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ABSTRACT

Preparation of multi-partite entangled quantum states under realistic experimen-
tal conditions invariably results in states with non-unit fidelity to the target state.
Purification protocols address the need for higher fidelity states than what can be
directly prepared. These protocols consume several noisy input states and return
an output state of higher fidelity, succeeding probabilistically. We introduce a re-
currence based purification protocol for two-colorable graph states on d-dimensional
quantum systems (qudits). We analyze the performance of the protocol in terms
of the minimal required fidelity of input states as well as the expected number of
attempts required to successfully reach a specific target fidelity. We find that not
only is the purification regime larger for states of greater qudit dimension, but the
expected number of attempts to successfully purify a state may be orders of mag-
nitude lower. We develop error thresholds for the protocol with faulty two-qudit
operations using a general uncorrelated error model and study the dependence on
system dimension and state node number. We observe that the gate error threshold
of the protocol improves with increasing dimension and moreover that the threshold
depends on the degree of the graph but is otherwise independent of the number of
nodes. The qualitative behaviour of the error threshold is captured by an analyt-
ically solvable model in which a restricted class of errors is considered. The error
thresholds determined here may serve as one benchmark of assessing whether fu-
ture experimental implementations of two qudit operations function well enough to
realize a practical advantage of replacing qubit with qudit states in a multi-partite

quantum information protocol.
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1

INTRODUCTION

Essentially every task in the realms of quantum communication and fault tolerant
quantum computation rely upon the preparation and possible distribution of entan-
gled quantum states. In general though, these states cannot be prepared perfectly,
meaning they have non unital fidelity to the target state. In addition, quantum
states are subject to decoherence and noise processes, resulting in further decrease
of the fidelity over time. Purification protocols are procedures which can allow for
high fidelity states to be prepared from a large number of lower fidelity initial states,
at the cost of outputting only a fraction of the number of input states. For multi-
partite quantum states, purification needs to be targeted towards a specific class of
input states, because multi-partite entangled quantum states can be divided into
non-equivalent categories of entanglement structure [1]. Transformation between
entanglement categories using (possibly stochastic) local operations and classical
communication is not possible. One fundamentally interesting class of multi-partite
quantum states are called graph states — so named because each N-partite graph
state has a direct correspondence with some mathematical graph with NV vertices.
Within the description of graph states, there is a category called two-colorable graph
states (TCGS), which correspond to mathematical graphs which are two-colorable.
Because they have a more rigid description than general graph states, TCGS are
simpler to treat mathematically, but already many applications that make use of
graph states only require TCGS. In the context of multiparty quantum communi-
cation, several proposals for quantum secret sharing [2, 3], which is an interesting
protocol in it’s own right that also constitutes a primitive for secure multi-party
computation, use a type of TCGS called GHZ type states as a resource. With re-
gards to fault tolerant quantum computation, TCGS are important both in one
way quantum compuation and in the more mainstream circuit model. For one way
computation, a type of TCGS known as a cluster state has been proven to be a
universal resource [4], [5]. In order to achieve fault tolerance in the circuit model
for quantum computation, it is necessary to consider encoding information vital

to the computation using quantum error correcting codes [6]. Any quantum error
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correcting code that is based on stabilizers can be seen also as a graph code' and
the codewords of stabilizer codes are graph states [9]. Certain stabilizer codes have
codewords that are in fact TCGS, for example every CSS code [9].

To date, the vast majority of research in the fields of quantum communication,
computation, and information have focused on two level quantum systems, called
qubits?. There is however mounting evidence suggesting that there are potential ad-
vantages to considering higher dimensional quantum systems, called qudits®. The
most direct avenue in which qudits present an advantage is in terms of their in-
formation and communication capacity; specifically, log,(d) qubits are required to
encode the same amount of information that a single d dimensional qudit can encode
[10]. Of a different vein, theoretical research into fault tolerant quantum computing
with qudit systems has suggested, among other promising results, that higher error
thresholds may be achievable for popular quantum error correcting codes [11, 12],
that codes with the rare yet desirable property of a transversal non-Clifford gate
can be constructed [13, 14], and that the circuit complexity of computations can
be reduced [15, 16]. With regards to fundamentals of quantum information, there
is experimental evidence that qudit quantum states are more robust to noise than
their qubit counterparts, and that the heightened noise tolerance improves with in-
creasing dimension. In [17] the authors tested the robustness of qubit and qudit
bi-partite entangled states to tunable environmental noise by completing entangle-
ment witness testing to determine the error threshold for which states were no longer
entangled; they found that the error thresholds improved with dimension.

Many traditional qubit platforms allow encoding of higher dimensional systems,
including neutral atoms [18], superconducting circuits [19], trapped ions [20] and
photonic systems [21]. The state of the art in terms of experimental demonstrations
of high dimensional multi-partite entangled states is currently for photons using
either orbital angular momentum or time/frequency degrees of freedom [21, 22, 23].
In [22] the authors create a genuinely multi-partite entangled 3-qudit GHZ type state
with dimension d = 3. In [23] the authors create genuinely multi-partite entangled
4-partite cluster states with dimension d = 3. The authors of [22] explain that
the primary technical challenge in creating multi-partite entangled states in higher
dimensions has been obtaining experimental realizations of the generalized CNOT
gate. Getting around this challenge may require unconventional experimental design

1The correspondence between stabilizer codes and graph codes is valid in consideration of quantum
systems where the dimension is a prime power [7, 8].

2Qubit stands for quantum bit.

3Qudit stands for quantum digit. This term refers to the fact that a d dimensional qudit has
d orthogonal basis states, each of which can be used as a letter or digit in a computational or
cryptographic alphabet.
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such as the reliance by the authors of [22] on an in-house designed computer program
[24] to search for arrangements of optical components capable of preparing a high
dimensional multi-partite entangled state in the orbital angular momentum degree
of freedom of photons.

In this work we present a new purification protocol for qudit TCGS, and we inves-
tigate whether the performance of the protocol with states of various qudit dimen-
sions promises advantages compared to the qubit case. Direct comparisons cannot
be made between protocols on different dimensional systems, due to potentially
meaningful changes in experimental implementation of operations. Nevertheless,
favorable dimension dependent scaling of performance metrics can constitute a pos-
itive indicator that working with higher dimensional systems could be beneficial.
The protocol we present is restricted to qudit systems of prime dimension, a choice
that takes advantage of the particularly simple mathematical structure available in
describing qudit graph states of prime dimension. Here we primarily focus on rela-
tively low qudit dimensions, such as 3,5, 7, 11; in the analytic analysis of Section 7.1
we take a look also at higher prime dimensions, up to and including 97. Considera-
tion of quantum states with each of these dimensions is justified since single qudits
can be achieved and coherently manipulated using qudit platforms relying on one
or more of the various photonic degrees of freedom [21].

We address the following research questions:

Can we extend the recurrence based purification protocol of [25] for qubit
TCGS to a protocol that works for states where the underlying quantum
systems are qudits of any prime dimension?

How does the performance of the error-less purification protocol, as quantified
by achievable output fidelities, the size of the purification regime and the
expected number of attempts required to purify noisy input states to a given
target fidelity depend on the qudit dimension and the number of nodes of the
TCGS?

How does the error tolerance of the purification protocol with faulty two-qudit
operations depend on the the qudit dimension and the number of nodes of the
TCGS?

1.1. Outline and contributions
The structure of this thesis is the following,

e In Chapter 2 we present the mathematical preliminaries necessary to describe
both qudit systems and error processes in quantum mechanics.
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Chapter 3 provides a brief review of quantum state purification protocols, with
a focus on recurrence type purification.

Chapter 4 contains background on quantum graph states where the underlying
physical systems are qudits. We contribute several short mathematical results
regarding the transformation of quantum graph states by qudit operators, and
a procedure for transforming any input state to a form that is diagonal in the
graph state basis.

Chapter 5 details the main result of this work, which is a novel recurrence
type purification protocol that applies to TCGS on qudit systems of prime
dimension. In Section 5.1, we elaborate the two subroutines that comprise the
purification scheme and in Section 5.2 we explain how the subroutines can be
combined to achieve purification. Overall, this chapter provides an affirmative
answer to the first research question.

Chapter 6 deals with the performance analysis of the proposed purification
protocol, for three classes of input states: binary-like states (Section 6.1),
where errors in the state preparation are confined to one node subset of the
target TCGS; a one-parameter family of fully mixed states (Section 6.2); and
depolarized states (Section 6.3), where each qudit of a TCGS is subject to
depolarizing noise. For each class of states we study how increasing dimension
and node numbers of the input states impacts the performance of the proto-
col, and we present models to explain the observed scaling relations. Overall
we demonstrate explicitly that the error-less protocol effectively purifies each
class of input states considered and that the efficacy of purification improves
with qudit dimension in each case. The physical models we explore provide
motivation that the protocol remains effective, especially for higher dimen-
sions, on classes of input states not explicitly investigated here. This chapter
constitutes a thorough investigation of the second research question.

In Chapter 7 we demonstrate the performance of the protocol when all two-
qudit operations are subject to errors, by developing both analytic (Section
7.1) and numeric results (Section 7.2). Here we extensively address the third
research question. We quantify the advantage of working with qudit systems of
larger dimension in terms of improvements in the gate error threshold, which
can be of the magnitude of several percent between dimensions.
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MATHEMATICAL PRELIMINARIES

In quantum mechanics unitary operators play a large role because they describe
reversible transformations which preserve the norm of quantum states [6]. The
spectral theorem for unitary matrices expounds several points that are useful for
characterizing unitary operators; it is important in quantum mechanics because it
provides the groundwork for constructing a basis in which quantum states can be
written.

Theorem 2.1. [26] Spectral theorem for unitary matrices:
For a unitary matrix,

(a) All eigenvalues have absolute value 1.
(b) Eigenvectors corresponding to distinct eigenvalues are orthogonal.

(c) There is an orthogonal basis of the whole space, consisting of eigenvectors.

2.1. Operations on qudits

In order to work with individual quantum systems of dimension d > 2, known as
quantum digits or qudits, it is necessary to introduce appropriate generalizations of
the mathematical structure familiar from the study of qubits. A full representation
of the state of a qubit is possible on a complex Hilbert space of dimension 2, which
is a constituent of C2. All possible single qubit unitary operations can be generated
by the Pauli group’, P [6], which is the 16 element matrix group consisting of the
2 x 2 identity matrix, the matrices

JE (U B S
X_10;Z_0_17Y_

and all unique products thereof, with the scalar factors +1, 4+i. The Pauli group

0 —2

2.1.1
" (2.1.1)

itself is generated by the three Pauli matrices?, (ox, oz, oy).

YExplicitly, P = {£1,+il,,+ox, tiox,*oz, +icy, +oy, +ioy }
2The angled brackets are not to be confused with expectation values in quantum mechanics. In
this work (-) refers only to the generator of a group.
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In order to obtain an equally powerful formalism for understanding single qudit
operations, it is possible to generalize the Pauli group, and introduce the related
discrete Weyl group. In doing so, we mainly follow [27]. For further information,
see [28, 8, 9].

2.1.1. The generalized Pauli group

The Hilbert space of a single d-dimensional quantum system, Hgy, is a constituent
of ©%. Label the computational basis for H4 by {|0),[1), -+, |[d—1)}. The
shift operator, X, and the phase operator, Z, are an analog of the Pauli matrices
ox and oz [28]. These operators are defined as,

x =S eyl (2.12)
z2="5 i)l (2.1.3)

27mi

Throughout this work, define w to be the first d-th primitive root of unity, w :=e“a .

In the above definition, @ denotes addition modulo the dimension, d. The most
glaring thing to notice about the shift and phase operator is that they are both
unitary, but for d > 2 neither is Hermitian. As a consequence of unitarity (Theorem
2.1, [26] ), they each possess orthogonal eigenspaces and all eigenvalues are of the
form w’ for some j € Z4; hence they may still be interpreted as physical observables
[29], and measurement outcomes can be labelled by their complex eigenvalues. The
Hermitian conjugates of X and Z are given by X%~ 1 and Z% ! respectively. For
proper bookkeeping in d dimensions, it is important to note that there are differences
between the cases of even and odd dimensions. To present a unified treatment,

. im i (@241 .
introduce 7 = (—1)%ed = '™ = , and notice that 72 = w. Allow D to denote the

order of 7, meaning that D is the lowest number such that 77 = 1. In the case of
d even, then D = 2d, whereas in the case d is odd, D = d directly. The analog of
the third Pauli operator oy can be constructed as Y = 7 X127 = 7 Xd4-17d-1 in
order to preserve the commutation relation XY Z = 71 from the qubit case (7 =i
when d = 2). The generalized Pauli group, Py n, where N is the number of qudits,
is generated by the shift, phase, and Y operators, (X, Z,Y). From the action of
the shift and phase operator on the basis vectors, it is simple to verify the following
commutation relation,

70X = r2abxbza, (2.1.4)

For a register of N qudits, the associated Hilbert space, Hq n is (C?)®V and the
computational basis vectors are |q) = |¢1,q2, -+, qn) = |q1) @ |¢2) ® -+ ® |gn),
where each ¢; € Zg4. The elements of the generalized Pauli group for an N qudit
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register or quantum state are all possible IV fold tensor products of the operators
from a single copy of the group. A generating set for the group is given by

(X@12W-D 19X @1®WV-2 ... 18W-1g X
Z@1°WD 1 201°W-2 ... 180W-Dgz
Y @1920V-D 1Y @102 ... 18W-1) g y),

2.1.2. The Clifford group
The Clifford group is the natural symmetry group of the (generalized) Pauli group,
meaning that it consists of all unitaries which map Pauli operators to Pauli operators
[27]. That is, a unitary operator U¢ is a Clifford operator if for any Pauli operator
P € Py n it holds that,

UcPU}, = P' € Py n. (2.1.5)
For two states to be local Clifford equivalent means that one of the states can be
transformed into the other by the action of local Clifford operations. The Clifford
group is important to the study of graph states because many graph states are local

Clifford equivalent to other interesting quantum states, such as stabilizer states (see
Section 4.2).

An example of a Clifford operator is the generalized Hadamard [30] operator. For
qudits of dimension d the operator is defined as,

1 d—1
H=— Y %z . 2.1.6
T w2 (2.16)

That the Hadamard is a Clifford operator follows from the two relations,

HXH'=Z (2.1.7)
HzH" = x4V, (2.1.8)

which generalize the qubit relations and can be easily verified using Equations 2.1.6,
2.1.2 and 2.1.3.

2.1.3. The discrete Weyl group

A more complete® foundation for operations on N qudits is given by the discrete
Weyl group. In the study of continuous variable systems with canonical coordi-
nates?[33], [31] all possible states of a system with N constituents may be rep-
resented in phase space, such that each state has a unique position in the 2/N-
dimensional space.

3In the descriptive sense, not in the analysis sense.
4Canonical coordinates typically are given in terms of position and momentum [31] but more

generally may be specified by any two canonically conjugate operators [32], meaning operators A
and B which satisfy the relation [A, B] = i1.
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Definition 2.1. (Symplectic form and vector space). Let V be an N-dimensional
vector space over R and let u : V x V +— R be a bilinear map. Denote by V* the
dual space to V. If the map u is:

1. skew-symmetric: u(s,t) = —u(t,s) forall s, t € V.

2. non-degenerate: wu is non-degenerate if the linear map @ : V — V* given by
u(s)(t) = u(s,t), for all s,t € V, is a bijection.

then w is a symplectic form on V and (V,u) is a symplectic vector space [34].

The phase space is a symplectic vector space, defined in Definition 2.1. The coor-
dinates in phase space of a system are given by the N canonical coordinate pairs
of the constituents. A useful feature of this picture is that operators on states can
be described purely in terms of the translations they induce in phase space. With
the language of discrete Weyl systems, it is possible to give a phase space type of
formulation to finite-dimensional systems.

In order to properly introduce the elements of the Weyl group, the Weyl operators,
it is helpful to first equip the vector space Z?" with the standard symplectic scalar
product, given in the following definition.

Definition 2.2. (Standard symplectic scalar product). The standard symplectic

scalar product [+, ] is a symplectic form defined by,
14l Oy -1y 1 gN\T 1 /
[(s,%), (8", )] == (s,%) 1 0 (t) =t-s'—s-t, (2.1.9)
N N

where s,t,s’ and t' € V, with V an N-dimensional vector space over R.

We will often replace the symplectic vector space (ZQN, [, ]) with the space (Z%N7 [ ]),
where it is helpful to recall that D = d if d is odd, and D = 2d in the case of even
d. Notice that in the case of prime d, the base vector space Zy is an isomorphically
equivalent instance of the unique finite field of order d, IFy.

Definition 2.3. (Weyl Operator). For a system of N qudits, fix any pair of multi-
indices « = (s,t) € 7Z*N and define the Weyl operator,

We=Wss =7 5HZX") @ (Z2X"?) @ @ (Z°VX'V) (2.1.10)

=7 stz xt,
The notation Z%X? is a short hand for (Z5: X))@ (Z2X"2)®---® (Z¥ XtV). Each
Weyl operator is an element of the generalized Pauli group on N constituents, and

conversely every element of the generalized Pauli group is a Weyl operator, up to a
phase that is a power of 7.
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Notice that each Weyl operator W, is described entirely by the vector & € Z2VN.
This means that the operators can be specified in the phase space picture solely
by the vectors x. It is also useful to note that it follows from the definition of the
Clifford group that Weyl operators remain Weyl operators under Clifford operations.
Let Uc be a Clifford operator and W, a Weyl operator. Then,

U(;WwU}; = Wy, for some o’ € Z2V. (2.1.11)

Before introducing more properties of the Weyl operators, a preliminary to the
commutation relations can be stated, which is a consequence of equation 2.1.4,

Wt = 70, W, (2.1.12)
where v = (v1,v2), w = (wy,wy) € Z*N.
Proof.

Wv+w — T—(v1+’w1)'(vz+'w2)Z'v1+w1 X v2tw2
— 7_—(’01 V2 twi w2+ w2 +vV2 'wl),r2(w1 ‘v2) (Z’Ul X’U2) (Z‘w1 X’wz)
— U2 WL W2 V] VI V2 W W (Z'Ul Xv2) (Zwl sz)

= 7, W,
O

The commutation relations as well as other nice properties of the Weyl operators
are collected in Lemma 2.1, which was originally stated in [28]. A short proof is
given in Appendix A for the purpose of demonstrating that these properties follow
from those already established.

Lemma 2.1. [28] For any two Weyl operators W, and W, with v,w € Z2" the
following properties hold:

(i) WuWy = 2wy, W, = wlw?l WwWo, these are the commutation relations

for Weyl operators.
(ii) [Wm Ww} = 0 if and only if [v, w] = 0 mod d. This is a corollary of (i).
(iii) W! = W,y for t € Z. In particular, W} = W_,,.
(iv) The order of W, divides d.

It will also be particularly useful for the purposes of Section 4.3 to note that it is
possible to use modular arithmetic with Weyl operators. This follows from Lemma
2.2, which was originally stated in [28]. A proof is provided in Appendix A.
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Lemma 2.2. [28] For all v,w € Z*" we have W,, x W,, if and only if w = v+d-z

Z2N

for some x € , in which case

Wy = (—1) @Dl (2.1.13)
In particular, Wy, = W,, if w = v mod D.

Recall that in two dimensions, the importance of the Pauli group is underpinned
by the fact that the group generates all possible unitary operations on the Hilbert
space, Ho. In higher dimensions, the Weyl operators are similarly important because
the re-scaled Weyl operators, {d% Wy} for & € Z2N, form an orthonormal basis for
the Hilbert space Hq4, v, where orthonormality is defined with respect to the Hilbert-
Schmidt inner product (A4, B) = Tr(.ATB) [27]. As a consequence, any operator B
on H4 N can be expanded as

N
2

B=d *Scp(z) W, (2.1.14)

T

where {cz(zx)} is a set of expansion coefficients and = € Z2V.

2.1.4. Construction of controlled two qudit operations

For quantum systems with dimension greater than two, there are multiple non-
equivalent ways that a CNOT type of operation may be realized. An operation is
a generalized CNOT if it is a two-qudit operation in which the state of the second
qudit is changed from one basis state to another, according to the state of the first
qudit. Several possible forms of generalized CNOT operations have been presented
[35, 36, 30]. Here the focus is on the same two realizations of the CNOT as in
[36]. These generalizations can be constructed from the phase and shift operators
and may be characterized by their action on a general two qudit input state. First,
we introduce the operator CX;', which we will refer to as the controlled raising

operation,

CXJ i) |5) — |3} |5 @) (2.1.15)

Note that this operator is unitary but not Hermitian. It’s inverse is given by
(CXC'l")d’l. As in the qubit case, this gate admits a decomposition in terms of
the shift and phase matrices,

1
CX;:g(\0)<0|®1+|1><1|®X+|2><2|®X2+~-~+|d—1><d—1|®Xd*1)

1 yd—1 .
= (Zm e x7)

1 pd=t d=l d—mn rrm n
- g(ngo[méo‘” 7™ ® X ) (2.1.16)
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As a second generalization of the qubit CNOT gate, we introduce the operator CX,
which we will refer to as the controlled lowering operator,
CXJ |i)|5) — |i) |7 ©1). (2.1.17)

Note that © denotes subtraction modulo d. As for the controlled raise operation,
the controlled lowering operator is unitary but not Hermitian. It’s inverse is given
by (CX,)?~1. The decomposition in terms of shift and phase matrices is as follows:

1
CX; :g(|o><o|®11+|1><1|®Xd*1+|2> (2\®Xd*2+~--+|d—1><d—1|®X1)

1 yd—1
B n-(d—1)
ACAUICER S
_ 1 dt d=t d—mn r;m n-(d—1)
- g(ngo[mzzow 7™ ® X ) (2.1.18)

In Chapter 3 these decompositions are used together with the relations in Section
4.3 in order to characterize the action of the operators C’X;r and CX; on graph
basis states.

2.2. Quantum channels
A large variety of processes affecting quantum states can be understood in terms of
the quantum channel framework [37].

Definition 2.4. (Quantum Channel). A quantum channel is a process £(-), which
maps density operators to density operators. It has the following properties,

1. Linearity:
E(ap1 + Bp2) = apr + Bp2, (2.2.1)

for o, 8 € C and p1, p2 € Han-

2. Preserves Hermiticity:
p=p implies £(p) = E(p"). (2.2.2)
3. Preserves positivity:
p > 0 implies &(p) > 0, (2.2.3)

where for an operator A the notation A > 0 means that A is positive semi-
definite.

4. Preserves trace:

Tr(g(p)) = Ti(p). (2.2.4)
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Furthermore, quantum channels are often called Completely Positive Trace Pre-
serving (CPTP) maps. The qualifier “completely positive” means that the channel
remains positive when it acts on a system which is only part of a larger system.

In analogy to the familiar notion of a classical communication channel, one example
of a quantum channel is a system, such as an optical fiber, which is used to transport
quantum information between a sender and receiver. The description of such a
quantum channel includes information about errors that could possibly affect the
quantum information over the course of transmission. In fact, this notion of quantum
channel encapsulates situations beyond communication. An important example is
the storage of a quantum system. Since quantum systems are subject to decoherence,
due to coupling with an external environment [6], in general errors are incurred in
the storage and later retrieval of a quantum state. In the most wide conception,
quantum channels can describe any trace preserving process which affects a quantum
state.

Whenever considering a quantum channel we will make use of an error model to
specify the action of the channel on quantum states. To this end, we distinguish be-
tween two classes of errors, correlated and uncorrelated errors. Uncorrelated errors
are noise processes which independently affect single qudits, which may be part of
a larger state, and do not affect the rest of the qudits. This type of error model
is especially useful when considering systems without short range local interactions
between qudits, such as states composed of spatially distant qudits. In contrast,
correlated errors are joint quantum operations acting on several qudits of a system,
possibly relying on multiple ancilliary qudits. All errors can be grouped into one of
these two classes. In this work we will consider only uncorrelated error models, and
moreover we will be interested in two types of quantum channel: depolarizing chan-
nels and shift error channels. Since these processes act on qudits independently, it
is possible to characterize them by their action on a single qudit.

2.2.1. Depolarizing channels

The usual formulation of a depolarizing channel describes a process whereby a single
qudit of a quantum state is replaced by the maximally mixed state with some
probability p. We can model this process [38] by writing the depolarizing quantum
channel with parameter p € [0, 1], acting on qudit j as,

£(p) = (L= plp+ 0 ©Trs(p), (2.2.5)

where Tr; denotes the partial trace over qubit j. An equivalent formulation of a
depolarizing channel describes a process whereby a quantum state is exposed to
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white noise with probability ¢g. In the qubit case [6], this formulation is also well
known and is alternatively modelled by,

d=2 q
() =1 —q)p+ g(Uijan +0x;02;p0X 07, +02;007;),

where ¢ = %p. Note that the use of ox0oz in the previous equation is equivalent to

gy .

Similarly in the d dimensional case it is possible to construct a quantum depolar-
izing channel in the d dimensional Hilbert space [38], using the action of the Weyl
operators (Section 2.1.3) on a quantum state. This formulation of the depolarizing
channel is preferable from the operational standpoint because it is written explicitly
in terms of operators, and hence can be applied naturally to any specific quantum
state. Define the standard basis vectors for ZY by {ex}, k € Z. In this form the
depolarizing quantum channel with parameter ¢ € [0, Lgl], acting on qudit j is

(o) = (1 — _q
Eilp) =1 —q)p+ %

T
(d2 = 1) {mn W(mej’nej)p(W(mej,nej)) . (2.2.6)

(0,0

In the above reformulation of the depolarization channel, we changed from param-
eter p to ¢ to quantify the level of noise in the channel; the two parameters are
related as g = (dZd%l)p. From now on, in referring to the depolarization channel we
will make use of the form in 2.2.6. The multi-partite state that results from sending
each qudit of an N qudit quantum state py through such a channel is,

p(q) =& o0& o 0&Nn(po). (2.2.7)
Notice that ¢ = 0 (p = 0) corresponds to perfect transmission, whereas ¢ = %

(p = 1) corresponds to a completely depolarized state.

2.2.2. Shift error channels

The shift error channel is the higher dimensional generalization of the well known
bit flip channel [6]. The shift error channel describes a process in which a quantum
state remains unaffected with probability (1 — ¢), but is exposed to each of the
possible (d — 1) shift type errors with probability 7%5. Physically speaking, this
model applies in the case that shift type errors are the dominant error mechanism.
We can model this process by writing the shift error channel with parameter g,
acting on qudit j as,

q d—1 m myt
gilp) =1 =qp+ mmzl X" p(X5")

=(1-qp+ ﬁm§1 W(mej,o)PWJmej,O), (2:2.8)
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where as before {ey.}, k € Z are the standard basis vectors of ZY. This error channel
is useful for treating situations where we want to analytically study the effect of
adding some noise to a process, since it is simpler to treat than the more general
depolarizing noise. In Section 7.1 we will use this restricted model to analytically
study the effect of imperfect two qudit local operations in a purification protocol.



3

PURIFICATION OF QUANTUM
STATES

For many applications in quantum information science and quantum computing it is
necessary for a group of independent and possibly spatially separated users to share
a specific entangled quantum state, either as a resource state, or as an encoding
of the information which a computation takes as input. In the well known case of
quantum teleportation [39], the resource states are two copies of a bi-partite qubit
state with perfect correlations between the two qubits, |®go) = %(|OO> + [11)),
which is known as the Bell state |®go). In the field of quantum error correction,
a tool necessary to achieve fault tolerant quantum computation, stabilizer codes
[40] require the preparation of large multi-partite entangled states as codewords.
No matter the application, a global characteristic of schemes that rely on resource
states or encoded information is that the probability that the scheme succeeds, or
even the result of the scheme, is tied to the quality of the resource states or the en-
coding of the information. In the ideal scenario, all the quantum states used during
execution of a quantum application would perfectly match their description by the
application. In reality, the physical states are subject to errors both during their
preparation and throughout the time taken to execute the application. Preparation
errors may for example be the cause of imperfect operations or faulty measurements
in the lab where the state is prepared. Over the course of running the application,
errors may be due to a coupling between the target systems and the environment,
communication of quantum information through noisy channels, or once again faulty
operations and measurements. Since in reality all applications currently interface
with imperfect quantum states, it is necessary both to have a way of quantifying
how well the physical realization reproduces the target state, as well as to have a
method for systematically improving this overlap. One quantitative measure of the
“closeness” of two quantum states is the fidelity, stated in Definition 3.1.

Definition 3.1. Let p, o be density operators on two equal dimension Hilbert
spaces Hi, Ha, that is dim(H1) = dim(Hz). The fidelity of states p and o is

15
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defined as

F(p,a) = (Tr(\/p'2op/?))’. (3.0.1)

In the special case where one of the two states is pure, |¢)), the fidelity can be written
in a simpler manner,

E(l¢),p) = @lpl) . (3.0.2)

In particular, throughout this work we will only need to make use of the fidelity
between a pure state, which is the target state of the application, and a general
state p, the physical state prepared for use in the application. As a quantifier for
the distance between two quantum states the fidelity has several nice properties
[6]. Here we list those that will be relevant to the discussion in this chapter and in
Chapter 5:

1. Fidelity is bounded: 0 < F(p,0) < 1. If p # o then F(p,0) < 1 and p =
o = F(p,o)=1. If F(p,0) = 0, it implies that p and o have support on
orthogonal subspaces.

2. Fidelity is Symmetric: F(p,o) = F (o, p).

3. Fidelity is invariant under unitary transformations: Let U be a unitary oper-
ator. Then,
FUpUT, UcUT) = F(p,0).

4. Monotonicity of the Fidelity: Restrict £ to be a trace-preserving quantum
operation. Then,
F(&lp),€lo]) = F(p,0).

Properties one and two guarantee that the fidelity reproduces intuitive expectations
of how a measure for the similarity of states should function. Namely property
one specifies that if two states are identical, the fidelity is maximum; whereas if
the two states have support only on orthogonal subspaces, then the fidelity attains
its minimum; any non-identical states with support on the same subspace of basis
functions have an intermediate fidelity. In complement property two guarantees
that the measure of similarity does not depend on how the states are labelled, or on
the order of the comparison. Armed with the fidelity for measuring the similarity
between states, it is desirable also to have a method of increasing the similarity.
Properties three and four guarantee that any operations which are unitary, or even
simply trace-preserving, will not cause the fidelity to decrease. Hence these types
of operations can be useful in a scheme aimed at improving the fidelity. As a fi-
nal remark on the fidelity, note that there are many other measures by which the
quality of a physically realized quantum state may be judged. Some of these other
methods, such as the trace distance [6] are true mathematical distance measures,
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while others are measures of the entanglement, such as the concurrence [41] and its
multi-dimensional counterpart the D-concurrence [42]. In light of the large variety
of existing measures, the motivation to focus on the fidelity is that it is not only
theoretically simple to calculate, but also can typically be calculated in a straight-
forward method from experimental measurements (see for example Equation 1 in
[43]). Moreover, in the presentation of experimental results, the fidelity achieved is
typically the measure reported on, even for higher dimensional quantum systems,
as in [22] and [44].

3.1. Purification protocols

Methods which have as their goal increasing the fidelity of physically realized states
with respect to a specific target state are known as purification protocols. Typ-
ically, these protocols take as input many copies of a flawed quantum state with
fidelity F' to the target state and aim to output one copy of a state with increased
fidelity F>F. Primarily this work will be focused on recurrence type protocols.
These consist of one or more subroutines, which are iteratively applied, taking al-
ways states output by the previous iteration as input. These subroutines rely on
application of local operations, local measurements and classical communication of
the measurement results. In each subroutine a post-selection condition is applied
based on the observed measurement outcomes, resulting in probabilistic success of
the routine. The number of successful iterations performed can be selected by the
users of the protocol, in order to reach a targeted final fidelity and based on how
efficiently the protocol is expected to work under the given experimental conditions
(which may be only approximately known to the users). The other types of pu-
rification protocols of interest are hashing and breeding protocols, which succeed
deterministically and operate on a large number N of input copies. These protocols
are especially effective in the limit N — oo. There is also another kind of purifi-
cation, called filtering, which applies to a single copy of a given state and depends
on local measurements, succeeding probabilistically according to the measurement
outcomes. Unfortunately filtering protocols are applicable only to a restricted class
of input states, and cannot for example be used to increase the fidelity of any full
rank mixed two qubit state [45].

Recurrence type protocols were first introduced for bi-partite qubit states, with
Bell states as the target states [46, 47]. Following the introduction of these ini-
tial bi-partite protocols, recurrence type protocols were also introduced for various
multi-partite input states (see Section 7 from [45] for a review which covers most
possibilities), especially for target states within the class of graph states (introduced
in Chapter 4) [25, 48].
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All recurrence type protocols have a similar skeleton structure, and their effective-
ness and conditions of applicability share some common characteristics. The setup
and general structure is delineated in Box 1.

Box 1: ANATOMY OF PURIFICATION: Recurrence Type Protocols.

The target state is a multi-partite entangled quantum state consisting of
N qudits. There are N independent and possibly spatially separated users
who wish to share a physical realization of the target state between them,
with a fidelity F that is at least sufficient for their intended application. The
users decide on the sequence of purification subroutines to use, and how many
iterations are needed.

Setup: To begin the first subroutine, the N parties collaborate to pre-
pare two copies of a noisy entangled state, with fidelity F' < F to their target
state. The two copies are usually considered to be identical, however results
can also be stated for non-identical states, usually with the help of the quantum
de Finetti theorem [49], [50]. Each of the N collaborators holds one qudit from
each of the two noisy copies, so they each hold two qudits in total (Figure 3.1a)
and are responsible for any operations or measurements on these systems.

To begin the n-th subroutine two states output by the subroutine n-1
are retrieved from memory. Retrieval from memory is accomplished locally by
the N parties, who each swap their two qudits belonging to the two states out
of local quantum memories.

Phase 1: Copy information. FEach participant independently per-
forms local operations on their two qudits, which will include a controlled
two-qudit gate (Figure 3.1b). The goal of the multi-lateral application of
controlled two-qudit gates is to copy information from the first noisy state to
the second.

Phase 2: Measure and read out information. The N participants
measure their second qudit in the basis indicated by the subroutine, which
in total means that the second noisy state is measured (Figure 3.1c). The
outcomes of the local measurements provide information about the second
copy of the state.
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Phase 3: Post-select and declare success/failure. To determine
whether success is achieved, the participants communicate their measurement
results over a classical channel and apply a post selection condition, such that
success if declared if the condition is met, or else failure is declared (Figure
3.1d). Whenever success is declared, then because of the selection condition the
participants can be sure that the measurement results reveal information about
the remaining noisy state. If failure is declared the subroutine is restarted
when appropriate.

Continue to next subroutine or stop.

In quantum mechanics, learning information about a state is akin to de-
creasing the classical uncertainty about what the state is, which implies
purification. Hence heuristically speaking each subroutine in a purification
protocol can be seen as increasing the fidelity by way of extracting information
about the noisy states, and selecting for instances where the information is
useful in decreasing uncertainty.

As for the conditions of applicability, every recurrence type protocol requires that
the input states meet at least some minimal fidelity, Finin. If the input fidelity
F < Fuin, then the protocol will not be able to achieve purification. In the case of
perfect operation of the protocol (i.e. all operations, measurements and communi-
cation are ideal and noiseless), then any input state satisfying F' > Fy,;, converges
towards a state with fidelity F = 1, given sufficiently many applications of the
purifying subroutines. In the more realistic case where noise is introduced into
the protocol, there is also a maximum reachable fidelity, F,.x < 1. In general,
recurrence protocols have a lower minimal fidelity Fi,;, than hashing or breeding
protocols, meaning that they can be applied to a wider range of input states. As a
drawback however, in the presence of noise the maximal reachable fidelity, Fi,ax, is
lower than the corresponding maximum achievable using a hashing or breeding pro-
tocol. In this way, recurrence and hashing or breeding protocols are complementary,
in that for input states of low initial fidelity, recurrence type protocols may be used
to purify until the fidelity is greater than the minimum for a hashing or breeding
protocol, at which point these protocols may be used to complete the purification
and reach a greater final fidelity [45].
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(a) Recurrence protocols take as input two  (b) In phase 1 information is copied from the
copies of a noisy entangled state. second state to the first. The copying of
information is facilitated by a sequence of
local operations, including a controlled
two-qudit operation.
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(d) In phase 3 it is determined whether the
measurement results satisfy a post-selection
condition. If so, the protocol is declared

(c) In phase 2 the second state copy is successful and the first state is kept. The
measured. output state is a less noisy version of the
target entangled state.

Figure 3.1: Phases of a recurrence type purification protocol. Here we demonstrate with a noisy
bi-partite entangled state (i.e. N = 2), but in general we consider N-partite states. The
underlying physical systems (represented by the purple circles) are qudits of any dimension.
Curved blue lines between qudits represent entanglement and green shapes surrounding states

represent noise.
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Definition 3.2 (Yield of a purification protocol). The yield of a purification pro-
tocol is the ratio of the single purified state output by the protocol to the average
number of input state copies consumed during purification.

Another important consideration is that an output state with unit fidelity, F' = 1
can only be achieved in the asymptotic limit, meaning a large number of subroutine
iterations are necessary. In this limit however the yield of the protocol (Definition
3.2) vanishes. To see this intuitively, note that each successful subroutine has a yield
of one half, and subroutines succeed only probabilistically. Hence as the number
of iterations grow, the expected number of times a subroutine or chain of iterated
subroutines must be repeated also grows. For these reasons, the yield is zero in
the asymptotic regime. For completeness, an explicit calculation of the yield is
demonstrated in Appendix B. Nevertheless, for any desired final fidelity within the
purification regime accessible given a specific purification protocol and noise level,
the target fidelity is achievable in a finite number of iterations and the overall process
has a finite yield.

The main constraint on existing multi-partite recurrence protocols® is that they are
restricted to working for states with qubits as the underlying physical systems. In
contrast, in the case of bi-partite states, several works have presented purification
protocols which are suitable for higher dimensional systems [35, 51, 52]. Another
major constraint is that qubit multi-partite recurrence protocols require a very large
expected number of attempts to successfully output states of reasonably high fidelity,
essentially due to the low yield and success probabilities of each purification stage.
To address these restrictions, a recurrence type protocol which has graph states
on qudits of prime dimension as the target states is presented in Chapter 5 and
constitutes the main result of this thesis. In Section 6.3 we demonstrate that for
qudits of sufficiently high dimension, the proposed protocol requires a much lower
expected number of attempts to successfully output states of reasonably high fidelity.

INote that in [51] the authors propose a hashing type protocol for qudit GHZ-type states.
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(FENERAL DIMENSION GRAPH
STATES

Consider a mathematical graph, G. Let V denote the set of vertices of the graph,
E the set of edges and N the size of the set of vertices, N := |V|. A graph is
called undirected if the edges do not have an orientation, meaning that if one was
to trace their finger over the graph, they could choose in which direction to follow
each edge. The graph may be fully specified by its adjacency matrix I', which is an
N x N matrix with one row and column per vertex. The matrix entries I';; encode
the number of edges shared between vertices ¢ and j. The matrix entry I';; will
of course be zero whenever vertices ¢ and j do not share an edge. The degree of
a vertex is the number of edges which terminate at that vertex. In terms of the
adjacency matrix, the degree of vertex j is the number of non-zero entries in the
the j** row or column of the matrix. In this work the degree of the graph will be
used as shorthand terminology to refer to the maximum degree of any vertex in the
graph.

Very often we will focus specifically on two colorable graphs, which are graphs
where the set of vertices can be split into a bi-partition of subsets V4 and Vg of
sizes N4 := |Va| and Np := |Vp|, such that there are no edges between vertices
of one subset. As such, all edges of these graphs are between a vertex of V4 and
another vertex of Vp. It is of interest to focus on two-colorable graphs because
already many applications in quantum information processing and communication
which require reference to mathematical graphs actually only require the specific
class of two colorable graphs [9]. In reference to any two colorable graph we will
assume that a suitable bi-partition has been made. For the sake of clarity, when
numbering the veritces of a two-colorable graph we will always number the vertices
of set V4 first, and those of set V5 second, unless otherwise indicated. The effect
of this choice is that in the adjacency matrix of a two colorable graph the first V4
rows and columns will correspond to vertices of set V4.

23
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Now that we have introduced the relevant notation relating to mathematical graphs,
we can shift attention to quantum graph states, each of which is essentially the
quantum analog of a particular mathematical graph. This is to say that there is
a surjective mapping from the set of all possible mathematical graphs on N ver-
tices to the set of quantum graph states on N identical quantum systems, which
may be d-dimensional. There are two ways to understand the correspondence be-
tween mathematical graphs and quantum graphs states, known as the constructive
formulation and the stabilizer formulation [9]. In the constructive formulation a
mathematical graph is used as a set of instructions for how to prepare a quantum
graph state. In complement, in the stabilizer formulation the mathematical graph
specifies a complete set of generators for the stabilizer group of the quantum graph
state. Each of these formulations is expanded upon in the following sections.

4.1. Constructive formulation
A graph state on N vertices with adjacency matrix I can be built by first associating
each vertex with a d dimensional qudit prepared in the state
1 d=1

|+) = ﬁjgo 7). (4.1.1)
Next, for each entry 'y, of the adjacency matrix, repeatedly perform the generalized
CPHASE (G-C7Z) gate, Cga’b), between the qudits labelled a and b, T'y; times. As in
the qubit case the G-CZ gate is invariant with respect to swapping the control and
target qudit. For this reason qudit graph states correspond to undirected graphs
and we can choose to always write the G-CZ gate as,

d—1 .
Cga,b) L= j§0 |_j> <j|a (9 le) ® ]]-V\{a,b} (412)

1dl d-l d—jm rrm 9l
== 3 [ 2 w'IMmZ™] @ Z] @ Ly (o)

o gj:O m=0
Recall that the weighted edges of the graph are specified by the adjacency matrix, so
that the edge between vertices a and b is given by I' ;. In the constructive formalism
then, a graph state |G) is specified by

a Tap
&)= gv(cg )Tt | BN (4.1.3)
a>b

If one considers measuring a graph state, which can be done by choosing a basis
and measuring each qudit in that basis, then it is useful to start by writing the
graph state explicitly in the eigenbasis of the Z operator. For the sake of clarity, we
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introduce the string of labels g € F?N, ie. = (q1, q2, -+, qn), where ¢; € Fy.
Denote by {ei}, k € Z, the standard basis vectors of Z". With some algebra,
Equations 4.1.1, 4.1.2 and 4.1.3 can be combined to re-express the graph state |G)
in the phase basis,

1 = Tab(g-€a)(g-ep)

IG) = y % wlabevie>s} lq) . (4.1.4)

w2

4.2. Stabilizer formulation

A quantum stabilizer state on N d-dimensional quantum systems is a simultaneous
+1 eigenstate of a commutative subgroup S of the Weyl group, which does not
contain any multiples of the identity, except for 1 itself [8], [9]. For a stabilizer state
to be uniquely defined (up to a global phase), it is necessary that the order of S is
d". In the case that d is a prime number, S can be generated by only N operators
[9], [7], called the stabilizer generators. In the case that d has multiple prime factors,
then the number of generators is m, where N < m < 2N [8]. The framework of
stabilizer states is instrumental to the study of graph states because it has been
proven that whenever d is a prime power i.e. d = p* for prime p and integer k,
then any stabilizer state is local Clifford equivalent (Section 2.1.2) to a graph state,
and conversely each graph state is local Clifford equivalent to a stabilizer state [7,
8]. Motivated by these known results, we will henceforth make the restriction to
consider only prime dimensions (not prime powers), which will stand throughout
the rest of this work. With this restriction in place, all graph states considered
are also stabilizer states, and the stabilizer is generated by only N operators. One
advantage of relating graph states to stabilizer states is that the known action of the
stabilizer can be exploited to determine how other operators act on the states; this
approach is explored in Section 4.3. Following from these considerations, a graph
state can be viewed in terms of its stabilizer generators [9, 7]. For each vertex v € V
there is an associated stabilizer generator [9],

=X, T Zlww 421
gU vaN(v) w 9 ( )

where we have introduced the notation N (v) to denote the neighbors of vertex v,
meaning all the vertices which share a weighted edge with v.

The stabilizer formulation can be linked to the constructive formulation in another
way as well. It is possible to form a basis, called the graph state basis, for the
dV dimensional space in which |G) itself is a basis state. We will denote this basis
{I¥u) .} and label [Wo) ., := |G). If it is clear from context we will drop the label
G and write instead {|¥,)} and |¥g). Like |G), elements of the graph state basis
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are superposition states over all length N strings with values in IF4. States in
the basis are differentiated by the relative phases of the superposition. As shown in
Section 4.1, the relative phases of components in the graph state itself are essentially
determined by the adjacency matrix of the graph. Since only the relative phases
change between different elements of the graph state basis, each element of the basis
can be generated from |G) by appropriate application of the phase operators, Z#i
on each qudit. That is, for every label € IF‘?N there is an element of the graph
state basis generated from |G) according to

Wuo =21" @ @ ZN [Wo) e = Wio,u Vo) - (4.2.2)

Since there are d”V of these states, it is only necessary to confirm orthogonality in
order to prove that they are an orthogonal basis of the Hilbert space.

Consider the inner product of two states, |¥,,) and |¥,,,), defined according to
Equation 4.2.2 and a known graph G. The inner product is,

(Upus [Wpp) = (ol (Z)1 21 | Wo) . (4.2.3)

If w1 = po then Equation 4.2.3 is equal to 1. We focus on the case u; # po.
Employing Equation 4.1.3, the sequence of operations (Z#1)fZH2 |¥g) may be re-
written,

(Z#)t Z82 |We) = (z01) Z02 Y |+) BN (4.2.4)

. . r. .
where we denote the the sequence of unitary operations PV (C§“7”>) * by U, since
a,be

a>b
taken together they constitute a unitary process with Hermitian conjugate 4f. From

Equation 4.1.2, we see that U commutes with Z¥ Vv € lF?N, since each (Cﬁ“’b))rab
can be written entirely in terms of identity and phase type operators on the N
qudits. Equation 4.2.4 is equivalent to,

(Zul)TZuz o) =U (Zul)TZuz |+>®N
=Y ZH =i | )N (4.2.5)

Overall then,

(W [W0) = (H Ut Zrat (= Dr 1) OF
1

. m- +(d—1 .
= o D] Ly [2 wm bt @0 jm) (m| | 215)

_ 1 m-[pat(d—1)p1]
- R By e
=0. (4.2.6)
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In the second line we used Equations 4.1.1 and 2.1.3, and in the final line we used
that the sum over all powers of the roots of unity is equal to zero. Having confirmed
the orthogonality, we conclude that the states |¥,,) constitute a basis.

We focus on two-colorable graph states (TCGS) in this work, which are quantum
graph states where the corresponding graph is two-colorable. Recall that for two-
colorable graphs we chose the convention that all vertices from set V4 are numbered
before those of set Vi, so that the first N4 rows and columns of the adjacency matrix
are associated with the vertices in V4. In light of these considerations, we introduce
a modified notation for two-colorable graph basis states. If G is two-colorable, then
= (pa,pup), where pa € IFE’NA and pup € ]F?NB, and the graph basis states are,

{IWwet = Vuans)ch (4.2.7)

4.3. The graph state basis

As introduced in Section 4.2, the states |¥,). = W 4 |Vo), form a basis for
the dV dimensional quantum space, known as the graph state basis. For certain
applications, such as purification protocols where the performance is evaluated based
on the fidelity of the output state, it is useful to work explicitly in the graph state
basis. For this reason we set about establishing some basic facts about how the basis
states transform under the action of specific operators. The relations presented here
are well known in the qubit case [25].

Proposition 4.1. The states |¥,,), are eigenstates of the stabilizers presented in
Equation 4.2.1,

I .
=X, IO Z*\V V.
{ga Then () } J €

In particular, for every g;, |[¥,) is an eigenstate with eigenvalue w™"7.

Proof.

By definition, g; [¥o); = [Yo)g, V j € V and hence Wi 1195 Vo) = [Vp) e
To determine g;Wo, ) |Wo)s it is useful to evaluate the full set of commutation
relations [gj, W(O’”)] V j € V. First, define I'; to be the j —th row of the adjacency
matrix I' and e; to be the j — th standard basis vector of ZN . The stabilizers can
then be re-written as a Weyl operator, using Definition 2.3, g; = rei'T Wi, r,))-
Using the commutation relations from Lemma 2.1, it then holds automatically that,

9iWo.u) =7 Wie, 1) Wio.m
— wl(€T;),(0,p)] W(O’M)Te"'rj Wie, ;)

= &K W(O,p)gj (4.3.1)
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Overall then, the commutation relations are,

ng(O’”) = M W(O,u)gj~ (4.3.2)

Therefore, the state |¥,,) , is an eigenstate of each g;, with corresponding eigenvalue
w

95 1W,0) s = @™ Wio 095 [ o) = 0™ W) (43.3)

O

Proposition 4.2. The action of a phase type operator Z on qudit j of an N qudit
graph state is given by

ZilW)e = |Wpte; ) - (4.3.4)
It follows by repeated action of Z; that the action of powers of phase type operators
is given by,
ZP ) o = [Ypsme, ) » ¥ m € Za. (4.3.5)
Proof.

ZiWu) e = Wo,e)Wiow) [Wo) g
= Wo.ute)) [Yo)g
= Ypie, )y (4.3.6)
O

Proposition 4.3. The action of a shift type operator X on qudit j of an N qudit
graph state is given by

X [u)g = D |0 onr, )y (4.3.7)
It follows by repeated action of X; that the action of powers of shift type operators
is given by,
X7 |0,),, = wm (@) W pim@-nr; ) ¥ m € Zy. (4.3.8)
Proof.

The transformation is actually simplest when the d — 1 power of the shift operator
is applied, so this is considered first,

X{T W) g = W X g5 W) g
= W Wia-1)e;.0) 7" Wie,.r,)Wio) [Vo)e
= W Wior)Wiouw Vo)
=w" Wi u+ir)) [Yo)¢
— M ’\II#+Fj>G ) (4.3.9)
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Following a similar derivation, the action of the shift operator on a graph basis
state can be calculated by repeatedly invoking the stabilizer operator eigenvalue
equations,

Xj |‘l/u>(; = w“j(d_l)ng;'iil ‘\I'u>c

= Wt DX g (a1 Wiow) [Po) g

— wl"j(d_l)]lW(O’u+(d71)Fj) |\IIO>G
= wti(d=1) \I/;H-(d—l)l‘j >G (4:3.10)

4.4. Depolarization of states

For the sake of tractability, it is frequently useful to restrict the type of input states
to a quantum information protocol to have a standard form. Furthermore, many
simple models of noisy quantum states are diagonal in the graph state basis. An
example is the state which corresponds to the target state with probability p, but
to the maximally mixed state with probability 1 — p. Studying only a restricted
form for input states may raise concerns however as to the wider applicability and
performance of a protocol. In this section we demonstrate that there exists a pro-
cedure, called the depolarization procedure, by which a general multi-partite qudit
state p with fidelity F' to some target graph state |G) can be brought into a form
that is diagonal in the graph state basis, without decreasing the fidelity F. This
procedure may however decrease the overall entanglement of the state (according to
some entanglement measure, such as the D-concurrence [42]), [51]. The existence
of such a procedure allows restricting the class of input states to those which are
diagonal in the graph state basis, without loss of generality.

Consider an arbitrary graph G with N vertices, V' = {vy,va,- -+ ,un}, and N distinct
spatially separated parties, each holding one of N qudits belonging to a general
mixed state p. We consider the N particle graph basis states associated with G,
{|¥,.)}c. Since these states form a basis for the d dimensional state space Hq v,
the density operator p may be expressed

pP= [J,ZVA;LJJ W) (Wolg - (44.1)

We demonstrate that it is possible to depolarize p to a state pg which is diagonal
in the graph state basis using only LOCC operations, without altering the diagonal
coefficients. Now, consider two graph basis states |¥,,) and [¥,), which differ in
at least one bit, say pu; # v1. Then, using the stabilizer generators introduced in
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Section 4.2 and the eigenvalue equations for graph basis states from Section 4.3, we
have that g1 [W,), = w ™" [V,), and g1 |¥y)g = w™" |¥,) 4, where w is the first
d — th primitive root of unity. If the N parties then jointly perform with uniform
probability é the operations corresponding to one of {1, ¢g1,¢3,---,g{ '}, then the
resulting state is

pa = =(p+g1p(90)" + gin(gD)" + -+ gf ' p(ef ). (4.4.2)

SH R

The amplitude of the term |¥,) (¥, |, resulting from this process is

)\/'C‘lﬂ’ (1 + W(Vl—ﬂl) + w2(’/1_l‘1) 4+ 4 w(d_l)(yl_ul)). (443)

For any possible combination of v and p; such that p; # v1 (both elements of IFfiV ),
this amplitude is simply a multiple of the sum of the d — th primitive roots of unity,
and hence is equal to zero. If instead p; = vq, then the sum in Equation 4.4.3 is
equal to d and the diagonal coefficients remain fixed. Following suit, all off diagonal
elements can be eliminated in a total of N rounds by probabilistically applying the
operations corresponding to a power of {g;} V j € {1,--- N} to the state resulting
from the previous round. Overall, the resulting state is

PG = 1%:/\“ “I’u> <\IJH‘G,

with Ay = A .

4.5. Examples of two-colorable graph states

There are many possible configurations of two-colorable graphs possible, especially
when allowing graphs that have weighted edges, as is appropriate for graphs corre-
sponding to qudit graph states. For the sake of testing the efficacy of a purifica-
tion protocol for graph states, it is helpful to have a particular class of TCGS in
mind. In this work we will introduce and focus on two classes of TCGS: Green-
berger-Horne—Zeilinger (GHZ) type states, and Linear Cluster states.

4.5.1. GHZ type states

GHZ type states on N qudits are an important class of entangled quantum state.
In two dimensions, GHZ type states maximally violate N qubit Bell inequalities
[53]. In general dimensions, GHZ type states are a useful resource for quantum
communication protocols, including quantum secret sharing [2], [3], which can be
used as a primitive for secure function evaluation. A GHZ state can be written as
(541,



4.5. EXAMPLES OF TWO-COLORABLE GRAPH STATES 31

1
IGHZa,n) = —=([0)®Y + [1)®Y + -+ ]d - 1)%V)

d

Sl

1

(J0)+ 1)+ +|d—1)). (4.5.1)

Sl

d

A quantum graph state corresponding to either the complete graph or the star graph,
of which examples are shown in Figure 4.1, is local Clifford equivalent to a GHZ
type state. In Appendix C we demonstrate the local unitary equivalence of GHZ
type states and star graph states by applying generalized Hadamard operations to
all but the first qudit of a GHZ type state.

Definition 4.1. (Local complementation). For two sets X and Y define the sym-
metric difference between the sets by,

XAY = (X[ Y)\(xY). (4.5.2)

Local complementation about a vertex v of a graph G is an operation 7, which
complements the induced subgraph on the neighborhood of v [9]. The neighborhood
N, of a vertex v consists of all the vertices which share an edge with v, i.e. N, =
{u | (v,u) € E}. For each vertex u of G, with neighborhood N,,, the graph 7,(G)
resulting from local complementation about vertex v has the updated neighborhood,

NuAWNNu}), if (u,0) € B,

(4.5.3)
Ny, otherwise.

NL(LTv(G)) — {

The complete graph is related to the star graph with vertex n as the central vertex
by local complementation (Definition 4.1) about vertex n. In both the qubit case [9]
and the qudit case with prime dimension d > 2 [55], local complementation about a
single vertex can be accompished by a Clifford operator; hence the complete graph
state is local Clifford equivalent to the GHZ type state. Note that the complete
graph is not two colorable, whereas the star graph is always two-colorable. For
this reason, it is preferable to reference star graphs and not complete graphs when
working with GHZ type states.
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(a) The complete graph with 8 vertices (b) The star graph with 8 vertices

Figure 4.1: Graphs corresponding to graph states with local Clifford equivalence to GHZ type
states.

4.5.2. Linear Cluster States

Cluster states are graph states corresponding to a square lattice graph in s spa-
tial dimensions. For s > 2 it has been shown both for qubits [4] and for qudits
with d > 2 [5] that cluster states constitute a universal resource for the so-called
one way quantum computer [4]. One way quantum computation is an alternative
approach to the circuit model of quantum computation, and it is based on perform-
ing measurements of resource states in order to perform a computation. Examples
of s-dimensional cluster states for the first three spatial dimensions are shown in
Figure 4.2. The name linear cluster states is given to cluster states in one spatial
dimension. Note that the 3-dimensional cluster state shown in Figure 4.2c is only a
single unit cell of the lattice.

(a) Linear cluster state: spatial dimension 1.

A
‘oo s Valve

(b) Spatial dimension 2. (c) Spatial dimension 3, unit cell.

Figure 4.2: Cluster states in the first three spatial dimensions.

Despite the simplicity of the description of cluster states within the stabilizer for-
malism, an explicit form for these states, in any basis, requires a number of terms
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that is exponential in the number of qudits in the state. For the case of qubits,
the tie between entanglement of cluster states and the large number of basis states
needed to express them has been expressed in terms of the Schmidt measure — a
measure for multi-partite entanglement [56]. For qubit states in spatial dimensions
1, 2, and 3 the entanglement as quantified by the Schmidt measure scales with the
number of qubits and is L%J [9]. For comparison, the Schmidt measure of any qubit
GHZ type state is 1 [9], and hence does not scale with the number of qubits in the

state.

Although linear cluster states are not a universal resource for one way quantum
computation, unlike their higher spatial dimension counterparts, they are appealing
as example states for performance evaluation of a protocol. From a performance
evaluation standpoint linear cluster states are interesting because they are simple
to work with in calculations, but they have the same degree structure (constant
degree) as their higher spatial dimension counterparts. Additionally, at least by
one measure (the Schmidt measure — proven in the qubit case) they have the same
entanglement structure.






D

RECURRENCE SCHEME FOR
QUDIT GRAPH STATE
PURIFICATION

The recurrence based purification scheme for qudit TCGS we here propose is a sim-
ple extension of the qubit scheme presented in reference [25], with some important
modifications that account for the difficulties presented by working over a config-
uration space with elements in F; as opposed to Fy. Recall that the vertices of a
two-colorable graph can be split into two subsets, V4 and Vg of size Ng = |V4| and
Np = |Vp|, such that all vertices within one subset only share edges with vertices
from the other subset; the set of edges of the graph is E. A perfect graph state
corresponding to graph G is denoted Vg ). As explained in Equations 4.2.2 and
4.2.7, any N qudit quantum state can be represented in the graph state basis of the
graph G and each of these basis states is uniquely labeled by a vector = (pa, 5),
where py € IE‘flVA and pup € IFilVB.

As setup, we consider N spatially separated experimenters who each require one
qudit of a specific N qudit TCGS, corresponding to a graph G. They organize
themselves into two groups, according to the sets V4 and Vp. The experimenters
are able to collaborate in order to prepare identical copies of N qudit quantum
states of fidelity F' to their target graph state. These states are distributed such
that each experimenter corresponds to a vertex of the desired graph state, and
for every imperfect copy of the graph state an experimenter has control of the
qudit matching their vertex. We will assume that the experimenters perform the
depolarization procedure presented in Section 4.4, so that their input states are
always diagonal in the graph state basis. That is, they can jointly prepare states
pP= uAX,:uB Apans Ypas) (Ypawsl (5.0.1)
where Ao o = F'. We propose a purification protocol relying on local operations by
each individual experimenter and classical communication between experimenters.

35
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Success of the protocol is achieved probabilistically, as long as F' > Fii,, where
Fiin is the minimal required initial fidelity. With this protocol, the group uses
many input states of fidelity F to the desired graph state to prepare a single output
state of target fidelity ﬁ, where F' > F. The protocol consists of two subroutines, P1
and P2, which target errors on the subsets of qudits V4 and Vg, respectively. The
subroutines take two identical copies of a state as input and are applied iteratively,
so that two states output by the previous level of subroutines are used as input in
the subsequent level of subroutines. In this way, the number of initial input states
required is exponential in the number of levels of subroutine processing applied.

5.1. Purification subroutines

Each purification subroutine takes as input two identical copies p1, and ps of a state
p (Equation 5.0.1), diagonal in the graph state basis and with fidelity F' to the target
graph state. If the subroutine is successful, a single copy p with fidelity Fis output.
The total input state is p12 = p1 ® p2. The lack of initial correlations between the
two input copies is guaranteed by the initial depolarization procedure (Section 4.4).

The exact sequence of actions which make up subroutine P1 are detailed in Box 2.
Subroutine P2 can be obtained from P1 by exchanging the roles of set V4 and Vjg.
The main difference in these sub-routines from the qubit version of the protocol,
presented in [25], is that the parties in V4 apply different realizations of the CNOT
gate to their qudits than the parties in Vp. In the qubit case all parties apply
CNOT’s because there is a unique realization of the CNOT gate in two dimensions.

Box 2: SUBROUTINE: P1

Phase one: Local operations.

1. All parties belonging to set V4 apply local controlled raise operations,
CX;, to their two qudits, with the one from state ps as source and the
one from state p; as target. See Figure 5.1c.

2. All parties from set Vp apply controlled lowering operations, C X, to
their two qudits, with the one from p; as source and the one from p, as
target. See Figure 5.1d.

The action of this sequence of multilateral controlled raising and lowering op-
erations is,




5.1. PURIFICATION SUBROUTINES 37

|\III»LA7F'B> ‘\IJVA7VB> — |\IIHA7P'B@VB> |\IIVA®(d—1)HA7VB>’ (5'1'1)

where @ denotes addition modulo d. A proof is given in Appendix D.

Phase two: Measurements.

3. All qudits belonging to the set V of the second state copy po are measured
in the eigenbasis of the phase operator, {[0),|1),---,|d — 1)}.

4. All parties belonging to set V4 apply a Hadamard operation to their qudit
from state p;. This changes the measurement basis from the phase basis
to the shift basis.

5. All qudits belonging to set V4 of the second state copy, p2, are measured
in the eigenbasis of the shift operator {|0),,[1),, ---,|d—1),}.

6. Each experimenter announces their measurement result over a classical

communication channel.

The measurement results in the sets V4 and Vg yield results w® and w?,
respectively, with a;, 8, € Fy,1 € Zn,, j € Un,.

Phase three: Post-selection.

7. Each party belonging to set V4 adds to their measurement result, o, the
results of all parties from set Vp that share an edge with their vertex,
{Br | T'jx # 0}, weighted by the corresponding edge weight, I'jz, from the
adjacency matrix I

8. Each party belonging to set V4 announces the result of their calculation
modulo d. If every member of subset V4 obtains a result that is 0, then
the subroutine is declared to have been successful.

That is, subroutine P1 is successful and the first state is kept if the measurement
results fulfill the condition,

j DI dd=0,Vj € Zn,. 5.1.2

(aj + (k) eE jkBk) mo J Na ( )
Fulfillment of this condition implies that g4 = v 4. A full proof that subroutine
P1 works as described is given in Appendix D. In the case that the measurement

condition is not satisfied, the first state is also discarded and subroutine P1
failed.
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Resulting state.

When the protocol is successful, the resulting state p remains diagonal
in the graph state basis and has the updated coefficients
- 1
by

)\'7A7"/B = )“YA,#B )\'YAyVB’ (5'1'3)

{(HBJ/B)WB@VB:’YB}E

where K is a normalization constant, such that ¢r(p) = 1, and indicates the
success probability of the protocol. Explicitly,

Ki=% Y S Muypos Mpaws- (5.1.4)

HA KB VB
To understand why the normalization factor K; corresponds to the success
probability of the sub-routine, note that it is simply the probability that the
measurement results are compatible with the post-selection condition, which
determines the success of the sub-routine.

4 5
C- - -
RA\SE C LOWEK | 6 s 5
2 @ 2)
N
\ 2 3
(a) Symbols for controlled raise (CX;) (b) Input: Two identical copies of an N
and controlled lower (CX ;") operations. qudit state.

(c) Step 1: members of set V4 do C’X;r (d) Step 2: members of set Vp do CX
operations from state two to state one. operations from state one to state two.

Figure 5.1: Local operation sequence of subroutine P1. In (b), (c) and (d) the colored nodes of
the two graphs represent qudits; the edges of the graphs represent entanglement between qudits.
In each graph, the nodes in subset V4 are colored pink and drawn lower than the nodes in subset

VB, which are colored green.
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The sequence of operations in phase one of subroutines P1 and P2 are visualized in
Figures 5.1 and 5.2 respectively. Since subroutine P2 is simply obtained from P1 by
exchanging the roles of set V4 and Vg, we do not explicitly run through the steps of
the routine. Rather, we state only the post-selection condition and the formula for
the coefficients of an updated state. Subroutine P2 is successful if the measurement
results fulfill the condition

(B; + ’ ICX)JEEFM ap)mod d=0, Vi € Zn,, (5.1.5)

where {f;} is the set of measurement results recorded when all parties in set Vg
measure their qudit from state copy two in the shift basis, and {ay} is the set of
measurement results recorded when all parties in set V4 measure their qudit from
state copy two in the phase basis. When P2 is successful, the resulting state p
remains diagonal in the graph state basis and has the updated coefficients,

- 1
A = by —A A . 5.1.6
YA,YB {(HAJ’A)lNA@VA:'}’A}KQ HAYB AYYB ( )
The normalization constant K2 is given by,
Ko= XY YAy upMvapn- (5.1.7)

MHAVARB

C -Rasse C'Lowek m) @/@\@/@\@

© Q
@ 0/ \@/ \@

(a) Symbols for controlled raise (CX;) (b) Input: Two identical copies of an N
and controlled lower (CX ;) operations. qudit state.

(c) Step 1: members of set Vg do C’X;r (d) Step 2: members of set V4 do CX
operations from state two to state one. operations from state one to state two.

Figure 5.2: Local operation sequence of subroutine P2. In (b), (c) and (d) the colored nodes of
the two graphs represent qudits; the edges of the graphs represent entanglement between qudits.
In each graph, the nodes in subset V4 are colored pink and drawn lower than the nodes in subset

Vg, which are colored green.
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5.2. Full purification protocol

The full purification protocol proceeds by iterative application of sub-protocols P1
and P2, always using two identical copies output by the previous iteration as input
for the new round. For general input states diagonal in the graph state basis and
an initial fidelity greater than the minimum, simple alternation between P1 and P2,
starting with either P1 or P2 is an effective scheme for purification. We have not been
able to devise a general proof that this scheme is effective — that is, without making
reference to a particular class of input states — however in the following chapter
we provide analysis of the efficacy with respect to three classes of input states,
including both analytic and numeric results. We can however offer a general heuristic
discussion of why the protocol works. Successful application of subroutine P1 reveals
information about w4, resulting in purification within the subset V4. On the other
hand, subroutine P2 reveals information about pp, resulting in purification within
the subset V. Overall purification requires interleaving the two subroutines, in
order to extract information about both subsets of vertices. This scheme is not
optimized, in the sense that for particular forms of input states, a sequence such as
P1-P2-P1-P1-P1-P2-P2 may be more effective. In Section 6.1, we consider a type
of input state for which repeated application of only sub-protocol P1 suffices.

P1: target errors in V4

Purification Protocol

i

Figure 5.3: Subroutine structure of the purification protocol.
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PERFORMANCE ANALYSIS OF
THE ERROR-LESS PROTOCOL

In order to characterize the performance of the purification protocol presented in
Chapter 5 we study the effect of purification on three different classes of input states.
The performance of the protocol for states of different dimensions and node numbers
is primarily measured using the minimal required fidelity of an input state as metric.
In Section 6.3 we introduce the expected number of attempts required to success-
fully purify a noisy input state to a given target fidelity as another quantitative
performance metric.

6.1. Binarylike mixtures

The first type of input state that we will consider are those where all of the errors
are confined to one subset of nodes, either V4 or Vg. Given a specific two-colorable
graph G, take for example states where all errors are confined to set V4 (i.e. up = 0),

pa= 2 Muao¥ies0) (W0l (6.1.1)

Physically, this type of state could arise if an experimenter in an ideal laboratory
locally prepares a perfect graph state |V o), and keeps all of the nodes belong-
ing to set Vp in noiseless memories, while sending each of the nodes from set V4
through dephasing channels to V4 other experimenters. For this type of state only
application of sub-protocol P1 is needed in order to achieve purification, since only
errors on set V4 need to be corrected. Given two identical copies of any state of
this type, the result of a single successful round of protocol P1 is an output state
pa. According to Equations 5.1.3 and 5.1.4 the updated coefficients are
2
Apao = 5‘;7;" (6.1.2)

o pra,0

Hence, conditioned upon success, this process applies a map which amplifies the

41
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weight of the largest coefficient relative to the other coefficients. For distillation of
these states to be possible it is then sufficient that Ao o > A 0 Vira # 0.

For the sake of concreteness, we examine a one-parameter family of states,

1-F
pa(F) = F[¥o,0) (Vo,0l; + uAZ;éo(o(lf\’A—)l) Wpa0) (Puaolg (6.1.3)

defined by the fidelity F' between p4(F) and the ideal graph state. Using Equations
6.1.1 and 6.1.2, we determine the fidelity of the output state pa(F) to be

~ F?

dNa—1

The probability that a single round of protocol P1 is successful can be read from the
normalization constant in the denominator of F , and is equal to F? + %. As
mentioned in Section 5.1, the normalization constant indicates the success probabil-
ity of the protocol because it corresponds to the probability that the measurement
results are compatible with the post-selection condition, which determines whether
the protocol succeeds. The continuous map resulting from successful application of
protocol P1 has attractive fixed points at F' = 0 and F' = 1, which are separated by
a repulsive fixed point Fpi, = d%A, corresponding to the minimum initial fidelity
to achieve purification. The fixed point of fidelity equal to one is attractive for all
initial fidelities greater than the minimum.

One observation that can already be made from the simple analysis of these bina-
rylike input states is that the output fidelity F increases both with the dimension
d and N,4, the number of nodes in set V4. Hence the dimension of the underlying
quantum systems and the type of graph state under consideration influence the ef-
ficacy of the protocol. Notice however that the final fidelity is independent of the
total number of nodes in the graph state, and depends only on the number of nodes
in the targeted subset, here V4. In Figure 6.1 the initial and final fidelity are com-
pared for various dimensions of the underlying quantum systems, first for a GHZ
type state with any number of nodes (Figure 6.1a ) and then for a five node linear
cluster state (Figure 6.1b). Recall that a GHZ type state has only one node in the
set V4, so an N node GHZ type state has N — 1 nodes in the set Vg, which are each
connected by an edge to the single node in set V4. Since for this type of input state
the efficacy of sub-routine P1 depends only on N4 and not on IV, the performance
is the same for GHZ type states of any number of nodes, N. In contrast, for linear
cluster states the number of nodes in set V4 scales with the number of nodes, N.
The analytic results from Figure 6.1 confirm that the dimension of the underlying
quantum systems makes a dramatic impact on the efficacy of the protocol, which



6.1. BINARYLIKE MIXTURES 43
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(a) GHZ state (N4 = 1). (b) 5 node linear cluster state (Na = 3).

Figure 6.1: Input fidelity vs. output fidelity following a single application of P1 for various

dimensions of the underlying quantum systems. Note that due to the different sizes of V4 in (a)

the minimum fidelity to purify is %, whereas in (b) it is d%‘

produces a much higher output fidelity for a given input fidelity for systems of larger

dimension.

To paint an intuitive picture of why purification should benefit so much from larger
system dimension, we can consider the Von Neumann entropies [6] of the graph

states before and after purification.

Definition 6.1. (Von Neumann entropy). The Von Neumann entropy of a quantum

state p is
S(p) = —Tr(plogs(p)), (6.1.5)

where the logarithm is usually defined to have base 2. If {\,} are the eigenvalues
of p, then the Von Neumann entropy may be re-expressed as

S(p) = _§/\1 logy(Az). (6.1.6)

In fact, using the change of base formula for the logarithm it is straightforward to
show that changing the base of the logarithm in the Von-Neumann entropy yields a

simple re-scaling of the entropy.

Definition 6.2. (Re-scaled Von Neumann entropy). For a quantum state p, the
re-scaled Von Neumann entropy is given by

Sa(p) = =Tr(plog,(p))- (6.1.7)

The relation between S, (p) and S(p) is as follows,

Sal(p) = lo‘z(j(l) . (6.1.8)
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An insightful interpretation of the re-scaled Von Neuman entropy is provided by
Achim Kempf [57], “the amount of ignorance, i.e. the entropy, S, is the number
of questions — of the type that possess a possible outcomes — that we would need to
have answered to remove our ignorance”. It follows from this interpretation that
when working with qudits of dimension d, it is most natural to use Sy to measure
the entropy, since any questions we ask about the quantum states (i.e. measure-
ments), will have d possible outcomes. For the one parameter family of states under
consideration, the entropy of the initial states is given by

St = —(F - log,(F) + (1 - F) - log, <leAfl)) (6.1.9)

Following a single successful round of purification the density matrix has coefficients
given by (6.1.2) and has entropy:

Saout = —(F - log,(F) + (dN4 —1)(1 - F) - log, (1 — F)). (6.1.10)

To emphasize the role of dimension, first fix a = 2 in Equations 6.1.9 and 6.1.10,
meaning that the entropies are calculated with log base 2, as in the standard Von
Neumann entropy. Note that for any fixed fidelity and number of nodes in V4, the
initial entropy of the states rises with the dimension of the qudits, since increasing
the dimension shrinks the argument of the logarithm. In contrast, the entropy of the
output states decreases with the dimension, which can easily be verified by numeric
evaluation of Equation 6.1.10. In terms of entropy then, the purification process
is more effective for larger dimensions because a greater total amount of entropy is
removed by the procedure and an output state of lower entropy relative to those from
smaller dimensions is achieved. The preceding statements are illustrated in Figure
6.2a, which compares for several dimensions the initial Von Neumann entropy of a
five node linear cluster state to the ratio of the initial to final entropy, in a single
log plot. Now, for the sake of emphasizing that for d dimensional qudits it is helpful
to consider the re-scaled entropy Sy, set @ = d in Equations 6.1.9 and 6.1.10. As
can be seen in Figure 6.2b, with this change the previous remarks — that for larger
dimensions the purification process is more effective because a greater total amount
of entropy is removed — still hold true. The benefit of working with the re-scaled
entropy, Sy, is that it removes the staggering of magnitudes of the initial entropy,
which are due to the differences in minimum initial fidelity between the dimensions,

allowing for a clearer comparison.

6.2. One parameter family of fully mixed states

Another simple type of input state that can be considered is a one parameter mixture
between the perfect graph state and a fully mixed state. Given a specific two-
colorable graph G with |V| = N and taking = to be the control parameter, this
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Figure 6.2: Ratio of the initial and final Von Neumann entropy (log scale) compared with the
initial Von Neumann entropy of a 5 node linear cluster state (N4 = 3).

family of states can be written,

1—=x
et —51 (6.2.1)

p(r) = z|¥o0) (Yo,0 N

where d is the dimension of the qudits which form the nodes of the graph state.
This type of state is realized physically if an experimenter executes a preparation
procedure that works flawlessly with probability x, but malfunctions and creates a
completely unknown state on the N qudits with probability (1 —x). For this family
of states we analytically examine the effect of applying one round of purification,
using either sub-protocol P1 or P2 and then numerically simulate further rounds
of purification which proceed by alternating between P1 and P2. The fidelity of
an input state from this family to the perfect graph state is = + ld_—N””. Following
a single successful application of sub-routine P1 or P2, the fidelity of the output
state is calculated using Equation 5.1.3 or 5.1.6, resulting in Equation 6.2.2 or 6.2.3,
respectively.

~ dNa 1—=z (1—x)?
P1 2 N
hal )(x):(x2(dNA—1)+1) (x + 20— AV ) (6.2.2)
~ aNe 1—x (1— )2
P2 2 N
P06 = G 70 (% + 205 + d™ ). (6.2.3)

The success probabilities of sub-protocols P1 and P2 can be read off from the pre-
factor in the updated fidelity, and are pgﬁclc) =dNa(z2(dN4 — 1)+ 1) and pgﬁf(? =
d=Ne (22(dNe —1)+1), respectively. Comparison of the updated fidelity and success
probability corresponding to each of the sub-protocols exposes that differences in
magnitude between the two are dictated entirely by the number of nodes in the

subsets V4 and V3.
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By analytically studying the updated coefficients following a single application of
sub-routine P1 or P2 we determine the minimum fidelity on input states necessary
to achieve purification. Each of the functions corresponding to P1 or P2 respectively
has three fixed points in the fidelity!, i.e. where F(F) = F; for both functions the
fisstis F=1=F , which occurs when x = 1; for both functions the second is
F = dLN = F, which occurs for 2 = 0; the third fixed point for either function? can
be used to determine the minimum purification fidelity. The third fixed point of the
two functions occurs at the parameter:

P1) _ dN —2dNa +1 6.9.4

L T 1 —dN —gNa 4 qN+Na (6.2.4)
dN —2dNe +1

2. (P2 + (6.2.5)

1—dN — N5 1+ gN+NB

P 2, P2 we numerically verify that

Having analytically determined the points x,
for any input state p(x) such that = > max(z,V z,(F?) purification can be
achieved by nested alternating application of P1 and P2, and an output state of
fidelity 1 can be achieved asymptotically in the number of purification steps. In
the non-asymptotic regime, meaning when we consider any specific finite number of
purification subroutine iterations, a final fidelity that is arbitrarily close to one can
be achieved given any initial  value greater than the minimum and using a finite
number of purification stages, succeeding with a non-zero cumulative probability.
Figure 6.3 illustrates for a 3 node GHZ type state with d = 5 that starting from an
initial z value greater than the minimum by only le — 4, updated fidelities larger
than 1—1e—2, 1—1e—3, 1—1e—6 and 1 —1e— 7 can be achieved after 4, 5, 6, and
7 rounds of purification respectively. Note that the cumulative success probability
of the protocol in Figure 6.3 is very low, at about 20%; in contrast, the individual
purification subroutine success probability is less than 50% only for the first itera-
tion, and the probabilities subsequently rise to near 100% by the fifth iteration. We
conclude that the cumulative probability is limited by the success probability of the
first purification subroutine, which for the case of an input state with nearly the
minimal initial fidelity, is very low. Thus the drawback of purifying states near the
boundary of the purification regime is a limited probability of success.

Keeping in mind that any state in this family with initial = value greater than the
minimum can be purified to a fidelity arbitrarily close to one, the minimum initial
fidelity is a quantitative measure that can be used to draw comparison between

1 As opposed to fixed point in the parameter x, which would be ﬁ(m) =zx.
2The expression of the fidelity of the third fixed point is more complicated, so we confine ourselves
to only presenting the formula for the parameter at which it occurs.
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Figure 6.3: Left axis: Fidelity of output state p(Z) versus number of purification steps applied,
beginning with sub-protocol P2 and alternating between P1 and P2 thereafter, for a 3 node GHZ
type state (N4 = 1, N = 2) with underlying system dimension of 5. Right axis: probability
that the indicated purification step succeeds (red markers) and probability that the overall
sequence of purification steps succeeds (teal markers). For this input state z.(P1) = 0.2339 and
z.(P2) = 0.0255, and the initial = value (corresponding to purification step 0) was chosen to be
z = le — 4 + max(z, PV £, F2),

states of different dimensions, as well as between linear cluster and GHZ type states.
In Figure 6.4 we plot the minimum initial fidelity required to achieve purification
against the number of qudits in the graph state for (a) linear cluster states and (b)
GHZ type states, for various dimensions of the qudits making up the graph states.
From Figure 6.4a, it is apparent that for every dimension of qudit considered the
minimum initial fidelity decreases approximately exponentially in the number of
qudits that make up the state. In contrast, for GHZ states, (Figure 6.4b) the
minimum fidelity required actually increases with the size of the graph state. For
both types of states we see that states made up of qudits of larger dimension have
far less stringent minimal initial fidelities that their lower dimension counterparts,
and hence can be distilled for a much larger range of fidelities.

6.3. Depolarized states

The most important family of noisy quantum states that we will consider are depo-
larized states. These are states where each of the qudits in the state has been subject
to depolarizing noise. Physically, this type of state corresponds to the preparation of
a perfect graph state in an ideal laboratory, followed by subsequently sending each
qudit through a depolarizing channel to a new laboratory, where a different experi-
menter will have control of that qudit throughout the rest of the protocol. Within
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Figure 6.4: Minimum initial fidelity required to achieve purification vs. the number of qudits in
the graph state, N for (a) linear cluster type states and (b) GHZ type state, for various
dimensions of the states qudits.

the restriction to uncorrelated error models this is a sort of worst case preparation
procedure, since real sources of uncorrelated noise are not perfectly depolarizing.
We expect any noise source where some errors are less common than others to have
a less harmful effect on entangled states than depolarizing noise, as long as any
quantitative comparison considers the error parameter for the weaker noise to be
based on the most probable error type. For modelling of the depolarizing channel,
refer to Section 2.2.1. For a TCGS G, label the nodes in subset V4 of size Ny = |V4|
by {a1,a9, -, an,} and the nodes in Vg of size Ng = |[Vg| by {b1,b2, -, bn,}-
The multi-particle state that results from sending each node of the perfect TCGS
through such a channel is

p(q) =Ea1 0 Eapy, 0Ep1 00y ( [To) <\I/0|G), (6.3.1)

where each &; is given by 2.2.6. Notice that ¢ = 0 corresponds to perfect trans-

mission, whereas ¢ = df[l corresponds to a completely depolarized state. Observe

from Equation 2.2.6 that charting the effect of the depolarization channel requires
the action of d2 — 1 operators per qudit in the N qudit state. The depolarization
process may introduce up to dV terms (the size of the graph state basis) into the
quantum state. Overall then, determining the depolarized state p(q) involves the
action of N x (d® — 1) operators on up to d" graph basis states. As a result of
the exponential scaling involved in determining and representing the depolarized
input state, we proceed by numerical analysis to study the purification regime for
depolarized input states. In Appendix F.1 we verify the correctness of the numerical
depolarization channel by comparison to an analytical calculation for a qubit GHZ
type state with three nodes.

The purification regime for depolarized input states is defined by two different met-
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Figure 6.5: Purification regimes for depolarized GHZ type states of qudits of low prime
dimensions.

rics. The first is the maximum depolarization noise that is tolerated per qudit of an
N qudit state, meaning the maximum ¢ such that the state p(q) can still be purified
by the purification protocol. We consider the depolarization noise applied per qudit
to be equal across the entire state. In a realistic scenario we may suppose that
each qudit of a graph state may be subjected to a slightly different level of noise,
for example in the case of white noise where the noise parameter ¢ is distributed
according to a Gaussian distribution with some mean p and standard deviation o.
If the standard deviation of the noise is small relative to the mean, then we expect
the performance with a constant noise level on each qudit to be a faithful reflection
of the performance with variable per qudit noise. The other metric of interest is
the minimal fidelity to the perfect graph state that a depolarized state can have
and still be purified. The minimal fidelity of a depolarized input state is set by the
maximum depolarization noise per qudit. In Figures 6.5 and 6.6 we plot for GHZ
type states and linear cluster states, respectively, first the scaling of the maximum
depolarization parameter with d and N, and then the scaling of the minimal initial
fidelity with d and N. Immediately it is evident from the figures that there is very
favorable scaling with the dimension, both in the maximum depolarization noise
tolerated per qudit as well as in the minimum initial fidelity, for both families of
states. The scaling with IV however, differs between the two families of states. For
GHZ type states the maximal amount of depolarization noise tolerated per qudit
decreases as the number of nodes of the graph state increases. In contrast, for
linear cluster type states the maximal amount of depolarization noise tolerated is
essentially constant in the number of nodes, V.
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Figure 6.6: Purification regimes for depolarized linear cluster states of qudits of low prime
dimensions.

To explain the differences in scaling of the purification range with N between GHZ
and linear cluster type states, we look to the structure of the graphs. We propose
that noise tolerance per qudit of a TCGS is chiefly dependent upon the degree of
the related graph. Recall that the degree of a vertex in a graph is the number
of edges which terminate at that vertex, and we call the degree of the graph the
maximum degree of any of the vertices. From Sections 4.5.1 and 4.5.2, the degree
of the graph corresponding to a GHZ type state is N — 1, whereas the degree of a
linear cluster state is 2 — independent of IV. In the qubit case, the proposition that
the noise tolerance per qudit depends on the degree of the graph as opposed to NV
is supported by previous analysis [25]. Understanding why the degree of the graph
has the dominant impact on the noise tolerance per qudit is possible with reference
to Equation 4.3.7, which says that when a shift type error occurs on a qudit, it is
equivalent to phase type errors occuring on each of the qudits with which it shares
an edge in the graph. This means that any vertex with high connectivity (large
degree) is exposed to a large amount of excess errors. It is as if vertices with high
degree see a higher effective noise level than that which is being strictly applied per
qudit.

The proposition that degree of the graph dictates the noise tolerance per qudit is
also instrumental in explaining why the minimal fidelity required to purify linear
cluster states drops exponentially with the number of nodes in the state, Figure
6.6b. Since the degree of linear cluster states is constant, the amount of noise
tolerated per qudit in the state is independent of the node number. As the number
of nodes in a state is increased then, the total amount of noise tolerated increases,
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resulting in a decrease of the minimal initial fidelity. Although it is theoretically
quite interesting that states with very low initial fidelity (example: F' = le — 3 for
a 7 node linear cluster state with d = 7) can be purified by the protocol, there
is a practical limitation restricting the usefulness of such low fidelity states. The
success probability of the protocol is proportional to the fidelity of the input state, so
the expected number of attempts necessary to a successfully complete a subroutine
iteration grows sharply for states of very low input fidelity. Moreover, for states
of lower input fidelity a greater number of subroutine iterations will be required in
order to reach any specific target fidelity.

To look closer at the practicality of using this protocol we will consider a scenario in
which a target fidelity of 0.99 is set for purification, and the depolarized input states
have been prepared with 20% depolarization noise, i.e. ¢ = 0.20. For linear cluster
states with 3 or 7 nodes and in various prime dimensions, we determine how many
purification subroutine iterations are necessary to reach the target fidelity, as well as
the expected number of attempts needed to successfully complete the protocol. The
expected number of attempts needed to complete the total protocol can be calculated
from the number of attempts required to complete each subroutine iteration, which
follows a geometric distribution [58], with iteration success probability py, where k
is the iteration number. Recall from Section 5.1 that the probability of success for
an iteration of subroutine P1 (P2) is given by Equation 5.1.4 (5.1.7). Because each
subroutine iteration takes two states from the previous iteration as input, reaching
the k — th subroutine iteration requires completing the first iteration 2(*~1) times,
the second iteration 2(F=2) times, etc. Overall, the expected number of attempts to
complete a protocol consisting of K subroutine iterations is given by,

s 1
Expected number of attempts = 92" [-‘ (6.3.2)
pip2---Pm

The results indicated in Figure 6.7 indicate that both the number of subroutine it-
erations required as well as the corresponding expected number of attempts needed
to reach the target fidelity drop dramatically with increasing dimension. The min-
imum number of iterations needed to reach the target fidelity for a depolarized
input state is 2, since one iteration of each of subroutines P1 and P2 is needed.
Of particular importance is the steep decline of the expected number of attempts,
as this consideration can be considered a limiting factor for the practical execu-
tion of the protocol. We see from comparison of Figures 6.7a and 6.7b that the
expected number of attempts is especially favorable for smaller linear cluster states
with dimensions greater than 7. It is also interesting to point out that for d = 2 the
expected number of attempts is inordinate (10*° for the 3 node state and 10! for
the 7 node state), which partially occurs because the depolarization parameter 0.2
is very near the critical parameter (Figure 6.6a) for d = 2.
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PERFORMANCE ANALYSIS WITH
IMPERFECT LOCAL OPERATIONS

Up until this point we have considered perfect execution of the purification proto-
col, including perfect two-qudit operations and perfect measurements. In reality,
quantum operations are imperfect and generally are associated with some level of
error. We now study the performance of the purification protocol when all two-qudit
operations (2.1.15 and 2.1.17) mandated by the protocol are faulty. We consider an
error model where faulty local two qudit operations are described by the completely
positive map,

Eui(p) = Ujil€j o 5k(/’)]U;ka (7.0.1)

in which Ujy, is a local unitary operation between qudits j and k of a quantum state,
and &;, & are given by Equation 2.2.6 or 2.2.8, with error parameter q. That is,
a two qudit faulty unitary operation is modelled by applying a noise process with
probability ¢ to each qudit independently, followed by application of the perfect
unitary operation.

Throughout the performance analysis of the error-less protocol conducted in Chap-
ter 6 one of the most important performance metrics is the minimal initial fidelity
that an input state must have, since this fidelity marks the boundary of the pu-
rification regime. The upper boundary of the purification regime in the error-less
case is always a final state fidelity of F = 1. When errors are introduced into the
purification protocol the upper boundary of the purification regime changes, and
there is for every gate error parameter a maximal reachable fidelity for the purifi-
cation protocol. In studying the protocol with faulty two qudit operations the size
of the purification regime, defined as the region between the minimum required and
maximal reachable fidelity, for any specific gate error, is used to define the perfor-
mance metric of interest, which is the gate error threshold. The error parameter
for which the purification regime disappears (the minimum initial fidelity and max-
imum reachable fidelity converge) is defined to be the gate error threshold. Viewed

53
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another way, the error threshold is the maximum value of ¢, for which purification
remains possible.

To study the performance of the protocol we first develop analytic results under a
limited noise model, where the error processes £ are restricted to shift type errors,
given by Equation 2.2.8, for a restricted class of input states. Then, we remove these
constraints and numerically study the performance when the operations are afflicted
by white noise and the input states are depolarized states (Equation 2.2.7). The
numerical analysis is computationally limited by speed and memory requirements,
since the density matrix for two copies of an imperfect state p12 = p1 ® p2, diagonal
in the graph state basis, with N nodes in d dimensions, contains d?"V terms. This
unfavorable exponential scaling of the number of terms in the states restricts the

numerical analysis to low dimensions and node numbers.

7.1. Analytical analysis under a restricted noise model

It is possible to derive analytic results for the gate error threshold of the purification
protocol with two qudit gate errors by restricting both the error model and the class
of input states considered. As a consequence of the restrictions, such results are
only an upper bound on the tolerance of the protocol to errors under a more general
error model. From the upper bounds we can extract predictions about the trends
of scaling with dimension and node number when a more general error model and
input states are considered.

To begin, we restrict to input states that are binary-like mixtures, meaning that the
input states have been subject to dephasing noise only on nodes from one subset,
Va4 or Vp. The performance of the error-less protocol with this class of input states
is covered in Section 6.1. As before, without loss of generality we work through
the analysis with input dephasing noise constrained to subset V4, so that the input
states have the form,

pPA = IE)\HA,O Wpa0) (Ypaolg- (6.1.1)

Since the input state only has imperfections on one subset of nodes, it is suitable
to only execute the purification subroutine targeting that subset. In the case of our
example that means subroutine P1, targeting subset V4.

The next restriction is to the error model, describing the functioning of the two-
qudit operations in the purification subroutine. We consider shift error type noise,
as described by Equation 2.2.8. Moreover, we impose the constraint that only
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operations on qudits from set Vp are faulty. That is, we model faulty two-qudit
operations by,

v, (pr2) = Ujk [Mij(Pm)}Ukay (7.1.1)

with the error processes M given by,

1, if j € Va,
M;(p) = d—

1 . (7.1.2)
(I=gp+ 5 X X p(X7), if j € Vp.

Notice that these faulty gates act on the opposite subset from the one involved in
the binary mixture, 6.1.1. The reason for this choice follows from Equation 4.3.7,
which says that shift type errors on vertices of subset Vg are equivalent to phase
type errors on the adjacent nodes from subset V4. The advantage of this combined
choice of error model and binary-like input states is that the states maintain their
binary-like form under the noise model, making it possible to treat the purification
process analytically.

It is useful to ask whether the error processes and the two qudit unitaries commute,
because if this is the case then it is sufficient to determine the effect of the error pro-
cesses on the input state, followed by the known action of the perfect subroutine P1,
given by Equation 5.1.3. The answer to this question is affirmative, as summarized
by proposition 7.1, which is proven in Appendix E.

Proposition 7.1. Application of purification subroutine P1 (P2)! with faulty two-
qudit operations modeled by Equations 7.1.1 and 7.1.2 is equivalent to first applying
all noise processes, followed by application of the errorless purification subroutine.

Having established the setting of the analytical treatment, we present the analysis
for two particular classes of input states, namely GHZ type states and closed linear
cluster states. These two classes of states are amenable to analytical treatment
primarily because they correspond to graphs with very simple adjacency matrices.

7.1.1. GHZ type states
For GHZ type states the vertex subset V4 contains only one node. We will consider
binary-like mixture type input states belonging to the one parameter family,

1y,
d )

pA(.Z’) = |\Ifo7o> <\I/0,0| + (1 — x) (713)

IFor use of P2 we must consider binarylike input states with noise confined to subset Vp and
the the restricted error model must be modified by swapping the role of subsets V4 and Vg in
equation 7.1.2
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where 1y, := jg; |¥; 0). The full input state is p12 = pa(x) ® pa(x), however since
we will apply all of the error processes before the two-qudit gates, we can apply them
to each state independently. Since the two state copies begin unentangled and the
error processes are uncorrelated, the copies remain unentangled following the error
processes. Overall then, it suffices to determine My, o--- 0o My, o My, (pA(a:)),
where b; is the i-th vertex in Vg, i € {1,---, Ng}. The following proposition, which
is proven in Appendix E, makes it possible to determine the effect of the sequence
of error processes.

Proposition 7.2. The state resulting from the error process M, (-), j € {1, ---, Np},
given by Equation 7.1.2, on an input state given by Equation 7.1.3, remains of the
same form but with the new parameter (1 — ¢). That is,

Mo, (pa(@)) = pa(z(1 — q)). (7.1.4)

The following Corollary, which summarizes the effect of all N — 1 error processes,
can be established by repeated application of Equation 7.1.4.

Corollary 7.1. The state resulting from the error processes affecting all N — 1
nodes of subset Vg is given by,

My 00 My, o My, (pa(x)) = pa(z), with ' =z(1 - N h (7.1.5)

The meaning of this corollary is that for input states of the form described in Equa-
tion 7.1.3, the effect of purification subroutine P1 with faulty two qudit operations is
equivalent to the action of the perfect subroutine on input states p4(z’), with 2’ =
a(1-q)N~
operations. With this result in hand, the effect of the faulty purification subroutine

! where ¢ is the parameter which characterizes the error level of the faulty

can be determined by applying the coefficient update formula for subroutine P1,
adapted to binary-like mixtures — Equation 6.1.2, to the state pa(z’). Of particular
interest is the effect that this procedure has on the fidelity of the state. The fidelity

of the original input state, pa(z) is F = x + 1?7“”. Following the noise processes,

the state p(a/) has fidelity F' = ' + 152 = a(1 — )1 4 =200 .
ing Equation 6.1.4, the updated fidelity resulting from application of the error-less

d d

subroutine P1 to p4(z’) is given by,

~ 2
F= 2 (1-F")?
+ d—1

N-— 1—z(1—q)V 1!
(33(1 — )N 4 %) -
2 _ 1—z(1—g)N-1 2 oL
_ 1—z(1—g)N-1 1—z(l—q)N-1_1==0-0 """
(x(l—Q)N 1y 1=2li=g ) +( S— )
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To achieve purification, it is necessary that F > F. To determine the critical values
for ¢ and z, that is the values which define the boundary of the purification regime,
we look for fixed points in of the fidelity, ﬁ(x, q) = F(z). In Appendix E we derive
the maximum value of x for a given error parameter ¢, which defines the maximum

reachable fidelity for a given error parameter ¢, as well as the error threshold gc,it.

When purification subroutine P1 with faulty two-qudit operations of the form de-
scribed by Equations 7.1.1 and 7.1.2 is used to purify states of the form given in
Equation 7.1.3, the maximum state parameter .y, which defines the maximum
reachable fidelity, is given by,

— — —92)\2 _ _ —g)N-1_
g “q/(%) (1= gV 4 a(1 = g2 (20t

Tmax = 2(1 — q)2(N*1)

(7.1.7)

The maximum reachable fidelity for a given error level, g, is ﬁmax(xmax, q), where
F'is as in Equation 7.1.6. Moreover, the error threshold g, is,

Gorit = 1 — lQH( 4+ % - 2)] - (7.1.8)

Observe from Equation 7.1.8 that the error threshold scales positively in the di-
mension, by a multiplicative factor, whereas the scaling with the node numbers is
repressed by a power relationship. Together these relationships are in line with the
scaling with d and N observed in Chapter 6. In Table 7.1 we tabulate the error
threshold for various sets of dimension and node numbers. We expect that these
gate error thresholds for binary-like GHZ type states purified by subroutine P1
within a restricted model of faulty two-qudit operations provide an upper bound to
the error threshold for GHZ type states purified by the full protocol and under the
more general gate error model with depolarizing noise. Although this is expected
to be a rather loose upper bound due to the constraints imposed in the derivation,
we expect the scaling with d and IV indicated by the analytic results to be faithful
because of the agreement with the scaling relationships observed for the error-less
protocol in Chapter 6.

|d [ N=3|N=4|N=5|N=6
3] 030 | 021 | 017 [ 013
5 | 033 [ 024 | 018 | 015
036 | 026 | 020 | 0.16
11 o40 | 020 | 022 | 018

Table 7.1: Gate error thresholds gcrit for various qudit dimensions and GHZ state node numbers,
as given by Equation 7.1.8.
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(a) Previous numbering (b) New numbering convention:

convention: Sequential, starting with V4.
All nodes from V4 numbered
before those in Vg.

Figure 7.1: Graph corresponding to a closed linear cluster state with 8 vertices. Deletion of the
edge between the 15t and 8" vertices would return the graph of the 8 node linear cluster state of
Figure 4.2a.

7.1.2. Closed linear cluster states

Closed linear cluster states are linear cluster states that have one extra edge, joining
the two terminal vertices of the state. The closure changes the topology of the graphs
so that they are only two-colorable if there is an even number of vertices; for this
reason we restrict to considering an even number of vertices N = 2M, so that M
characterizes the number of vertices in each vertex subset, |Va| = |Vg| = M. Figure
7.1 shows an example of a closed linear cluster state with 8 vertices. We look at
closed linear cluster states for the analytical analysis because they have constant
degree and no boundary nodes. For ease of analysis, in this section we change the
numbering scheme for the nodes of a two-colorable graph state, so that vertices are
numbered sequentially and odd numbered nodes correspond to vertex subset Vj,
while even numbered nodes correspond to vertex subset Vg, see Figure 7.1b. The
analysis differs slightly depending on whether M is even or odd, so we here choose
to present results in the case that M is odd.

We consider binary-like mixture type states belonging to the one parameter family,

1
pal(x) =z |Vo0) (Yool + (1 — )72, (7.1.9)

where 1y, = EA |¥,a0) (¥paol Notice that pa(z) has rank dM = dV4, since

pa € FAand that the initial fidelity of the state to the perfect graph state is
F=x+ Z_—Mm.

To determine the effect of purification subroutine P1 with faulty two-qudit opera-
tions we make use of Proposition 7.1 so that we only need to determine how the
sequence of error processes Maps 0 --- 0 My(-) acts on pa(x), where M; is as in
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Equation 7.1.2. Once the action of the error processes is established we apply the
perfect subroutine P1 on binary-like inputs, dictated by Equation 6.1.2. The ef-
fect of a single error process from a faulty operation is summarized in the following
Proposition 7.3, which is proven in Appendix E.

Proposition 7.3. A single error process M;, given by Equation 7.1.2, preserves
the identity on subset V4, M;(1y,) = 1v,, and acts on binary-like closed linear
cluster graph basis states as,

M (1%00.0) (W0l )= (1= 2) [¥s0) (Vo]

p d-l
+E ]El ‘\I]MA@k[ej—l@ej+1]vO> <\IJMA®79[€J'—1€B€;+1]«,0|7 (7'1'10)

where (1 —p) =2((d—1)(1—¢q) +1).

Having characterized the action of a single error process we see that the sequence
of error processes Maps 0 -+ 0 My(+) will leave 1y, fixed, and it remains only to
to calculate the effect on the |Ug o) part of the input state p(x), which we do in
Appendix E, by iterative application of Equation 7.1.10.

Proposition 7.4. The effect of the error sequence Majs0---0Ms(+) on the perfect
closed linear cluster state, |¥g o) with N = 2M vertices, where M is odd, can be
described using a subset of the basis states {|¥,, 0)}. Define {|®x)} to be the
subset of basis states? with the phase type errors Z, Z%2, ... Z!% on K pairs
of next nearest neighbor vertices, such that the error Z% applies to both nodes of
the i-th pair of next nearest neighbor nodes. Furthermore, if we write a sum over
bar i |Pr) (P |, where by x = (%) (d—1)% it is to be interpreted as the sum of all
possible samples of states from {|®x)}, of which there are bys x. In this notation,
the effect of the error sequence is,

Mans o0 Ms(%00) (¥ool )= (1= )" [¥00) (Tol
M B p \K
+ 2 - (L) barc k) @kl (7.1.11)
Corollary 7.2. The state resulting from the sequence of error processes
Moy o0 Ms(+) on an input state of the type in Equation 7.1.9, with M odd is,

Mo O~~-0M2(pA(x)): x

M K
(1=p)M W) (Wo0l + =, = p)MK (L) btk (I)K>:|

d—1
1y,
+(1-a) (7.1.12)
2For example: {|®0)} = {|¥0,0)},
{l®1)} = { |‘Ill1[e1@e3],0>7 |‘1’11[e3@e5],0>7 B "I’zl[eQM,leael],o> },
{|®2)} = { "I’zl[el@eg]@ZQ[eS@es],o s Y e @es]@lalesn 1 @e1],0) 0

’qlll[63®es]®l2[es®e7],0>7 ) ’\1/11[6361965]6}9l2[¢=~21\471€Be1],0>7 }
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Recall from Equation 6.1.1 that a binary-like mixture state can be completely de-
scribed in terms of the coefficients A\, , o of the binary-like basis vectors [¥,,, o). To
determine explicitly the coefficients of the state in Equation 7.1.12, we ask whether
the sum over all by x states |®x) plus the state |Ug o) covers all states from 1y, .
Note that we can absorb |Ug o) into the sum, since it is the unique state |®g). Each
basis state in the sum occurs only once. The number of basis states in the sum is,

Kﬂéo (%) (d—1)K = sz\io (%) (d—1)K1M=K = gM, (7.1.13)

where we used the binomial theorem to carry out the summation. The meaning of
the calculation is that there are d™ unique binary-like basis states, hence they cover
all states from 1y, . Overall then, the coefficients of the state Map0- - -0 Mo (pA(x))
can be written as,

q 1—-2z

v = (1 —p)M‘K(m)K + (d—M) K e{0,1,--- , M}, (7.1.14)

each of which occurs by g = (%) (d — 1)K times. The coefficients of the state
resulting from the faulty purification subroutine P1 acting on input state p4(x) can
then be determined by applying the map in Equation 6.1.2 to the coefficients. The
fidelity of the output state is,

=~ (Mr0)°

F = 7 /
= b (N )2

- . (7.1.15)

To achieve purification, it is necessary that F > F. To determine the critical values
for p and z, that is the values which define the boundary of the purification regime,

we look for fixed points in of the fidelity, F(x,p) = F(x). Recall that the parameter

p relates to the gate error parameter through (1 —p) = %((d — 1)(1 —q) +1).

When purification subroutine P1 with faulty two-qudit operations of the form de-
scribed by Equations 7.1.1 and 7.1.2 is used to purify states of the form given in
Equation 7.1.9, the maximum (zy) and minimum (z_) state parameters, which
define the maximum reachable fidelity and minimal initial required fidelity, are,

_ BC—- A+ VA

BT (7.1.16)

Tt
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where A = (A2 — BC’)2 —|—4C(1 — B) [2AB — B(l — B)] , and we define the functions,

1
Alp,d) = (1=p)™ = =,
1
B(d):W’
2
2, P ML

See Appendix E for the derivation of Equation 7.1.16. The critical parameter pi,
which defines the critical gate error parameter e through (1—p) = 3((d—1)(1—
q) + 1) is obtained by solving A = 0 for p, which can be done numerically.

To get a sense for how the gate error threshold, ¢,y depends on the qudit dimension,
d, and number of nodes N of the closed linear cluster state, we study separately
the scaling with IV for a fixed dimension and the scaling with d for a fixed number
of nodes. In Section 6.3 we proposed that the amount of depolarizing noise that
can be applied per qudit to a graph state depends primarily on the degree of the
graph, and found that for linear cluster states, which always have degree 2, the error
tolerance per qudit is independent of N. According to this model, we expect to see
a similar insensitivity to increasing N reflected in the gate error threshold. Figure
7.2a offers evidence in support of the relative insensitivity to increasing N of the
gate error threshold for closed linear cluster states, especially in the large N regime.
This relationship contrasts the sharp suppression of error tolerance with increasing
N observed for GHZ type states, in Section 7.1.1.

Also made accessible by the analytic results is the scaling of gate error tolerance
with qudit dimension in the large dimension regime. Figure 7.2b demonstrates the
scaling with dimension for a closed linear cluster state with M = 53 (N = 2M =
106), for prime qudit dimensions up to 97. In the low dimension regime, where
d < 20 there is a sizeable benefit to increasing the dimension, in terms of the
improved error threshold. For dimensions across the mid range 20 < d < 60 and
into the large dimension range d 2 60, the increase in error tolerance with dimension
slowly approaches saturation. This suggests that when there exists an experimental
tradeoff between costs of working with states of larger dimension (examples: lower
fidelity operations, operations requiring longer amounts of time, etc.) and the benefit
of higher error thresholds, the greatest net benefit likely exists in the range 3 < d <
20.
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Figure 7.2: Scaling of the gate error threshold value for purification of closed linear cluster type

graph states in a binary-like mixture (Equation 7.1.9), using subroutine P1 with faulty two qudit

operations as modelled by Equations 7.1.1, 7.1.2. In (b) the points are unevenly spaced because
only prime dimensions are plotted.

7.2. Numerical analysis

By numerically simulating® the purification protocol it is possible to examine the
gate error tolerance under a depolarization error model, which constitutes the most
general uncorrelated error model. Moreover, in the numerical analysis it is possible
to consider depolarized input states, the purification of which are examined for the
error-free protocol in Section 6.3. The numerical analysis allows a more realistic
look at the scaling of gate error thresholds with dimension and node number than is
offered by the upper bounds derived in the previous section. The drawback is that
the numerical approach is computationally heavy and large dimensions and node
numbers remain inaccessible with this technique*. In Appendix F.2 we assess the
validity of the numerics in the qubit case by comparison to the results published in
[25].

For a TCGS G, label the nodes in subset V4 of size Ng = |[Va| by {a1,a2, -+, an,}
and the nodes in Vg of size Ng = |Vg| by {b1,b2, -+, bn,}. As in Section 6.3,

3The software developed for simulating the protocol with two-qudit gate errors is publicly available
on GitHub [59].

4+Working computer has the following specs:
CPU: Intel Xeon Gold 6230 @ 80x 3.9GHz
RAM: 59260MiB / 193114MiB.
Example completion times for data points in Figure 7.3a: (d = 7, N = 2, time= 131 seconds),
(d=17, N =3, time= 3.1 hours), (d =7, N = 4, time= 184 hours).
Each simulation used multiprocessing across an average of 20 of the available 80 cores.
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Figure 7.3: Gate error threshold vs. number of nodes for (a) linear cluster type states and (b)
GHZ type state, for various dimensions of the state’s qudits.

we consider depolarized input states, which result from sending each node of the
perfect TCGS through a depolarization channel,

p(gs) = Ear0 - Eay, 0 &1 o0&y, (|To) (Tolg ), (7.2.1)

where each &; is given by Equation 2.2.6, with depolarization parameter gs. We
study the effect of using an imperfect realization of the purification protocol de-
scribed in Section 5.2, where all of the two qudit gates in each of subroutines P1
and P2 (see Section 5.1) are replaced with faulty operations, as modelled by Equa-
tion 7.0.1, where each &; is given by Equation 2.2.6, with error parameter g4. In
Figure 7.3 we plot the calculated error thresholds for both linear cluster and GHZ
type states of low node numbers. The results indicate very favorable scaling of the
error tolerance with qudit dimension, as each increment from one prime dimension
to the next yields an increase of several percent in the error threshold. In an exper-
imental setting, these results may serve as one possible benchmark of whether two
qudit operations are of high enough fidelity to be useful in applications. Moreover,
they may serve as an indicator of whether there is an experimental advantage to
working with states of higher dimension; an advantage may exist if for a particu-
lar dimension the difference between the gate error levels and the threshold value
exceeds the difference obtained for qubit systems.

Another question addressed by the numerical analysis is whether the scaling of the
gate error thresholds with the node number is consistent with the model that the
error threshold for states of fixed qudit dimension only depends on the degree of the
graph. In Figure 7.3 we see that the numeric results for states of dimension d = 2
and d = 3, suggest that the model remains consistent, as for linear cluster states
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(which have constant degree) the threshold is essentially constant with N, whereas
for GHZ type states (where the degree is N — 1) the error threshold decreases as N
increases. It is also worth noting that the qualitative nature of the scaling of error
threshold with node number matches that of the analytically derived upper bounds,
suggesting that the analytic bound meaningfully captures the qualitative trends.



3

CONCLUSIONS AND OUTLOOK

We have proposed a recurrence based purification protocol for TCGS where the
underlying quantum systems are qudits of prime dimension and analyzed from a
variety of angles how the system dimension and number of nodes in a state impact
the performance of the protocol. The proposed protocol is an extension of the work
in [25], in which the qubit case was studied. In Chapter 5 we detail the protocol and
in Chapter 6 we study the performance of the protocol in the absence of errors. In
the error-less case the minimum fidelity of input states, which is the primary metric
for characterizing this scenario, is found to decrease dramatically with increasing
system dimension. In Section 6.1 we presented a conceptual model explaining the
improvement in performance of the protocol with increasing dimension, which relies
on the interplay of entropy and information in quantum mechanics. In higher di-
mensions a greater amount of information is learned during the measurement step of
each purification subroutine, leading to a greater decrease in the entropy of the state.
In Section 6.3 the relation between node number and the maximum amount of noise
tolerated per node of a TCGS was found to depend on the topology of the TCGS
under consideration. We extended an existing model from the qubit case which at-
tributes the maximum error tolerance per node of a graph state to the degree of the
graph state, in order to explain the dependence on graph topology. In the context
of the error-less protocol we have demonstrated using linear cluster states that for a
given per-qudit noise level and target fidelity, there is a practical advantage to using
the protocol to purify states of higher dimension (Section 6.3); we found that the
expected number of attempts required to complete the protocol could drop by sev-
eral orders of magnitude when increasing the qudit dimension. In an experimental
setting, such a practical advantage will of course have to be weighted against any
experimental costs incurred by working with higher dimensional systems.

In Chapter 7 we obtained both analytic and numeric results indicating the error
tolerance of the protocol with respect to faulty two-qudit operations, and we have
studied how this tolerance depends on qudit dimension and state node number. The
analytic results, derived in Section 7.1 under a restricted error model for the two-

65
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qudit operations and considering a restricted class of input states, can reasonably
be expected to provide an upper bound to the error tolerance under more general
error models and with arbitrary input states. A study of the error tolerance in
the regimes of high qudit dimension (d 2 20) and large node numbers (N 2 10)
was made possible by the analytic results. The upper bound in the scaling of error
tolerance with dimension indicates that while there remains an incentive (in the form
of improved error tolerance) to increasing system dimension in the high dimensional
regime, the benefits of increasing dimension are greatest in the low dimensional
regime (2 < d < 20). In the high dimensional regime the magnitude of the slope of
the upper bound on gate error threshold versus dimension decreases towards zero,
despite remaining always positive; this indicates saturation of the error threshold
for higher dimensions. The main result of the protocol performance analysis is the
numerically determined favorable scaling of the gate error threshold with dimension
(Section 7.2). We observe by studying several dimensions (2,3, 5,7,11) that in each
case a gain of several percentage points in the gate error threshold is possible by
increasing the dimension. In the numerical study we have considered white noise in
the gate error model and depolarized input states. The primary benefit of the larger
error threshold is that higher dimensional states can allow successful completion of
the protocol when faced with gate error levels that would cause the protocol to
fail for lower dimensions. The secondary benefit is that for a given gate error level
the protocol will work better for higher dimensional states, since the protocol will
be operating further from the error threshold, and the performance of the protocol
near the error threshold tends to deteriorate severely. In terms of the scaling with
node number, both the analytic and numeric results are consistent with the model
suggesting that the error tolerance per node of a graph state depends entirely upon
the topology of the graph.

There is in principle no reason why the protocol presented here cannot be extended
to apply to TCGS on qudits with prime-power dimensions (as opposed to only
prime dimensions, considered here). To do so would require properly accounting
for the N < K < 2N stabilizer generators of an N qudit TCGS and reformulating
the analysis, especially of Section 4.3, in terms of these stabilizer generators. A
promising direction for future work on this topic would be to present a recurrence
type purification protocol for arbitrary graph states. In the qubit case, one such
protocol exists [48] which is an extension of the protocol for TCGS [25] and which
uses noisy TCGS as resources. Another interesting direction would be to develop
a hashing type purification protocol for TCGS, possibly by extending the protocol
for GHZ type states discussed in [51]. A hashing type protocol would be expected
to function deterministically and achieve a finite yield and generally higher output
fidelities as compared with recurrence type purification. A drawback of hashing
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type purification is that input states of higher fidelity are typically required.

The increased error tolerances for states of higher dimension observed in the analysis
of this protocol adds to a growing body of research [10, 11, 12, 13, 14, 15, 16,
17] demonstrating the advantages of using qudit systems as the basis of quantum
information, communication and computing protocols. Practically, the advantages
promised by higher dimensional systems have to be balanced against possible costs
of working with these systems. One example is that the achievable gate error level
for higher dimensional systems may exceed the level achievable for qubits. To the
best of our knowledge the question of how to experimentally realize generalizations
of the CNOT operation for d > 2 remains an open problem. When techniques
for executing these operations are eventually developed, the numerically calculated
gate error thresholds for the protocol presented here may serve as one benchmark
of the performance of these operations. Specifically, if these operations for a given
dimension can be demonstrated to work with error levels below those presented
here, then the gates will be useful for at least one type of quantum information
protocol. If the error levels are significantly below the threshold level, then it will
be reasonable to expect working with higher dimensional systems to offer a practical
advantage.






A

PROPERTIES OF WEYL
OPERATORS

Lemma 2.1. [28] For any two Weyl operators W, and W,, with v,w € Z?" the
following properties hold:

(i) WuWy = r2wolpy, W, = wlw?l WwWo, these are the commutation relations
for Weyl operators.

(i) {W,,, Ww} = 0 if and only if [v, w] = 0 mod d. This is a corollary of (i).
(iii) W} = Wy, for t € Z. In particular, W} = W_,,.
(iv) The order of W, divides d.

Proof.
Recall that 7:= (—1)ded =¢

. d241
L

(i) The commutation relations follow directly from Equation 2.1.12,
Wva = T—[v,w] Werw
= rlw] W tw
= rlwrlwely, w,
= 2wl W, (A.0.1)
(ii) (=) Assume [Wv, Ww} = 0. Making use of the commutation relations in (i),
WoWa = Wou W, = wl@?l =1, (A.0.2)

In turn, this implies that [w,v] = 0 mod d and hence also [v, w] = 0 mod d.

(<) Assume [v,w] = 0 mod d. Then, w**l = 1. Using the commutation
relations in (i), it then follows that [Wv, Ww} =0.
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(iii) Here, it is helpful to again recall Equation 2.1.12. A single application of the
relation yields,

Wie = Wv+(t71)v = T[v’v]WvW(t,l)v = WvW(t—l)'u- (AOS)
Iterated application of Equation 2.1.12 yields the desired result.

(iv) In lieu of proving explicitly this point, we will state exactly the order of W,
for all of the cases of interest to this work, which is given in Corollary 11a of
[28]. Recall that D denotes the order of 7, which is d in the case that d is
odd, and 2d in the case that d is even. For all cases of interest we consider
v € ZY, where m = 2N. First, we establish some notation. Define the
harmonic number n(v) = ged(vy, va, -+ , U, d) of v. If n(v) = 1, we say that
v is fundamental.

By Corollary 11a of [28], for any v € Z2V, the order of W, is % In

v) "’
particular, W, has order 1 if and only if v is fundamental.

O

Lemma 2.2. [28] For all v,w € Z*" we have W,,  W,, if and only if w = v+d- =
for some « € Z*", in which case

Wy = (—1) D2l (2.1.13)
In particular, W,, = W, if w = v mod D.

Proof.

(=) Suppose that W,, o W,,, with proportionality constant «, so that W, = aW,,.
We proceed by comparing the actions of W,, and aW,, on an element of the basis
for the N qudit Hilbert space, Ha n, |2) = |i1, - ,in) with i; € Z4. Denote the
parts of v,w € Z* by v = (vi,v2), w = (wy, ws).

Wy [8) = 712 21 X2 )
= PRI LW W2 |y qyp)) (A.0.4)
Similarly,
AWy |1) = ar??r 872 |§ @ vy) | (A.0.5)

Following the hypothesis, we equate A.0.4 and A.0.5. There are two implications of
this equality. First,

1P wy =1D vy mod d

= Wy = v + dao, for some xy € ZV. (A.0.6)
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The second implication is that

2wt — £t mod d

= wy = v + dxq, for some x; € ZV. (A.0.7)

Writing now & = (z1,x2), it follows directly from Equation A.0.7 and A.0.6 that
w = v + dv. Before considering the other direction, it is helpful to continue by
determining the proportionality constant . To do so, we again equate A.0.4 and
A.0.5, this time making use of the relations in A.0.7 and A.0.6,

T2(’l}1+dw2)‘17_('01+dw1)‘(Wg-"‘dﬂ?g) |’I, @ v2> _ aTQvl.va1~v2 |’L D ,02>

= plortde) (wotdes) _ o vivs (A.0.8)
More simplification to the equation for « is still possible. Recall that the order of 7
is D = d for odd d and D = 2d for even d, so in any case 72¢ = 1. Proceeding,

o d(vi-z2+v2 -zt -das)

Il
/\/\/—\\]

-1 (d%241) (v @2 +va- wl)( )(d2+1)d(w1~w2)

)
1)(d+1)(vl T2+v2-T1)
1)(d+1)(’01 To—v-x1+2vs- ml)
)

= (-1 (d+1)[z,v] (A.0.9)

In the third line we made use of the fact that (d? 4 1)d has even parity, regardless
of the parity of d, and also that (d? + 1) has the same parity as (d + 1), regardless
of the parity of d. Overall then,

o = (=1)dHDv], (A.0.10)

(<) The second direction follows very simply, making use of the previous derivation
of a. Assume that w = v + dx. Then, the expansion of Wy, is,

W _ T*(’Ul-’UQJrUl~d$2+’l}2-d$1+dw1-d22)Z’U1+d$1 XU2+d£E2
w =

—vV1 V2 'ul-dw2+v2-dm1+dm1»dmg)T—2('u1~dm2+v2-dm1+dm1-dw2)zv1 X'v2

=T 7

_ T—vl~v27_(v1~dw2+v2~dw1+dw1-dwg)Z'ulX'vz
— T(v1-dzg+v2-dm1+dm1~dm2)Wv
= aW,. (A.0.11)

In the last line of the proof, we made use of Equation A.0.9. O
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YIELD CALCULATION FOR
RECURRENCE PROTOCOLS

Suppose that there are N parties who can undertake a repeatable, distributed quan-
tum state preparation procedure, which allows them to prepare noisy copies of their
targeted entangled state. These parties may decide that to purify their noisy states
they will use a recurrence based purification protocol, and perform a sequence of
subroutine iterations in total.

Each successful subroutine has a yield of one half, since two copies are taken as
input and one purified copy is the output. Since each iteration may have a differ-
ent success probability, denote by p; the probability that the i-th iteration in the
sequence succeeds. The number of attempts required to successfully complete a
single subroutine iteration follows a geometric distribution [58] with probability p;.
From the properties of the geometric distribution, the expected number of attempts
to complete an iteration is pi Hence the expected yield of iteration i is ¥; = Zt.
In order to carry out the purification, all iterations must be repeated with success
enough times to produce the purified input states needed as input for subsequent
iterations. Moreover, the full chain of iterations needs to be completed sequentially

and thus failure may require restarting. The yield for the protocol can therefore be

written

P1or-1t P2 \o1-2 Pr-1\2 ,PI

Y = (= - (= e (=) (&), B.0.1

(B (2 (P () (B.0.1)
Notice that since p; is bounded between zero and 1, % < 1V 4, and hence the
yield is strictly less than 1. To calculate an upper bound, determine pp.x =
max(p1, p2, -+, pr). Then, the following inequality holds

max\9 . II+1
Y < (p2 )2, with s = % (B.0.2)

It is then clear that the yield is zero in the asymptotic limit, since it tends to zero
super-exponentially,
lim'Y — 0. (B.0.3)

I—o0
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LOCAL UNITARY EQUIVALENCE
OF GHZ TYPE STATES AND
STAR GRAPH STATES

Here we demonstate that a GHZ type state can be transformed into a star graph
state by applying a generalized Hadamard operation to all but the first qudit of
a GHZ type state. The first qudit will be the central qudit from the star graph
state following the transformation. Since the generalized Hadamard is a unitary
operator, this verification establishes local unitary equivalence of the two states.
The equivalence of different classes of graph states and the effect of local unitary or
Clifford operations has been extensively studied in the qubit case [9, 60, 61].

To begin, we write down the star graph state explicitly, using Equation 4.1.4 and
the adjacency matrix of the star graph. The entries of the adjacency matrix are
given by,

l,if(i=1landj#1)or (i1#A1and j=1
T, — ( J#1)or (i # ji=1) (o)
0, otherwise.

Recall that the vectors {e;} are the standard basis vectors of ZY, and that {q} =
Zfi\’ . The star graph state for N qudits of dimension d is then,

1 g (g-e1)(g-ej)

|Starg n) = 2 wi=2 lg) - (C.0.2)
dz a

Next, we look at the result of applying a generalized Hadamard operator to the state
|GHZ4,n), given by Equation 4.5.1. Recall the generalized Hadamard operator on
qudits of dimension, given in Equation 2.1.6. The effect of applying the Hadamard
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operator to the second qudit of the GHZ type state is,

d—1 d—1
Hy |GHZ,n) = 796 E:o WL ® o) (y| © 19D £ 11N

7:

N
&

(7) W™ k) |z) )N (C.0.3)

The star graph is then obtained by applying Hadamard operators to the last N — 2
qudits of the state in Equation C.0.3. The result is,

Hy ®-® Hy ® Hy [GHZyy) = ()Y S 5 % .. % whtestosttan)
o ° 2 CNIZNJd) K20 2320 w50 om0’
- |k) |w2) |23) - o) (C.0.4)
N
1. S@e)e)
= FTw T e (C.0.5)

That Equations C.0.2 and C.0.5 are the same completes the proof.
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PROOF OF SUBROUTINE P1

The proof of protocol P1 relies upon the decomposition of the controlled lower and
controlled raise gates in terms of phase and shift operators, detailed in Section 2.1.
In tandem, we will also make use of the known action of phase and shift matrices
on graph basis states, detailed in Section 4.3

Claim 1. The sequence of multilateral controlled raising and lowering operations
Np Na

(_HIC’Xd_) (HlC’X;'), where the lowering operations work with state copy one as
j= i=

source and copy two as target, and the raising operations work with copy two as
source and copy one as target, perform the following map:

‘\IIHA7I»LB> |\I/VA7VB> — |\I//~LA,IJ»B@(d—1)l/B> |\IIVA@IJ/A7VB> .

Proof. As a first step, we demonstrate how CX;(U‘”) (Equation 2.1.15) with state
copy two as source and copy one as target acts on input state W, u.) (Yo, vp)-
In complement, we determine the action of CX;(W’J') (Equation 2.1.17) with state
copy one as source and two as target, on the same input state. Define I',, as
the row of the adjacency matrix I' of graph G which corresponds to the vertex
Vg, € V4 with all columns corresponding to V4 deleted. This means I',, € IF?N B
and Tq; = [Ta;b1,Dasbey s Dasby, - Similarly, Ty, is the row of the adjacency
matrix corresponding to vertex wvp, € Vp with all the columns corresponding to
vertices of Vp deleted. We will need the standard basis vectors e,,, e;; of lengths
N4 and Np, respectively. To understand the following derivation, recall Equations
4.3.8 and 4.3.4. The controlled raising (lowering) operator acts on the two qudits
corresponding to vertex v, (vp,;) of the pair of graph basis states as,

7
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+(va;) 1 pdct n d-l d—mn rrm
CXd ’ |\IJP'A»MB> |leVA,VB>: 8<n§0X ® [mE:OM Z ]) ‘\III"A#"B> |\IIVAJ’B>

_ 1 dil n(d—1)pa b} dil d—mn N}
=1 20 w ¥ pa,pp®n(d-1)T,, (771:0w | VA®m8uL~VB>)
1 d-1
= E ., E:()(wn(d—l)ualwdfm" “I/;LA.,HB@"(d*l)Fa,> |\IJUA@,,,,EQL‘,,H>) (DOI)

7(7’b,) 1 dot dot d—mn ym n-(d—1)
CX7 " Wpnn) Woawn)= 5 (S S w270 X700 Wy 1) W)

d \n=0"m=0
1 d=t ot d—mn nvy
= E ngo(mzzo(w o \IJ}LA,I—LB@mebJ > )w 7 \IJVAQBTLFb] ,UB>)
1 d-1 .
— b, d—mn
- E n 'm:()(w ‘W \Ij”‘A'F/B@mebj> \IJUAEBTLFbjaVB>) (D'O'Q)

From examining the action of the controlled raising and lowering gates employed in
the protocol it is clear that protocol P1 will leave fixed the indices of all vertices
from set V4 of the first input state, as well as the indices of all vertices from set
Vg of the second input state. This means that if the input state of protocol P1 is
|V s en) Vo, vp), then the output state will be of the form [¥,,, ) |V 5avp), for
some 7B € ]F?NB and na € IF(;@NA.

With the action of the controlled raising and lowering operators made plain, it is
straightforward to determine the effect of the two parts of the protocol. In the
first stage, Na C’X;r gates are applied with state copy two as source and copy one
as target. These are between the two qudits held by each of the N4 parties with
qudits from the set V4. In the second stage, Ng C X gates are applied with state
copy one as source and copy two as target. These are between the two qudits held
by each of the Np parties with qudits from the set V. Before demonstrating the
effect of each stage, define the row vectors K, K(®) ¢ IF?NA. Furthermore,
define a weighted sum of the adjacency matrix partial row vectors: I'- K1) =
I‘alK,gi) 44 FaNA K,S}V)A Define also a weighted sum of the entries of the multi-
index pra i pa- KU = ualKﬁ) +- 1t MQNAK(%V)A. Note that T'- K1) ¢ IF?NB
and py - KM € ]F?N*‘

)

Na
The state which results from applying _chX;(v'” with state copy two as source
1=

and copy one as target, to the product state |V, , ,.) ¥y, vy) is a superposition
state with dV4 - d™V4 terms. It can be calculated by repetition of Equation D.0.1 for
each of the vertices in Vy,
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Na Ny 1 d—1 (1) (2) 7 (1)
+(va;) _ +(va;) KM (d=1)pa, , d—KP K
nox; W pnin) Wy wp)= IIOX7 "7 |5 Y w e 1w 1 a
i=1 i=2 d W @ _g
ay Kay

‘\I}MA#‘/B®K((;11> (d=1)Tq, > ‘\IJVAéBK,(l?eal VB > :l
1 d—1 d—1

N.
_ 1_1‘; ox}) [

d—1)(pra; K +pa, KD
w 1 ay 2 ag
d ) @ (1) (2

Ko Koy =0 Kg)' ,Kg,) =0

(K@) (1) (2) (1)
W (KO RO KD K

paps®(d-1) (KT, @K§;>ra2)>

‘\PVAGB(Ki?eal @Ké?eaz%wa> }

_ 1 D w(dfl)l—lA‘K(l)wde“)'K<2)
dNA g1 k(2

|\IIMA,HB€B(d*1)F‘K(1)> |\IJVA®K(2)7VB> (D03>

With the action of the controlled raise operations known, it is possible to determine
the form of the resulting state after the subsequent controlled lowering operations.
The calculation consists of iteratively applying Equation D.0.2 to the state in Equa-
tion D.0.3. The result will be a superposition state with (dV4)2 - (d"V)? terms. One
observation is that since 4 and vp remain fixed in the procedure, the number of
unique terms in the superposition is limited to d¥4+V&  suggesting a large amount of
repetition of basis states in the resulting superposition. Define now the multi-indices
MO, M® e F7V?. Note that T- M@ € F"* and vp- M® € F§N7.

PL( Wy pon) [Wosn) )= 1 OX 7 " T OX ) [0, ) (W)
HAKUB VA, VB =1 d i1 d HAHB vA,VB

1

_ w(d*K(l)-K(Z))+(d7M(1)~M(2))
dNa+NB proy M@ KO K@)

vg-MP 4 (d—1)ps- KD
w? ( Jua !qjﬂAyﬂB@(dfl)F-K(l)éBM(l)>
“I’VA@K<2>@F~M<2>,VB>~ (D.0.4)

The first important thing to notice about the resulting state concerns the updated
multi-index of the vertices in Vg of state 1. If we fix a multi-index K™, then
(d—1)T - KW is a fixed vector in IFS?NB. Hence if we have a sum over all multi-
indices M) ¢ IF?NB, then we can introduce the multi-index B € IF?NB and
make the replacement,

(d—1)r-KY e MY = B. (D.0.5)



80 D. PROOF OF SUBROUTINE P1

Following a similar argument, for fixed M we can introduce the multi-index
A € IF?N 4 and make the following replacement,

r-M%»oK®=A. (D.0.6)

With both replacements made, the resulting state is

1 A M@ (T KDY de(d—1)(K'-(T-M®
PLOWpspn) [Wonp) )= m%?ﬁzy,ﬁ)“ M®P(r-KD) d—(d-1)(K"'(T-M®)))

M® . (vgeB), KW .((d-1)pscA
w BOB)y, « a )|\I}HA7HB@B> |qIVA€DA~,VB>

L sy w oM weeB) K (d-DuaoA)
dNa+tNe'A B p» KO
|\IIHA-,I“'B@B> |\IIVA€BAJ/B>

= % ' g 6VB,B 5(d—1)uA.,A |\I!HAA,NB@B> |\I/VA@A,VB> . (D07)

In the last line of the equation we note that the sums over M ®) and K1) are over all
the roots of unity, with each root raised to some exponent vp© B and (d—1)ps© A,
respectively. These sums are zero if the two exponents are non-zero, and equal to
dVB and dM4 respectively if the exponents are both zero. We have introduced
a multi-indexed Kronecker-delta d; ; used to represent the product of Kronecker-

delta’s, one for each index in the multi-index, d; j := 04, j, 0y jo = -+ iy, jn, - Finally,
we carry out the summation, making use of the Kronecker-deltas,

Pl( |\I/I—LA7#B> |\IJVA7VB> ) = |\I’MA7HB@VB> ’\I’VA®(d*1)HA,VB> : (D'O'S)

O

During the measurement stage, all parties belonging to set V4 measure their qu-
dits from state copy ps in the eigenbasis of the shift operator, recording in results
WMWY - WA = WA y € lF?NA, and all parties belonging to the set Vg
measure their qudits from state copy po in the eigenbasis of the phase operator,
recording results wP?, B € IF?NB.

Claim 2. If the measurement results fulfill the condition
(ij + E ijﬁk) mod d=0, V) € ZNA
k,JEE

then uy = v4 and the output state will have the updated coefficients

- 1
by

>\'YA7'YB = /\’YA,HB/\'YAJ/Ba

{(5vs)npdve=vs} K1
where K1 = X X Y A4, updpavs-

HARBYB
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Proof. To begin, we write the graph state corresponding to a graph G in the eigen-
basis of the phase operator Z, which we also reference as the standard basis.

NaANp+Na
Y % Tapleaia)lepin)
Y e=b=Na |iA, 7'B> , (D09)

ia iB

1
Wo,0)g = pL

where the multi-indices labelling the state are 14 € lFfiV A i € IFZV 5. Recall the
Weyl operators 2.3 from Section 2.1.3. By applying the Weyl operator W(q ,,), with
= (pa, pup), the action of which follows from Equation 4.3.4, we can then write
an arbitrary graph basis state in the standard basis as,

NANB+Ny

_ 1 fAvin ppin azlb=NEA+1Fab(ea'iA)(eb'iB) o
Wpann)g = fdﬂizglw w w lta,i5). (D.0.10)
2 TA'B

Recall that we consider as input two identical copies of a mixed state that is diagonal
in the graph state basis,

p12= P1 & p2

= HA;#B)\HA’HB |\IINA1NB> <‘1}ILA,I—LB |G ® UA%IB/\VA,VB ‘\IIVA7VB> <\IIVA7VB ‘G' (DOll)

Allow CG(*) to represent the transformations implemented by the sequence of mul-
tilateral gates applied in P1. It then follows from claim 1 that the state is updated
to,

CG(/O12) = X )Y AMA»HB)‘VAJ/B |\I/ILA7HB@VB> <\IIHA’ILB@VB |G

HA;LBVAVEB

® ‘\I/VAGB(dfl)#A,VB> <\IJVA®(d*1)MA7VB ‘G : (D.0.12)

Since the protocol mandates measuring each qudit of the second copy of the state,
we write the second part of the state in the eigenbasis of the Z operator,

CG(p12) = X )Y )‘uA,}LB )‘VA,VB |\IIP«A,HB€BVB> <\IJ/J'A7IJ'B@VB ‘G

HAMB VAVB
L » v wWad(d=Dpa)-(ia—ka) ve-(is—ks)
dNiska in.kp
Nao Np+Ny
b)) I Tapl(eaia)(evin)—(ka-ed)(kp-es)]
Wo=1 b=Na+1 } ‘1,A71,B> <kA7kB|- (D013)

©{

The first step of the measurement stage in protocol P1 is for each of the parties
belonging to set Vg to measure their qudit belonging to the second state in the
7Z eigenbasis. Denote the measurements' as Mp(-) and their measurement results

LFor a resource explaining the formalism of measurements in quantum mechanics see [6]. Here we
only require projective measurements.
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wIB = witwl2 ... wINs  where j; € Fg4. Let mj, be the projector [6] onto the ji-th
eigenstate of the Z operator. The post-measurement state is as follows,

(mj1 @ mjo - mjy JCG(pra)(mjn @ mjg -+ i )
TT((”jl R T2 Tjin, )CG(Plz))

Mp(CG(p12)) =

1 1
= N 2 )\ )\u vp \I] SHBOVE “IJ BOVEB
Tr((mj @ mj2- - )y, )OG(p12)) [dN pa s vavp HAORBTEA: Wsmsovs) Vusnnovsla

) (uAea((i—l)u_A)-(iA\ka))( o - vsin—kp)
®(iAJcAw inkn 613,]36’63,JB w

Na Np+Nay

) S Tapl(ea-ia)(epin)—(ka-eq)(kp-ep)]
a=1 b=N+1 )

w [ia,3B) <kAva|}

= X

A A \\ v ®
was vavEs HAUB VA,VB| #A,#B@VB>< I—‘Aﬂl—“B@‘JB|G

Na NptNa
Tap(€a-(ia—ka))(evin)

1 . P )
( » w(r/,qéB(d—l)y.A)'(zA7kA)wa:1 b=Na+1
ANAig ks

ia,3B) (ka, jBl; (D.0.14)

where in the last line we compute the normalization factor Tr((z;1 ® mj2- - )y, )CG(p12))

1

= —~g- In order to measure the qudits of state two belonging to set V4 in the X

eigenbasis, we first make a basis transformation by applying a Hadamard operator
to each qudit in the set. The resulting state is:

Mp(CG(p12))"= H®NAMp(CG(pra)) (HT)*N

= X XA Aave |V ve) (¥ vela®
LALE VAVE HA_B\WA, B‘ HaA,uBSD B>< HAuBS BlG

Nao NptNa

1 > w(VAQB(d—l)IJtA)‘(iA—kA>wu§1 b:NEA+lFab(ea‘(iA—kA))(eb'jB)
d?NAa i, ka
mZzww‘iA_k“'z |z, 78) (2,78, (D.0.15)

where, the multi-indices x, z € IFEA. With the basis transformation implemented,
we measure each qudit of state two belonging to the set V4. As before, denote
the measurements by Ma(-) and the measurement results of the N4 parties by
wih = witwls ... WINA | where each ji € TFgy. The post-measurement state is as
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follows,

(7Tj1 Qmjy - ﬂj;VA)(J\/[B(CG(PIZ)))z(Wji QM- ijvA )T
TT((ﬁji ® mj Q- ® Wj;VA)(]WB(CG(plz)))I>

My(Mp(CG(p12)))*=

= ”A;MB VAX):VB)\H/AJLB Aaws [Yoappovs) (Yuappovslg®

Nio Np+N4
( 1 [va®(d—1)pa®jad( § 3 Fub(eb‘jR))EaHiA*kA))

- =1 b=N4+1 . ..
BNA e . |74,38) (4a, 3B

= X XA A g v ®
BABE VAVE HAUB VAVVB| MAYHB®VB>< MA-,NB@WB'G

g Nao Np+Nay |jA7jB> <jA7jB" (D016)

ad®(d—1)pa®ja+( S % Tav(erin))eal,0
a=1 b=N4+1

In the third line we obtain the multi-indexed Dirac delta because the sum over the
d-th primitive roots of unity vanishes unless the exponent of each is zero. The multi-

indexed Dirac delta in the post-measurement state gives rise to the post-selection
Na Np+Na

condition, which is to require that: j4 @ (a§_31 , ]\; HI‘ab(eb -jB)eq)) = 0 mod d,
=1 b=Na

because this implies that v4 @ (d — 1)ua = 0 mod d, and hence py = v4 mod d.
The post selection condition can be re-written explicitly as a system of Equations,
in which case we have that for each node of set Vy, a;, i € {0,---Na} the
measurement results must satisfy the following Equations with the results from
nodes of set Vg, b, I € {0,---,Ng}:

o, + 2 T49p,) mod d = 0. D.0.17
(Jm iher zl]bz) ( )
Furthermore, by applying the post-selection condition and tracing out the qudits
from the second state copy, we arrive at the updated state which is output by
sub-routine P1,

HAZHB EB/\HA,MB )\HAJ’B |\IJIJ'A71J'B@VB> <\I/I—'/A7.U'B@VB |G
p=4n , (D.0.18)
by by )‘MA#LB A#A,VB

HAMB VB

which has the updated coefficients

~ 1
5 _ > .\ A , D.0.19
TATE T g ) andus=ys) Ky TAHE TAVE ( :
where K1 = ¥ 5 S A, un Auaws-
HAMBVB
O

The proof of subroutine P2 is exactly analogous, and hence will not be demonstrated
here.
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PROOFS FOR SECTION 7.1

Proposition 7.1. Application of purification subroutine P1 (P2)! with faulty two-
qudit operations modeled by Equations 7.1.1 and 7.1.2 is equivalent to first applying
all noise processes, followed by application of the errorless purification subroutine.

Proof.
We will show here only the proof for subroutine P1, as the proof for P2 is analagous.

The sequence of faulty gates in subroutine P1 is represented by,

UbNBvl’bNB>2 00 gUbl’l,bLQ °© SUGNAQvaNA,l -0 gUa2,21a2,1 °© 5U@1‘2wa1,1 () (E()l)

where U and U represent CX;' and CX, respectively, and a;; (b; ;) represents
the i-th qudit of set V4 (Vp), belonging to state copy j. We must demonstrate that
this faulty sequence is equivalent to the sequence where all noise processes act first,
followed by the perfect two-qudit operations,

0bNB.1,bNB,2 @ ® Ua1,2,a1,1 [(MbNB.l o MbNB72) -0
(Mal,z © Ma1,1)('):| (UbNB,lﬁbNBJ@ ce ®Ua1_2,a1_1)T~ (EOQ)

Notice that because of the definition of M in Equation 7.1.2, we could have omitted
the M,, ; from the previous equation. The question of the equivalence of Equations
E.0.1 and E.0.2 reduces to checking the equivalence of,

(CX;)Z |:Mbj,1 o Mbj,2 (p12)} (CX(;)L (E.O.?))

and,

M, o M, ((CX7),(p12) (CX7)1), (E.0.4)

where (CX ), acts on the i-th qudits of set V, with the one from state copy one
as control, and the one from state copy two as target. For the verification, we write

1For use of P2 we must consider binarylike input states with noise confined to subset Vg and
the the restricted error model must be modified by swapping the role of subsets V4 and Vg in
equation 7.1.2

85
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explicitly the error processes Mj, , o My, ,(p12) and demonstrate the commutation
with the two-qudit operators term-wise. We have,

q(1—q)
d

(p12) (12N ® E:XZQJ)T] (Ccx)f (E.0.6)

q(1—q)
d

(pla)(gxle-f ® 18N (cx;)i (E.0.7)

+

d—1
=\ [(1®N le;
(CX;):[(1°V @ B X')

d—1
+ (CX[(Z X' ©19%)

<
d?

a1 le; a-t me;\T —\ T
(pr2)(Z X' @ ¥ X")'](CX7)]  (E.0.8)

d—1 ! d—1
+ (CX;)i[(EOXeJ@mz:OXme])

For the first term (E.0.5), the commutation is automatic, since 1®V @ 19V always
commutes with any operator. To verify the commutation for the remaining terms,
recall the decomposition of CX, as given by Equation 2.1.18. For term E.0.6 we
then consider,

(CX—),L(I]_@?N ® dileej) _ 1 dil dil wdi(St)Zsei ® Xt(dfl)ei (]]_®N ® dileej)
d 1=0 d s=0 t=0 1=0

— (]]_@N ® dileej) 1 dil dil wdf(st)Zsei ® Xt(dfl)ei
1=0 d s=0 t=0

d—1
= (1®V® onlej)(cxd—)i. (E.0.9)

The commutation in the second line follows because [1, Z] = 0 and [X*1&i) XF2ei] =
0V k1, ko. Without writing the calculation explicitly for the other two terms, we ex-
plain why it is possible. For term three (E.0.7), the relevant identities are [1, X] = 0,
and Equation 2.1.4, which dictates that Z*1€i Xk2€i = (ykikzei-e; xkae; zhieiy L) k.
Hence in term 3 the commutation introduces a phase factor, which cancels out due
to the commutation of the Hermitian conjugates. Finally term 4 (E.0.8) does not
contain any components not already covered by terms 2 and 3, and hence the error
process commutes with the controlled lowering operation.

We have shown the equivalence of Equations E.0.3 and E.0.2, thus confirming the
equivalence of Equations E.0.1 and E.0.2. To finish the proof we point out that
when all error processes occur before the two-qudit controlled operations, then it is
as if the error free protocol is applied to input states that have passed through an
additional noisy quantum channel.

O
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Proposition 7.2. The state resulting from the error process M, (-), j € {1, ---, Ng},
given by Equation 7.1.2, on an input state given by Equation 7.1.3, remains of the
same form but with the new parameter (1 — ¢). That is,

M, (pa(@)) = pa(a(l — g)). (7.1.4)

Proof.

The calculation called for by Equation 7.1.4 is rather straightforward and makes use
of the identity in Equation 4.3.8. For the GHZ type state, which corresponds to the
star graph (see Figure C.0.2) every vertex in subset Vp shares a single egde with
the lone vertex in subset V4. By Equation 4.3.8,

X*e Wy 0) = [¥14p(a-1)0) - (E.0.10)

Equation E.0.10 is used to calculate the action of My, on pa(zx),

d—1
Mo, (pa(2)) = (1= q) [Wo,0) (Yool + 35 T X 1 [Wo0) (Wo,of (XFe)
1—2 1—xqgdzldt v .
+ d (1 - q)]]-VA + TE]@EO ZEO Xkej |\Ijl,0> <\Ijl’0‘ (XkeJ)T
q 1—=x 1—2x¢q
=2(1—q)|¥o,0) (Yo,0l + xaILVA + T(l —q)ly, + Tad]]'VA
1—2x(1-—
— #(1— q) [ o) (Wool + Dy,
= pa(z(l—q)). (E.0.11)

Here we proceed by deriving equations 7.1.7 and 7.1.8.

Derivation.

To obtain an equation for z,.x we look for a fixed point of the fidelity as a result
of purification. That is, we search for x such that ﬁ(x,q) = F(x), for a given
error level, q. The fidelity of the input states is F(z) = = + 1771_ The fidelity of
the state following purification subroutine P1 is stated in Equation 7.1.6. Define

B :=x(1—q)N~! and note that immediately we use the identity (1;_1‘1/) = %, where
F'=p+1E,
4<1,£N—1(d_ 1)"'1_ ((d_l)ﬁ‘*l)zd%
d C([@=-DB+ 125+ (d-1)(1-P)>2 %
(@ Domgrer +1_ [(d= DB +1+2(d— 1)
d Cld=1DBR+1+2d—10B + (d—1) + (d — 1)3% — 28(d—=T)
d-1)— B - d=DAP+1+2d—1)5

N OV



88 E. PROOFS FOR SECTION 7.1

Rearranging leads to,

0=[(d—1)B>+1+2(d—1)8 — (1+(d71)62)((d71)(17§)N T +1)
— _ 2 _ A —(d— L _ _ 2573 _ _ 2
0=[(d— AP+ +2(d-1)B—f—(d 1)(17@1\,,1 (d-1) A= gv (d-1)8
B 1 (d—1)
0= B(d — 1)((d ~2H2 T o q)N7152> (E.0.12)
For g > 0 Equation E.0.12 is,
(d—=1) o o . 1 _
e A
_ d—2 4y 20— 1ot
2 o 2(N—-1) % —# o 2(N-1) =\~ —4)  —*+ _
x“(1—q) T (1—-19q) 71 =0 (E.0.13)

Using the quadratic formula one obtains,

_ _ —_9\2 _g)N—-1_
%(1 _ q)Z(N D4 \/(%) (1— q)4(N71) +4(1 - q)Z(N—l)(Q(l 3)71 1)
Fmax = 2(1 — ¢)2("-D

(E.0.14)

To derive the gate error threshold from Equation 7.1.7 we solve for ¢ by setting
the radical equal to zero. The point at which the radical disappears defines the
boundary of the purification regime because beyond that point there can be no real

Tmax, and therefore no maximal reachable fidelity. Define o := (1 — ¢)V 1.

d—2.2 4 S(2a—1\
G—1) +40[<d—1>*0
d—2)?
(dil) a®+8a—4=0. (E.0.15)

Using the quadratic formula and simplifying,

_ _ 2
o=2 ((C‘;_ 21))2 (\/4+ ((dd _21) )-2). (E.0.16)

Finally, isolating for ¢,

Gorie = 1 — lz WD ((Jas 228 2)]N1. (£.0.17)
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Proposition 7.3. A single error process M, given by Equation 7.1.2, preserves
the identity on subset V4, M;(1y,) = 1y,, and acts on binary-like closed linear
cluster graph basis states as,

My (190000 (Wl )= (1= 2) [¥0.0) (0]

d—1
+% kEI !WMA$k[ej—1@€j+1],0> <\IIMA®k[ej—1€B€J+1]vO‘7 (7'1'10)

where (1—p) =2((d—1)(1—¢q) +1).

Proof.

To establish the action of the error process M; as in Equation 7.1.2 on binary-like
graph basis states, we look to the relation in Equation 4.3.8, which describes the
action of powers of shift operators on graph basis states. Here,

XF W, 0) =W DRC W, L o) (E.0.18)

For a closed linear cluster state the j-th row of the adjacency matrix I" always
contains two entries, which are ones in columns j — 1 and j + 1. That is, I'; =
ej_1 + ej+1. Applied to Equation E.0.18 we have,

XJk ‘\IIMA,0> = wk(d_l)“A'ej \IJHA+@k[E_j—1@€j+1]70> : (E019>

Overall the equation indicates that shift type errors on one node of a closed linear
cluster state are equivalent to phase type errors on the adjacent two vertices. In
determining the effect of the error process M, we first look at the effect on the
identity of subset V4 1v,,

q d—1
M;(v,) = (1 =L, + 5 B Xy, (X])

Q

1
=1 -qly, + 5 kEO E Xjk |\IIMA70> <lIIMA70

(X

QU

q 5
=(1-qly, + d ,EO ‘E |\IJMA®1<[6_7‘—169€.7’+1]»0> <\IIHA®k[E_j—1®ej+1]7O
q d=1
=(1-q)ly, + J 20 2 1Wes,0) (Pus 0l
= (1 - Q)]]-VA +% d ]]‘VA
—1y,. (E.0.20)

In the fourth line we noticed that g4 & k[ej,l @ ejﬂ] is some vector v4, and
{a} = {va} up to re-ordering since {p4} includes all elements of F)/. Having
established that the error process preserves the identity of subset V4, we demonstrate
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the effect on binary-like basis vectors,

M (1p00.0) (Wpp 0l )= (1= @) [ Wy 0) (B0

+E ,EO ‘\I}HA@’C[EJ’—1€B€J'+1],0> <\IINAEB’€[61‘—1EB€J‘+1]70‘
=1=p)|¥pua0) (¥puso
+d -1 k§1 ’Q“A@k[ey‘—l@eﬂl],@ <\IjuAEBk[€j—1€9ej+1]»0”
(E.0.21)
where (1—p) =2((d=1)(1—¢q) +1). O

Proposition 7.4. The effect of the error sequence Mapro---0Ms(+) on the perfect
closed linear cluster state, |Wg ) with N = 2M vertices, where M is odd, can be
described using a subset of the basis states {|¥,, 0)}. Define {|Px)} to be the
subset of basis states? with the phase type errors Z't, Z'2, ... Z!¥ on K pairs
of next nearest neighbor vertices, such that the error Z% applies to both nodes of
the i-th pair of next nearest neighbor nodes. Furthermore, if we write a sum over
bak |Pk) (P |, where by = (%) (d—1)¥ it is to be interpreted as the sum of all
possible samples of states from {|®x)}, of which there are by k. In this notation,
the effect of the error sequence is,

MQM 0:-+0 MZ ( ‘\IIO,O> <\Il(),0‘ ): (1 - p)M ‘lIIO,O> <l110,0
M B p \K
+2 (1-pM K(ﬁ) bar |®x) (Bl (7.1.11)

Proof.
Equation E.0.21 error process M; maps a single closed linear cluster graph basis
state into a mixed state consisting of the input state with probability (1 — p), and
(d — 1) states with the additional phase type error Z!, I € {1,---,d — 1} on the
next nearest neighbour nodes j — 1 and j 4 1, each with probability ;5. Hence
Mopro---0 €(|\IIO70> <\Ilo70|) is a mixed state of the perfect closed linear cluster
state and the states with phase errors on K of the M pairs of next nearest neighbor
nodes in set Vy, where K € {1,---, M}. For illustration, we demonstrate here the
first few lines of the calculation of Maps 0 --- 0 M2<|\I/070> (Po,0| ), for M > 3.
Recall that we are considering M odd, which impacts the calculations because it

2For example: {|®0)} = {|¥0,0)},
{len)} = { |\I/ll[€1®€3]70>’ |\D11[€3®€5]70>’ o |\Il51[€2Mfl@el]’0> }’
{|®2)} = { |‘P11[e1@e3]@12[e3@e5],0>, R ‘I’zl[el@eg]@zz[eZM,le;el],o>, N
|\Ill1[e3@e5]®l2[e5®e7],0> L |lIlll[63@55]@l2[62]w—1@€1]70> > T }
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means that each of the basis states in the superposition only occurs once.

Mans o+ 0 Ma( [Wo) (¥l )= Mans o+ 0 My ((1 =) To.0) (ool

P d—1
+d 1 112::1 |\Ijll[61®63],0> <qll|[e|$eg],0‘

= Mapro-+-0Mg ((1 —p)?%o,0) (Vo0

P d—1
+1 =277 E, [Yilesses)0) (Vufesesof
P d—1
+1-P77 E, [Viieseso) (Yufeisesof
p 9 d=1 d—1
+(ﬁ) W0 |94 fer @es)@iales®es),0) {Yislerwes]olales ves). o

=Mayp0---0 Mg ((1 —p)*[¥o,0) (Yoo

d—1
+(1 7p)2% 112::1 ‘\Ijll[es@e7]10> <\Ilh[€5€9€7]-,0|

p d—1

+(1 —p)zﬁ l12:1 |91, (esmest.0) (Vi esmes) o]

+1-p ,Ell [Viferzesto) (Visferes) ol

+(1— p)(%)2 z:l Zizll |91, lesmes@iales@er],0) (Vi [esdes]@lales@er] 0]

+(1 —p)(%)2 ;:1 Z:l |90, e @esldiales@er].0) (Vs e @es]@lsesder],0

+(1 —P)(%)Z z:l Zgl V41 1 @eslotaleses0) (Vi fer @esl@lzfes@es],0
a d—1 d—1 d—1

) 2L

‘ \Ijll [e1®es]|®l2lesPes]®ls [es®67],0> <‘I’11 [e1@es]|Bla[esPes]|Bls[esBer],0 ‘ >

(E.0.22)

Before introducing a system of grouping terms in the superposition, it remains to
be shown that when M is odd each of the terms in the superposition is unique. To
illustrate why this is the case, we temporarily relax the restriction on M and give an
example. Suppose one wants to write the pair of next nearest neighbor basis vectors
[e1, es], using only multiples (mod d) of the pairs of next nearest neighbor vectors
in the set S = {[es,es5], [es,er], -+, [eanr—1,€e1]}. If the set S contains an odd
number of vectors, the unique non-trivial solution consists of sequentially eliminating
all of the vectors other than, e; and e3 using multiples alternating between 1 and
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(d — 1) of the vectors from S,

le1,es] = [eanr—1,€1] @ [e3,e5] @ (d — 1)[es, e7] & (d — 1)[eans—3, €anr—1]

@ [e2nr—s5,€201—3] @ [e7,e9] D - -

If the set S contains an even number of vector pairs then no solution is possible.
When M is even, then the number of vector pairs in S is odd, whereas when M is odd
the number of vectors in S is even. These considerations extend to all possible sums
of vectors from the set S, hence when M is odd all basis vectors of the superposition
state in Equation E.0.22 are unique.

To obtain a system for grouping the terms in the superposition of Equation E.0.22,
define {|®x)} to be the subset of basis states with the phase type errors Z't, 7'z,
..., Z'% on K pairs of next nearest neighbor vertices, such that the error Z" applies
to both nodes of the i-th pair of next nearest neighbor nodes. Furthermore, if we
write a sum over by i |Px) (Px |, where by x = (%) (d—1)% it is to be interpreted
as the sum of all possible samples of states from {|®x)}, of which there are by k.
Using this notation, we can fill in the conclusion of the calculation,

_p_

M—1
7 1) bani—1 | ®ar—1) (Par—1]

++ =)

O
Here we proceed by deriving equation 7.1.16

Derivation.

To achieve purification, it is necessary that F > F. To determine the maximum and
minimum values of z, that is the values which define the boundary of the purification
regime, we look for fixed points in of the fidelity, ﬁ(x, p) = F(x), where Fis as in
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Equation 7.1.15, and F' = = + -7 To begin, we work with Equation 7.1.15,
~ (z(1=p)™ + (1*m )?
F=

dM

o e I C)
(zA

2

dM

)+B(d))
KX::O bM’K[I (1_ )(M K)(T)ﬂ{"‘ g

o + 22 Gt (1= p)MK(

(zA(p,d) + B(d))
o (]2 (L= (E

20" |

20" + G (d = DK + 20 157 (1-p)M-K pK |
_ (zA(p d)+B(d))2

l0—pr + )+ G 2 G

d]\,l
B (xA<p,> B(d)’

[( 1]M + (1d1$2)
_ (zA(p,d )2
z2C(p, ) ( )

(E.0.24)
In the fourth line we use the binomial theorem to carry out the sums

. The fixed
point of the fidelity is then calculated by re-arranging the equation F(z,p)
and using the quadratic formula

= F(x),
F(z,p) = F(x)
2

2A? 4+ B? 4+ 20AB = 2°C 4 2*(1 — 2) BC + Bx + (1 — z) B?

0=2?C(B —1)+x(BC — A?) —
The solutions are

(2AB - B(1-B)) (E.0.25)
BC — A2 + VA
r+ =

2C0(B-1)
where A = (42 —

(E.0.26)
(A2 - BC)® +4C(1 - B)[24B — B(1 - B)]
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VERIFICATION OF NUMERICS

F.1. Sending a qubit GHZ state through depolarization

channels

In order to verify the correctness of the numeric implementation of depolarization
channels used in Sections 6.3 and 7 we here perform an analytic calculation of the
state that results from successively sending each node of a simple graph state through
a depolarization channel with fixed parameter value, g. The updates to the density
matrix due to the Weyl operators (here these are simply Pauli operators) that make
up the channel follows from the relations in Section 4.3. Since the number of terms
present in the density matrix describing the state after the action of the depolarizing
channel scales as an exponential of the number of nodes in the graph state with base
the dimension of the underlying system (qudit dimension), we choose to examine a
qubit GHZ type state with 3 nodes for the sake of simplicity. Note that for a three
node GHZ type state the set of vertices is V' = {1, 2, 3}, and since the graph is
two colorable, we partition the vertices as V4 = {1}, Vg = {2, 3}. The edges of the
graph are defined by the adjacency matrix

0
'=|1
1

o O =
S O =

Initially, we have a perfect graph state p = |¥¢ 00) (Po,00]- Since the state is at all
times diagonal in the graph state basis, each diagonal entry of the density matrix
corresponds uniquely to the label of a graph basis state. For maximum clarity, it
will be useful to describe the quantum state solely terms of the diagonal entries of
its denstiy matrix. We write below the diagonal of the initial density matrix, with
each entry explicitly labelled. For the subsequent density matrices, the labels will
not be explicitly indicated, but the ordering will remain unchanged from the initial

95
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matrix.
p = diag ({0,00} =1, {0,01} =0, {0, 10} =0, {O7 11} =0, {LOO} =0,
{1,01} =0, {1, 10} =0, {1, 11} =0 )

We begin by sending the qubit 1, which is in set V4 through the depolarizing channel.
The resulting density matrix is

Eilp) =1 —q)p+ %(X1PX1T + ZipZi + X121P(X121)T)

E1(p) = diag( (1), 0,0, 5, £, 0.0, %) (F.1.1)
Next, qubit 2, which is in set Vp is sent through the depolarizing channel. The
resulting density matrix is

Ey0&1(p) = (1 —q)&i(p) + %(X251(0)X2T + Z261(p) Za" + XaZ0&, (p)(X222)")

E20E1(p) = diag( (1- 0" + (5)% 29 50 -0 +(H% s0-a+ (32 (F.1.2)

3 3 3
44 _ Ty 9 _ Dy 9 _ 452
Finally, qubit 3, which is in set Vp is sent through the channel. The resulting density
matrix is
E0€20E1(p) = (1 - €20 E1(p) + 5 (Xaz 0 E1() X!

+ ZQSQ o 51 ([))ZQT + XQZQSQ o 51 (p)(XQZQ)T)7 (F13)

€30 €20 E1(p) = diag((1 - )° +3(1 - )(5)* +4(3)°. (1 -4’3 +3(3)° +4(3)°(1 ~ q),
-3 +30) +43)1P0 -0, -9k +3(d7 +ad)?0-a),
3(1-03 +5(3)" (1-0*% +30) +4(D)*1 ),
(1-)5 +3(5)° +4(5)°(1—q), (1= )5 +3(5)" +4(3)°(1 - ).
(F.1.4)

With the analytic form in hand, it is possible to draw a comparison against the
numeric results achieved when each node of a qubit based, 3 node GHZ state is sent
through the depolarizing channel with parameter ¢q. For example, setting ¢ = 0.4 in
the numeric implementation we obtain,

E3 08 0 &1(p) = diag(0.257, 0.098, 0.098, 0.098, 0.156, 0.098, 0.098, 0.098).  (F.1.5)

As can be simply verified by substitution into F.1.4, the numeric results agree with
the analytic calculation, hence the numeric implementation of the depolarization
channel functions appropriately in this case.
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F.2. Comparison to published numerics for the qubit case
In this appendix we restrict all discussion to the case of qubits. Reference [25]
presents a purification protocol for qubit TCGS, to which the protocol of Chapter
5 reduces in the qubit case. One method of validating the numeric routines [59]
used in Chapters 6 and 7 for assessing the performance of our protocol of Chapter
5 is to compare the results obtained in the qubit case to the results published in
[25]. Although differences in the exact quantities presented in each study may be
expected to differ since they are reported by independent numeric routines, the
qualitative features of the results of our study should be in accordance with those
of [25] for us to conclude that our study is functioning appropriately.

The authors of [25] numerically study the performance of the error-less protocol with
depolarized input states. Note that the authors use a description of depolarization
noise that is different but equivalent to the description given by equation 2.2.6. The
alternative description is,

(o) = pp+ (1 - p) 5 ©Try(p). (F2.1)
The parameter p of equation F.2.1 is related to the parameter ¢ in equation 2.2.6
by q = %(1 —p). Notice that in this formulation of depolarizing noise the extremal
value of noise that can be applied to the state is given by pmin. In the figures of
this appendix we work with the depolarization noise as in equation F.2.1. In Figure
F.1 we plot the results obtained when studying the performance of the error-less
protocol with depolarized input states using our numeric routine as well as the data
presented in Figure 2 of [25]. One important consideration is that the numeric study
determines the value of pyin, and Fii, simply follows from the value of pyi,. For
this reason we emphasize comparison of the values of pyi,. From Figure F.1 we see
that the qualitative behaviour of our results for p.,;, are consistent with those of
[25]; in particular, for linear cluster states (Figure F.1a) we notice that the observed
values of pn,in are essentially constant as N increases; for GHZ type states (Figure
F.1b) we notice that the observed values of ppyi, increase as N increases. Another
consideration is that the values we report for pyi, are consistently higher than those
of [25], hence our results can be considered a conservative bound when compared to
[25].

Another important case where comparison is available is in the performance analysis
of the protocol with faulty two-qubit operations. In Figure F.2 we consider depolar-
ized states as input and faulty two-qubit operations given by Equation 7.0.1 with the
error processes of Equation F.2.1; the purification regimes reported by our numeric
simulation framework (Figure F.2a) are compared to the results presented in Fig-
ure 4 of [25] (Figure F.2b). For each gate error parameter, the purification regime
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(a) Linear cluster state.

bl
Number of nodes, N

(b) GHZ type state.

Figure F.1: Minimal values of the input state fidelity F' and depolarization parameter p for
various node numbers, with perfect local operations. Orange dataset (circle and square markers)
corresponds to numerics from this work. Blue dataset (x and + markers) corresponds to data
extracted from [25] using the plot digitization tool available at https://apps.automeris.io/wpd.

consists of the area between the minimal required input state fidelity to achieve
purification and the maximum obtainable output fidelity, for any input state.

From observation of Figure F.2a, we notice that the purification regime broadens
with increasing N, and in general both the maximum reachable and minimal re-
quired fidelity decrease as N increases, both of which are consistent with Figure
F.2b. We note also that the numeric values reported in Figures F.2a and F.2b are
similar. We conclude that our numeric simulation of the protocol with faulty two
qubit operations captures the qualitative behaviour of the results reported in [25],
and we take this as validation that the simulation functions appropriately in this
case.
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o o

Fidelity, F
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0.0
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Error parameter, p Error parameter, p

(a) Numeric simulation results. (b) Results extracted from Figure 4 of [25].

Figure F.2: Purification regimes of depolarized linear cluster input states for various node
numbers, N. For each N in both (a) and (b) the critical gate error parameter is the point where
the maximum obtainable fidelity and minimum required fidelity converge. Data in (b) was
extracted from [25] using the plot digitization tool available at https://apps.automeris.io/wpd.
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