, the gate set which may be applied
to the register is universal (an entangling gate + a universal set of single-qudit gates),
but the measurement-induced errors are non-Pauli. Hence, local corrections on the
register need to be available for step-wise deterministic computation. Alternatively,
without these controls the model can be said to be universal in a stochastic sense -

any quantum computation can be implemented with a stochastic sequence of single-

141t is left for future work to confirm whether universality is achievable in this setting. It is not
clear to me either way.
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qudit gates of indeterminate length between each entangling gate (which can be
deterministically applied, up to a single-qudit error gate). This may be considered a
form of what is termed repeat-until-success (RUS) gate implementation [Lim et al.
(2005)] and these ideas will be briefly discussed further in Chapter 7 where an
additional stochastically universal model is introduced. Note however, it is my
opinion that the overheads involved in quantum computation in this fashion are

likely to be unreasonably large.!”

6.4.2 An alternative interaction

Return now to the setting in which the ancillary and register QVs are of the same
type. The choice to fix the ancilla-register interaction gate to E,, = F,F} C,Z was
made at the beginning of this chapter, and it is not obvious that this interaction
has unique properties that single it out as the only possible option. Indeed, there is
an alternative interaction which is suitable for ADQC, which is based on the SWAP
gate and is given by

Sur i= F, - SWAP - CZ. (6.24)
When considering this fixed interaction, there are minor changes to the gate imple-
mentation methods, which are now briefly outlined. The two-QV gate implemented
by sequential interactions of an ancilla with QVs r and s followed by a computational

basis measurement may easily be confirmed to be

<m|5’a55’ar’+0>
[[{m] SasSar|+0) |l

= X,(—m)F,F,C.X. (6.25)

The same set of single QV gates can be implemented by using a slightly different
measurement basis. Specifically, an interaction followed by a measurement in the

basis & pp(g)pt, implements F'R(J) up to Pauli error, as

(m|FyRa(9)Fi Sarl+o)
|| <m|FaRa(79)F¢ISaT|+O> ”

= X, (—m)F.R,(9). (6.26)

Although this gate set is not identical to the one implemented with the E,, inter-
action, the same techniques of classical-feedforward may be used to implement the
computation deterministically: the details are omitted for brevity. For the qubit
sub-case, it has been shown by Kashefi et al. (2009) that, up to local gates, the two

interactions E,, and S, are the only possible choices that allow for deterministic

15Some RUS gate methods actually have lower overheads than equivalent deterministic schemes,
e.g., see Bocharov et al. (2015); Paetznick and Svore (2014). What I am claiming here, is that the
sort of RUS scheme needed for the ‘stochastic ADQC’ model, given above, is likely to have very
large overheads.
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universal quantum computation within the constraints of ADQC. It is not at all

clear how this could be shown more generally, if it is indeed true.

6.4.3 Replacing measurements with unitary controls

High-quality variable-basis measurements of ancillas are critical to the ancilla-driven
model, and the quality of each measurement directly effects the fidelity of each gate
implemented. This is challenging physically, and in some settings it may well be
the case that local unitary controls of the ancillas can be enacted with much lower
errors than can be achieved with measurements on these ancillas. Interestingly,
the swap-based gate, Sy,, which it was shown above may be used to implement the
ancilla-driven model, can also be used to implement universal quantum computation
on the register if local gates, instead of measurements, can be implemented on the
ancillas. To be more precise, the following model will use only: (I) a fixed ancilla-
register interaction gate, (II) ancillas prepared in a single state, (III) a universal set
of local gates on the ancillas.

Rather than use the S,, interaction gate, given in Equation 6.24, it will be

simpler to consider the locally-equivalent gate
Sar := SWAP - CZ. (6.27)
The action of this gate on two QVs in arbitrary computational basis states is
la)la’) =55 w1} q), (6.28)

and hence, if either QV is in the state |0), it simply acts as a SWAP gate. Therefore,
if an ancilla is initialised to |0), and interacts with a register QV via this gate, the
logical QV in this register QV is swapped into the ancilla, i.e., [¢)|0) — |0)|¢).
Therefore, any further gates that are applied to this ancilla will perform transfor-
mations on the |¢) logical QV, and as the register QV is in the state |0), a further
interaction of the ancilla with this QV swaps the logical state back into the regis-

ter. It then immediately follows that an S,; gate may be implemented between two
16

_ I

10) ) 10)

register QVs, r and s, via the gate sequence

Note that two quantum wires connected via a wire with ‘x’ symbols at each end is the nota-
tion used herein (and often in the literature) for the SWAP gate. This notation has already been
encountered in this thesis, but only to represent classical SWAP gates.
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6. Quantum computation driven by measurements of ancillas

which employs an ancilla initialised to |0) and three applications of the single fixed
interaction gate S,,. In exactly the same fashion, if the gate u can be applied to the
ancillas this may be transferred to the register by interacting a register QV with an
ancilla prepared in |0) both before and after a u gate is applied to this ancilla. This

is the circuit

|¥) uly)

10) [u] 0)

Hence, if a set of single-QV gates can be implemented on the register that is suffi-
cient to generate any single-QV gate, then this provides a method for implementing
universal quantum computation using only ancillas prepared in |0), the gate Sg,
between ancillas and register QVs, and local gates on the ancillas. It is interesting
to note that the entangling part of the interaction is actually only required in order
to make the induced two-QV gate on the register an entangling gate, and otherwise
it plays no direct role in the gate methods.

One feature of these ancilla-based gates, that make them potentially appealing
from a practical point of view, is that the interaction need not have the exact form of
Sqar and there is a range of interactions for which the above methods are applicable.

Indeed, consider an ancilla-register interaction of the form
Sar(¢) == SWAP - Dyq (), (6.29)

where D,,(¢) is a general diagonal gate on r and a, which is parameterised by a
function ¢ : Sfi — R and defined as'”

D'ra ¢ ) /
)l Ve 2222 4@ gy |q')a. (6.30)

Because the action of this more general S, (¢) gate, when either QV is in the state
|0}, is equivalent to SWAP up to local rotation gates, the gate techniques given above
still apply. Hence, as long as the fixed function ¢ is chosen such that D(¢) is an
entangling gate (which is almost any choice of ¢), this gate also allows for universal
quantum computation in the ancilla-based and globally unitary fashion described
above. The gates implemented on the register with this more general interaction are
slightly altered, in comparison to the simple case of S, and the relevant quantum
circuits are given in Figures 6.4 and 6.5.

The model of ancilla-based quantum computation presented in this section may
find practical relevance in a range of settings, particularly when local unitary gates

on the ancillas are straightforward but where these gates cannot be so easily ap-

'"Note that this general two-QV diagonal gate is a special case of the many-QV diagonal gate
introduced in Equation 5.25.
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) — D(9) D(¢) ulp)

0) — D(9) R(=¢")uR(=¢') [ D(¢) 10)

Figure 6.4: If a universal set of single-QV gates can be implemented on the ancillas,
this circuit may be used to implement gates from this set on the register QVs. This
circuit uses an ancilla initialised to |0), a single local gate on the ancilla, and two
applications of the fixed interaction S, (¢) = SWAP - Dgy(¢), where ¢ : S2 — R.
Here, ¢’ and ¢ are the phase-functions given by ¢'(¢) = ¢(g¢,0) and ¢"(q) = ¢(0, q),
respectively. In this diagram, the D(¢) gate is represented schematically by the
boxes containing D(¢) connected via a wire.

0) = D(¢) [ D(¢) [ D(¢) 10)

Figure 6.5: A two-QV entangling gate may be implemented on a pair of register
QVs with the aid of an ancilla that has been prepared in the state |0), and three
applications of the fixed ancilla-register interaction gate Sy, (¢). The circuit notation
and the parameters used here are as described in Figure 6.4 and the main text.

plied directly to the well-isolated ‘memory’ register QVs and also when high-quality
measurements of the ancillas are not available for implementing the ADQC model.
Discussions on more specific settings in which this may be of relevance, and possi-
ble methods for generating appropriate interaction gates, are delayed until the next
chapter, in which this model is extended. Before concluding this chapter, a few
observations are made relating to the differences between this model and ADQC:
In comparison to ADQC, one disadvantage of this globally unitary model is that
to entangle two QVs it is necessary for one of the QVs to interact twice with the
ancilla, and this may be highly inconvenient in some settings, e.g., with ‘flying’ pho-
tonic QVs entangling distant register QVs. However, three ancilla-register gates is
actually the minimal number possible with which an entangling gate can be me-
diated on two QVs via an ancilla whilst using globally unitary dynamics [Lamata
et al. (2008)], and hence, although the model here has this gate-count disadvantage
in comparison to ADQC, this is inherent to all globally unitary models (e.g., see the

geometric phase gate, which uses four interactions per gate). A further cost to using
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globally unitary dynamics is that the computational model can no-longer have access
to the parallel power of the 1IWQC.'® It should also be made clear that, at the end
of the computation, it is obviously necessary to be able to perform a measurement of
each register QV. Here, this can be achieved either directly or via measurements on
ancillas. Finally, note that the qubit sub-case of the model outlined in this section
has been presented in Proctor et al. (2013) and this should be referred to for further

details relevant only in this (perhaps most practical) special case.

6.5 Conclusions

In this chapter a model of quantum computation for general quantum variables has
been developed which requires only very limited access to the computational reg-
ister. This is an extension of the qubit-based ancilla-driven quantum computation
(ADQC) model of Andersen et al. (2010) and Kashefi et al. (2009), and hence, for
this reason, the same terminology has been used herein. To be more specific, in
this ‘ADQC’ model universal quantum computation is implemented on a register
using only repeated applications of a single fixed two-body ancilla-register interac-
tion gate, ancillas prepared in a single state, and variable basis measurements of
these ancillas. Because measurement outcomes are fundamentally probabilistic the
measurements of the ancillas introduce random Pauli errors into the computation.
However, it was shown that a quantum computation can still be implemented de-
terministically with the aid of classical feed-forward of measurement outcomes and
adaptive measurement bases. It was then shown how the general quantum variable
one-way quantum computer (1IWQC) can be simulated within this model, which
in-turn demonstrated that the hybrid quantum-classical advantages of 1IWQC, as
investigated in Chapter 4, are also inherent in the ADQC model presented here.
Hence, ADQC not only requires highly limited physical controls, but is also pow-
erful for parallel quantum computation. The measurement bases that are sufficient
for universal quantum computation were then discussed. In particular, it was shown
that in the setting of QCVs, with the ancillas realised as optical states, homodyne de-
tection and photon-number counting are sufficient for universality. From a physical
perspective this is fairly promising, as homodyne detection is now a routine quan-
tum optics technique [Su et al. (2013); Ukai et al. (2011)] and there have been many
recent improvements in photon-number-resolving detectors [Calkins et al. (2013);
Humphreys et al. (2015)].

The ADQC model employs ancillas of the same dimension (i.e., the same QV

type) as the register QVs, which may not be convenient in all settings. Hence, an

18This is true as long as the model uses only bounded input-size gates, as is the case here. This
was shown in Chapter 3.
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adaption of the ADQC model to the more general setting of ancillary and register
QVs of different dimensions was considered and this was seen to be closely related
to the geometric phase gates of Chapter 5. It was shown that when the ancillary
and register dimensions do not match this either prevents step-wise determinism, or
restricts the implementable gate set so that the model may no longer be universal.
Finally, it was shown that the ADQC model can be implemented with a swap-like
interaction gate and that this interaction can also be used for an alternative model
of ancilla-based quantum computation, which requires only interactions between
ancillary and register QVs using this single fixed gate, ancillas prepared in a single
fixed state, and local unitary controls of the ancillas. This globally unitary model
may be more relevant in settings in which high-quality measurements on ancillas are
not possible, particularly as it has been shown that inaccurate measurements of the
ancillas have a serious detrimental impact on the fidelity of the computation in the
original qubit-based ADQC model [Morimae (2010); Morimae and Kahn (2010)].
Future work could include an analysis of the effects of such measurement inaccuracy
to this more general model, and an additional avenue for further research could be
to fully assess the effects on the QCV-based ADQC model of using finitely-squeezed
vacuum states instead of ideal position and momentum eigenstates. In particular, it
would be interesting to consider whether the QCV-based ADQC model can be made
fault-tolerant in a similar fashion to the recent qubit-encoded QCV-based 1WQC
work of Menicucci (2014).
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Chapter 7
Minimal ancilla-based gates

In this chapter a quantum computer is proposed which may implement any quantum
algorithm on a well-isolated register, via interactions with ancillas prepared in the
computational basis, using only a single fixed ancilla-register interaction gate. This
may be naturally termed a minimal control ancilla-based quantum computer, as it
requires both a minimal level of access to the computational register, which can
hence be optimised for long coherence times, and highly limited control over the an-
cillas, which may be optimised for a single high-quality interaction with the register
systems. This model is applicable to the setting of both qubits and qudits of more
general dimensions. Moreover, in the particular case of a qubit-based computer and
a swap-like fixed interaction gate, it is shown that any quantum computation can
be implemented on the register even if the ancillas can only be prepared in a single
fized state, which it can be argued is a completely minimal scheme for universal
ancilla-based quantum computation. The models proposed in this chapter are novel
for all types of QVs. This chapter is based upon Proctor and Kendon (2014, 2015).

7.1 Introduction

From a fundamental point of view, it is interesting to understand the minimal re-
sources required to implement universal quantum computation. As such, this was
extensively investigated by the early pioneers of the subject [Barenco (1995); Deutsch
(1989)], culminating with Deutsch et al. (1995) showing that almost any two-input
gate is alone sufficient for universality with qubits, and Lloyd (1995) independently
showing that this is true for qudits of any dimension.! In the latter chapters of this
thesis, quantum computational models have been considered in which the gates on
the computational systems are mediated via ancillas, and in this more restricted set-

ting it is not a priori clear, and it does not directly follow from the work of Deutsch

!See Childs et al. (2011) and Bauer et al. (2014) for more recent works on this subject.

165



7. Minimal ancilla-based gates

et al. (1995) and Lloyd (1995), that there are fixed ancilla-register interactions which
alone (i.e., with no further control of the register or ancillary QVs) can implement
universal computation on the register. Indeed, the models considered so far in this
thesis all require local controls of either the ancilla or the register to achieve univer-
sality: The geometric phase gates of Chapter 5 must be augmented with local gates
on the register quantum variables to obtain universality, and the measurement-based
ADQC model of Chapter 6 requires variable basis measurements of the ancillas, with
the globally unitary adaption of ADQC proposed therein removing the necessity for
these variable-basis measurements but replacing it with the need for local unitary
gates on the ancillas.

In this chapter, deterministic and universal ancilla-based models will be devel-
oped which require only a single fixed ancilla-register interaction gate and ancillas
prepared in states from a fixed orthonormal basis. Two distinct models will be pre-
sented, with distinct gate methods and forms for the fixed interaction gate - the
latter of these models will be based on a swap-like gate and consume a minimal level
of resources to implement each entangling gate on the register. The models pro-
posed in this chapter will be formulated in the setting of general quantum variables
and hence the gate methods will be applicable to qubits, qudits and QCVs and are
novel in all of these settings. However, although highly applicable in the setting of
qubits and qudits, the models will not be particularly suited to the QCV setting,
largely because they fundamentally rely on preparing ancillas in computational basis
states but also as the models will not be shown to be universal in this case. Due
to the subtle differences between the models presented in this and the previous two
chapters, the constraints and properties of each model have been summarised in the
thesis overview, on pages 2-3 of this thesis: the reader is again referred there for a
concise summary of the different ancilla-based models herein.

The computational models introduced in this chapter are interesting from an
abstract perspective, but they also have clear practical motivations. Minimising
the access needed to the computational register facilitates the optimisation of the
register systems for the long coherence times that are essential for the realisation of
useful computations, and this has already been discussed in detail in the introduction
to Chapter 6. Going beyond this minimal-register-access paradigm, introduced in
Chapter 6, the physical motivation for also minimising the control needed over the
ancillary systems is clear: Implementing high-quality variable basis-measurements
on any quantum system is intrinsically challenging, and in some settings it may not
be straight-forward to access individual ancillas on-the-fly in order to apply local
unitary gates between interactions of the ancillas with register QVs. Because the
models proposed in this chapter bypass the need for on-line local controls of any

kind on the register or ancillary QVs, they allow the entire set-up to be optimised
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for a high fidelity fixed ancilla-register interaction and long coherence times in the

computational register.

7.2 Interactions via generalised controlled gates

The purpose of this chapter is to develop methods for ancilla-based universal quan-
tum computation which require only a single fixed interaction gate and ancilla prepa-
ration. More precisely, with ancillas of dimension d, and register QVs of dimension

d, the idea is that the quantum computer should only requires access to

1. A single fixed ancilla-register interaction gate U € U(d, x d), which may be

applied to any ancilla-register pair.
2. Ancillas prepared in states from a fixed orthonormal basis.

Models of quantum computation which obey these constraints will be termed mini-
mal control models. As in the previous chapter, the fixed gate, U, must be chosen
careful (e.g., it must be entangling) and not any interaction will do. As an aside, it
is important to emphasise that although the model does not require measurements
to implement the computation, some measurements will be required at the end of
the computation for the final read-out. The schemes given here will allow for those
measurements to be performed either directly on the register systems, or on some
ancillas. Furthermore, it should also be noted that it is essential that the register
QVs can be initialised to some fiducial state - or to computational inputs - at the
start of the computation, as has been assumed (often implicitly) throughout this

thesis.

7.2.1 Choosing an interaction for a qubit-qubit computer

In keeping with the rest of this thesis, as far as is possible the aim is to develop
methods which are independent of the particular choices for the QV types of the
ancillary and register systems. Hence, if the methods are to work in all cases they
must work in the simplest qubit-qubit case (i.e., qubits as the ancillary and the
register systems). With this in mind, we begin by considering what the conditions
given above imply for the possible forms the interaction gate, U, may take in this
simplest, and perhaps most physically relevant, of cases.

Given that part of the motivation for developing ‘minimal control’ models is
physical simplicity, it is natural to demand that a single-qubit gate (from some set)
can be induced on any register qubit via interactions with only a single ancilla, and
using some (hopefully small) number of applications of the fixed gate U. In order

for the mapping on the register implemented by some non-zero m € N number of
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applications of the interaction gate, U, to be unitary, it is necessary for the ancilla
and register to be in a product state after U™ has been applied, with the unknown
quantum information still in the register.? This implies that, for at least some state
|Co) that the ancillas can be prepared in, and all possible register qubit states |¢),

we must have

1) ® o) L wolv) @ |no), (7.1)

for at least one non-zero m € N, and some |1g), and unitary ug. Due to the unitarity
of U™, and because both systems are qubits, it is simple to show that this implies
that

U™ = up @ [n0)(Co| + u1 @ |n1){C1l, (7.2)

for some g, u1 € U(2) and some orthonormal qubit bases {|(o), |¢1)} and {|no), |m)}-

Alternatively, this may be re-written as
U™ = cq - (uo @[0)(0] + u1 @ [1)(1]) - ba, (7.3)

where b and c are the unitaries defined by b|(,;) = |¢) and c|q) = |y). This interaction
and ancilla preparation basis pairing still contains a physically irrelevant freedom,

which stems from the equivalence relation
(W|Of¢) = (Ylu'uOutuly), (74)
for unitary u. Hence, any transformation of the form
U™ = 0,U™0] = v Uv) .. v,Uv], (7.5)

for unitary v, can be accounted for by a rotation in the ancilla preparation states.
Therefore, this freedom can be removed by setting the ancilla preparation basis to
be the computational basis.?> Hence, without any lose of generality, the preparation
basis for the ancillas may be fixed to the computational basis, and the ancilla-register

interaction must then have, as an integer power, the operator
U =1®1- (up®0)(0] +u1 ® [1)(1]), (7.6)

for some unitaries ug, ui,l € U(2). To be clear, here the first (second) part of the
tensor product acts on a register (ancilla) qubit. The non-local part of this gate
can be understood as what might be termed a ‘generalised controlled gate’, which

applies u, to the register qubit if the ancilla qubit is in the state |g).

2This holds as measurements are not available to disentangle the ancilla and register qubits.
3Note that this is not a physical constraint, as the physical observable which defines the com-
putational basis (i.e., what defines the Pauli Z gate) must itself be chosen by an experimentalist.
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7.2.2 Choosing an interaction for general quantum variables

In order to present the natural extension to general QVs of the condition on the
fixed interaction gate in the qubit-qubit case derived above, and as summarised by
Equation 7.6, it is useful to first define a ‘generalised controlled gate’ for arbitrary
QV types. For a function v : Sg, — U(d;), where d. and d; are the dimensions of a
control and a target QV respectively, define the generalised controlled gate, denoted

Clv], by the action
Clv]

1) ®d) — la) ® v(g)ld)- (7.7)
Note that the square parentheses in the notation have been used to clearly distinguish
this gate from an ordinary controlled gate. As with ordinary controlled gates, the
control and target systems will be denoted via including super- and sub-scripts in
this notation when necessary, i.e., C{[v] denotes that ¢ is the control QV, and t is
the target QV. This definition of a generalised controlled gate can be understood
as being a notation for an arbitrary two-QV unitary that may be represented as
a block-diagonal matrix, when expressed in the computational basis. To further
clarify this definition, some simple examples are now given: If v(q) = u for fixed
unitary u, then C[v] is equivalent to a local u gate on the target system; if v(q) = u?
for fixed u, then this gate is equivalent to the ordinary controlled gate Cu; finally, if
u(q) is diagonal for all ¢ then this gate is an arbitrary diagonal two-QV gate, with
such gates having already been encountered in this thesis (see Section 6.4.3, and in
particular Equation 6.30).

The generalised controlled gate, defined above, provides a succinct notation for
extending the condition derived for the fixed interaction in a qubit-qubit ‘minimal
control’ model to the more general setting. Specifically, the natural extension of
Equation 7.6 to the general QV domain is to impose the condition that, for some

non-zero m € N, the fixed ancilla-register interaction gate, U € U(d, x d), obeys
um=l,-Cvl, (7.8)

for some function v : Sy, — U(d) and | € U(d,). Considering the m' power
of the fixed ancilla-register interaction to have this form immediately highlights a
possible method for implementing single-QV gates on the register, and indeed, the
construction was specifically designed for this purpose. In particular, it immediately
follows that

[0 @ lg) L5 v(q)lp) © 1q), (7.9)

with ¢ € Sg,. Hence, the gate v(g) may be applied to a register QV by m applications
of the fixed interaction gate, U, to the register QV and an ancilla prepared in the
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state |q). Moreover, if the set

Sy, = {V(Q) ’ /AS Sda}a (710)

is an (approximately?) universal set for single-QV gates on the register QVs, then
any single-QV gate can be approximated on any register QV by repeated applications
of this technique. For example, a universal set would be provided in the qubit-qubit
case if v(0) = H and v(1) = T. This will be the method used to implement single-QV
gates on the register throughout this chapter. The underlying nature of this method
provides one of the reasons why the models in this chapter are fairly unsuited to
the setting of QCV ancillas - in the case of QCVs, the computational basis states
cannot be exactly realised, and if they are imperfectly realised, via squeezed states,
the ancillas will remain entangled with the register QVs and this will be a source
of decoherence in the computation, even before non-ideal gate implementation, and

other imperfections, are also taken into account.

7.3 The control-gate minimal control model

In the remainder of this chapter, if the register consists of QCVs it will be implicitly
assumed that the ancillas are also QCVs, for the same reasons that this was assumed
throughout Chapter 5. A general form for interactions that are potentially suitable
for minimal control ancilla-based computation has been given in the previous section,
and a simple method which may be used to implement local gates has been presented.
Specifically, the fixed interaction, U, should obey U™ = [, - C¢[v] for some non-zero
m € N. The simplest case is given by imposing m = 1, and hence U = [, - C?[v].
The model introduced in this section will use a fixed interaction of this form. It is
not clear how, with an arbitrary gate of this sort, this interaction may be used to
mediate an entangling gate on the register, which is essential for universal quantum
computation. Instead, consider the slightly less general family of ancilla-register
interaction operators

Eor(v,w,9) := FI - CVy.0], (7.11)

a

where v : Sy, — U(d) is the function defined by
Vow,9(q) = vR(270 /da ) w, (7.12)

for some v, w € U(d) and some phase-function ¢ with the restriction that ¢ : Sg —
Sa, (the phase functions in a R(¢¥) gate can, in general, be mappings into R). This

gate still has free parameters (u, v and 9), that will be left undetermined for now,

4Only approximate universality will be relevant in this chapter. This will not always be explicitly
stated.
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in the interests of flexibility. This interaction is a natural generalisation of the
fixed interaction gate in the ADQC model of the previous chapter, denoted E,;,
and defined by E,, = F,F] - C.Z. At this point, this may not be particularly
obvious, but this will be expanded upon in the following. To be clear, the quantum

computational model introduced in this section will only require access to:

1. The fixed interaction Eg,.(v,w,), where u, v and ¥ are fixed, but yet to be
specified.

2. Ancillas prepared in the computational basis, B.

It is now shown how an (approximately) universal set of gates may be imple-
mented on the register in this model, under a certain assumption about the ancilla-
register interaction. It will then be shown that the parameters in the interaction
gate (i.e., v, w and ) can be chosen such that this assumption holds for certain
dimensions for the register and ancillary QVs. In particular, interactions will be
provided that are proven to be universal when the register consists of qubits and
the ancillas are of any QV type, and when the register consists of qudits and the
ancillas have a range of dimensions. Single-QV gates on the register can be applied
using the method of Equation 7.9. Specifically, it immediately follows that

Eqr (v,w,9)
o

¥) @ lg) v(@)|Y) @ [+-4)- (7.13)

Therefore, via ancilla preparation in the state |q), the gate v(q) is implemented with
the ancilla transformed to the state |[+_4), which may be discarded. Hence, ancilla

preparation may be used to deterministically implement the gates from the set
Sv,wy = {v(q) = vR(2mqd/do)w | q € S, }. (7.14)

As a circuit diagram, this is simply the single-gate circuit

1) I v(g)|¥)

9) [+—q)
where two quantum wires connected via a line and two ‘o’ symbols will be used to
denote the fixed interaction gate, E,, (v, w,?), in this section.

For now, simply assume that the parameters in the interaction (u, v and ¥)

may be chosen such that §, .,y is a universal single-QV set on the register (this is
non-trivial), and this assumption is addressed in Sections 7.3.2 and 7.3.3. Given this

assumption, it is now shown that it is possible to use this interaction to implement

a two-QV entangling gate on any pair of register QVs, and hence the model is a
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universal quantum computer. Such an entangling gate may be achieved via the

following protocol:

1. Sequentially interact the QVs on which the gate is to act with an ancilla
prepared in any state, e.g., |0).

2. Using additional ancillas and the fixed ancilla-register interaction, implement
wivl on both register QVs. The number of additional ancillas needed and the
states from the computational basis they should be prepared in depends on
the form of wiv! and the available v(q) single-QV gates. As such, it depends
on the specific form of the interaction and the assumption that 8, .. is a

universal set of single-QV gates (this will be returned to below).

3. Sequentially interact the QVs with the first ancilla.

It will be shown below that the effect of this sequence on the register is the symmetric
entangling gate®
Gv,w,9) =v®v-D(py) ww, (7.15)

where ¢y : ng — R is the two-variable phase-function given by

¢o(p, q) = 2m9(p)V(q)/da, (7.16)

and D(¢) is the general two-QV diagonal gate, which is defined in Equation 6.30 by
the mapping |p)|q) — €*®9|p)|q). It is important to stress that this gate method
requires multiple ancillas: one ‘entangling’ ancilla and further ancillas to implement
local gates on the register (the number of which depends on the form of the gates).

This method may be summarised by the circuit diagram

_— - (7.17)
G (v, w,9)

where the local gates, enclosed by the dashed box, are implemented by further
ancillas prepared appropriately.

From the above presentation, it is not at all clear why (or even if) this gate
functions as claimed. However, it is actually a fairly simple adaption of the geomet-

ric phase gate from Chapter 5, as is now shown. The ancilla-register interaction,

®D(¢s) is entangling for most choices of ¥, e.g., ¥(q) = q. A condition which guarantees it is
entangling is given as part of Appendix J.
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Egy (v, w,¥), may be rewritten as

Eu(v,w,9) := Fi. Crlvpww) = FJUT -CL[Z(9)] - wy, (7.18)

a

which may be shown by checking the action of each side of this equality on arbitrary
computational basis states. Note that this equality only makes sense because 9 was
restricted such that J(q) € Sg,. To be clear, the non-local part of this gate maps
basis states via

9)la) =2 ) @ Z(0(@)ld). (7.19)
and hence, E,.(v,w,?) can be understood as a generalisation of the ADQC inter-
action gate Eopr = FTFJ C.Z, as it reduces to this case when v = F, w = I and
¥(q) = q. It is now shown why the ancilla-mediated entangling gate, given above,
functions as stated. The gate sequence under consideration, given in the LHS of the
quantum circuit above, is EasEarwlev;[leasEar. Now, using Equation 7.18, it is

straight-forward to confirm that

(EasEa,«)wiwzvivl(EasEm) = VpVs * Srsq - WrlWs (7.20)
where S, is the ancilla-register interaction gate sequence
Srsa = FACH[Z(9)] - FIC,[Z(9)] - FIC3[Z(9)] - FICL[Z(9)]. (7.21)

By using F* = I, the cyclic relation of the Pauli operators under conjugation by F,
given in Equation 2.26, and the Weyl commutation relation, given in Equation 2.44,

it may be shown that
F'Z(q)-F1Z(q) FTZ(¢) - F1Z(q) = X(¢)Z2(—q) X (—¢) Z(q) =™,  (7.22)

noting that this is exactly the geometric phase that the geometric phase gate, from
Chapter 5, relies upon. From this relation and Equation 7.19, it follows that S,
maps register QVs in computational basis states, and an ancilla in an arbitrary

state, as
S’rsa T /
@) g} ) 2222 2TV da gy ) |ap), (7.23)

which has the action of the D(¢y) gate, as given in Equation 7.16, on the register
QVs. Hence, by combining this with Equation 7.20, to include the effect of the local
v and w gates, this has confirmed that the action of this ancilla-register interaction
sequence is the G (v, w, ) gate of Equation 7.15, as claimed. This gate method can
be understood as a generalisation of the geometric phase gate of Figure 5.2, using
a fixed interaction that includes local gates on the register systems and where the

non-local part of the interaction uses a minor generalisation of a controlled Pauli
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gate (i.e., a C[Z (V)] gate rather than simply a CZ(z) gate).

7.3.1 Removing the local gates

The protocol given in Equation 7.5, for implementing an entangling gate, includes a
step for implementing local gates via further ancillas and the details of this stage are
now considered further. By assumption the gate set 8, .,y is universal for single-QV
gates, which implies that the required local wiv! gates may be approximated to
arbitrary accuracy. Hence, this step may be implemented to a given accuracy with
some finite number of additional ancillas prepared suitably. In certain cases wiv’
may be implementable exactly and with only a small number of ancillas - this will
be true in one of the examples, given in Section 7.3.2, for the qubit-qubit model.
Moreover, it is not actually necessary to implement this wfvt local gate on one of the
two register QVs. This can be deduced by noting that, as the ‘entangling’ ancilla
is assumed to be prepared in some computational basis state |¢), the first gate in
the entangling sequence enacts only a local v(q) gate on the register, and hence
the local wiv! gate need not be applied to the first register QV (if this local gate
on the first QV isn’t included in the gate sequence, the local parts of the induced
entangling gate are slightly altered). This raises the question: is the remaining local
gate actually required? If wv could be chosen to be diagonal in the computational
basis, the answer would indeed be no. However, in this case v(q) and v(¢') commute
for all ¢,q" € Sq,, and hence the gate set 8,.,9 = {v(q) | ¢ € Sq} cannot form an
approximately universal set of single-QV gates.® Hence, it appears that the local
gates on the second register QV are indeed necessary in this entangling gate protocol.
In order to design a more elegant and practical model, in which additional ancillas
are not needed to implement a single entangling gate, a different form for the fixed

interaction will be used, and this is the topic of Section 7.5.

7.3.2 The qubit-qubit model

The qubit-qubit setting is perhaps the most physically relevant for implementing
models of this sort, and furthermore, it is conceptually the most straight forward.
For both of these reasons, and because specific interactions that can implement
universal quantum computation are easily found in this case, the qubit-qubit model
is now studied as an interesting special case. The ¢} phase-function parameter in
the interaction gate, E,.(v,w,?), is superfluous in this case, and without loss of

generality, the interaction may take the form

Eor(v,w) = Hyvy - CZ - wy, (7.24)

5This is because if wv is diagonal then v(q)v(¢)) = vR(27qd/ds)wvR(2mq'd/ds)w =
vR(27q¢'9/da)wvR(2mq¥/da)w = v(q )v(q).
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as can be obtained via considering Equation 7.11 when both systems are qubits. For

clarity, the decomposition of this interaction into local and non-local parts can be

I
-

The two implementable local gates, that can be obtained by preparing an ancilla in

summarised by the circuit

the state |0) or |1), are v(0) = vw and v(1) = vZw, respectively. The entangling
gate implemented via the methods given above is now locally equivalent to cz. In
particular, it is the gate G(v,w) =v® v - CZ - W ® w.

Specific choices of the gate parameters v and w are now given that result in
v(0) and v(1) forming a universal set for single qubit gates. This then confirms
that this model, using only the fixed interaction gate and ancillas prepared in the
computational basis, can implement universal quantum computation on the register.

Let p(¢) be the single-qubit operator defined by the action

p(9)lg) = sin@lg + 1) + (=1)? cos ¢[q), (7.25)

or written as a matrix in the computational basis, it is given by

p(o) = (Cow o ) : (7.26)

sin¢g —cos¢

Now, taking v = p(7/8) and w = p(7/8)R(0), it is straight-forward to show that then
v(0) = R(A) and v(1) = HR(A), where R(f) is the ordinary integer-parameterised
rotation gate R(A)|q) = €'?|q). This pair of gates form a universal single-qubit set
if # is a generic rotation angle and also for a range of more specific choices, such
as if 6 = w/4n for any non-zero integer n. In particular, the n = 1 case gives
R(m/4) =T, hence v(0) = T and v(1) = HT. The universality of this set follows
from the well-known universality of T and H [Boykin et al. (2000)], as T7 = T and
so v(1)v(0)" = H.

In order to implement the entangling gate protocol of Equation 7.5, it is necessary
to be able to implement wfv’ = v(0)T gates on register qubits. With the H and
T-based choice for the interaction gate given above, then v(0)" = v/(0)7 and so v(0)T
can be implemented exactly on a register qubit using seven ancillas, initialised to the
state |0), which each interact once with the register qubit. Therefore, the entangling
gate protocol of Equation 7.5, in this case, uses a total of fifteen ancillas prepared in

the state |0): fourteen to apply v(0)! gates on the two register qubits, in addition to
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the ‘entangling’ ancilla that directly mediates the gate.” As such, it is clear that the
overhead in terms of the number of ancillas and gates consumed to implement each
entangling gate is fairly low with this choice for the interaction. It also then follows
that the overhead to simulate gates from the set {CNOT, H, T’} on the register, which

is commonly used in algorithm decompositions, is similarly low.

7.3.3 Universality beyond the qubit-qubit model

It has now been shown that universal quantum computation can be obtained in this
‘minimal control’ model in the case of a qubit-qubit quantum computer, and that
in this case there are a range of values that the parameters in the interaction gate
may take. The case of more general QVs is now briefly considered. To begin, still
restrict the register to consist of qubits, but consider the case when the ancillas may
be general qudits or QCVs. The local gate that may be obtained by initialising
an ancilla to |¢) is in this case of the form v(q) = vR(2mqf/d,)w where 6 € Sy,
as can be confirmed from Equation 7.14.° It is not hard to find choices for the
parameters u, v and 6 such that this set of v(q) gates with ¢ € Sy, are universal for
single-qubit gates. For example, letting § = 1, in the case of QCV or even-dimension
qudit ancillas v(0) = vw and v(d,/2) = vR(m)w = vZw, and hence any choices for
the v and w unitaries that were sufficient for universality in the qubit-qubit case
(see above), are also sufficient here. More generally, for generic gates v and w it
will follow that v(0) = vw is a rotation by an irrational multiple of 7 around some
Bloch sphere axis and v(1) = vR(27/d,)w is a rotation by an irrational multiple of
7 around some different Bloch sphere axis (i.e., it is not parallel to the axis that vw
is a rotation around), and this is all that is required for two single-qubit gates to be
a universal set for single-qubit unitaries [Nielsen and Chuang (2010)].

Moving beyond the case of a register of qubits, it is not so simple to find specific
choices for the gate parameters v, w and ¢, for which it is straight-forward to verify
that 8, 4,9 = {v(q) = vR(2mq¥/ds)w | ¢ € Sq, } is a universal single-QV gate set. In
the case of a register of qudits and ancillas of any dimension, it seems reasonably
likely to me that values for these parameters may always be found that are sufficient
for universality. More specifically, it seems likely that the set will be universal for
randomly chosen v and w, with an explicit proof of this possibly obtainable based
on the work of Lloyd (1995). To conclude this section, a specific construction is

given that guarantees universality when the register consists of qudits of any prime

"This may be reduced to eight ancillas if the local v(0)! gate is only applied to the second
register qubit, which is all that is actually necessary.

8In general, the gate v(q) is of the form v(q) = vR(2rqd¥/d,)w where ¥ : S4 — Sq,. Because
the 9¥(0) phase may be always set to zero, as this is only fixing the global phase, when the register
systems are qubits this gate may be written as v(q) = vR(2mq¢f/d.)w where R(:) is now the scalar-
parameterised rotation gate, and 6 € Sq,,.
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dimension, with ancillas of any dimension d, = nd for integer n > 2. Let ¥ be given
by 9(q) = q(q + 1)/2 modulo d,, and let v = F and w = I. Then v(q) = FPn and
so ¥(0) = F and v(n) = FP. These two gates generate the single-qudit Clifford
group in prime dimensions (see Section 2.4). Now v(1) = F P and if n > 2, as
guaranteed by the condition on the dimension of the ancillas, this is not a Clifford
gate. Hence, this set is universal for single-qudit gates as any non-Clifford unitary
along with the generators of the one-qudit Clifford group is a universal single-qudit
gate set in prime dimensions [Campbell et al. (2012); Nebe et al. (2001, 2006)]. This
gate set, and the relation between the ancillary and register dimensions, is rather
contrived. As such, if this model was to be of further interest in the non-binary case
then it would be important to investigate further parameter choices that allow for
universal quantum computation. Finally, note that the case of a register of QCVs
has not been considered here, which is because the models in this chapter are not

particular well-suited to QCVs.

7.4 Measurements for stochastic quantum computation

The ‘minimal control’ model presented in the previous section is appealing from a
physical perspective as it may deterministically implement universal quantum com-
putation on a register via only a single fixed gate and ancillas prepared in the compu-
tational basis. However, there are two less convenient features of the model: firstly,
it requires many ancillas to implement a single entangling gate, and secondly, it can-
not implement entangling gates on the register in a sequential fashion - it requires
two interactions between the ‘entangling’ ancilla and each register QV to implement
an entangling gate on the register (see Equation 7.5). In some circumstances it may
be highly preferable to implement entangling gates in a sequential fashion, that is,
using only one interaction with the ancilla per register QV, and as this is impossible
with unitary dynamics [Lamata et al. (2008)], in order to achieve this measurements
of the ancillas are required. The natural adaption of the constraints of ‘minimal
control’ ancilla-based quantum computation (see the beginning of Section 7.2) to
a measurement-based model is to consider a quantum computer restricted to using
only a single fixed ancilla-register interaction, ancillas prepared in a single state and
single-party measurements on the ancillas of a fized operator. In the following, the
model introduced in Section 7.3 is adapted to this measurement-based setting. In
advance, it is noted that this model will have certain unappealing features which are
unavoidable in a model of this sort, including being universal only in a stochastic
sense, which, in my opinion, make it unlikely to be of any practical use. However, it
is interesting as a conceptual link between the model of Section 7.3 and the ADQC

model of Chapter 6, and also links the work herein to the (qubit-based) models of
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Halil-Shah and Oi (2013, 2014), which were developed in parallel to the work here.

7.4.1 The phase basis

For the following, it is necessary to first introduce what I will call the ‘phase basis’.

Define the phase basis by
By :={|xq) == PF|q) | ¢ € Sq}, (7.27)

where P is the phase gate gate first defined in Equation 2.49 (with the parameter
p = 1). The action of a general Pauli operators on this basis is shown in Appendix H
to be

w2 X (a)Z (b)) Xg) = wlEFala—ea))/2=a(btq)) X gib—a); (7.28)

where a,b € Sy, and the reader is reminded that g5 = 1 for odd dimension qudits
and o4 = 0 otherwise. As an interesting aside, note that |x,) is the eigenstate of

the (generalised) Pauli Y operator, defined by
Y = wted2x 7, (7.29)

with eigenvalue w™?, where for qubits the Y operator is the standard Pauli operator
Y = i(]1)(0] — [0)(1]). A measurement in either the computational, conjugate or
phase bases of a QV that is in a basis state of one of the other two bases reveals no

information about which basis state the QV was in before the measurement. This

is because
wqq/ q
_ —4(q+oq)
<Q|Xq’> = \fw 2 ) (7.30)
d
wqql q d (o d—og4
(+qlxg) = = wsleea) =5 (e Hea) 5 (7.31)

Vd
and we have already seen that <q[—|—q/> = w1 /d. These equations are derived in
Appendix H using generalised Gauss sums and integrals.
7.4.2 A stochastic minimal model

There is a natural symmetry between state preparation and projective measurements
which may be used to easily transform the model presented in Section 7.3 into a
measurement-based model which requires only sequential interactions and only a
single ancilla to implement an entangling gate. Specifically, consider a model in

which the following fixed operations are available:

1. The fixed interaction gate E,.(v,w,1), as defined in Equation 7.11, where u,
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v and ¢ are fixed, but yet to be specified.

2. Measurements of ancillas of the fixed operator: & (i.e., computational basis

measurements).
3. Ancillas prepared in the single state: |1)) = F|Xg).

Sequential interactions of an ancilla with two register QVs and followed by a
measurement of £ on the ancilla may implement an entangling gate. Specifically,
the gate implemented is

<m|EasEarW0> o

| Fas Barlio)] 770 0m) - G0 0), (7:32)

where G(v,w,?) is the entangling gate defined in Equation 7.15, and v'(m) and

v”(m) are the measurement-outcome dependent gates

v'(m) = vR(=2mmd/d, v, (7.33)
v"(m) = vR(2mmI/dy) R(—m9 (0 + 04,)/da)v’. (7.34)

Hence, up to measurement-induced ‘errors’ this is exactly the same gate as obtained
via the globally unitary sequence of Equation 7.5.° The substantially advantages of
this gate method are that it requires only a single ancilla and a minimal number
of applications of the interaction gate. It is not immediately obvious why Equa-
tion 7.32 holds, however, the intuitive reason is that the interaction gates permute
the phase-basis state of the ancilla dependent on the state of the two register QVs
(see Equation 7.28), encoding this information into the ancilla. The measurement
induced phase is then dependent on this global property of the two QVs (see Equa-
tion 7.30), which therefore is equivalent to implementing an entangling gate on the
two register QVs.! A formal derivation of Equation 7.32 is included in Appendix J.

This measurement-based gate may be summarised by the circuit diagram
] o' (m) —
G(v,w,9)
— U”(m)

|tho) —o—0— & )= m

An initialised ancilla that interacts with a register QV and is then measured,

9In this model, it is perhaps a misnomer to term the local m-dependent gate ‘errors’, as will be
seen below.

19Ty some ways this is quite different to the entangling gate in ADQC, in which the measurement-
induced phase only creates the local error - see the discussion below Equation 6.6.
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implements the single-QV gate

<m|Ea7"WO>

m = 0R (—2mn/d,) w =: pu(m), (7.35)

for measurement outcome m € S;,, where o = vR(w0 (9 — g4,) /da). The derivation
is simple, but is included in Appendix J for completeness. This gate method may

be summarised by the circuit diagram

) —o p(m)|)
o) —o m

The gate implemented here, u(m), is essential the same as that implemented in
the global unitary model (see Equation 7.12) - and by a simple mapping in the
interaction gate parameters they are identical - but with the crucial difference that
now the gate that is implemented is random as it is controlled by the measurement
outcome, rather than being deterministically fixed by the state the ancilla is prepared
in. As the local gate sets are essentially the same, the universality discussions of
Sections 7.3.2 and 7.3.3 also apply here and any set of parameters that provide
universality for the globally unitary model can be mapped onto a set of parameters
for which 8, y = {u(m) | m € S4,} is a universal single-QV gate set.

The gate methods given in this section, for suitable choices of the interaction
parameters, allow for an entangling gate to be deterministically implemented on
the register, up to measurement-outcome dependent local gates, and gates from a
universal single-QV set to be stochastically applied to the register. In other words,
when applying a local gate, which gate from the available set is actually implemented
is entirely random and fixed by the measurement outcome - which is known after the
measurement, but which cannot be predetermined. Hence, this scheme (assuming
a universal gate set) can then implement universal quantum computation stochasti-
cally, in the sense that each single-QV gate in a gate sequence can be implemented
to a given desired accuracy with a stochastic sequence of gates of indeterminate
length and entangling gates can be deterministically applied. This is a form of what
is called repeat-until-success (RUS) gate implementation [Bocharov et al. (2015);
Halil-Shah and Oi (2013, 2014); Lim et al. (2005); Paetznick and Svore (2014)] but
unlike in certain scenarios (i.e., see Bocharov et al. (2015); Paetznick and Svore
(2014) where RUS techniques are used to achieve low-gate counts), in this case, the
probabilistic nature of the gate implementation clearly creates a potentially massive
gate-count (and depth) overhead, which is highly undesirable. This overhead has

been considered elsewhere for a similar model with qubits, proposed by Halil-Shah
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and Oi (2013, 2014)!, and is discussed no further here beyond noting that even
for qubits it appears that the gate-count to achieve a target unitary via a random
walk can be massive [Halil-Shah and Oi (2013)]. Hence, although this measurement-
based model is interesting as it provides a conceptual link between the ADQC model
of Chapter 6 and the globally unitary ‘minimal control’ model of Section 7.3, and
also because it highlights the crucial role that variable-basis measurement play in
ADQC, it does not appear to be a sensible model to pursue in practice. As such, it

is investigated no further here.

7.5 The swap-gate minimal control model

In this section we return to the globally unitary setting of the constraints of ‘minimal
control’, as outlined in the introduction to this chapter, and an alternative model
that fits into this paradigm is presented which in many respects improves on that
introduced in Section 7.3. In particular, it will require only a single ancilla to
mediate an entangling gate on two register QVs, and that gate will require only
three applications of the fixed ancilla-register interaction gate - which is the minimal
possible with unitary dynamics [Lamata et al. (2008)]. The cost of the simplicity
of this model is that it requires the ancillary and register systems to have the same
dimension (denoted d), as will be assumed from now on in this section. This is
because it is based on the SWAP gate. It should be noted that the following model
can be understood as a simple extension of the globally unitary model presented
in Section 6.4.3, but that model required local controls (in particular, local unitary
gates) on the ancillas which will now no-longer be necessary.

Consider a fixed ancilla-register interaction of the form
Eor(u,¢) := ug - SWAP - Dyo(6), (7.36)

with some u € U(d) and some two-parameter function ¢ : S3 — R, which for now
are left unspecified in the interests of flexibility. Note that the ordering of the r
and a labels on the D(¢) gate is relevant as it is not in general symmetric (this has
already been discussed in Section 6.4.3). To be clear, this notation is used to mean
that

0),10)a 225 409 g), Ig), (7.37)

that is, the first (second) label denotes the first (second) variable of ¢. Consider

now a quantum computer which only has access to:

1The qubit-qubit case of the model in this section has many features in common with that in
Halil-Shah and O1i (2014). There are also certain differences, but the essential concept of the models
is the same.
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1. The fixed interaction gate E‘ar(u, ¢), which may be applied to any ancilla-

register pair, where u and ¢ are fixed, but yet to be specified.
2. Ancillas prepared in the computational basis, B.

It is straight-forward to confirm that the fixed interaction gate, when either the

ancilla or the register QV is in a computational basis state, implements the mappings

) @ lg) 2, 10 © uR(6(- ) ). (7.38)

1) ® [8) 2D, Ro(g, ) [6) @ ula), (7.39)

where ¢(-, q) and ¢(g, -) are the one-parameter phase-functions obtained from ¢ with
the first and second variables fixed to ¢, respectively. Therefore, if either QV is in
a computational basis state then the gate acts as a SWAP along with local gates.
Hence, an entangling gate may be implemented on a register QV pair using only
three interactions and an ancilla prepared in any computational basis state. In
particular, it is simple to confirm that

> EGTEGSEQT
ey

W))Ts ® ’0 WTS(“? ¢)’w>rs ® u|0>7 (740)

where W,s(u, ¢) is the (in general) entangling gate

Wis(u, @) = R (¢(0,)) - Ers(u, @) - ur By (¢(+, 0)). (7.41)

The W,s(u, ¢) gate is an entangling gate except for special choices of ¢ - it may be
easily confirmed that it is entangling if there is some ¢, ¢ € Sy such that

?(¢.9) + (¢, d") — d(a.¢') — ¢(¢', ) mod 27 # 0, (7.42)

which is generically true. This entangling gate implementation method may be

summarised by the circuit diagram

| | W (u, )

10) ‘ ul0) 10) [u] ul0)

where, as in the previous sections of this chapter, two quantum wires connected via
a line and two ‘o’ symbols are used to denote the fixed interaction gate, which is
now Ear(u, ®). Note that this is essentially the same as the two-QV entangling gate
method of Section 6.4.3, and in particular Figure 6.5.
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It is now shown how a set of local gates can be implemented in this model via
preparing ancillas in different states from the computational basis. In Section 7.2,
general forms for interactions that were potentially suitable for ‘minimal control’
ancilla-based quantum computation were given - and in particular, it was suggested
that some integer power of the interaction should be of the form [, - C¢[v] where
v :Sq, = U(d) (see Equation 7.8). Such interactions may then be used in an obvious
manner to implement local gates on the register: preparing the ancilla in |g) can be
used to implement v(q), as summarised in Equation 7.9. Here, this interaction is

indeed of this form - it is easily confirmed that
E2 (u,¢) = uq - C2[s4.0], (7.43)
where s, 4 : Sq = U(d) is given by

su,6(q) = R(d(q,))uR($(-, q))- (7.44)

Hence, two interactions of an ancilla prepared in the state |¢) with a single register

QV may implement the gate s(q), as clearly

) ® lg) 2oy 5(g)]) @ ulg). (7.45)

This gate may be summarised in the circuit diagram

|¥) 0 ‘ s(q)[¢) (7.46)

|9) o ulq)

Note that the price of using a swap-based interaction is that two gates are required
to implement the local unitaries - which is because the quantum information must
be swapped back into the register. This is contrast to the single application of the
(different) fixed interaction required in Section 7.3.

The two gate methods given in this section allow the deterministic implementa-

tion of the gate set
SSC = {W(ua QS)’ 3u,¢(Q) | q € Sd}7 (747)

on any register QVs. This gate set is sufficient for universal quantum computation
if the single-QV gates in the set are a universal set of single-QV gates, although
this is not required for universality. Clearly, it is important to investigate whether
there are choices of the interaction gate parameters, v and ¢, that are sufficient for
universal quantum computation. Because the qubit-qubit model is the simplest case,

and because it is probably of most practical relevance, this special case is considered
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first in Section 7.5.1, before the more general QV case is covered in Section 7.5.2.
However, before turning to this, one final issue is considered - how the results of
the computation may be read-out from the register at the end of the computation if
measurements can only be performed on the ancillas. There is a very simple method
to achieve this: The computation is altered so that instead of the intended global
unitary, an additional R(—¢(-,q))u' gate is applied to each of the QVs which are to
be measured. A QV is then read-out by interacting it once with an ancilla which
is then measured. Clearly, as this swaps the QVs and applies a uR(¢(+,q)) gate,
the measurement of the ancilla is identical to a direct measurement of the register
QV without the unwanted additional R(—¢(-,q))u' gate, which is the intended final
state of this QV.

7.5.1 The qubit-qubit model

Consider the qubit sub-case of the model introduced in this section. Let ¢g be the
two-parameter phase-function given by ¢y(q,¢") = ¢¢'6 for some 6 € R. A simple
example of a specific form for the ancilla-register interaction, Ear(u, ®), such that
s(0) and s(1) form a universal set for single-qubit gates, is given by taking u = H,
and ¢ = ¢ /4. The fixed interaction then takes the form

Eur (H,¢r/4) = Hy - SWAP - CT, (7.48)

and hence s(0) = H and s(1) = THT (from Equation 7.44). A proof of the uni-
versality of the set {H,THT} for single-qubit gates is included as Appendix I. The
entangling gate induced on a pair of register qubits in this model will then have the

specific form

Wiys (H, ¢rsa) = Hy - sWAP - CT - H,., (7.49)
and this can easily simulate CNOT with four applications of this gate as

Wys (H, ¢n4)" = CNOT. (7.50)

Moreover, with this particular interaction, any quantum computation can still be
implemented even if only ancillas prepared in the single state |0) are available. This
is because, with ancillas prepared in |0), the gates s(0) = H and W, (H, <z§,r/4) may

be implemented on the register, and
5:(0) - Wy (H, ¢774)” - 5,(0) = CP, (7.51)

as H?> = T and W,s(H, ¢,r/4)2 = H, - CP - H,, which follows because P = T2
Therefore the gates H and CP can be implemented on any register qubit using only

184



7.5 The swap-gate minimal control model

ancillas prepared in |0), and this pair of gates has been shown to be sufficient for
universal quantum computation by Kitaev (1997).12

Beyond this specific T-based gate, other suitable interactions to achieve univer-
sality in this model include E,, (H, ¢g) for generic values of §, which follows because
the set {H, R(#)HR(#)} is a universal single-qubit set for such 6 - as is discussed
briefly in Appendix I. Furthermore, with more general interactions of this sort, simu-
lating CNOT is still straight-forward and requires a low gate-count overhead: suitable
gate sequences for obtaining CNOT gates from any two-qubit entangling gate can be
found using the method of Bremner et al. (2002).

7.5.2 Universality beyond the qubit-qubit model

It has now been confirmed that the swap-based ‘minimal control’ model proposed
in this section can implement any quantum computation on the register in the
qubit sub-case, and hence the case of d-dimensional qudits for arbitrary d is now
considered. It seems highly likely that generic choices for the parameters u and ¢
will be sufficient for universality for all dimensions of qudit, and again it may be
possible to confirm this using the work of Lloyd (1995). However, in the interests
of completeness and to confirm that this model can implement universal quantum
computation regardless of whether this conjecture is correct, a more specific choice
for the interaction parameters is now given which it can be explicitly shown are
sufficient for universal quantum computation.

Let u = F and consider the case when ¢ is any two-parameter phase function such
that ¢(q,q") = 0 for all q,¢" € Z(d) except when ¢’ = d—1, in which case ¢(q,d—1) =
0, with 6, randomly (and independently) sampled from R for all non-zero ¢ € Z(d)
and 0y = 0. Because the local gate that is implemented by initialising the ancilla to
lg), and applying the procedure of Equation 7.46, is s, 4(q) = R(¢(q, ) uR(¢(-,q)),
it follows that by preparing an ancilla in the state |0) then s(0) = F' can be applied to
the register. It is therefore also possible to implement the gates s(q)s(0)% = R(#(q, -))
for 0 < ¢ < d—1. Because ¢(q,q') = 0, for ¢ = d—1, and ¢(q, ¢') = 0 otherwise, then
this gives a method for implementing a gate which applies no phase to all the basis
states except the |d — 1) basis state, for which it applies a ‘generic’ phase (which
is different for each ¢). Because these phases are generic, it is therefore possible to
approximate any gate which applies only a phase to this last basis state to arbitrary
accuracy. Now, s(d—1) = R(¢(d—1,-))FR(¢(-,d—1)), and R(¢(d—1,-)) is a gate
which applies only a phase to the last basis state. Because with s(q) gates with
qg=0,...,d—2, the gate R(—¢(d —1,-)) can be implemented to arbitrary accuracy
and s(0)3 = FT, it is possible to obtain the gate s'(d — 1) = R(¢(-,d — 1)) from

12The exact sense in which this set is universal is stated clearly by Aharonov (2003).
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the available set. Now, ¢(-,d — 1) is a generic phase function'?, as implied by the
conditions on ¢ given above, and as a rotation gate with a generic phase function
in combination with the F' gate (obtained as s(0)) is a universal set of single-qudit
gates, as shown in Appendix G, this confirms the universality of the available gate
set with an interaction gate of this form.

The construction given above may seem rather contrived, however it represents a
physically sensible gate - a D, (¢) gate with ¢ as described above is a gate which im-
plements phases on the register qudit only if the ancilla qudit is in the state |d — 1).
However, if the model proposed in this section were to be of further interest outside
the qubit-based setting, it would be important to undertake a more thorough inves-
tigation of which parameter choices in the interaction are sufficient for universality.
Finally, note that universality in the QCV model has not been investigated as it
does not seem likely that this model will be of practical interest in this case. One
reason for this is that Gaussian (i.e., Clifford) operations are generally much simpler
to implement than non-Gaussian operations in the most promising QCV setting of
optics (e.g., a Gaussian entangling gate can be achieved via a beam-splitter). Hence,
in this setting it makes more sense to consider a Gaussian computer aided by some
non-Gaussian operator used as sparingly as possible and this does not fit into the
paradigm considered here, whereby a quantum computer is based entirely on a single

gate which must be non-Gaussian to achieve universality.

7.6 Physical implementation

The models proposed in this chapter are physically motived, and hence it is useful
to briefly consider candidate physical systems in which they may be of interest, and
Hamiltonians with which appropriate interaction gates may be generated. Consider
first the model of Section 7.3, which is based on interactions that were formed from
‘generalised control gates’. In particular, the interaction was a simple extension
of a controlled Pauli Z(q) gate, and in the most physically relevant case of qubits
it reduced to an interaction that is locally equivalent to ¢z (see Section 7.3.2).
Generating controlled Pauli operators has been considered in detail in Section 5.5,
in the context of the geometric phase gates, and these discussions largely carry over
to this model. For this reason, and because the swap-based model of Section 7.5
has significant advantages, physical implementation of the ‘minimal control’ model
of Section 7.3 is considered no further here.

The swap-based model of Section 7.5 is now considered, with the focus on the

case of qubits, as this is likely to be of most practical relevance. The two-qubit

13Note that, although here the ¢(0,d — 1) = 0, i.e., only the other d — 1 values of ¢(-,d — 1) are
‘generic’, this is irrelevant as this may be considered to be fixing the global phase of the rotation
gate.
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Hamiltonian

A~

Ho, ) =r(X@X+Y@Y)+(r—02Z 7 (7.52)

naturally arises in spin systems [Doherty and Wardrop (2013)], and certain spin
systems are potentially relevant to ancilla-based gate methods. For example, nuclear
spins in diamond exhibit particularly long coherence times [Neumann et al. (2010,
2008)] as they are well isolated, and they may be interfaced via ancillary electronic
spins in nitrogen-vacancy (NV) defects [Robledo et al. (2011); Taminiau et al. (2014);

faldherr et al. (2014)]. Denoting U(H,t) = exp(—iHt), a direct Eigen-system

calculation may be used to confirm that
U(Hyy,(0),1/4) = R(—0/2) ® R(—0/2) - swap - CR(6). (7.53)

The unitary U(H.s(6),1/4) followed by the fixed local gate v’ = R(0/2)uR(6/2) on
the ancilla is an appropriate interaction for the qubit case of the swap-based model
of Section 7.5 (with certain values of the parameters u and ). In particular, it is
straightforward to show that, with this interaction gate, the single-qubit gate set
which can then be implemented on the register by ancilla preparation consists of
s(0) = w and s(1) = R(A)uR(#), which is universal for a range of u and 6 (see
the discussions of Section 7.5.1 and 7.5.2), e.g., u = H and generic 6, or § = 7/4.
Note that although this interaction is not simply generated by evolving the ancilla
and register qubit via H vz (@), as it also requires the implementation of a local
unitary on the ancilla, this is a fized gate on the ancilla after every ancilla-register
interaction via H vz (@), and hence this can be a fixed element in an experimental
setup or incorporated into the free evolution of the ancilla between interactions. For
example, if the ancillary qubit is photonic the local operation can potentially be
performed by fixed linear optics after each ancilla-register interaction. Given that
ancillary photons have been used to mediate gates in many experimental setups,
for example with atomic [Reiserer et al. (2014); Tiecke et al. (2014)] or spin [Carter
et al. (2013); Luxmoore et al. (2013)] qubits, this setting is highly relevant to models
of this sort.

Although in some physical settings, such as the photonic case discussed above,
the fixed local operation on the ancillary qubits after each interaction via H,.,.,(6)
may be convenient or natural, in other cases it may be problematic or it may negate
the benefits of the ‘minimal control’ models introduced in this chapter. However,
it is also obviously possible to find Hamiltonians that directly implement suitable
interactions for either of the models proposed in this chapter (including in the qu-
dit case), and this can be achieved via a direct brute-force diagonalisation of any

given suitable interaction unitary. Alternatively, an evolution via the Hamiltonian
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H vz (@), for 6 # 0 modulo 27, generates unitaries that are directly suitable for
implementing the globally-unitary swap-based model of Section 6.4.3, which relied
on the application of local unitary gates on the ancillas to achieve universality. Fi-
nally, it is noted that H,, (), which is known as the two-qubit XY exchange

Hamiltonian, generates the maximally entangling unitary
U(H,, ,(7),1/4) = P @ P'.swap - cz. (7.54)

This gate can still be used for the fixed interaction in the globally unitary model of
Section 6.4.3, but it is also locally equivalent to the swap-based interaction suitable
for implementing ancilla-driven quantum computation (see Section 6.4.2), with this
model relevant in settings where variable-basis measurements of the ancillas are

available (e.g., this is potentially possible in optics).

7.7 Conclusions

In this chapter ancilla-based models of computation have been proposed in which
universal quantum computation on a register is implemented using only a single fixed
ancilla-register interaction and ancillas prepared in the computational basis. These
models may be naturally termed minimal control ancilla-based quantum computers
as they require both a minimal level of access to the computational register, which
can hence be optimised for long coherence times, and highly limited control over
the ancillas, which may be optimised for a single high-quality interaction with the
register systems.

In the first part of this chapter, a minimal control model has been presented
which employs an interaction based on a ‘generalised control gate’. Interestingly,
the gate methods in this model are closely related to both the geometric phase gates
of Chapter 5 and those of the measurement-based ancilla-driven quantum computer,
as investigated in Chapter 6. Although this model has the advantages of ‘minimal
control’, as outlined above, it has the serious disadvantage that it requires many
ancillas and many applications of the ancilla-register interaction gate to implement
a single entangling gate on a pair of register QVs. This is a particularly unde-
sirable complication from a physical perspective. One method for removing the
necessity for these additional ancillas, whilst still considering quantum computation
with highly limited controls, is to adapt the model to allow measurements on the
ancillas of a fized operator whilst also constraining the preparation of ancillas to a
singe state. However, quantum computation in this fashion results in a model that
is unavoidably stochastic in nature, in the sense that gates from the universal set

can only be implemented randomly, with the exact gate implemented dependent on
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each measurement outcome. To implement a given quantum computation requires
gate sequences of an indeterminate length. A model of this sort has been proposed
elsewhere (for qubits) by Halil-Shah and Oi (2014) and the stochastic nature of the
computation results in a gate-count overhead [Halil-Shah and Oi (2013)], which is
in my opinion highly unappealing from a practical perspective.

Hence, in the latter part of this chapter a second ‘minimal control’ model was
developed which uses a swap-based fixed interaction (and is globally unitary). This
model requires only a single ancilla, and three applications of the fixed interaction
gate, to implement an entangling gate on any pair of register qubits, which is a
minimal use of resources in any ancilla-based and globally unitary scheme [Lamata
et al. (2008)]. Furthermore, in the qubit sub-case it was shown that, for certain
fixed interaction gates, any quantum computation can be implemented on the reg-
ister even if the ancillas can only be prepared in a single fized state, which it can
be argued is a completely minimal scheme for universal ancilla-based computation.
Hence, this swap-based model is highly appealing from both a physical and the-
oretical perspective. In the penultimate section of this chapter, the prospects for
physically implementing the models proposed in this chapter were considered. The
general setting in which these minimal control models have the potential to be of
particular relevance is when limited controls are available over both the register and
ancillary systems, for example, the low-control setting of either qubit or qudit scat-
ting interactions [Ciccarello et al. (2008)]. A more detailed study of physical systems
which might be particularly well suited to the models proposed in this chapter would
be an interesting topic for future work.

The models proposed in this chapter provide a method for realising quantum
computation on a well-isolated register with a practical and simple scheme. In
particular, they allow the optimisation of the physical systems entirely for coherence
times and the high fidelity implementation of a single gate. Finally, these models
shed a fresh light on the minimal controls that are required for a universal quantum
computer and they show that such a device need only have access to a single fixed
ancilla-register gate, with the computation to be implemented controlled by choosing

the initial states of the ancillas.
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Chapter 8

Conclusions

Quantum computers hold the potential to solve problems that are believed to be
classically intractable [Aaronson and Arkhipov (2011); Shor (1994, 1997)] and there
are a range of important tasks that are expected to be amenable to a quantum-
enhanced speed-up, from integer-factoring [Shor (1994, 1997)] and related tasks, to
machine-learning [Schuld et al. (2015)], database searching [Grover (1996)] and sim-
ulation of quantum systems [Brown et al. (2010)]. The simplest basic element that a
quantum computer may be constructed from is the 2-level qubit. However, there is
no a priori reason that quantum computation should be formulated with two-level
quantum systems, and they may instead employ d-level qudits or quantum continu-
ous variables (QCVs). Indeed, as has been covered in detail in Chapter 1, there are
good reasons for considering these more general quantum variables (QVs), ranging
from the physical availability of non-binary qudits and QCVs, and the experimental
progress made in manipulating them, e.g., see Anderson et al. (2015); Chen et al.
(2014); Smith et al. (2013); Ukai et al. (2011); Yokoyama et al. (2013), to more
abstract advantages, such as improved error-correction techniques for non-binary
qudits [Andrist et al. (2015); Anwar et al. (2014); Campbell (2014); Watson et al.
(2015)].

Quantum computation with qubits is the simplest case in theory, and in many
respects it is the most advanced experimentally (e.g., see Barends et al. (2014)).
However, given that no one has yet built a useful quantum computer and that there
are certain known advantages in going beyond the qubit paradigm, it seems prudent
to keep open the option of basing such a device on something other than qubits.
With this in mind, one contribution of this thesis has been to introduce a formula-
tion of quantum computation that encompasses all types of quantum variables - i.e.,
it applies to qubits, non-binary qudits and QCVs simultaneously. This formalism,
introduced in Chapter 2 and developed throughout, may be used to succinctly derive

results that are applicable in all three settings which have largely been considered
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separately in the literature, and furthermore it may also be used to easily highlight
any differences between quantum computation with the different types of QVs. In-
deed, the utility of this dimension-independent formulation of quantum computation
has been demonstrated by Chapters 3 to 7 of this thesis, which present results that
largely apply to all types of quantum variables.

Quantum circuits and the one-way quantum computer

The quantum circuit model, in which elementary gates are directly applied to
physical QVs via Schrodinger-equation derived unitary evolution, is the most well-
known and simple model for a quantum computer. However, this requires the precise
application of one and two-body Hamiltonians on-demand to a register of QVs, each
of which must also be isolated to minimise environment-induced decoherence as much
as is necessary. These technical challenges motivate the exploration of alternative
paradigms for quantum computation. One such alternative that has been studied in
this thesis is the one-way quantum computer (1IWQC), introduced by Raussendorf
and Briegel (2001) in the case of qubits, and extended to qudits and QCVs by Zhou
et al. (2003) and Menicucci et al. (2006) respectively. In the 1IWQC, the unitary
gates of a computation are carried out on a logical level using local (i.e., single-QV)
measurements on a prepared entangled state. As such, this model is very promising
from a physical perspective, as creating large entangled states is potentially much
easier than applying entangling gates on-demand, with this point of view backed-up
by impressive experimental progress in implementing this model [Bell et al. (2014);
Chen et al. (2007, 2014); Lanyon et al. (2013); Su et al. (2013); Tame et al. (2014);
Ukai et al. (2011); Yokoyama et al. (2013)].

The properties of qubit-based 1WQC have been extensively investigated, for ex-
ample, see Anders and Browne (2009); Broadbent and Kashefi (2009); Browne et al.
(2007, 2011); Danos et al. (2007, 2009); Duncan and Perdrix (2010); Raussendorf
et al. (2003). However, there is much less known about this model in the more
general case of qudits or QCVs, and this has been addressed in Chapter 4 of this
thesis, using the setting of general QVs. In order to study the properties of the
1WQC with general QVs, and in particular to compare it to quantum circuits, it is
clear that an understanding of qudit and QCV quantum circuits is required. To my
knowledge, the relevant circuits have not been studied in the literature, and hence,

the necessary general QV quantum circuits were first investigated in Chapter 3.

In Chapter 3, two classes of the quantum circuit model were defined and in-
vestigated: standard quantum circuits and unbounded fan-out circuits. ‘Standard
quantum circuits’ are those in which only bounded-input-size gates may be applied
in a unit of depth (a proxy for time), which is in contrast to ‘unbounded fan-out cir-

cuits’, which allow QVs to be ‘quantum-copied’ into any number of auxiliary QVs in
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a unit of depth. More precisely, ‘unbounded fan-out circuits’ have access to FANOUT

gates for unbounded input size, where this gate maps computational basis states as

FANOUT

lg) @la1)lg2) - - - lgn) —— @) @ g1 + @la2 + @) - - - |gn + @), (8.1)

and by ‘unbounded input size’ it is meant that the number of input QVs to the gate,
n + 1, may be as large as the number of QVs in the quantum circuit. This gate
facilitates ‘quantum copying’ of a logical QV into any number of auxiliary QVs, as

the above relation implies that

Zaq!q ) ©10)]0)...10) == Y agla) ® [a)la) .- ). (8.2)

q

Given that this delocalises the quantum information in one QV over many QVs, it
should perhaps not be surprising that ‘unbounded fan-out circuits’ are fundamentally
more powerful for constant depth parallel computations than the more physically

well-motivated ‘standard quantum circuits’.

To be more specific, I have shown that unbounded fan-out gates can be used
for constant depth implementations of certain commuting circuits and any n-QV
Clifford gate.! Furthermore, this is a fundamental improvement on what can be
achieved with ‘standard quantum circuits’, as it was shown that simulating the
unbounded fan-out gate with bounded input-size gates requires logarithmic depth.
For the qubit sub-case, logarithmic and constant depth unbounded fan-out circuits
have been previously investigated in detail by Hgyer and Spalek (2003, 2005) and
others, see e.g., Moore and Nilsson (2001); Takahashi and Tani (2013); Takahashi
et al. (2010). Interestingly, there are a range of logarithmic and constant depth qubit
unbounded fan-out circuits that are not included as a sub-case of any of the general
QV results I have presented herein. For example, for qubits, there is a constant depth
unbounded fan-out circuit that can approximate the quantum Fourier transform
(QFT) [Hoyer and Spalek (2005)]. Because the QFT is an important component
in many quantum algorithms, in future work it would be interesting to consider
whether this result can be extended to the QFT on a qudit register, particularly as
Parasa and Perkowski (2011, 2012) have shown that the qudit QFT circuit has a

range of advantages over the binary version.

The investigations into the properties of quantum circuits with general QVs,
presented in Chapter 3, laid the necessary foundations for a full comparison of
the computational depth properties of the quantum circuit model and the general
QV 1WQC, which was then undertaken in Chapter 4. In the first parts of this

chapter a measurement pattern formulation of the IWQC was given which includes

'Modulo certain complications in the QCV case.
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and goes beyond the ‘cluster state’ paradigm [Menicucci et al. (2006); Zhou et al.
(2003)], in which computations are implemented via measurements on a pre-prepared
entangled state. These highly flexible ‘measurement patterns’ are well-suited to
a comparison with the gate model, and using this construction a computational
depth reduction protocol was then developed, extending the qubit-based work of
Danos et al. (2007). A simple procedure for mapping between quantum circuits and
measurement patterns was then proposed, and the implication of these mappings is
that the depth complexity of the IWQC is exactly equivalent to that of unbounded
fan-out circuits. This confirms and makes precise the parallelism inherent in 1IWQC
and extends a qubit-based result of Browne et al. (2011) to the setting of more

general QVs.

One interesting consequence of these results is that it shows that the parallel
power of unbounded fan-out circuits - a model of quantum computation that is hard
to justify on physical grounds - is inherently available to the physically promising
1WQC model. The root of these computational advantages associated with 1WQC
is that the measurements in the computation allow parts of the computation to be
moved from quantum into classical processing, which in the analysis given here has
been assumed to be free. This classical side-processing of measurement outcomes
is a crucial part of the computational model. The final contribution of Chapter 4
was to briefly comment upon the role of quantum resource states in enhancing
classical processing. In particular, an extension to qudits was given of the three-
qubit GHZ state protocol for elevating a ‘parity’ computer to universal classical
processing proposed by Anders and Browne (2009). An interesting avenue for future
research would be to extend these investigations into the interplay between classical

and quantum resources in non-binary qudit IWQC.
Ancilla-based quantum computation

Instead of departing entirely from the quantum circuit model paradigm, alter-
native gate techniques can be layered on top of an underlying quantum circuit.
Minimising environment-induced decoherence of computational QVs is achieved by
choosing naturally well-isolated quantum systems (e.g., nuclear spins [Zhong et al.
(2015)]) to encode these QVs into, but the very nature of well-isolated systems is
that they are generically difficult to manipulate and it is particularly challenging to
make these systems controllable interact with one another. One practical method for
engineering interactions between well-isolated QVs is by using an ‘ancillary’ quan-
tum system to mediate the interaction, which can be chosen with optimisation of
these interactions in mind. In Chapters 5, 6 and 7 of this thesis ancilla-based gate
techniques have been developed with the formulations again designed to apply to

quantum variables of different types and, wherever possible, to include the case of
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hybrid quantum variables, whereby the dimensions of the computational and ancil-

lary systems need not match.

Although the different models and gates proposed in this thesis differ in a range
of ways, they all use essentially one of two basic techniques. The first of these is
delocalising the quantum information in a register system across that system and an
ancilla. Although it appears in various guises herein, this essentially involves entan-
gling a register QV in some arbitrary state, 45y ¢qlg), and an ancilla, initialised

to say |0), via the mapping

Y cla)lo) = Y eqladla), (8.3)

q€Sq q€Sy

which may be achieved with a (possibly hybrid) sum gate. The logical QV now
resides non-locally in both QVs and so manipulations of the ancilla will affect the
state of the logical QV and may therefore be used to entangle it with further register
QVs and perform other logical operations on it. To complete a gate of this type the
logical QV must be relocalised into the register, which could be achieved either with
unitary dynamics (e.g., here an inverse SUM gate is the appropriate gate) or with
a measurement of the ancilla in any basis which reveals no information about the

logical QV (e.g., here a conjugate basis measurement would suffice).

Instead of delocalising the quantum information stored in a register system, the
logical state of that register system, |¢), can be completely swapped into the ancillary

system. More specifically, for an ancilla in some input state |1), this is the mapping

[¥)v0) = [Yo) |4, (8.4)

which can be achieved via a SWAP gate, but also by other gates which (unlike SWAP)
can be entangling and only act identically to SWAP on the input of the fixed state
|tbo). Obviously, manipulations of the ancilla will then transform the logical |1))
state, which must then be swapped back into the register to complete the gate, via

a second SWAP or SWAP-like gate.

The first ancilla-based gate methods proposed in this thesis were the geometric
phase gates, as introduced and investigated in Chapter 5. These gates employ an
ancilla to entangle QVs in a computational register via a sequence of register-QV
controlled Pauli operators on the ancilla. Interestingly, this gate functions inde-
pendently of the input state of the ancilla, and is an adaption of the delocalisation
technique described above so as to be applicable when the ancilla is in an unknown
state - as such, the gate requires four ancilla-register interactions, which is one more
than is necessary if the ancilla can be prepared in a suitable state. The geometric

phase gate construction given herein is applicable both when the computational el-
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ements and ancillas are QVs of the same and of different types, and it should be
noted that in the particular case of computational qubits and QCV ancillas this
gate has been previously proposed by Milburn (1999); Spiller et al. (2006); Wang
and Zanardi (2002). By adapting these geometric phase gates to keep some register
systems entangled with an ancilla for extended periods of the computation, I have
shown that, when using a qudit ancilla, a range of modulo-arithmetic based gates
can be implemented on the register in a highly efficient manner in terms of gate-
count (i.e., circuit size). In particular, for the case when the computational systems
are qubits, this includes a proposal for a highly efficient and practical method for

implementing generalised Toffoli gates.

The geometric phase gates of Chapter 5 are sufficient to implement any quan-
tum computation on a register consisting of any quantum variable type when local
unitary gates on the individual ancillas and the computational QVs are available.
However, in some settings, such local gates may not be easily available and a fur-
ther disadvantage of the geometric phase gate is that it requires each computational
QV involved in a gate to interact with the ancilla more than once. This latter con-
straint may be particularly problematic in some circumstances, such as with ancillas
coupling distant QVs, e.g., photons coupling atoms in separate cavities. Hence, in
Chapter 6, a method for implementing universal quantum computation on a register
was presented which uses only a single fixed ancilla-register interaction gate along-
side variable-basis measurements of the ancillas and, furthermore, requires an ancilla
to interact only once with each QV from a pair of register QVs in order to induce
an entangling gate on them. This extends the qubit-based ancilla-driven quantum
computer (ADQC) of Anders et al. (2010) to the setting of quantum variables of
any type. This model is measurement-based, and hence clearly has many features
in common with the IWQC. The precise relationship was given in terms of a sim-
ple method for simulating a 1WQC in ADQC with no increase in computational
depth, which guarantees that ADQC may exploit the same computational advan-
tages as 1WQC, and hence the ADQC model is in some sense a hybrid between a

quantum-circuit-model computer and a 1TWQC.

The ADQC model of Chapter 6 relies on measurements of a range of local op-
erators on the ancillas and this may be highly challenging in some circumstances.
Hence, in Chapter 7, models of quantum computation were proposed which may im-
plement universal quantum computation on a well-isolated register via interactions
with ancillas prepared in the computational basis and in which the only opera-
tion used is a single fixed ancilla-register interaction gate. These may be naturally
termed minimal control ancilla-based quantum computers as they need only a min-
imal level of access to the computational register, which can hence be optimised

for long coherence times, and only highly limited controls over the ancillas, which
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may be optimised for a single high-quality interaction with the register systems.
These models are applicable to the setting of both qubits and qudits of more gen-
eral dimensions. Moreover, in the particular case of a qubit-based computer and a
swap-like fixed interaction gate, it was shown that any quantum computation can
be implemented on the register even if the ancillas can only be prepared in a single
fized state, which it can be argued is a completely minimal scheme for universal

ancilla-based quantum computation.

The analysis of the ancilla-based models proposed herein has almost exclusively
considered only the ideal case of perfect initial states, unitary controls and mea-
surements. This leaves open the important question of what effect incorporating
realistic imperfections has on the viability of each of the models. In the case of
geometric phase gates with QCV ancillas and a register of qubits, it is known that,
with an optical realisation of the ancillas, high fidelity computations can in-principle
still be achieved in the presence of moderate dissipation on the ancillas in the form
of photon losses [Louis et al. (2008)]. It seems likely that similar conclusions will
hold more generally, although the dominant decoherence mechanisms will be depend
on physical systems in question. Furthermore, such losses will have effects on the
gate-count reduction methods discussed in Chapter 5, as if multiple register QVs are
entangled with a dissipating ancilla this can induce correlated errors on the register,
which can be problematic for quantum error-correction [Terhal (2015)]. Hence, there
will be a trade-off between reducing gate counts and introducing these problematic
errors, and for the QCV-qubit ‘qubus’ case, this optimisation has been considered
by Horsman et al. (2011). Again, it seems likely these results will carry over to the
more general models herein, but this would need investigating if these gate-count

methods were to be considered further.

Going beyond considering only the effects of imperfections on individual gate
fidelities, it would be interesting to consider whether error-detection, correction and
fault-tolerance can be naturally in-built into any of the ancilla-based models pro-
posed and investigated herein. From one perspective they are a natural setting for
error-detection and correction, as they explicitly include the possibility for entan-
gling the register QVs with ancillas and performing measurements on these ancillas.
Finally, it is noted that future designs for a universal, scalable and fault-tolerant
quantum computer will likely be based around modular quantum processing units
(QPUs) of some fixed size with entangling gates between these QPUs implemented
via ‘flying’ ancillas [Hucul et al. (2015); Nickerson et al. (2014)]. Hence, the ancilla-
based gate techniques proposed herein may well be applicable to this higher-level
aspect of quantum computer design, which is likely to be crucial to the long-term

prospects of realising a useful quantum computer.
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Appendix A

The quantum harmonic

oscillator

A quantum harmonic oscillator (QHO) is a system governed by the Hamiltonian

R 1 .,
Hano = §($2 +p7). (A1)

The QHO Hamiltonian obtained directly from quantisation of a particular classical
harmonic oscillator will contain physical constants, such as mass or a spring constant,
and these have been been set to unity here (or absorbed into the operators via a
rescaling of position and momentum). The vacuum state - which by definition is
the lowest energy eigenstate of I:IQHO - is required sporadically in this thesis, and
hence a derivation of the spectrum of the QHO Hamiltonian is included here for
completeness. This is covered in many text-books, e.g., see the elegant derivation of
Lawrie (2012), which is similar to that given here and on which this is based.

It is useful (and conventional) to express the QHO Hamiltonian using the ‘ladder’

creation and annihilation operators defined respectively by

it = (G —ip i = — (& +ip
-—\@( p), : \/5( + ip). (A.2)

Via the canonical commutation relation [, p] = 4, it is easily confirmed that they
obey the commutation relation [a,a] = 1. In terms of these operators, the QHO

Hamiltonian may be re-expressed as

(A.3)

N | —

I:IQHO =ala+
From [a,a!] = 1, it follows that
[ﬁQH07 &] = —a, [IA{QH()v dT] = dT' (A.4)
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A. The quantum harmonic oscillator

As ﬁQHO is Hermitian all of its eigenvalues are real numbers and hence the set of
eigenvalues is some (not necessarily strict) subset of R. Let E denote an arbitrary

eigenvalue and |E) an associated normalised eigenvector, i.e.,
Houo| E) = E|E). (A.5)

For convenience, the same notation is being used for these eigenvectors as is used
herein for the computational basis states but these are mot computational basis
states. The question is ‘what values can E take?’. For any vector |v) then (v|v) > 0,
as this is one of the defining properties of an inner product. Let |v) = a|E). Then

for any eigenvalue F,
E—1/2=(E| (ﬁQHO - 1/2) |EY = (E|ata|E) = (v|v) > 0. (A.6)

This implies that all £ > 1/2, and hence the spectrum is bounded below by 1/2.
Now consider af|E). Then, using Equation A .4, it follows that

Hano (a']B)) = ! (Hano + DIE) = (B +1) (a'|B) ) . (A7)
Similarly, using Equation A.4, it can also be shown that
Hauo (a|E)) = (B — 1) (alE)) . (A.8)

Hence, the creation and annihilation operators have the action of raising and lower-

ing an energy eigenstate by a unit of energy, that is
a'|E) o< |E + 1) a|E) o |E —1). (A.9)

These relations are not equalities as they are not necessarily the normalised eigen-
states (they are not).
It is now shown that the lowest energy is 1/2. Denote the lowest energy (which

we have shown exists) by Ey, then
Hano (a|Ev)) = (Eo — 1) (4l Eo)) - (A.10)

There is no eigenvalue lower than FEj, and hence this equation can only hold if
a|Ep) = 0. It then follows that

Bo = (Bol Hanol Fo) = (Bol(a'a +1/2)| Eo) = 1/2. (A.11)

Therefore, using Ey = 1/2 in combination with Equation A.7, we have shown that

any n+1/2, for n=0,1,2,..., is an eigenvalue of the QHO Hamiltonian.
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It only remains to show that there are no other eigenvalues. Assume that £ + A
is an eigenvalue with £ € N and A € [0,1), which covers all remaining possible
values. Then a”|E 4+ \) = |A). But aJ\) = 0, as otherwise a|\) would be an
eigenvector with a negative eigenvalue, and this condition implies that A\ = 1/2
as already shown in Equation A.11. Hence, there are no further eigenvalues. The
lowest energy eigenstate of the QHO, |Ep) = [1/2), is called the vacuum state and
elsewhere in this thesis it is denoted |vac) (rather than the conventional |0)) to
clearly distinguish it from a computational basis state. Finally, it is explicitly noted

that we have seen that the vacuum state has the property
. L.
alvac) = — (2 + ip)|vac) = 0, (A.12)

V2

as this equality is required in Appendix B.
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Appendix B

Squeezed states

In this appendix it is shown that the computational basis states of a QCV can be
approximated using squeezed vacuum states, with the correspondence exact in the
limit of infinite squeezing. Similar derivations can be found in a variety of sources,
for example, see Braunstein and van Loock (2005). The unitary squeezing operator
is defined here by'

S(2) 1= e i) EB /2 (B.1)

where z € R>g. This operator describes a variety of non-linear optical processes
[Radmore and Barnett (1997)]. Using the relation

. N . o 1 - . .
e"Be ™ = B +[A, B] + A A B+ (B.2)
it may be shown that
1
S(2)129(2) = 22, S(2)'pS(2) = —p, (B.3)

and hence the squeezing operator stretches position and squeezes momentum if z >
1, and vice-versa for 0 < z < 1. The state of interest here is the squeezed vacuum
defined by

|z) = S(z)|vac), (B.4)

where |vac) is the grounded state of the QHO Hamiltonian Hoyo = $(3% + p?), as
introduced in Appendix A. The above relations (along with S(2)S(z)" = I) may be

Tt may also be defined to take a complex parameter, which is not needed here. Furthermore,
note that this is the same operator as the squeezing gate that is introduced in Section 2.4.4, where
here we are considering the particular case of QCVs and the operator has instead been written
in terms of its generating Hamiltonian, rather than simply defined in terms of its action on the
computational basis.
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B. Squeezed states

used to show that
(z/z +izp)S(z)|vac) = S(z)(z + ip)|vac) = 0, (B.5)

where this last relation holds because (% + ip)|vac) = 0, as seen in Equation A.12.

Therefore, it has been shown that
(Z/z +izp)|z) = 0. (B.6)

For 0 < z < 1, then /2 + izp ~ &/z and hence |z) is approximately the eigenstate
of & with eigenvalue zero, which is the zero computational basis state |0). The
correspondence is exact in the limit of z — 0, i.e.,

lim |2} = [0). (B.7)
Other computational basis states can be obtained by applying the Pauli X (q) gate
(as defined in Equation 2.13) to these states, and the conjugate basis states (see
Equation 2.27), which are the eigenstates of p, can be obtained via the Fourier
gate. Alternatively, the eigenstate of p with eigenvalue zero is obtained in the limit
z — oo of the state |z). Infinite squeezing (associated with z = 0 or z = c0) is not

physical. However, when the squeezing is finite the states given here approximate

the eigenstates of £ and p.
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Appendix C

Displacement operators

In this appendix the relationship between Pauli operators, the C-number parame-
terised displacement operators and coherent states is given. Displacement operators
are ubiquitous in the theory of quantum optics [Gerry and Knight (2005); Radmore
and Barnett (1997)] (i.e., displacement operators for QCVs) and for discrete systems
these are less common but are used by a variety of authors, see e.g., the work of
Klimov et al. (2009); Marchiolli et al. (2007); Saraceno (1990).

The displacement operator, parameterised by two numbers ¢,q¢' € Sy, may be

defined in terms of the Pauli operators by!
Dig.q) = w1 Z(¢) X (0). (C.1)

Obviously, this may alternatively be parameterised by a single complex number «
(with suitable restrictions on the values it may take in the discrete case). To obtain

the normal definition of the C-number parameterised displacement operator take
D(a) =D (\ffm(a), 2%(04)) . (C.2)

For a QCV (e.g., optics) it is conventional to express the displacement operator in

the ‘entangled’ form
D(q,q') = exp(i(d' — qp)), (C.3)

which may be derived from the relations Z(q) = exp(iq¢) and X(q) = exp(—igp)

along with the canonical commutation relation and the Weyl formula

eAeB — e%[A,B}€A+B, (C.4)

n this definition, 27* is the multiplicative inverse of 2 in S4. For QCVs this is obviously 1/2.
For odd dimension qudits this always exists (d and 2 are co-prime) and is (d + 1)/2. For even
dimensions this phase factor could be omitted, or 27! could be replaced with 1/2.
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C. Displacement operators

which holds when [A, [A, B]] = [B,[A, B]] = 0, and is a special case of the Baker-
Campbell-Hausdorff formula [Gazeau (2009)]. The other common form for the QCV

displacement operator is written in terms of the creation and annihilation operators

1 1
N PN a A
a' :=—(x —1ip), a:= —(z + ip), C.5
\@( p) ﬁ( p) (C.5)
which obey the commutation relation [a,a] = 1, and are also introduced in Ap-

pendix A in the context of the quantum harmonic oscillator. It is easily shown that

D(a) = exp(aa’ — a*a), (C.6)

with o € C. This form is the most common in quantum optics. From this equation,

which is often used to define the displacement operator, it is certainly not obvious

(at least to me) that this operator is analogous to the qubit Pauli operators.
Displacement operators may be used to define the C-number parameterised co-

herent states by
) := D(a)[tho), (C.7)

where |t)g) is some reference state. The well-known Glauber (or standard) coherent
states [Glauber (1963)] are obtained for a QCV with the reference state as the vac-
uum, |vac), which is the lowest energy eigenstate of the quantum Harmonic oscillator.
This state and the quantum harmonic oscillator are introduced in Appendix A. For
qudits, coherent states are less often considered but one choice of reference state to

define them is an eigenstate of the Fourier transform F [Klimov et al. (2009)2].

2This choice can be motivated by analogy to the QCV case - the eigenstates of the quantum
harmonic oscillator are eigenstates of the QCV Fourier transform. This follows from results in
Appendix D.
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Appendix D

The Fourier gate

This appendix provides derivations for the properties of the Fourier gate, I, that
are stated in Section 2.2.1 of the main text. For convenience, the definition of the

Fourier gate for a general QV is repeated here. It is defined by,

Flg) = \}g > wi|gy, (D.1)

q'€8q

with ¢ € S4. The reader is referred back to the start of Section 2.2 for an explanation
of the QV-type independent notation used in this appendix. The following relation
will be useful: )

D W = 5(q - q), (D.2)

reSy

where g — ¢’ is taken modulo d for qudits. For qudits this is straightforward to
prove directly!, and for QCVs it holds because the Fourier transform of a complex
exponential function e~
[Erdélyi (ed.)]

is a delta function, with the exact relation given by

\/12? / dre et = Vam(g o). (D.3)

It is first confirmed that F' is indeed a unitary operator. Using Equation D.2

!This can be shown using the formula for a geometric series, which is the relation that Zf;é a" =
11—wila—d) _ 1-1

1—a? 1
d 1—wa—d = di—wa—d

1—a

0. For ¢ = ¢’ the sum is obviously equal to unity, giving the required result.

for any a € C except a = 1. For g # ¢’ this gives - Ef;é wla=a)r —
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D. The Fourier gate

and the orthogonality relation {(g|q’) = d(¢ — ¢'), it follows that

1 ! !
FFU =3 3w (d) (), (D)
q,q',r,r’ €Sy
_ é W@ gy (o], (D.5)
q,r,r’' €Sy
= > dqg—)a){, (D.6)
q,r'€Sq
= la)al, (D.7)
q€Sq
~ 1. (D.8)

The same derivation holds to show that FTF = I, confirming that F is unitary. A

simple adaption of this derivation shows that

F? =" |-q)dl, (D.9)

qE€Sq

which is a useful relation in itself and which implies that F'* = I, as stated in the
main text.
In Equation 2.26 it was claimed that, under conjugation by F', the Pauli X (q)

and Z(q) gates are transformed via the cyclic relation

X(q)

Z(q)

(D.10)

Z(—q) ~— X(—q)

Again using Equation D.2 and the orthogonality relation (q|¢') = d(¢—¢’), it follows
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that

1 / / !
FZ@)Ft== > ™™gy (d1p') (o) ('], (D.11)
p',q9,9',r,m" €Sy
= 2 Z 8(q — p)a(p' — r)wPP e = gy (), (D.12)
p',q,9",7,m’ €Sq
= é Z wp/(p+q_”,)|q><r'}, (D.13)
p',q,7'€Sq
= > da—r"+pla)(r], (D-14)
q,r’ESd
= Z |T’ fp><7“", (D.15)
r' €Sy
= X(—p). (D.16)

Note that, as always, ' — p is to be taken modulo d for a d-dimensional qudit. A

very similar derivation shows that FX (p)FT = Z(p). Specifically,

1 -
FX@p)F'== > ™ o) (" +p) (Flr) ('], (D.17)
plzqvq/7r7T/€§d
1 ! !
= M- - - e (], (D)
P',4,4',r,7'€8q
1 / !
== Z WwIPtp (a=r )|q><7J’7 (D.19)
plzqu/egd
= > dlg—rwlg){r|, (D.20)
q,r’' €Sy
=Y w®lg) (g, (D.21)
q€Sy
= Z(p). (D.22)

Together, these prove the required cyclic relation given in this appendix and in
Equation 2.26.

Finally, it is confirmed that applying the quantum harmonic oscillator Hamilto-
nian, ﬁQHO = %(5:2 + p?), for a time t = 37/2 generates the QCV Fourier gate, as

claimed in the main text. This means showing that, for a QCV

F =% @407 (D.23)

More generally, using the notation U (ﬁ 1) = e~ith , consider the operator

U(ﬁQHOat) = e—i%(aﬁ2+ﬁ2)7 (D.24)
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D. The Fourier gate

which is generated by the QHO Hamiltonian applied for a time ¢ and may be termed

a phase-space rotation. Using the relation

e"Be ™ = B +[A, B] + %[A, [A, B]] + %[A, [A,[A,B]]] + ..., (D.25)

it is simple to derive that the conjugation action of U(ﬁQHO, t) on & and p is

U(Hanoot) . L . U(Hanoot) . .
iumcost—psmt, pupcostjtmsmt. (D.26)

These equalities are the reason for the name given to this operator. It is clear that
for t = 37 /2 this has the action & — p and p — —Z. This action on the position and
momentum operators implies that this is the Fourier transform - as stated above
and in the main text. One way to see this is that the cyclic conjugation relation in
Equation D.10 may be derived by using these equalities, the relations X (q) = e~
and Z(q) = €% given in Equation 2.14, and the general equality that for any unitary

U then
UeAUt = VAUT (D.27)

The conjugation action of an operator on X (¢) and Z(q) entirely defines an operator

(up to global phase) and hence U(Hquo, 37/2) is the Fourier gate.
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Appendix E

Clifford conjugation relations

In this appendix the conjugation relations of the Fourier, phase and CZ gates on

Pauli operators are derived. It will be shown that

Z(p)
Pe.q.q > De+2pa,q,q' > (E
F
Peq,q' ? De—2qq’ ,—q' . (E
P(p)
DPeqq — 7 Petpalatoa).a.a'+pa (B
(E

CZ
D¢ (q1,92.4},a5) ? Pe+2q192,(q1,02,0} +a2,d5+a1) -

as was stated in Equation 2.51 to 2.53 of the main text. The first relation follows
directly from the Weyl commutation relation of Equation 2.44 and hence does not
require a derivation.

Consider the Fourier gate, F. The conjugation relations of this gate on X(q)
and Z(q) have already been derived in Appendix D and are

X(q) — Z(q), Z(q) — X(—q). (E.5)

Then, using the Weyl commutation relation, it follows that

Peqa — 2 Z(q)X (—q) = w09 X (~¢') Z(q), (E.6)
= wEHNEX(=q) 2 (), (E.7)
= P¢t—2qq',—q',q" (E.8)

This confirms the relation claimed in Equation E.2 of this appendix and in the main
text.

Consider now the phase gate, P(p). The conjugation action of the phase gate on
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E. Clifford conjugation relations

X(q) is
P(p)X(q)P(p)' = ) walrtrred=ie)n) (s 1 q)(s]t) (1), (E.9)

r,8,rESy

= Y whllren=ttten)s(s 4 g —r)o(t —s)|r)(tl,  (E.10)
r,8,tESy

— Z wsr(rtea)=tttea)) 54 4 g — r)|r) (], (E.11)
rtESy

= Z wh (O (Eatea) —tt+ea) |4 4 g (g, (E.12)
teSy

= X(q) Z wPa(atea)/2 pla ) (¢ (E.13)

teSy
= WPUtea/2 X (¢) Z(pq). (E.14)

To get from E.12 to E.13 the brackets have been expanded which for QCVs, and
when t + ¢ < d for qudits, follows directly as there is no modulo arithmetic to
consider. For qudits, in the parts of the sum where ¢ + ¢ > d, then t + g represents
t+q—d and such a replacement is in general necessary to obtain the correct answer.
However, in this case, the calculation with or without this replacement gives the

same result.! The phase gate commutes with Z(q). Hence it follows that

P(p)
DPe.q,q - p w(fJFPQ(qJFQd))/QX(q)Z(pq + q/) = Dt palaton).ad'Lpas (E15>

which is the result stated in Equation E.3 and in the main text.

Finally, consider the ¢z gate. From the Weyl commutation relation, the relation
that (I®v!) - Cu- (I®v) = C(viuw) and the equality C(wl) = Z(q) ® I, it may be
shown that

X (1) ® X(g2) % w2 X (q1)Z(a2) © X (a1)Z(a0). (E.16)

The ¢z commutes with Z(¢q) and hence this implies that

CZ
De (q1,q2,4;.a5) — Pe+2q1q2,(a1,92.4, +a2.d5+41) (B.17)

as stated in Equation E.4 and in the main text. This concludes the derivation of

the Clifford group generator conjugation relations.

1This is because w is d periodic.
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Appendix F

The Solovay-Kitaev theorem

Let G denote any finite set of fixed gates containing gates that act on a constant
number of qudits which is approximately universal for computation over qudits such
that if g € G then g’ may be exactly generated by a finite sequence of gates from .

Then the following, known as the Solovay-Kitaev theorem, holds:

Theorem F.1 (Kitaev (1997)). For any gate U € U(d"™) and for any e > 0 there
exists a finite sequence of gates from G of length no more than exp(O(n))O(log®(1/¢))
that is an e-approximation to U where c is some constant. Furthermore, this sequence

may be found by a classical algorithm with the same order runtime.

The value of ¢ depends on the particular proof, for example an explicit efficient
algorithm with ¢ = 3.97 is provided in the review paper of Dawson and Nielsen
(2006). However ¢ cannot be less than 1, as proven by Harrow et al. (2002) who have
shown that in some circumstance the optimal value of 1 can be obtained but with no
constructive method for finding these gate sequences. One important consequence
of this theorem that is used herein is that one set of approximately universal single-
qudit gates is essentially as good as any other set of approximately universal single-
qudit gates, in the sense that they require a very small overhead to simulate one

another to high precision.
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Appendix G

Generic rotation gates

Consider the single-qudit gate set

Sen = {R(9). F, (G.1)

where ¢ : Z(d) — R is a generic function, where the term ‘generic’ is used to

I By appealing

mean that J(¢q) is randomly sampled from R for each ¢ € Z(d).
to a standard argument used by Lloyd (1995) and Deutsch et al. (1995), in this
appendix it is shown that this gate set can approximately generate any single-qudit
gate. Hence, along with any entangling gate, this gate provides an approximately
universal gate set for qudit-based quantum computation, via the results of Brylinski
and Brylinski (2002) (see Proposition 2.2).

Proof: If an R(¥) unitary for any ¢ : Z(d) — R may be approximated to
arbitrary accuracy using F' and R(y), then these two gates may approximate any
single-qudit gate. This is because Zhou et al. (2003) have shown that any single-
qudit can be decomposed into R(¥) and F gates. For a generic function ¢ : Z(d) — R
it follows that ¢(q) and ¢(¢’) will be irrational multiples of m and each other for
every ¢,q € Z(d) with q # ¢’.? For convenience, write these d different phase angles
as a vector ¢ = (p(0),...,¢(d —1)). Obviously, it is only necessary to be able to
generate a rotation gate with any vector of phase angles, 5, with the restriction to
e [0,27)4, as trivially ¢ (®+2™) = ¢, For N € N, consider

én = N¢ mod2r = (Np(0), Np(1),...,Neo(d— 1)) mod 2x. (G.2)

It is known that, for any vector gg with elements that are irrational multiples of
and each other, the vectors 51, 52, 53, ... fill up the interval [0, 27r)d, or stated

'Equivalently, we could consider the gate R(y) to be randomly selected from the set of all
rotation gates.

2The intuition behind this is that there are only countably many functions that are not of this
sort (the rational numbers are countable), but there are uncountably many functions ¢ : Z(d) — R.
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G. Generic rotation gates

another way, the set {$N | N € N} is a dense subset of [0,27)?. For example,
this argument or closely related arguments are made in Lloyd (1995), Deutsch et al.
(1995), and Childs et al. (2011). As such, for a R(¢¥) gate with any ¢ : Z(d) — R and
given any € > 0 there is some N(e) € N such that R(¢)V(© is an e-approximation
to R(¥). A more rigorous proof than that given here could be obtained by adapting
the arguments of Childs et al. (2011), which are concerned with the universality of

two-qubit Hamiltonians and unitaries.
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Appendix H

The phase basis

In this appendix the action of the Pauli operators on the phase basis and the overlap
between the states in the computational, conjugate and phase bases is derived. This
will show that these bases are a set of three mutually unbiased bases for any type
of QV. The phase basis is defined to be

By = {|x,) = PFlq) | g € Sa}, (H.1)

where the reader is reminded that the phase gate P (the gate P(p) with p = 1) is

given by the action
Plg) = wila+ea/2|q), (H2)

as first defined in Equation 2.49. Using the definition of the phase basis, the Pauli
conjugation relation for the phase gate given in Equation 2.52, and the action of the

Pauli operators on the conjugate basis given in Equation 2.29, it follows that

WX (a)Z(b)|%q) = w*? X (a) Z(b) Pl +), (
= PulEo@ D) 2X (0)Z(5 — a) +,), (
= wléalatea))/2+a(a=b=q)| X gtb—a)s (
= w(&tala—ea))/2—alb+q)| X qtba)s (

as stated in Equation 7.28 of the main text.

Consider the overlap between arbitrary phase and computational basis states.

Using the action of the phase gate on the computational basis and the overlap
(qgl+¢) = wi?' /\/d, it follows that for all ¢,q’ € Sy then

(alxq) = (@lP|+¢), (1.7)
— lated)/2 {q|+q'), (H.8)
= (@' =(ated)/2) 1\ /g, (H.9)
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H. The phase basis

as stated in Equation 7.30 of the main text. Now, consider the overlap of arbitrary
conjugate and phase basis states. Again, using the action of the phase gate on the
computational basis and the overlap of the conjugate and computational bases, it
follows that for all q,¢ € Sy then

<+q|xq’> = <+Q|P|+q’>a (H.10)
kJESd
Z Z m(k2+k(2(¢ Q)+Qd))/d_ (le)
kGSd

This is a generalised quadratic Gauss sum when the QV is a qudit, and a Gaussian
integral when the QV is a QCV. It can be evaluated using the following two results:
For any a,b € N such that a > 0 and a + b is even then [Berndt and Evans (1981)]

a—1

i . p2
1 Z em (k%+bk)/ Ze_lﬂ%/\/&. (H.13)
a

k=0

Asd # 0 and d+2(q¢ — ¢') + 04 is even (g4 = 0 and g5 = 1 for even and odd d
respectively), this can be applied to Equation H.12 for the case of qudits. For QCVs,
the following integral relation can be used [Watson (1928); Weisstein (2004)]:

1 [ . 2
/ d R 0 _ i mine ) e (H.14)

a.J oo

which has an exactly equivalent form to the discrete case. Hence, using these two

relations it follows that in all cases

ro . (2(d'—a)+eg)?
<+q’><q/>:ezie_”r il /\/g, (H.15)

— wqq’w*%(qwd)w*%’(q”red)wd;gd /Vd, (H.16)

as stated in Equation 7.31 of the main text. This concludes this appendix on the

phase basis.
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Appendix I

The Hadamard and w-by-8 gates

Here it is proven that vg = H and vy = T HT form a universal set of single qubit
gates. This in turn provides a proof for the universality of the commonly used gate
set Gy = {H,T} due to Boykin et al. (2000). denote the n'? roots of the X and Z
operators by X# and Zx. Any u € SU(2) can be written as

u=exp (ipn - a), (I.1)

where ¢ € R is some rotation angle and & = (X, Y, Z) is the vector of Pauli operators,
n = (ng,ny,n;) is some unit vector in R3. Hence, 71 - & = ny, X + nyY +n.Z. Via a

direct expansion it is simple to show that
exp (ign - &) = cos pl + isinp(n - 7). (1.2)

Hence it follows that Z = iexp (—i%Z) and X = iexp (—igX) where the phase

factor i is need as the Pauli operators are not in SU(2). Therefore

1 71' 1 ™

AR (—'—Z), X o (_'7)(), 1.3
exp (i~ exp ( —ig - (1.3)
where ‘2’ is used to denote equality up to a phase and X»=HZ»Has HZH = X.
It is straightforward to confirm that T = Z1 and so vy = voup = X71Z71 and

v_=vvg 2 Z 1X%. From a simple explicit calculation it can be shown that
v4 = cos? T _isin?” (cot E(Z +X)F Y) . (1.4)
8 8 8

2T

If vy or v_ is written in the form of Equation 1.2, this implies that cos ¢+ = cos” g

and hence ¢ is an irrational multiple of 7 [Boykin et al. (2000)]. Furthermore,
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I. The Hadamard and w-by-8 gates

Nt = ny/||n+|| where ny = —(cot §,F1,cot ). As ¢ is an irrational multiple of 7
then it is possible to approximate to arbitrary accuracy any rotation around the n4
axis by m applications of vy, with m a finite integer. As these axes of rotation are
not parallel then any arbitrary rotation can be decomposed into rotations around
these axes [Nielsen and Chuang (2010)']. This then proves that v, and v_ and
hence vy and vy are a universal set of single qubit gates. Essentially the same proof
can be used to show that the single-qubit gate set {H, R(0)HR(6)} for generic 0 is

a universal set.

1See exercise 4.11.
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Appendix J

Stochastic gate implementation

This appendix includes derivations of equalities that were stated without proof in
Section 7.4, which is concerned with what might be termed a ‘stochastic minimal
control model’ of ancilla-based quantum computation. The gate which will be needed
in this appendix is

Eor(v,0,9) := FJ - Coy 0], (J.1)

where v : Sy, — U(d) is the function defined by v, ,,9(¢) = vR(2mq¥/dg)w, for
some v, w € U(d) and some phase-function 9 with the restriction that 9 : Sy — Sq,,.
Equation 7.18 will be useful in this appendix, which states that

Eor(v,w,9) = Flv, - Ct[Z(9)] - w,, (J.2)

which can be easily confirmed directly by considering the action of this operator on
computational basis states.
To begin, the relation stated in Equation 7.32 of the main text is derived. This
is equivalent to the statement that
<m’EasEar|¢0> R

||<m’EasEar|¢0>|| - vr(m)vs (m) ’ (UrUs : D(gf),g) . wrws) , (J3)

where |1)g) = F|X() with |x() the zero phase-basis state, ¢y is the two-parameter
function given by ¢y(q,p) = 279(q)¥(p)/da, and the (m-dependent) local gates are
given by

v'(m) = vR(=2mmd/d, v, (J.4)
V" (m) = vR(2mm9/dy) R(—m9 (0 + 04,)/da)v’. (J.5)

It is easily confirmed that
(M| EasEar|th0) = vy0s0(m)w,ws, (J.6)
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J. Stochastic gate implementation

where O(m) is diagonal in the computational basis (as generalised control gates do

not change the computational basis states of the control QV) and is given by

O(m) =Y Cula.p)la)al, ® [p)(pl,, (J.7)

q,PESy

with the coeflicients found from the equality
Crm(q,p) = (m|FTZ(9(p)) FTZ(9(q)) F| x0). (J.8)

Using the action of the Pauli operators on the phase basis state given in Equa-
tion 7.28, then

Cin(g,p) = (m|F'Z(0(p)) F' Z(0(q)) F|x0), (J.9)
= (+m|Z(9(p)) X (9(a))|x0), (J.10)

= <+m|wg(Q)(19(Q)_Qd)/2‘ Xﬂ(p)—ﬁ(q)>7 (J.11)
ﬂ(Q)(ﬂ(q)—Qda)/2wam(19(1?)*ﬂ(Q))w;(ﬁ(P)—79((1))(79(17)—19((1)+9da)/2/\/d:’ (J.12)

where deriving this last equality has used Equation 7.31 and holds only up to a
(m-dependent) phase, which has been omitted for simplicity as it contributes only
a global phase to the operator. Expanding this into phases dependent on 9(q), J(p)
and Y¥(q)9(p) gives

Con(,p) = wg<q>ﬂ<p>w;ﬁ<q)mwg<p)mw;@(ﬁ(mwda) N (1.13)

Note that |Cp,(q,p)| = 1//d, for all values of m, and so ||{m|EqsEqr|[t0)|| = 1/v/d.

Therefore, the gate implemented on the r and s QVs is unitary and has the form

<m|EasEar|¢0> / 1
E B = v.(m)vg(m) - (vpvs - D CWrWs ) J.14
1| B Bar 0]~ (™08 (M) ( (69) - wrwy) (J.14)

where ¢y is given by ¢y(q,p) = 2719(q)¥(p)/d, and the (m-dependent) local gates

are given by

v'(m) = vR(=2mmd /dy)v', (J.15)
V" (m) = vR(2mmd /dy) R(—mI(0 + 04, )/da)v’, (J.16)

which confirms Equation 7.32 of the main text.

The D(¢y) gate is an entangling-gate for any phase-function ¢ such that there
is some ¢ and p for which (9(q) — 9¥(p))? mod d # 0. This is because the action of
D(¢y) on an arbitrary pair of computational basis states is |q,p) — w}f(q)ﬁ(p )|q, D)
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and hence for the separable input

|%in) = %um + lg,p) + |p, q) + |p, D)), (J.17)

the D(¢y) gate outputs

1
[tout) = 5 <w3(q)2\q, q) + Wl D®)(|g, p) + |p, q)) + w;9(p)2\p,p>> - (J.18)

This is a separable state if and only if

w0 D) = (20(2)0() (J.19)

a

and hence it is entangled if ¥(q)? + 9(p)? — 29(q)9(p) mod d # 0, that is, if
(¥(q) — 9¥(p))? mod d # 0. (J.20)

Therefore given that there is some ¢ and p such that this is true, then the gate
creates an entangled state for some separable inputs which is the definition of a gate
being entangling.

The relation of Equation J.21 is now derived, which states that

<m|E:]ar|¢0>
[[(m| Ear[tho) ||

where 0 = vR(m9 (¥ — 94,) /da). It is clear that

= 0R (—2mm/d,) w =: p(m), (J.21)

(m| Eurltbo) = vie6(m)wy,, (J.22)
where 6(m) = >_ s, cm(q)]q)(g| with the coefficients, ¢in(g), given by

em(q) = (m|F1Z(9(q))F|x0),

= (m|X(9(q))[<0),

— @000 =ed,)/2 <m|><_19(q)> :

_ wg(Q)(ﬂ(Q)—Qda)/2wa—m19(q)/\/@7
with the last equality derived via Equation 7.30, and again holds only up to (m-

dependent) irrelevant global phase. It may be easily confirmed that this implies the

relation stated above. This concludes the appendix.
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Appendix K

Ancillary spin ensembles

In this appendix a brief outline is given of a method for implementing an entangling
gate on a pair of qubits via interactions with an ancillary qubit ensemble. This gate
method can be understood in terms of a controlled geometric phase and hence is
related to the ancilla-based gate techniques of Chapter 5. The method for imple-
menting the gate is very straightforward - the majority of this appendix is dedicated
to presenting the necessary introduction to collective spin operators for a qubit en-
semble and showing how a geometric phase can be accessed via a closed path of
phase-space SU(2) displacements. The initial parts of the following section have

been partially covered in the main text, but are included here for clarity.

K.1 The collective spin operators

Consider an ensemble of N qubits. Define the collective z, y, z, and total spin

operators, respectively, by

I
M) =

y Xj=X1+Xo+ .. Xy, (K.1)

.
Il
—

::k‘
li
M) =

Y; =Y+ Ya+ .Yy, (K.2)

<.
I
—

N
li
M=

Zj =1+ Zy+ .. 2N, (K3)

<.
Il
=

2. 12 2 2
J2 = TR+ I 4 T2 (K.4)

Note that the Y Pauli operator may be defined in terms of X and Z by Y :=1XZ.

As Pauli operators acting on different qubits commute, it immediately follows from

249



K. Ancillary spin ensembles

the commutation relation for the qubit Pauli operators, [X,Y] = 2iZ, that
[JJm Jy] = 2i<]za (K5)

with cyclic permutations giving the remaining relations between J, J, and J,. It

is straightforward to show that
[J2, Jk] = 0, (K.6)

for k = x,y,2. As J? and J, commute, an orthonormal basis for the total Hilbert
space on the spin ensemble can be found that consists of the joint eigenstates of J2
and J, and these are known as the Dicke states [Dicke (1954)]. The Dicke states
may be denoted by |j, m, d), where

J2|j,m,d) = j(j +2)|j,n, d), Jzlgm. d) = (2n = j)|j,n. d), (K.7)

with j € {0,1,...,N}, n € {0,1,...,5} and d € {1,...,d(j,n)}, where d(j,n) is the

degeneracy of the J? and J. eigenvalue pair.'

In what follows, only the j = N
subspace will be of interest and in this subspace the eigenvalues of .J, are not degen-
erate, implying that the subspace has dimension N 4 1. The states in this subspace
are symmetric with respect to the exchange of qubits in the ensemble [Arecchi et al.
(1972)]. Using the shorthand |np) = |N,n, 1), it may be shown that in terms of the

state of each individual qubit

Inp) = <N) o S ’1®<N—">0®">, (K.8)

n
perm

where the sum is over all possible arrangements of the n excitations and (]T\Z ) =
N!/nl(N —n)! is the binomial coefficient, required to normalise the state.

The SU(2) displacement operator for the spin ensemble, which is also sometimes
referred to as a ‘rotation operator’ [Arecchi et al. (1972); Gazeau (2009)], may be
defined by

0 0
DN (0, ) :=exp <z <2 sin pJ, — 5 cos gon>> , (K.9)

where 0, € R [Zhang et al. (1990)]. A spin coherent states (or SU(2), atomic
or Bloch states) of the N + 1 dimensional symmetric subspace of a qubit ensemble
[Arecchi et al. (1972); Gazeau (2009); Radcliffe (1971)] is then defined by

10, ) = Dn(0,0)[0,0) (K.10)

Tt is clear that the eigenvalues must be degenerate as there are N? different (j,n) labelling
pairs but 2V states are required to span a Hilbert space of dimension 2V .
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K.1 The collective spin operators

where the reference state is taken to be
10,0) y = [0p) = [1)*V. (K.11)

Hence, a spin coherent state is a separable state of N qubits in the same pure state,

which may be written as

0 o 0, N\
16, 0) Ny = <cos 5\1) — e sin 2\0)) , (K.12)

and as such, a spin coherent state can be represented on a Bloch sphere and the
displacement operator can be interpreted as a rotation around some vector in the
xy-plane.

An alternative parameterisation for the spin coherent states may be introduced,
which will be useful in the following and which is analogous to writing a QCV (i.e.,

a field-mode) coherent state in terms of a complex number a. Take
i O
(= —e “tan 2’ (K.13)

which is a stereographic projection of the sphere onto the complex plane [Gazeau

(2009)] and with which the spin coherent states can be expressed as

QRN
On = (%) : (K.14)

This implies that the overlap between two spin coherent states is

N
) 1+ ¢*¢
= . K.15

L+ + 1)

In this parameterisation, the displacement operator may be written as

RN
200+ =G U‘) , (K.16)

V1+[¢P

where oy := $(X £iY’). By definition |¢) y = Dn(¢)|0) 5, and it is simple to confirm

Dn(C) = (

that
Dy (@) Dy (o) = o) [ SLEE Y (K.17)
1- ClCQ N
where the phase factor is given by
(e - 1766 (K.18)

11— 15|
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K.2 Geometric phases via SU(2) displacements

It is now shown how a closed path of displacements, acting on the ‘vacuum’ state,
|0) 7, can create a geometric phase. Displacements around the orthogonal z and y
axes are given by taking cos¢ = 0 (which is equivalent to ¢ € R) and siny = 0
(which is equivalent to i( € R) respectively. Now, consider acting a sequence of

these orthogonal displacements on the vacuum, |0) .. Specifically, consider

Dy (—i¢s) DN (—C3) D (i62) D (61)[0) y = G ™NI¢(¢)) s (K.19)

where (; € R for j = 1,2,3,4. Note that the LHS of this equation must be equal
to the RHS for some ¢ € C and ¢ € R because displacement operators transform
coherent states to coherent states, up to a phase. Equation K.17 and simple algebraic

manipulations can be used to shown that

(C1 +i¢a)(1 —iC3Cs) — (1 +i¢1¢2)(C3 + iCa)

()= (C1 +1i€2)(G3 —iCa) + (1 +iC1C2) (1 + iC3Cs)’ (K.20)
with the phase factor given by e/(&N) = (5/|3))N where 3 is
B(¢;) = (1 +9G1G2) (1 + iC3Cs) + (C1 +1C2) (G — iGa) (K.21)

(14+i¢1¢2) + ¢3(C1 +i2)

An area-dependent phase and no resultant displacement is created if ( = 0. If the
‘phase space’ in which the displacements act has a flat geometry (such as for a
QCV, which has the phase space R?), it is required that ¢; = (3 and (» = (4, and
the simplest case is given by taking (; = (o = (3 = (4. However, on the surface of
a sphere (the relevant space here) this choice of displacements will not result in a
closed loop. Via a geometric argument, as given in Figure K.1, it is possible to see
that ¢ = 0 may be satisfied whilst restricting the displacement parameters such that
¢4 = ¢4 = n and that such a restriction implies that (o = (3 = 7(n) with 7 # n. It
may then be shown, by setting Equation K.20 equal to zero, that such a choice for

the displacement parameters implies that

:1—772—\/7)4—6772—#1 (K.22)

2n

7(n)

As a+bi = |a + bi| exp(itan~1(b/a)) when a > 0, the phase factor ¢ can be shown,
using Equation K.21, to be given by

2 2 2
T ) (K.23)

N)=Ntan ' | ————
(Z)(Tla’r? ) an (1+277T_n272
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K.2 Geometric phases via SU(2) displacements

1N =10,0)n

Figure K.1: A geometric phase is obtained by the displacement of a spin coherent
state around a closed loop. If orthogonal displacements (rotations around the x and
y axes) are considered it can be seen that the 15% and 4" rotations may be taken to
be of an equal magnitude v and that this implies that the 2"9 and 3'¥ rotations are
of an equal magnitude ¢. The rotation angles v and ¢ can be related to the complex
variables n and 7 from Equation K.22 via the stereographic projection.

This then implies that
(Ol y DN (=im) D (=)D (i7(n)) D ()[0) = €7, (K.24)

As a side point, it is interesting to consider under what conditions 7 & 7, which is
when the curvature of the phase space can be ignored with the resultant phase space
path still approximately closed. To consider this, 7 and ¢ may be expanded around

n = 0, giving

¢(n,7(n), N)

6.2 4
N =20+ 0(n"), (K.25)

T(n) =n+ 0%,

and hence, when 1 < 1 the higher order terms will be negligible. In this case, 7 will
be well approximated by n and the area-dependent phase created is approximately
equal to that expected in a flat geometry.?

It is now shown how the geometric phase of Equation K.24 can be used to create a
controlled phase gate on a pair of qubits, if they may interact with a spin ensemble
via a type of controlled SU(2) displacement. Consider the interaction between a

computational qubit, labelled j, and a spin ensemble, of the form

DA (C) = [0){0]; ® D (C) + 1) (1], ® D (—C). (K.26)

2That the phase parameter here is 2n? rather than n?, when the displacement is around a
‘square’ of sides 7, follows from the definition of the displacement operator, which implies that the
geometric phase created is twice the area enclosed in phase space. This also appears in the phase
accrued by displacements around a square of sides n with a QCV complex-number parameterised
displacement operator, as can be seen by reference to Appendix C.
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K. Ancillary spin ensembles

It then follows directly from Equation K.24 that

(0l y Dy (—in)- Dy (—7(1))- D (i7(n))- Dy (n)]0) 5y = exp(id(n, 7, N) Z:2Zy), (K.27)

where 7(n) and ¢(n, T, N) are given by Equation K.22 and Equation K.23 respec-
tively. It is simple to confirm that this entangling gate is locally equivalent to
CR(4¢), via local rotation gates. The value of ¢ can be fixed by changing the
interaction parameters and may be chosen so that the implemented gate is Cz.

In order to implement this gate it is only necessary to be able to apply controlled

displacements for ¢ € R, as for such ( it is simple to confirm that
(HPH®N =D (¢) - (PH)N = Dj(i€). (K.28)

These local operations on the spin ensemble can be applied without single-qubit ad-
dressability of the constituent qubits in the ensemble and for this reason such control
of the ensemble is physically plausible. The interaction between the computational

qubits and the ensemble qubits used to implement this gate is simply
Hy = Z ® J,, (K.29)

and this interaction is physically realistic (e.g., it is not that dis-similar to the
Hamiltonian in the experiment of Zhu et al. (2011), which couples a flux qubit to an
NV-centre spin-ensemble in diamond). The discussions of Section 5.5, on encoding
a qudit into a spin ensemble, are largely relevant again here and this can be referred
back to for further details. An important source of errors for this gate method would
be leakage out of the symmetric subspace, which could be caused by inhomogeneity
in the ensemble, for example, if the coupling strength to the control computational
qubit varies over the ensemble. If this gate method were to be further pursued, an
important topic for future work would be to consider the effect on the computational
model of such physically relevant errors within the realistic parameter regimes of a
specific physical system.

To conclude this appendix, it is noted that there are two interesting formal links
between this gate method and quantum computing on a register of qubits via a QCV
ancilla, as covered by the geometric phase gate of Section 5.2. Firstly, in the limit
of infinite constituent spins (N — oo) the spin ensemble mediated gate, introduced
above, is formally equivalent to the ‘qubus’ geometric phase gate (up to some local
rotation gates), whereby qubits are entangled via controlled Pauli operators acting

on an ancillary QCV. This is because, as shown in Section K.3,

Jim Dy <\/Cﬁ> = exp (¢a' - ¢"a) = D(Q), (K.30)

254
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where D(() is the C-number parameterised displacement operator for a QCV, given
in Equation C.6. This is itself equivalent to QCV Pauli operators, and in partic-
ular for a € R, then D(a/v2) = X(a) and D(ia/v2) = Z(a), via Equation C.2
(see Appendix C more generally for further details). Another interesting relation
between this spin ensemble based gate and QCV-based gates is that, instead of
collective spin operators, all of the formalism of this appendix also applies to the
angular momentum operators for a QCV in three dimensions (i.e., a quantum sys-
tem with position and momentum in three spatial dimensions), as discussed briefly
in Section K.4. Note that both of these connections are largely only of interest from

a formal perspective.

K.3 The group contraction of SU(2)

The group contraction of SU(2) demonstrates the N — oo limit of the spin coherent
states [Arecchi et al. (1972); Dooley et al. (2013); Gazeau (2009); Radcliffe (1971)]
and shows that in this limit the displacement operator of Equation K.9 is equivalent

to that for a bosonic mode, i.e., a QCV. By defining
Ji J +iJ,) Zai], (K.31)

the J spin operators can be represented by the creation and annihilation operators
of a QCV by the Holstein-Primakoff transformation [Holstein and Primakoff (1940)]

Ji ata J_ \/ﬁ ta
J+ 149 2= 1 == J, =a'a— N. K.32
Vi 1= Vi oy Je=dla (K.32)

It is straightforward to confirm that these operators obey the required SU(2) com-
mutation relations, given in terms of Ji with k = z,y, z in Equation K.5. It then
follows that

Q)

lim —al lim

N—o00 \/7 ’ N—o0 \/7
From the definition of Dy (6, ¢) in Equation K.9, and the relation { = —e~% tang

it may be shown that

(K.33)

tan—1 I<|

Dwle) = exp( q

(o C*J_)> . (K.34)

As tan~!(z) = z + O(23) via a Taylor expansion of tan~!(z) around the x = 0, it is

L tanTC/VEN]
T

clear that

(K.35)
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K. Ancillary spin ensembles

Combining these limits together results in the relationship between the SU(2) and

the Glauber displacement operators being given by

. ¢ . .

lim Dy (= | =exp (¢al - ¢"a) =D K.
Jim Dy () = e (cat - ¢7a) = (o), (K.30)
where D(() is the C-number parameterised displacement operator for a continuous
variable given in Equation C.6. Furthermore, via this contraction process it may be
shown that

lim & =
N—oo \/N N
where the RHS of this equation is a (C-number parametrised) Glauber coherent
state, as defined in Equation C.7 [Arecchi et al. (1972); Dooley et al. (2013); Gazeau
(2009); Radcliffe (1971)]. This can be achieved by writing a spin coherent state in

terms of the Dicke states |np) and then, in the limit of N — oo, associating the

(92 (K.37)

Dicke state |np) with the QHO energy eigenstate |n) (see Appendix A for details
on the QHO) and noting that this has exactly the form of the QHO, or Glauber,

coherent states written as an infinite sum of the QHO eigenstates.

K.4 Angular momentum operators

The collective spin operators obey exactly the same commutation relations as the

(scaled?®) angular momentum operators of elementary quantum mechanics

lo = 2(dyP> — d=Dy), (K.38)
ly = 2(G:p0 — Gub), (K.39)
I = 2(duby — dybs), (K.40)
P=02+2+1 (K.41)

where [¢;, pi] = 161, which are the position and momentum operators in orthogonal
directions x, y and z. In this case, for any subspace of fixed total angular momentum
l (i.e., an Eigen-space of ZAQ), the [, eigenvalues are non-degenerate and the spin
coherent state formalism may be employed. In particular, the equivalent limit to
N — oo is given by taking | — oo [Gazeau (2009)]. Therefore, the formalism and
gate method presented above applies also to a system governed by such operators.
As such, this provides a second link between gates mediated via spin ensembles and
QCVs. However, it is likely that this is only interesting in an abstract sense, as I

am unaware of any systems in which qubit-controlled angular displacements are a

3They have been scaled by a factor of 2 due to the definitions of the .J operators. The spin
operators could instead be scaled by a factor of 1/2.
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physically relevant interaction.
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