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Abstract

Quantum error-correction is a theory for protecting quantum information and is one of the
essential factors in quantum information theory. Since its first construction by Shor in 1995,
many quantum codes that can correct arbitrary unitary errors have been constructed. On the
other hand, quantum insertion/deletion errors have only started to attract attention in 2020,
and further research is expected.

This thesis discusses quantum error-correcting codes for various types of quantum inser-
tion/deletion errors. First, the Nakayama-Hagiwara conditions are discussed, which are known
as the conditions for constructing single deletion error-correcting codes, and examples of the new
codes are given. Next, the construction conditions of quantum deletion codes with permutation-
invariance are presented and their decoding method is described. This is the first construction
of quantum codes that can correct multiple deletion errors. Furthermore, systematic construc-
tion of single insertion error-correcting codes is presented, including a decoding method. The
conditions used in this construction are described only in terms of combinatorics, which means
that the problem of quantum insertion errors is attributed to the problem of classical com-
binatorics. Finally, the equivalence between the correctability of deletions and insertions of
separable states in quantum codes is proved using the Knill-Laflamme conditions, known as
quantum error-correction conditions.
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Chapter 1

Introduction

1.1 Background

1.1.1 Quantum computing

Quantum information technology, including quantum computers, is a new ICT field that fully
utilizes the quantum mechanical properties of matter, and is expected to achieve things that
conventional computers cannot, such as large-scale molecular design [6] and information retrieval
systems that completely protect privacy [26]. In the field of quantum information, there is fierce
competition at the national level in Europe, the U.S., China, and other countries around the
world, and full-scale research and development are also underway in Japan.

Quantum computing began in 1980 when physicist Paul Benioff proposed a quantum me-
chanical model of Turing machines [7]. Later, Richard Feynman [24], Yuri Manin [42]|, and
others suggested that quantum computers might be able to simulate what classical computers
could not. In 1994, Peter Shor developed a quantum algorithm for factoring integers that may
be able to break RSA-encrypted transmissions [71]. Since then, a great deal of research has been
carried out.

Quantum computers have made tremendous progress in recent years, and in 2019, a Google
research team announced that they had created a device with 53-qubit, which surpassed a
supercomputer in “specific tasks” [4]. However, it has also been pointed out that the “specific
task” is a very favorable problem setting for quantum computers and the view that we are
still far from achieving practical computation [60]. A small-scale, noisy quantum computer
like the one used in this demonstration is called a NISQ (Noisy Intermediate Scale Quantum)
computer. In the future, it will be necessary to overcome a number of challenges in order to
realize the full-scale practical use of quantum computers. To this end, a wide range of approaches
are currently underway simultaneously, including basic research on hardware development and
applied research for business applications.

1.1.2 Protection of quantum information

The most essential technology for realizing a quantum computer is error tolerance technology.
There is an enormous difference in the amount of noise that can occur in quantum information



processing and classical information processing. In classical information processing, errors oc-
curred less frequently, and in some cases, processing could be done without much concern for
errors. However, in quantum information processing, the frequency of errors is very high, and it
is known that only small-scale calculations can be performed without error countermeasures. In
order to put quantum information processing to practical use on a large scale, it is necessary to
perform error tolerance processing of quantum information and to protect quantum information
from noise.

One method of error handling in quantum information processing is to use quantum error-
correcting codes. Quantum error-correcting codes encode qubits redundantly so that even if some
errors occur, they can be corrected by decoding. This is the only method known to be capable
of scalable error tolerance processing so far and is predicted to be an essential technology for
the practical application of large-scale quantum information processing in the future. However,
due to the inevitable increase in the number of qubits required for encoding and the number of
processes in decoding, it is believed that it will still take time to realize error tolerance processing
using quantum error-correction.

In addition, we have to take into account the fact that the quantum circuits must be well
designed so that quantum error-correction still succeeds, assuming that the error is amplified
during the decoding of the quantum error. Such a method is called fault-tolerant quantum
computation (FTQC) [3,22,29]. According to this theory, as long as the probability of error is
kept below a certain threshold, any length of calculation is possible. This is called threshold
theorem, and it is one of the greatest achievements of quantum information theory [50|. Thus,
the use of quantum error-correction in quantum computers must be discussed from various points
of view.

1.1.3 Quantum error-correcting codes

To understand the meaning of quantum error-correcting codes, we introduce the communication
channel model. The communication channel model is also an important concept in classical
coding theory and was given by Shannon in 1948 as a concise and rational model for ensuring the
transmission of information [63,64]. A visual representation of Shannon’s communication channel
model is shown in Figure 1.1. The information source selects the message to be transmitted,
turns it into a signal by the encoder, and sends it to the receiver through the communication
channel. During this transmission process, the information may be interfered with in various
ways and may not be transmitted accurately. This model defines it as noise. The receiver
decodes the signal received by the decoder back into a message and understands the message
sent by the information source. When the message of the sender and the decoded message of the
receiver match, the communication has been established. Weaver used Shannon’s communication
channel model for machines as a model to explain communication between humans, and discussed
it. In 1949, Shannon and Weaver co-authored a book titled “The Mathematical Theory of
Communication” [65].

The theory of error-correcting codes aims to efficiently and accurately perform two operations
for situations where errors are expected to occur: adding information so that it can be corrected
even if an error occurs (encoding) and inferring the original information from the incorrect
information (decoding). In quantum error-correcting codes, the information to be transmitted



Information

source Transmitter Receiver Destination
Channel
»| Encoder > »| Decoder >
Signal 2 Received
signal
Message Message

Noise
source

Figure 1.1: Shannon’s communication channel model

is called a quantum state, which is represented as a density matrix. In addition, restrictions
are placed on the encoding and decoding processes based on quantum mechanics. Therefore,
the construction of quantum error-correcting codes is more difficult than that of classical error-
correcting codes, and this is an area where further research for practical application is expected
in the future.

In classical coding theory, errors in the original information have been corrected by adding
redundancy to it, as in so-called repetition codes. On the other hand, because of the no-
cloning theorem in quantum mechanics 78], it has been thought that such redundancy cannot
be added in quantum error-correction. However, since 1995, when Shor explicitly denied the
conjecture by providing an example of a quantum error-correcting code [72|, many quantum
codes have been devised, including Calderbank-Shor-Steane (CSS) codes [17,75], the stabilizer
codes [15,16,27,28], and surface codes [25]. Here, CSS code is a special case of the stabilizer code.
Furthermore, the translation between quantum codes and linear spaces over finite field [15, 16]
allows us to apply research results on classical codes to quantum codes. These results were later
extended to non-binary quantum codes [5,11,46].

One attempt in quantum coding theory that is not found in classical codes is the use of quan-
tum teleportation. Quantum teleportation is the transfer of a quantum state to a remote location
using classical means of information transmission and the effects of quantum entanglement [8].
Although it is called teleportation, it does not mean that a particle moves instantaneously to
another location in space, but rather that the observation of one state of two particles in a
quantum entanglement relationship instantly reveals the definite state of the other. For a long
time, experiments were considered difficult, but in 1997, D. Bouwmeester and his group were
the first to successfully perform a quantum teleportation experiment [12]. Even recently, many
successful experiments have been reported, and a variety of applications are expected [39,61,76].
Quantum teleportation can be interpreted as the transmission of quantum information through
the sharing of quantum entanglement [20]. Along this line, the entanglement-assisted quan-
tum error-correcting code was proposed [13,77], which enables transmission of more quantum
information at the cost of shared quantum entanglement.

Quantum error-correcting codes were also used in cryptography as a tool to prove the security



of quantum key distribution (QKD) [73]. They were also used as an example of quantum
secret sharing [30,43]. Thus, as research on quantum error-correcting codes progresses, new
applications, including cryptography, are expected in the future. In other words, it has been
suggested that quantum error-correcting codes have sufficient potential for applications other
than quantum computers.

There are good survey papers on the topic of quantum error-correcting codes, for example,
see Reference [45].

1.1.4 Quantum insertion/deletion codes

In classical coding theory, since the first example was devised by Levenshtein in 1966 [41], many
insertion/deletion error-correcting codes have been studied [14,23,32,33,36,74]. Indeed, classical
insertion/deletion codes have received invigorated attention because of interesting applications
such as DNA storage [14], and racetrack memories [18]. What this thesis deal with is a quantum
version of this classical insertion/deletion code.

In quantum communication, the quantum state is transmitted through a quantum channel
with possible errors, and it is naturally expected that some of the underlying qubits will be inad-
vertently lost during this process. This can be caused by temporary interruption, misalignment,
or destruction of the transmitted signal. If we knew which qubit was lost, we could correct it
as a quantum erasure error [9,31], but in realistic scenarios, we often do not know which qubit
was lost, which is the concept of a quantum deletion error. In quantum coding theory, erasure
errors can be modeled using a partial trace where the traced qubits are known, but for deletion
errors, we do not know what the traced qubits are. We can also interpret deletion errors as
erasure errors implemented by an adversary who hides information about which qubits were
erased. Hence, correcting deletion errors is harder than correcting erasure errors. Quantum
deletion error-correction is a problem of determining the quantum state in the entire quantum
system from a quantum state in a partial system. Therefore, it is related to various topics such
as quantum secret sharing [43], purification of quantum state [37], and quantum cloud comput-
ing [10]. Similar to deletion errors, an insertion error occurs when a quantum state is inserted
at unknown locations within a quantum code. As for quantum insertion codes, although they
are mathematically very interesting as it relates to deletion, a detailed discussion of their ap-
plicability in realistic scenarios has not yet been given. However, it can also be said that it has
many possibilities.

The quantum insertion/deletion error is a concept that was first introduced by Leahy et
al. in 2019 [40]. They provided a way to turn quantum insertion/deletion errors into errors
that can be handled by conventional methods under certain assumptions. Since then, quantum
insertion/deletion error-correction has attracted the attention of researchers.

The first example of quantum deletion codes in a general scenario was given by Nakayama in
2020 [48]. Nakayama’s 8-qubit code is capable of correcting a single deletion error, and this fact
is shown by specifically defining the encoding and decoding. The second example of quantum
deletion codes was given by Hagiwara in 2020 [35]. Hagiwara’s 4-qubit code can correct a single
deletion error, and it has been confirmed that this is a quantum deletion code with an optimal
code length. In other words, the shortest code length of a quantum code that can correct deletion
errors is 4. This is an interesting result compared to the shortest code length of a quantum code



that can correct unitary errors, which is 5 [50]. Hagiwara’s 4-qubit code can also be regarded as
Ouyang’s (2,2,1) gnu code [51].

Later, in 2020, a systematic construction method of single quantum deletion codes including
the two examples above was given by Nakayama and Hagiwara [49]. One idea for constructing
quantum deletion codes is to use classical deletion codes. In fact, it was pointed out that
quantum codes can be constructed from any classical code by using the framework of Movassagh
and Ouyang [47]. However, the quantum deletion codes by Nakayama and Hagiwara, which were
discovered for the first time, were derived based on a novel approach. According to Nakayama
and Hagiwara, the three conditions (C1), (C2), and (C3) (the NH conditions) are introduced for
two sets of bit sequences; those three conditions are described in combinatorial terms only. In
their study, they proved that single quantum deletion error-correcting codes can be constructed
by using two sets that satisfy the NH conditions. However, the NH conditions were complex and
no new codes were presented in their paper. The NH conditions were studied by Shibayama,
and many examples satisfying the conditions were given [66,67]. This will be discussed in detail
in Chapter 3 of this thesis. To distinguish them from the conditions of the insertion version,
which will be explained later, the NH conditions for deletion will be denoted as (C1)~, (C2)™,
and (C3)~ with a minus character “—” as a superscript in this thesis.

Quantum error-correcting codes that can correct two or more deletion errors were first pro-
posed in 2021 by Ouyang [53] and Shibayama [68], who studied them independently, respectively.
Both of their methods focus on permutation-invariant codes, which are invariant under any per-
mutation of the underlying particles. Permutation-invariant quantum codes have been studied
as codes that can correct errors represented by unitary matrices [47,51,52,55,56,59,62|. Re-
cently, permutation-invariant quantum codes have been explored for applications such as for
quantum storage [54| and robust quantum metrology [58]. These are expected to be applied
to physically realistic scenarios [79]. Since it is clear that erasure error and deletion error are
equivalent in permutation-invariant codes, we can see that the permutation-invariant quantum
codes that can correct quantum erasure errors, which have already been studied, are also quan-
tum deletion codes. Ouyang [53| gave detailed discussions of permutation-invariant quantum
deletion codes, which are defined by encodings formed by superpositions over states called Dicke
states, described in Section 2.2.3 below, using quantum circuits. On the other hand, Shibayama
and Hagiwara [68] proposed three conditions (D1), (D2), and (D3) that can correct multiple
deletion errors for permutation-invariant codes defined by encodings that do not specify coefhi-
cients but are expressed in a more general form. Their method is a practical one that directly
defines the decoder, and the details will be explained in Chapter 4 of this thesis. Later, further
permutation-invariant deletion codes were given by Matsumoto and Hagiwara [44].

Several examples of quantum deletion codes have been given in the last two years, but
quantum insertion codes seem to be more difficult than deletion. The first example is a 4-qubit
code given by Hagiwara in 2021 [34], which is also known as a deletion code [35]. The Hagiwara
code is a single insertion error-correcting code, and its decoding method for insertion errors is
much more technical than that for deletion errors. Then, very recently, a systematic construction
method for single quantum insertion codes was proposed by Shibayama and Hagiwara [69]. This
construction can be regarded as an insertion version of the method using the Nakayama-Hagiwara
conditions described earlier, and the conditions used in the insertion codes are named (C1)%,
(C2)*, and (C3)*. These conditions are described only in terms of classical combinatorics,



not in terms of quantum information. It means that the problem of quantum insertion errors is
attributed to the problem of classical combinatorics. This construction method will be discussed
in detail in Chapter 5 of this thesis.

In classical insertion/deletion codes, the most mathematically interesting fact is that a code
that can correct t deletion errors can correct t1 insertion errors and ¢y deletion errors if ¢ = t1 +1¢s.
This implies the equivalence of correctability of insertion and deletion errors in classical codes.
This fact was shown by Levenshtein in 1966 when the insertion/deletion code was first introduced
[41]. It can be explained using the concept of Levenshtein distance [36]. It is conjectured that
this equivalence, which holds for classical codes, also holds for quantum codes.

Conjecture 1. For any positive integer t, and a quantum code Q, the followings are equivalent.

1. Q 1is a t-deletion error-correcting code.

2. @Q is a t-insertion error-correcting code.

To date, in quantum codes, the equivalence has not been shown, which is an open problem.
However, a partial solution to this conjecture was given by Shibayama and Ouyang in 2021 |70].
Their method is to represent the Kraus operators for quantum deletion errors and quantum
insertion errors and discuss them using the KL conditions, which are known as necessary and
sufficient conditions for quantum error-correction. Here they discuss ¢-insertion, which is the
repeated insertion of a single qubit state ¢ times. In other words, they have not completely solved
the problem in that they have not taken into account the insertion of quantum entangled states.
However, it does provide a significant contribution in that it provides the first step towards this
important conjecture. The details will be discussed in Chapter 6 of this thesis. Since then,
research using the Kraus operator for quantum deletion errors and quantum insertion errors has
gradually progressed [1,2].

As mentioned above, quantum insertion/deletion codes are a very new field, and further
research is expected in the future, including basic research. In the question and answer session
of “An Introduction to Quantum Computation” by Chitambar, one of the tutorials at the 2020
IEEE Information Theory Workshop (ITW2020) held in April 2021, there was an exchange in
which he predicted that deletion errors would be the focus of the next few years in the field of
quantum codes [19]. Quantum insertion/deletion codes are an area that is gradually gaining
attention.

1.2 Organization of the thesis

This thesis is organized as follows. In Chapter 2, the knowledge assumed in this research is ex-
plained. Specifically, it starts with the fundamentals of quantum information theory based on the
postulates of quantum mechanics, and finally gives the definition of quantum insertion/deletion
error-correcting codes. Chapter 3 gives the discussion related to the single quantum deletion
error-correcting codes proposed by Nakayama and Hagiwara [49]. After giving explicit sets satis-
fying the Nakayama-Hagiwara (NH) conditions and proposing new codes, it is analyzed the NH
conditions using the adjacency matrices of graphs. In Chapter 4, focusing on quantum codes with
permutation-invariance, error-correction conditions for quantum codes that can correct multiple
deletion errors are proposed and discussed, including their coding and decoding. In addition, it



is given several examples of quantum codes that satisfy the error-correcting conditions and pro-
posed the first quantum code that can correct two or more deletion errors. Chapter 5 proposes
a systematic construction of single quantum insertion error-correcting codes. This method can
be regarded as an insertion version of the method by Nakayama and Hagiwara. It can be said
that this construction makes a significant contribution to the field of quantum insertion codes,
for which only one example had been presented. In Chapter 6, quantum deletion errors and
quantum insertion errors are discussed using the Kraus operators, which allows us to apply the
Knill-Laflamme conditions, a necessary and sufficient condition for quantum error-correction.
In particular, using this technique, we show that in quantum codes, the ability to correct dele-
tions and insertions of separable states is equivalent. This can be said to give a partial solution
for the quantum version of the famous result in classical insertion/deletion codes. At last, the
conclusion is stated in Chapter 7.



Chapter 2

Fundamentals for quantum
insertion /deletion error-correcting
codes

The bit is the fundamental concept of classical computation and classical information. Quantum
computation and quantum information are built on the similar concept of a quantum bit or a
qubit for short. There are two possible states of a qubit, |0) and |1), which correspond to the
states 0 and 1 for a classical bit. The notation ‘| )’ is the standard notation for states in quantum
mechanics, and is called the Dirac notation [21|. The Dirac notation is used in this thesis. The
purpose of this chapter is, to begin with, an explanation of the fundamental concepts of quantum
information, including single qudit state, quantum system, projective measurement, etc., and
finally to define quantum insertion/deletion codes.

2.1 Fundamental concepts of quantum information

Let N be a positive integer and [N] := {1,2,..., N}. The set of the non-negative integers is
denoted by N := {n € Z | n. > 0}. Given an N-tuple & = 125 ...2x5 € NV, we use the notation
wt(x) to denote the Hamming weight of , i.e.,

w(@) = [{i € [N] | 2; # 0}]. (2.1)

Here, we denote |X| as the size of a finite set X. For an Ni-tuple & = x129...2y, € NV
and an No-tuple y = 912...yn, € N2 with positive integers N1, No, we simply denote by
TY =TT ... TN, Y1Y2 - - - YN, € NVIEN2 the (V] + Na)-tuple formed by concatenating = and y.

We denote by C! the I-dimensional vector space over a complex field C. In this thesis, the
inner product (-,-) on C! is defined as

(€, y) =Ty +Taye + -+ Ty € C (2.2)

for x = (21,22, ... ,xl)T eClandy = (y1,92, .- ,yl)—r € C!. Here, | is the transpose operation,
and € is the conjugate of the complex number ¢ € C.



2.1.1 Quantum message

A quantum message is assumed to be a complex vector in C!. A standard notation for a quantum
message is 1), which is called 1-ket. Assume that the length of the quantum message |¢) is 1,
i.e, |||¥)]| = 1. Here, the length of |¢) is defined as the positive square root of the inner product
with itself, i.e.,

)P = (1), [¥)). (2.3)

For a quantum message |¢)) € C', we define (| as the conjugate transpose of [), i.e., (3] == [T,
and (1| is called 1/-bra. Here, ' is the conjugate transpose operation. Note that the inner product
of quantum states |11) and [t¢2) is denoted by (¥1]12), i.e.,

(1lh2) = ([¢h1), [¥2) (2.4)

= (¢1][¢2). (2.5)

The product in Equation (2.5) is the product as matrices, which is easily derived by calculating
it according to the definition of the inner product in Equation (2.2).

An [-dimensional vector |¢) € C! with ||[«/)|| = 1 is called a qudit. In particular, let
|0),[1),...,]l — 1) be the standard orthonormal basis of C!, and call them zero-ket, one-ket,
...y (I = 1)-ket, respectively. That is,

0) := (1,0,0,...,0)",[1) == (0,1,0,...,0)",..., |l = 1) == (0,0,0,...,1)". (2.6)

In general, any qudit can be written in the form ag|0) + a1]1) + -+ 4+ 1|l — 1) € C!, where
loo|? + |a1|? + -~ + |ag_1|> = 1. Here, || is the absolute value of the complex number ¢ € C.
Qudits |11), |12) are considered to be the same if |1)1) = c|ig) for some constant ¢ € C. Note
that |c| = 1 holds since qudits have the same length.

In this thesis, we mainly deal with the case of [ = 2, and in this case, we use the term qubit
instead of qudit. In particular, for qubits, zero-ket and one-ket are written as |0) := (1,0)" € C?
and [1) := (0,1)" € C?, respectively.

2.1.2 Density matrix and single qudit state

For a square matrix M over the complex field C, the sum of the diagonal elements of M is
denoted by Tr(M) and is called the trace of M.

A square matrix M satisfying the following three conditions is called a density matrix:

e [t is positive semi-definite, i.e., any eigenvalue is non-negative.
e It is Hermitian, i.e., M = MT.
e Its trace is equal to 1, i.e., Tr(M) = 1.

The set of all density matrices of order I is denoted by S(C!). An element of S(C!) is called a
single qudit state.

In general, for any positive integer ¢, any qudits |11), [¢2),...,|¥:) € C!, and any non-
negative real numbers py,p2,...,pr € R with py +pa+--- +p =1,

> pilti) (il (2.7)
i=1



is a density matrix. In particular, any qudit |¢)) € C! corresponds to the density matrix [t))(¢)| €
S(CYH. In fact, for a qudit [¢)) € C! and a constant ¢ € C with |¢| = 1, the density matrix
corresponding to |¢) € C! and c|¢p) € C! are the same. A single qudit state is called pure if
it can be represented in the form [¢) ()| € S(C') using some qudit |[¢)) € C'. We also use a
complex vector |1)) € C! for representing a pure single qudit state |¢) (x| € S(C!). Conversely,
a single qudit state that is not pure is called mixed. Note that the quantum message described
in Section 2.1.1 is defined as a pure single qudit state.

2.1.3 Quantum system

In a physical implementation of a quantum message, a single qudit corresponds to the state of
a single particle. Conversely, any single particle can be represented as a vector of length one in
a complex vector space H. This vector space H is called the quantum system of the particle. If
the dimension of H is [, the quantum system is said to be of level .

Let H; be the quantum system of the single particle p; for i € [N]. The quantum system of
N particles p1,po,...,pnN is described by

Hi@Ha® - @ Hn, (2.8)

where ® is the tensor product operation. For simplicity, a quantum system C' @ C! @ --- @ C!
for N particles is denoted by (CH®N. Set |x) = |z1) ® |29) ® --- @ |zy) € (CH®N for an
N-tuple € = z122... 25 € {0,1,...,1 — 1}V, Since the standard orthonormal basis of (C)®V
is {|z) € (CH®N | & € {0,1,...,1 — 1}N}, we can regard (C))®N and C!" as isomorphic vector
spaces. A [V-dimensional vector |[¢) € (CH)®N with |||4)]| = 1 is called an N-qudit.

If the single qudit of the single particle p; is represented by a vector |¢;) € H; for i =
1,2,..., N, the quantum state of the N particles p1,pa,...,pnN IS

1) @ |tha) @ - @ [Yn) EH1 O Ha @ - @ H. (2.9)

In this way, when an N-qudit can be represented in the form of a tensor product of N single

qudits, the N-qudit is called separable. Conversely, an N-qudit that is not separable is called

entangled. For example,

~100) + [11)
V2

cannot be expressed in the form of |1) ® |19) € (C?)®2] thus |¥) is an entangled 2-qubit.

) : € (C*)®2 (2.10)

The set of quantum states in a quantum system (C')®" is denoted by S((C")®), which is
defined as the set of all density matrices of order IV, that is, S(C" ). An element of S((C!)®N)
is called an N-qudit state, which represents a quantum state of N particles pi,ps,...,pn. For
the N-qudit state, pure and mixed are defined in the same way as for the single qudit state.
That is, an N-qudit state is called pure if it can be represented in the form |¢) ()| € S((CH)®N)
using some qudit [¢) € (C')®N | and an N-qudit state that is not pure is called mixed.

Furthermore, for quantum states represented as density matrices, a separable state, and an
entangled state are defined as in the case of qudit represented as vectors. In other words, the
definition is as follows. If the single quantum state of the single particle p; is represented by a
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Tr,

Figure 2.1: Action of the partial trace Tro on a quantum state of five particles

density matrix p; € S(H;) fori =1,2,..., N, the quantum state of the N particles p1,pa,...,pN
is

p1®p2®"'®pNES(H1)®S(H2)®"'®S(HN). (2.11)

In this way, when an N-qudit state can be represented in the form of a tensor product of N
single qudit states, the N-qudit state is called separable. Conversely, an N-qudit state that is
not separable is called entangled.

Now we explain the quantum subsystem. For N particles with a quantum state M €
S((CH®N), we want to describe the state of their sub-particles. The quantum state M is
re-written as

M= S maglononl @ lea) sl © - low) o (212
z,yc{0,1,...,l—1}N

with My, € C. For an integer i € [N], define the map Tr; : S((C)®N) — S((CHEW-1) as

Tr; (M) = Z My - Tr(lai) (yil)
z,ye{0,1,.... -1}V

lz0) (1l @ -+ @ |@i—1) (Yio1] @ |Tir1) (Yir1| @ - @ [zN) (YN |- (2.13)

The map Tr; is called a partial trace. The state of N — 1 particles p1,...,pi—1,Pi+1,--.,PN 1S
described as Tr;(M) € S((CH®WN=1). In other words, the partial trace Tr; describes the state
of the subsystem of N — 1 particles p1,...,0;—1,Pit1,.-.,pn. For example, when a partial trace
is applied to a quantum state consisting of five particles, it means that one particle is deleted
and four particles are left, as shown in Figure 2.1.

2.1.4 Projective measurement

In quantum communication, the sender encodes a quantum message into particles. The receiver
of the transmitted particles will read the whole or part of the message from the particles. Reading
the message from the particles is called measurement. A Hermitian matrix P satisfying P? = P
is called a projection matrix. In this study, a measurement called projective measurement, which
is represented by the projection matrices, is used in the decoding process.

Let € be the set of all outcomes that can be obtained by the projective measurement. A
projective measurement is defined by a set P := {P, | k € Q} of complex matrices of order V.
Here, each element of PP is a projection matrix and is assumed to satisfy the equation

> B=1, (2.14)

keQ
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where I is the identity matrix of order V. Note that N here is the number of particles that

the receiver has, not necessarily the code length. The index k € () refers to the measurement

outcomes that may occur in the experiment. If the quantum state is p € S((C))®V) immediately

before the measurement then the probability that outcome k occurs is given by Tr(Pyp), and
the quantum state after the measurement p’ is

p/ — PrpPy .

Tr(Prp)

Note here that the receiver can only know the outcome of the measurement, but not the received

(2.15)

quantum state itself.

2.1.5 The postulates of quantum mechanics

To begin with, quantum information is a theory that uses the fundamental postulates of quan-
tum mechanics as a starting point for constructing the basic operating principles of quantum
computers. At the end of this section, we will confirm that the concepts of quantum information
set up above satisfy the postulates of quantum mechanics.

The following four are the most basic postulates of quantum mechanics; for more details
about them, see e.g., Nielsen-Chuang [50].

Postulate 1. Associated to any isolated physical system is a complex vector space with an
inner product (that is, a Hilbert space) known as the state space of the system. The
system is completely described by its density operator, which is a positive operator p with
trace one, acting on the state space of the system. If a quantum system is in the state p;
with probability p;, then the density operator for the system is >, pip;.

Postulate 2. The evolution of a closed quantum system is described by a unitary transfor-
mation. That is, the state p of the system at time ¢; is related to the state p’ of the system
at time t9 by a unitary operator U which depends only on the time ¢; and ¢s,

P =UpU! (2.16)

Postulate 3. Quantum measurements are described by a collection {M}} of measurement
operators. These are operators acting on the state space of the system being measured.
The index k refers to the measurement outcomes that may occur in the experiment then
the probability that result k occurs is given by

p(k) = Te(M{ Myp), (2.17)
and the state of the system after the measurement is
My.pM]
ki k. (2.18)
Tr(MkMkP)
The measurement operators satisfy the completeness equation,
> MM =1, (2.19)

k

where [ is the identity operator.
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Postulate 4. The state-space of a composite physical system is the tensor product of the
state spaces of the component physical systems. Moreover, if we have systems numbered
1 through N, and system number ¢ is prepared in the state p;, then the joint state of the
total system is

PLO® P2 R pPN. (2.20)

In particular, the contents described in Sections 2.1.1, 2.1.2, and Section 2.1.3 satisfy Pos-
tulate 1 and Postulate 4, respectively. The projective measurements defined in Section 2.1.4
satisfy Postulate 3. Note that PTP = P, since the projection matrix P is a Hermitian matrix
satisfying P2 = P.

In quantum information theory, the operation of acting a unitary matrix on a quantum state
can be performed as Equation (2.16). Here, a square matrix U is called a unitary matrix if UU tis
the identity matrix. For any unitary matrix U of order IV and any quantum state p € S((CH)®V),
o = UpUT is a quantum state. Also, for any two quantum states p1, ps € S((CH®N), there
exists a unitary matrix U of order IV such that p’ = UpUT. These can be easily checked by
calculation as matrices.

2.2 Quantum error-correcting codes for unitary errors

This section explains errors in quantum communication and defines error-correcting codes, which
are known as techniques to protect quantum information from such errors. In particular, we
define gnu codes, which appear several times in this thesis.

2.2.1 Unitary errors

This thesis focuses on deletion and insertion errors and does not deal in depth with the widely
known unitary errors, including bit-flip and phase errors. The errors described by unitary
matrices are briefly explained here, especially using a qubit system as an example.

The Pauli operators are introduced as basic quantum operations that act on a single qubit.
The operators, which are represented by the following four unitary matrices, are called the Pauli

I:(l 0), X:(O 1), Y:(Q Z) Z:(l 0). (2.21)
0 1 10 i 0 0 -1

A unitary error in quantum information is described as the action of a unitary matrix on a

matrices:

quantum state. For example, when an error corresponding to X occurs, we get
X10) =11),  X[1) =10), (2.22)
which represents a bit-flip error. Also, when an error corresponding to Z occurs, we get

Z0)y =|0), Z]1) = —1), (2.23)
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which represents a phase error. Any unitary matrix of order 2 is represented by a linear combi-
nation of I, X, Y, and Z. In fact, the Pauli matrices in Equation (2.21) form a basis of the set
of 2-by-2 matrices over the complex field C:

(“ b):“+01+b+dx+b_dz¥+a_cz. (2.24)

c d 2 2 2 2

A single unitary error for an N-qudit 1) € (CH®Y is represented as
I®---IeUeI®---I)Y) (2.25)

for some unitary matrix U of order [. Here, I is the identity matrix of order [. For example, for
a single bit-flip error I @ X ® I, we get

(I ® X ®1)[000) = [010), (I ® X ® I)|111) = |101), (2.26)

which confirms that a bit-flip error has indeed occurred for the second qubit. Note that when
a unitary error occurs for a quantum state represented by a density matrix, the unitary matrix
acts as in Equation (2.16).

An error obtained by combining single unitary errors ¢ times is called a t-qudit unitary error.

2.2.2 Quantum error-correcting codes

Let us define a quantum error-correcting code. A quantum message is usually defined as a single
qudit state associated with a single particle, but here we define it more generally as a K-qudit

state associated with K particles.

Let € be the set of all errors that we want to correct here. That is, each element of £ is
a map that maps an N-qudit state p € S((CH)®N) to an N’-qudit state o/ € S((C)®N') with
some N’. Note here that the number of particles may change before and after the error, so that
N # N’ may be possible.

Definition 2.1 (Quantum error-correcting code). We call an image of Enc an (N, K)) quantum
error-correcting code for the error £ if the following conditions hold:

1. There exists a map Enc : (C)®K — (CHY®N defined as enc o pad™-X | that is, the compo-
sition of two maps pad™X and enc. Here, the map pad™X : (CH®K — (CH®N is defined

by

pad™ (j9)) = [¢) @ [0) @ - - @ |0) (2.27)
N—-K times

for a pure K-qudit state [¢b) € (C))®K and the map enc : (CH)®N — (CH®N is a unitary
transformation acting on (CH)®N.
2. There exists a map Dec defined by the operations allowed by quantum mechanics, and

Dec o E o Enc(|)) = [4) (2.28)

holds for any error E € £ and any pure K -qudit state 1)) € (CH)®K.
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The maps Enc and Dec are called the encoder and decoder for the quantum error-correcting code,
respectively.

If we take as £ the set consisting of all t-qudit unitary errors acting on N-qudit, then
an (N, K)) quantum error-correcting code for the error £ is called an (N, K)) t-qudit error-
correcting code or simply a t-qudit code. It is clear that a t-qudit code is an s-qudit code for
any non-negative integer 0 < s < ¢. In other words, the t-qudit code can be interpreted as a
code that can correct any unitary error that occurs in t or fewer arbitrary particles.

There are three types of quantum mechanical operations used in the decoder in this thesis:
projective measurements, actions of a unitary matrix, and partial traces.

In particular, to construct an encoder Enc for an ((V, 1)) quantum error-correcting code, it is
enough to choose vectors [0r),|1L),..., |l — 1) € (C)®N of length 1 orthogonal to each other,
and the encoder is defined as a linear map Enc such that Enc(|¢)) = |¥),

[¥) = aol0) + a1|1) + - + 4|l = 1) € C, (2:29)
W) = aol0) + ar[1r) + - - + ar |l = 1p) € (TP, (2.30)
Here, these vectors |0z),|1%),...,|l — 11) are called a logical 0, a logical 1,..., and a logical

[ — 1, respectively. These [ vectors are collectively called logical codewords. In fact, since

pad™([¥)) = (ap|0) + ar|l) + -+ o[l = 1)) @ [0) @ - -- ®]0) (2.31)
N—1 times
= ap[00...0) + a1|10...0) +-- -+ ay_1|(l — 1)0...0) (2.32)

holds, if we define enc as the unitary transformation that maps [i0...0) € (CH®N to |if) €
(CH®N for each integer 0 < i < [ — 1, we can easily check that Enc(|t))) = enc o pad™(|y)) for
any quantum message |¢) € C.

In other words, in order to construct an ((V, 1)) quantum error-correcting code, the problems
are how to define logical codewords |01),|1),...,|l — 1) and how to define a decoder Dec that
satisfies Equation (2.28).

2.2.3 Ouyang A-shifted gnu codes

An N-qudit state is called permutation-invariant if its state is invariant under any permutation
of N particles. A quantum code is called a permutation-invariant code if its state after encoding
is permutation-invariant. The term permutation-invariant is also called “PI” for short.

Here, the definition of gnu codes, which appears often in this thesis, is explained. Ouyang
introduced gnu codes in 2014 as a family of permutation-invariant quantum codes [51]. The
precise definition of permutation-invariant quantum codes will be given in Chapter 4. Ouyang
succeeded in generalizing gnu codes and constructing further quantum codes in 2017 [52]. Among
them, shifted gnu codes for qubit systems, which have similar properties to gnu codes, have been
proposed in 2021 [53]. This code has four parameters A, g, n, and w, where the shift A is a
non-negative integer, and the code gap g and the occupancy n are positive integers, and the
rational number u = gﬁn > 1 is a scaling factor that determines the length of the quantum code.
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The corresponding logical codewords are

A +A
|0L Z 2n 1| zj”iﬁA >7 ‘1L Z 2n 1 :Z;ﬁA >, (233)
0<j<n 0<j<n
J even ] odd

where | DY) is called Dicke states and is defined as

Dy=—— ¥ el e o). (234)

(]zX) z1z2..ane{0,1}N

Tr1+x2+-t+rN=w
Here, w is the weight of the Dicke state and counts the Hamming weights of its constituent
computation basis states’ labels. The Dicke states for qubit states are labeled by only their
weights, of which there are only N + 1 possibilities. The quantum code defined by the logical
codewords in Equation (2.33) is called a A-shifted gnu code and is denoted by A — (g, n,u) with
these parameters. In particular, in the case of A = 0, a 0-shifted gnu code is simply called a

gnu code.

Fact 2.2 (Ouyang [52]). Fiz t as a non-negative integer. Let A be a non-negative integer, g, n
be integers, and u be a rational number, and suppose that

g>2t+1, n>2+1, u>Ll (2.35)
Then, the A — (g,n,u) code is an (N, 1)) t-qudit error-correcting code with N = gnu + A.

Example 2.3. The 0—(3,3,1) gnu code is a (9,1)) 1-qudit error-correcting code, and its logical
codewords are

D) + v/3|D5)

V3|D§) +|Dj)
2 ’ '

01) = 5

1) = (2.36)

This quantum code is called the Ruskai code [62].

2.3 Quantum error-correcting codes for insertion/deletion errors

This section explains the concept of quantum insertion and deletion errors and then gives the
definition of quantum insertion codes and quantum deletion codes, respectively.

2.3.1 Quantum insertion/deletion errors

Recall that in classical coding theory, for an integer 1 <t < N, a t-deletion error is defined as
a map from a sequence of length N to its subsequence of length N —¢. In addition, insertion
errors are defined as the inverse of deletion errors. That is, an insertion error maps a sequence
x of length N to a sequence =’ of length N + ¢, where x is a subsequence of z’.

In quantum coding theory, deletion errors and insertion errors are defined for quantum states
represented by density matrices in the same way as for classical codes.
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Deletion error Dy, 5,

1 2 3 4 5 1 3 4

Insertion error 1{2,5}

Figure 2.2: Relationship between deletion and insertion errors acting on particles

Definition 2.4 (Quantum deletion error Dp). Let 1 < t < N be a positive integer and let
P ={p1,pa2,...,pt} C[N] be a set satisfying 1 < p; <pa <---<py < N. Let us define a map
Dp : S((CH®N) — S((CHBWN=Y) as

Dp(p) = Trp, 0 Trp, 0 -+ 0 Trp, (p), (2.37)

t times

where p € S((CHPN) is a quantum state. Here the symbol o indicates the composition of maps.
We call the map Dp a t-deletion error with the deletion position P. The cardinality |P| is called
the number of deletions for Dp.

In Definition 2.4, especially in the case of P = {p} (i.e., |P| = 1), we denote D, instead of
D¢,y and call the map D), a single deletion error. In other words, a single deletion error D), is a
partial trace Tr,. The identity map for quantum states is also called the 0-deletion error.

As explained in Section 2.1.3, For a quantum state p € S((CH)®N) corresponding to N parti-
cles p1,pa, ..., pN, the state Dp(p) € S((CHBN=)) represents the quantum state corresponding
to N — t particles, excluding the particles labeled with P.

Definition 2.5 (Quantum insertion error Ip). Let t > 1 be a positive integer and let P =
{p1,p2,...,pt} C [N +1t] be a set satisfying 1 < p; <py <---<p <N +t. For each quantum
state p € S((CHEN), a map Ip : S((CH2N) — S((CHENH) such that

Dpolp(p)=p (2.38)

is called a t-insertion error for quantum state p with the insertion position P. The cardinality
|P| is called the number of insertions for Ip.

According to Definition 2.5, an insertion error is defined as the inverse correspondence of
a deletion error. In Equation (2.38), if p is a quantum state consisting of three particles and
P ={2,5}, then Dp(Ip(p)) is a 3-qubit state, and therefore Ip(p) is a 5-qubit state. In other
words, Ip(p) can be regarded as the addition of two particles to the original three. Figure 2.2
shows the transformation of the particles in this case.

In Definition 2.5, in the case of P = {p} (i.e., |P| = 1), as with the deletion error, we denote
I, instead of Iy, and call the map I, a single insertion error. Although the characteristics of
the inserted particles should be written in the subscript of the map, to avoid complications, only
the insertion positions are written here for a general definition. The identity map for quantum
states is also called the 0O-insertion error.

17



For any quantum state p € S((C!)®"), there exists a non-negative integer k and a pure state
P € S((CHPW+R)) such that Dpyy(p') = p. This means that an arbitrary quantum state can
always be regarded as a pure state by adding an external system. This procedure is called the
purification of a quantum state, which is a type of quantum insertion error.

If we limit a quantum state before an insertion error occurs to the pure state, the insertion
error Ip in Definition 2.5 is expressed in a clean form as in Fact 2.6. This fact was shown by
Reference [69] in 2021.

Fact 2.6. Lett > 1 be a positive integer and let P = {p1,pa,...,pt} C [N +t] be a set satisfying
L<p1 <p2<--<p <N+t At-insertion error for a pure state |1) € (CHEN with the
insertion position P can be expressed as

Ip([9) () = 7(o @ |[¥){¥]) (2.39)

with some quantum state o € S((C)®') and a permutation 7 € Syt acting on the quantum
system of the N +t particles p1,p2,...,DN+t. Here, Sniy is the symmetry group of degree N +t,
and the permutation T maps the ith particle to the p;th if i € [t], and preserves the order of the
particles if i ¢ [t].

Fact 2.6 means that the original state p and the state o to be inserted are not quantum
entangled, assuming that the state p after encoding is a pure state p = |¢)(¢p|. Without the
assumption that the quantum state p is pure, quantum insertion errors cannot be expressed in a
simple form. For example, as mentioned earlier, the purification of a quantum state is a type of
quantum insertion error, but when p is a mixed state, then o ® p is also a mixed state, and thus
the purification cannot be expressed in the form of Equation (2.39). However, the assumption
that the quantum state after encoding is pure is not strong in practice. This is because most of
the codes known to date encode to a pure state. This thesis will also be discussed under this
assumption from now on.

An error consisting of a combination of quantum deletion errors and quantum insertion errors
is called a quantum insertion/deletion error. Since this thesis does not deal with quantum codes
that can simultaneously correct general insertion and deletion errors, the definitions of quantum
insertion/deletion errors are kept to a brief description. However, since insertion errors of a
special case and deletion errors occur simultaneously will be discussed in Section 6, we will
redefine quantum insertion/deletion errors in that section.

2.3.2 Quantum insertion/deletion error-correcting codes

This thesis deals with quantum deletion codes and quantum insertion codes, which are defined
as follows.

Definition 2.7 (Quantum deletion error-correcting code). Let us define
Dy = {Dp: S(CYEY) > S(CHPVD) | P C [N],|P| = t}. (2.40)

Then, an (N, K)) quantum error-correcting code for Dy is called an (N, K)) t-deletion error-
correcting code or simply a t-deletion code.
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It is clear that a t-deletion code is an s-deletion code for any non-negative integer 0 < s < ¢.
In practice, we can choose N — t particles from N — s particles, and then apply the decoder for
the t-deletion code. Namely, the t-deletion code can be interpreted as a code that can correct
for the loss of ¢ particles or less.

Definition 2.8 (Quantum insertion error-correcting code). Let us define
I, = {Ip : S((C)®N) — S((CH®NH) | P C [N +1],|P| = t}. (2.41)

Then, an (N, K)) quantum error-correcting code for Z; is called an (N, K)) t-insertion error-
correcting code or simply a t-insetion code.

For any non-negative integer 0 < s < ¢, it is also clear that a ¢-insertion code is an s-insertion
code, as in the case of a deletion code. In other words, the t-insertion code may be interpreted
as a code that can correct any insertion error of ¢ or less.
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Chapter 3

Quantum error-correcting codes for
single deletion errors

The main purpose of this chapter is to discuss the Nakayama-Hagiwara conditions, which are
known as the construction conditions for single quantum deletion codes [49]. In particular, in
Sections 3.2 and 3.3, we describe the contents presented at the 2020 International Symposium on
Information Theory and Its Applications (ISITA2020) and published in the journal “Quantum
Information Processing”, respectively.

3.1 Code construction using the Nakayama-Hagiwara conditions

According to Nakayama and Hagiwara [49], the problem of single quantum deletion error can be
attributed to the problem of classical combinatorics. This section briefly describes their results,
which are prior work. In addition, two examples are introduced and their error-correction
conditions are explained.

3.1.1 Nakayama-Hagiwara conditions

This chapter deals only with encoders that are expressed as in Definition 3.1. That is, logical 0
and logical 1 should be the uniform superpositions over sets A and B respectively.

Definition 3.1 (Encoder Enca g and Code Q4 ). Let A, B C {0,1}" be non-empty sets with
AN B = (. Define an encoder as a linear map Ency p : C% — (C?)®N. For a quantum state
|4) = a|0) + B|1) € C?, Encap maps the state |1) to the state |¥) :== a|0) + B]11) € (C?)®V,
where

0L) = > lay, 1) = > 1b) (3.1)
v ‘A aeA v ’B beB
Set Qa,p as the image of Ency g, i.e.,
Qa,p = {Encap(|v) | [v) € C% [9)(v] € S(C*)}. (3.2)
It can be checked by straightforward calculations that |||0z)| = |||1£)]| =1 and (0z|1.) =0

hold for logical codewords defined by Equation (3.1).
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The following Definitions 3.2 and 3.3 are given by Nakayama and Hagiwara [49].
Definition 3.2 (Deletion set A;,). Let i € [N] be an integer and let b € {0,1} be a bit. For a
non-empty set A C {0,1}V, define a set A;,(A) C {0,1}V! as

A;b(A> = {a1 e Q1041 ... QN € {0, 1}N_1 ‘ ai...a;—1bajy1...an € A} (3.3)

In other words, A7, (A) is the set of bit sequences that deleting the ith component “b” from each
sequence a € {ajay...an € A|a; = b} gives. We call the set A (A) an (i,b) deletion set of A.

Definition 3.3 (Nakayama-Hagiwara conditions). For two non-empty sets A, B C {0,1}",
define three conditions (C1)~, (C2)~, and (C3)~ as follows:

(C1)~ (Ratio condition) For any non-empty set I C [N] and any bit b € {0,1},
[AllIBr | = [BIIAL, (3-4)
where

Apy = ﬂA;b(A) N[ A,A)° Br,=()A,B)n[) A7 (B)* (3.5)

el icl¢ iel 1el¢

and X¢ denotes the complement of a set X, in particular,

A (A = {0, 3N\ AL (4),  I°=[N]\ I (3.6)
(C2)~ (Outer distance condition) For any integers i1,i2 € [N] and any bits by, by € {0,1},
A7 (AN AL, (B)] =0. (3.7)

(C3)~ (Inner distance condition) For any integers iy,i2 € [N],
A5 0(A) NAL (A =0, A5 o(B)N A, (B) =0. (3.8)

The conditions (C1)~, (C2)~, and (C3)~ are collectively called the Nakayama-Hagiwara condi-
tions or simply the NH conditions.

The condition (C2)~ was also considered independently by Ouyang and Rengaswamy under
the name “1-disjointness condition” [57|. The sets A and B in Definition 3.3 satisfy the NH
conditions even if they are exchanged, thus we consider the two pairs (A, B) and (B, A) to be
identical, and in particular, assume that |A| < |B| in this thesis. Since the NH conditions are
very complicated, we will show two examples later in Examples 3.5 and 3.6. There, we will
deepen our understanding by observing the examples and making sure that the three conditions
are satisfied.

Fact 3.4 (Nakayama and Hagiwara [49]). Let A, B C {0,1}" be non-empty sets satisfying the
Nakayama-Hagiwara conditions. Then, the code Qa p is an (N,1)) single quantum deletion
error-correcting code.

Fact 3.4 means that the NH conditions are sufficient conditions for constructing a single
quantum deletion code. However, they are not shown to be necessary conditions. Therefore, the
code construction in this study also does not characterize all possible single deletion codes, but
rather a special family. For more information about the definition of the decoding method, please
refer to Reference [49]. What is important here is that problems that correct the deletion errors
for quantum states are reduced to problems that find the sets satisfying the three conditions
just mentioned, namely the NH conditions.
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Table 3.1: Deletion sets of A, B that give the Nakayama code

A- A = {00001001,01101111} B ={00001111,01101001}
e b=0 b=1 b=0 b=1
i=1| {0001001,1101111} 0 {0001111,1101001} 0
1= {0001001} {0101111} {0001111} {0101001}
1= {0001001} {0101111} {0001111} {0101001}
i =41 {0001001,0111111} 0 {0001111,0111001} 0
1= 0 {0000001,0110111} 0 {0000111,0110001}
1= {0000101} {0110111} {0110101} {0000111}
1=17 {0000101} {0110111} {0110101} {0000111}
1=8 0 {0000100,0110111} 0 {0000111,0110100}
Table 3.2: Deletion sets of A, B that give the Hagiwara code
A~ A ={0000,1111} B ={0011,0101,0110, 1001, 1010, 1100}
ib b=0 b=1 b=0 b=1
1= {000} {111} {011,101, 110} {001,010, 100}
1=2 {000} {111} {011,101, 110} {001,010, 100}
1= {000} {111} {011,101, 110} {001,010, 100}
1= {000} {111} {011,101, 110} {001,010, 100}

3.1.2 Two known examples

Since Definition 3.3 is very complicated, Nakayama and Hagiwara [49| provide only two examples
of sets that satisfy the NH conditions. These two examples are described below.

Example 3.5. If N =8 and the sets A, B C {0,1}® are defined as
A = {00001001,01101111}, B ={00001111,01101001}, (3.9)
then A and B satisfy the NH conditions.

Table 3.1 expresses the (i,b) deletion sets of A and B defined by Equation (3.9) for each
integer ¢ € [8] and each bit b € {0, 1}; by observing it, we can check that the two sets A and B
satisfy the three conditions. The 8-qubit code obtained from Example 3.5 is the first example
of quantum deletion codes, given in 2020. [48]. We call this code the Nakayama code.

Example 3.6. If N =4 and the sets A, B C {0,1}* are defined as
A = {0000, 1111}, B ={0011,0101,0110, 1001, 1010, 1100}, (3.10)
then A and B satisfy the NH conditions.

Similar to the previous example, by observing Table 3.2, we can check that the two sets A
and B defined by Equation (3.10) satisfy the three conditions. According to the table, it can be
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seen that (i,b) deletion sets A (A) and A7, (B) are constant regardless of each integer i € [4].

The 4-qubit code obtained from Example 3.6 is a single quantum deletion error-correcting code

with the optimal length [35]. We call this code the Hagiwara code. From Equations (3.1) and

(3.10), the logical codewords are

1 1 1
0000) + [1111)) = — —

(0000} + [1111)) = —=|Df) + =

1
—(10011) + |0101) + 0110) + [1001) + [1010) + [1100)) = D). (3.12)

0z) = D) + —=1Di), (3.11)

S

11L) =

S

By comparing these with Equation (2.33), we can check that the Hagiwara code is the 0—(2,2,1)
gnu code.

At the time when the construction by Nakayama-Hagiwara was proposed [49], only the two
examples above were shown as examples of sets satisfying these conditions, and since these two
examples gave already known codes, no new codes had been proposed. However, many examples
satisfying the NH conditions were given by Shibayama at about the same time [66]. An attempt
was also made to consider the NH conditions from the viewpoint of matrices, which led to further
research [67]. From the following sections, we will describe these results in detail.

Note that observing Tables 3.1 and 3.2 above is also helpful in understanding the proof of
this chapter.

3.2 Construction of sets that satisfy the NH conditions

This section gives examples of constructing sets of bit sequences that satisfy the Nakayama-
Hagiwara conditions. The contents of Section 3.2 were presented at the 2020 International
Symposium on Information Theory and Its Applications (ISITA2020) [66].

3.2.1 Construction 1 (Sets with the optimal cardinalities)

The following Lemma 3.7 gives a necessary condition for (C1)~ and (C2)~. It provides lower
bounds on the cardinalities of the two sets A and B.

Lemma 3.7. Suppose that non-empty sets A, B C {0,1} satisfy the conditions (C1)~ and
(C2)~. Then, |A| > 2 and |B| > 2.

Proof. Suppose |A| = 1, then (|A; ;(A)[,|A;;(A)]) = (0,1) or (1,0) holds for any integer i € [N].
For a bit b € {0,1} such that [A;;(A)] = 0, we have |B{i},b| = 0 by the condition (C1)~. If
|A;,(B)| # 0, we can take a sequence b’ € A (B). Then, there is a subset I C [N] where i € 1
and b' € Bp,. Hence, we have |A[|B} | # 0 and |B|[A,| = 0; this contradicts the condition
(C1)~. Thus, |A;,(A)] = 0 implies |Aj(B)[ = 0 for any integer i € [N] and any bit b € {0,1}.
Therefore, for any sequence b € B, the ith component of b is equal to the ith component of
unique sequence a € A for any integer ¢ € [N]. Thus, B = A holds; this contradicts the
condition (C2)~. Therefore, we obtain |A| > 2. Similarly, |B| > 2 holds. O

The following Theorem 3.8 gives a series of sets A and B with |A| = |B| = 2, which is the
smallest cardinality by Lemma 3.7. The previously known Example 3.5 is also derived from
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Equation (3.14), in which
x; =000, x2 =011, y; =001, yo=111. (3.13)
In other words, Theorem 3.8 is a generalization of the Nakayama code [48].

Theorem 3.8. Suppose that |wt(x1) — wt(x2)| > 2 and |wt(y1) — wt(y2)| > 2 for bit sequences
1,z € {0,1}™ and bit sequences y1,y2 € {0,1}™2 with integers my > 2 and mg > 2. Then,
the sets

A = {2101y, z201y2}, B := {101y, 201y} (3.14)
and the sets
A= {z110y1,2210y2}, B = {x110y2, z210y1} (3.15)

satisfy the NH conditions.

Proof. By symmetry, it is enough to show only the case of Equation (3.14). Set N, Ny C
[m1 + ma + 2] as Ny := [mq + 1], No := [m1 + ma + 2] \ [m1 + 1] respectively.

By |A| = [B| = 2, in order to show (C1)7, it is enough to prove [A ;| = |By,| for any
non-empty set I C [my + ma + 2] and any bit b € {0,1}. Here, fix a bit b € {0,1}. By the
assumptions |wt(x1) — wt(xz)| > 2 and |wt(y1) — wt(yz2)| > 2, we have

(A7, ({10, 220}) ’ if I Ny,
i€l
el el icl ’
0 otherwise.

Note that in the case i1 € Ny and i3 € No, for every element in A;l’b(A), its (m1+1)th component
is equal to 1, on the other hand, for every element in A ,(A), its (m1 +1)th component is equal
to 0.

Thus, if TN Ny # 0 and I NNy # 0, |A;,| = |Bj,| = 0 holds. It is enough to consider the
case I C Ny and the case I C Ny. By symmétry, we é:an assume that I C Nj. Then,

A7, = | (A4 N [ A, (A)F (3.17)

1€l iele

= (AN [ AL N () ALA)F (3.18)
el i€N1\I 1€ No

= Na@n () AA)r (3.19)
el iGNl\I

= A{z0,20H) N () AL ({210, 20})° (3.20)
il PENT\I

holds. What is important here is that |A;,| depends only on x;, x2, and N;. The same
calculation can be done for |B;,|. Thus, we obtain |A},| = |B;,| for any non-empty set
I C [my +m2+ 2] and any bit b € {0,1}. Therefore, (C1)~ holds.
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We consider the case i1,i2 € Ni. Suppose that |A; , (A)NA; , (B)| # 0 for bits b1, by €
{0,1}. Then, Aj , ({z10}) = A, ({z20}) # 0 or A; ) ({220}) = A, ({z10}) # 0 holds.
This contradicts the assumption [wt(x10) — wt(220)| > 2. Therefore, we obtain [A; , (4) N
A;M(B)] = 0. The case 11,72 € Ny is similar. In the case i1 € Ny and i9 € Ny, we have
1A, b, (A)NAL , (B)| = 0 by comparing (m1 + 1)th components. The case i1 € Np and iz € N
is similar. Therefore, (C2)~ holds.

In the case i1,i2 € N1, we have [A; ((A) N A, ((A)] = [A; (({210}) N AL ;({z10})] +
|A; o({z20}) N A ({x20})] = 0 by the assumptions. The case i1,i2 € N is similar. In the
case i1 € N1 and iz € No, we have |[A; ((A)NAL | (A)[ = 0 by comparing (m1+1)th components.
The case i; € N and o € Nj is similar. Furthermore, for any integers i1,i2 € [m; + ma + 2],
|A; o(B) N A, 1 (B)] =0 is given in the same way. Therefore, (C3)~ holds. O

49,1

3.2.2 Construction 2 (Permutation-invariant sets)

The following Theorem 3.9 provides a family of sets A and B that give permutation-invariant
quantum codes for deletion errors. They have the property that A;,(A) and A7, (B) are con-
stant, respectively, regardless of each integer i € [N]. See Tabley3.2 for an e7xample. The
previously known Example 3.6 is also derived from Equation (3.21), in which N4 = {0,4} and
Np = {2}. In other words, Theorem 3.9 is a generalization of the Hagiwara code [35].

Theorem 3.9. Suppose that two sets Ny, Ng C {0,1,..., N} with Ny N N = 0 satisfy the

following three conditions:

1. we Ny = N —w € Ny.
2. we Ng — N —w € Np.
3. |wy —we| > 1, for any integers wi, wy € No U Np with wy # w,.

Then, the sets

A= U W¥(w), B:= U W (w) (3.21)

wEN 4 weNp

satisfy the NH conditions. Here, for an integer w € {0,1,..., N},
W (w) = {a € {0,1}"V | wt(a) = w}. (3.22)

Proof. For any integer ¢ € [N], it is clear that

Wwh-1 if we {0,1,...,N —1},
A oW (w)) = W) fwed J (3.23)
’ 0 if w=N,
if w=0,
A (WY (w)) = ’ n (3.24)
’ WN=Yw—1) ifwe{l,2,...,N}.
Thus, for any integers i1, 4z € [N] and any bit b € {0,1}, A; ,(4) = A ,(A) holds.
In the case I # [N], we have
Ary = (AL A) N [) AL (A)° = AT (A) NAL(A) =0 (3.25)

i€l iele
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for any non-empty subset I C [N] and any bit b € {0, 1}. Similarly, B}, = = () holds. Thus, (C1)~
holds. In the case I = [N], we have A;, = A;,(A) and B;, = A, (B) for any integer i € [V]
and any bit b € {0,1}. In order to show (C1)~, it is enough to prove the equation

[AllAG,(B)] = [BI[A;,(A)] (3.26)

for any integer ¢ € [N] and any bit b € {0,1}. By the assumption w € Ny = N —w € Ny, we
obtain

Apl= 3w twi= 3 (Y, (3.27)

weNa\{N} weNA\{N}
- _ N -1 N -1
AL = > VN w-nl= > (w_1> = > < » ) (3.28)
weNA\{0} weN4\{0} w' €N s\{N}

where w' := N — w. Hence, |A;((A)] = [A;;(A)| holds. On the other hand, we have

apirianwi= ¥ (Yo X (00 (3.29)

wENA\{N} weN\{0}

= (0T Co)e e

wEN 4 \{0 N}

- 3.30)
— () e

wENA\{O N}
<]U\j> +2 if 0 e NA
= Quehaony o (3.31)
Z ( w ) otherwise
weNA\{0,N}
")
_ Z (3.32)
wWEN 4 (w
=|A|. (3.33)

Thus |A;,(A)| = |A[/2 holds for any integer i € [N] and any bit b € {0,1}. Similarly, |A;, (B)| =
|B|/2 holds. Therefore, Equation (3.26) holds for any integer ¢ € [N] and any bit b € {0, 1}.
By the assumption, Ny N N = 0 holds, where

Ny =NjgU{w—1|wé€ Ng,w > 1}, (3.34)
Np=NpU{w—1|we Ng,w>1}. (3.35)
Then, we have
U a,0n U a,B={J W wn [ WV w) =0 (3.36)
i€[N] 1€[N] weN weEN
be{0,1} be{0,1}

Therefore, (C2)~ holds.

Suppose that [A; 4(A) N AL (A)[ # 0 holds for integers i1,i2 € [N], then we can take
an element a’ € A, ((A)NAL 1(A). Thus, the set A contains two sequences whose Hamming
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weights are wt(a') and wt(a’) +1; this contradicts the assumption. Hence, we obtain [A7 ;(A)N
A}, 1(A)] = 0 for any integers i1, iz € [N]. Similarly, [A; o(B)NA; ;(B)| = 0 holds. Therefore,

(C3)~ holds. O

3.2.3 Recursive construction

The following Theorem 3.10 means that if we find two sets A, B C {0,1}" which satisfy the
NH conditions, then we can construct new sets A’, B’ € {0,1}¥+! that also satisfy the NH
conditions. Constructing a new code from a certain code by Theorem 3.10 is called extending
the code.

For a set A C {0,1}"V and a bit = € {0,1}, we denote Az := {ax € {0,1}"*! | a € A} and
1A = {ra € {0,1}"*! | a € A}.

Theorem 3.10. Suppose that non-empty sets A, B C {0,1}" satisfy the NH conditions. Then,
for any bit x € {0,1}, the sets Az, Bx C {0,1}N*! and the sets xA, 2B C {0,1}N*1 also satisfy
the NH conditions, respectively.

Proof. By symmetry, it is enough to show only that the sets Az, Bz C {0,1}V*! satisfy the
three conditions. It is clear that

A (A=A TE=T (3.37)
T) = .
N () otherwise,
B ifb==x
Ay .(Bx) = ’ 3.38
NH’b( ) {@ otherwise, ( )

and |Az| = |A|, |Bz| = |B| for any bits b,z € {0,1}. In order to show (C1)~, it is enough to
prove that

[AN0 N (Bz)p | = [BII0 N (Az)p |, (3.39)
[AllB N (Bx)p,| = [Bl[AN (Az)p | (3.40)

for any set I € [N] and any bits b,z € {0,1} with b # x, and

[ANN0° N (Bx) 7| = [BI0° N (Az) 7], (3.41)
[A[|B N (Bx); | = |Bl[A° N (Az) | (3.42)

for any non-empty set I € [N] and any bits b,z € {0,1} with b # x. Equation (3.39) clearly
holds. We obtain [0¢ N (Az),,| = |(Az);,| = {azx | a € A}, }| = |A;,|, similarly, we have
|0 N (Bx);,| = |B;,| Hence,7Equation (3;.41) holds by the hy’pothesis of induction. Thus, we
now show ]équationé (3.40) and (3.42).

In the case N € I, we obtain [AN (Az); [ = [(Az);,| = [47,] and [A° N (Az); | = 0
by A .(Az) C A for any bit x € {0,1} and any non-empty set / C [N]. Similarly, we have
|BN (Bx)rz| = |Brg| and |[B¢N (Bx)r ;| = 0. Therefore, Equations (3.40) and (3.42) hold by

the hypothesis of induction.
We consider the case N ¢ I. In the case I # (), we can see the Nth component of every ele-
A (Ax)

ment in ANA,, (Az)¢is not equal to  and the Nth component of every element in [);;
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is equal to x. Hence, |A N (Az); .| = 0 holds. Similarly, we have |[B N (Bz); .| = 0. On the
other hand, in the case I = (), we have

AN (Az)y | = {aiaz...an € A ay # z}] (3.43)
= [A,(4)] (3.44)
- ¥ [an@nag@n N oagar] e
JC[N-1] Jj€J JjEN-1\J
= Z |Asoqny | s (3.46)
JC[N-1]
where b # z. Note that in Equation (3.45), for subsets J C [N — 1], the sets [);c; A7, (4) N

Njepv—1\s A (A)° gives the partition of {0, 1}V, Similarly, [BN(Bx)y | = 3 jcv_1] |B
holds. By the hypothesis of induction, we get

AIBA B, = X AIB sl = 3 1BllAT ol = IBIAN (Ax)y, | (347)
JCIN-1] JC[N-1]

Hence, Equation (3.40) holds. Since [A; (Az) N Ay (Az)°N A = |A; (Az) N Ay, (Az)°|
holds for any integer i € [N — 1], we have

Ju(N bl

‘AC N (Ax>[,x’ = m A;I(Al') N ﬂ AZx(Ax)C N A]—\[@(Ax)c N A€ (348)
iel 1e[N—1\I

(4. (Az) ﬂ A7 (A7) N AR, (Az)° (3.49)
el N—-1\I

= |(Az); | (3.50)

=145, (3.51)

for any non-empty set I C [N]. Similarly, |B¢ N (Bx)r | = |Brz| holds. Therefore, Equation
(3.42) holds by the hypothesis of induction.

From the above, it is shown that (C1)~ is satisfied.

By the assumption, it is clear that [A; | (Az) NA; , (Bxz)| = 0 for any i1,i2 € [N] and any
b1,b2 € {0,1}. By Equations (3.37) and (3.38), in order to show (C2)~, it is enough to prove
that the following equations hold for any i € [N]:

(A7y(Az) U A, (Az)) N B| =0, (3.52)

)

(Aj(Bz) UAT, (Bx)) N Al = 0. (3.53)

If we take a sequence b € (A;((Az) U A;(Az)) N B, there is a sequence a € A whose ith
component is y € {0,1}, such that ax maps to b € B if we delete “y” at i. Then, there exists
a sequence b’ € Ai_’y(A) N A]_Vx( ) such that b € B maps to b’ if we delete “2” at N. Hence,
A, (A) M Ang(B) # 0; this contradicts the assumption. Therefore, Equation (3.52) holds.

Equation (3.53) is also proved similarly. Therefore, (C2)~ holds.

By Equations (3.37) and (3.38), in order to show satisfying (C3)™, it is enough to prove that
ANA;(Az) =0 and BN A7, (Bz) = 0 for any i € [N] and any b,z € {0,1} with b # z. By
the assumption and by comparison of the Nth component, we have

AN AT (Az) = (Ay, (Az) N A7, (A2)) U {(A\Ay ,(A2)) N A, (Az)} =0, (3.54)
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and similarly, B N A7, (Bx) = (). Therefore, (C3)~ holds. O

3.3 Discussion of the NH conditions using adjacency matrices

This section gives a discussion of the Nakayama-Hagiwara conditions using adjacency matrices.
The contents of Section 3.3 were originally published in the journal “Quantum Information
Processing” in 2021 [67].

3.3.1 Characterization of distance conditions via adjacency matrices

Here, we describe the inner and outer distance conditions in terms of matrices in order to further
consider the sets that satisfy the NH conditions. First, we describe the (i,b) deletion sets using

matrices.

Definition 3.11 (Deletion Matrix). Let i € [N] be an integer. Define two 2V ~1-by-2N matrices
Diops Diqay as

Dy =k® 8Le0eky -3k, (3.55)
i—1 times N—i times

Dig=he - ohe(lehbe ol (3.56)
i—1 times N—i times

respectively, where g is the identity matriz of order 2. For a matriz D; 4 with a bit b € {0,1},
let the pth row correspond to the unique sequence = x1xa...xx_1 € {0,1}V "1 such that

N-1
Z ey_p2t=p—1, (3.57)
k=1

and let the qth column correspond to the unique sequence y = y1y2 . ..yn € {0, l}N such that

N
Z yv—r12° = - L. (3.58)
k=1

In this case, we denote the (x,y) entry (i.e., the (p,q) entry) of the matriz D; 4 by D; (2, y).
We call a matriz D; 4 an (i,b) deletion matriz.

The deletion matrix D; (| defined above can be regarded as a special case of matrices D7, (o)’
described later at the beginning of Section 6.2.1.

As you can see in Example 3.14, each row and column is naturally labeled using the binary
system. We can check the elements of the (,b) deletion set A7, (A) for a set A C {0,1}" by
observing the (7, b) deletion matrix D; |, since it is easy to see that for sequences ' € {0, V-t

and = € {0, 1}V,

1 if 2’ € Aj({=}),

(3.59)
0 otherwise.

D; g (', ) = {
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Lemma 3.12. Sets A, B C {0, 1}V satisfy the condition (C2)~, if and only if the (a,b) entry
of the matrix A% is equal to O for any sequences a € A and b € B, where

N

ASE =" (Digo) + Diuy) TZ 00+ Diay) - (3.60)

i=1 j=1
We call the square matriz A%2 of order 2V a (C2)-adjacency matriz.

Proof. Lemma 3.12 clearly holds. Note that for integers 7, € [N] and sequences a,b € {0,1},
the (a, b) entry of the matrix (D; (| +DZ-7<1|)T(D]-,<0| + Dj (1)) is not equal to 0, if and only if the
subsequence obtained by deleting the 7th and jth elements of sequences a and b respectively are
the same. O

Lemma 3.13. A set A C {0,1}" satisfies the condition (C3)~, if and only if the (a1, az) entry
of the matrix A%S is equal to 0 for any sequences aq,as € A, where

N N N
AR = ZD o' > Dia+Y Dia" D Djwl (3.61)
j=1 i=1 j=1

We call the square matriz A]C\}3 of order 2V a (C3)-adjacency matriz.

Proof. Lemma 3.13 also clearly holds. Note that for integers i,j € [N] and sequences a1, a2 €
{0,1}", the (a1, as) entry of the matrix Di7<0|TD]~,<1‘ is not equal to 0, if and only if the sub-
sequence obtained by deleting the ith element “0” and jth element “1” of sequences a; and as
respectively are the same. O

Example 3.14. Let N = 3. Simple calculations show that AS? and AS® are as shown in Figure
3.1. The sequence written on the right side of each row is the labeling for that row. Note that
the columns are also labeled in the same way.

It is easy to check that the (z,y) entry of the matrix AS? is equal to the number of paths
with length 2 from « € {0,1}3 to y € {0,1}3 of the graph in Figure 3.2. Furthermore, we can
see that the (x1,xs) entry of the matrix A is equal to the number of paths from 1 € {0,1}3
to 2o € {0,1}3 that can be formed using only one solid line and one dashed line. From this
observation, it is easy to understand that Lemmas 3.12 and 3.13 hold.

Let us explain in detail the graph that Figure 3.2 represents. The graph has as vertex set
{0,1}2 U {0,1}3, with two vertices ' € {0,1}? and = € {0,1}® adjacent if and only if =’ is
obtained by deleting the ith element of the sequence @ for an integer i € [3]. For each vertex
x € {0,1}3, there are three positions that can be deleted, thus there are a total of 3 x 8 = 24
edges. Also note that the edges formed by deleting “0” are shown as solid lines, and the edges
formed by deleting “1” are shown as dashed lines.

3.3.2 All examples of sets with length 5 or less

Using the adjacency matrices defined above, we want to examine two sets of small lengths that
satisfy the NH condition. First, we show that there are no examples of sets with a length less
than 4.
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Figure 3.1: The (C2)-adjacency matrix A$? and the (C3)-adjacency matrix A$?

000 001 010 Oil 100 101 110 111

Figure 3.2: The graph representing how a single deletion occurs from {0,1}3

Lemma 3.15. For an integer N € {2,3}, there is no pair of non-empty sets A, B C {0, l}N
that satisfy the NH conditions.

Proof. Since it is clear that Lemma 3.15 holds for N = 2, we consider the case N = 3. By
Lemmas 3.7 and 3.12; observation of the matrix Agz shows that there are only the following
two possible pairs of sets (A, B) that satisfy the conditions (C1)~ and (C2)~:

(A, B) = ({000,001}, {110, 111}), ({000,100}, {011,111}). (3.62)

However, we can see by observing the matrix A303 that none of these two pairs satisfy the
condition (C3)~. O

Here, we have shown the non-existence of codes of length 3 or less in Nakayama and Hagi-
wara’s construction method, but more generally, it is already known that there is no single
quantum deletion error-correcting code of length 3 or less [35].
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The necessary and sufficient conditions for (C2)~ and (C3)~ could be given in terms of adja-
cency matrices, however (C1)~ is the most complicated of the three conditions and it is difficult
to give this necessary and sufficient condition. Here, we give a simple necessary condition.

Lemma 3.16. Suppose that non-empty sets A, B C {0,1}" satisfy the condition (C1)~. Then,

A b=1|B|> a. (3.63)

beB acA

Note that we use the same rules as in the N-dimensional complex vector space CN to calculate
the sum of the bit sequences.

For example, for the sets A, B C {0,1}® in Equation (3.9), we can check that Lemma 3.16
is indeed satisfied, since

|A]> b =2-(00001111 + 01101001) = 2 - 01102112 = 02204224 € C*, (3.64)
beB

|B|> " a=2- (00001001 + 01101111) = 2 - 01102112 = 02204224 € C*. (3.65)
acA

Proof. 1t is enough to show that |A[|A7(B)| = |B||A;;(A)| for any integer i € [N]. We have

A= > N ALNN [ AL (3.66)
JC[N\{i} jeJ FEINN(JU{i})
= > ’AJu{z}b‘ (3.67)
JCINN\{i}

for any integer i € [N] and any bit b € {0,1}. Note that in Equation (3.66), there are 2V—1
ways to take a subset J C [N]\ {i}, and the sets ;¢ ; A7, (A) N (e ugiy) Bj5(A)° give a

partition of {0,1}". Similarly, A7 (B)| = ZJc[N]\{i} holds. Therefore, we obtain

JU{i}b

BIALAI= Y IBllAj sl = Y AlBul = AIALB] (3.68)
JCINN\{4} JCINN\{s}

by the condition (C1)~. O
Using Lemma 3.16, we can determine the set A, B C {0,1}" with N = 4 by examining
the adjacency matrices as in the case of N = 3. Lemma 3.17 means that in Nakayama and

Hagiwara’s construction, there is no code with the optimal length other than the Hagiwara
code.

Lemma 3.17. Let N = 4. Suppose that sets A, B C {0,1}* satisfy the NH conditions. Then,

A ={0000,1111}, B ={0011,0101,0110,1001, 1010, 1100}. (3.69)

Proof. Simple calculations shows that A§? and A{® are as shown in Figure 3.3.

For an integer 7 € [N] and a bit b € {0, 1}, set I';  := {x1220324 | ; = b}. By Lemma 3.7, we
have |A| > 2 and |B| > 2. In the case |[ANT'; o] > 2 and |[BNI'y o] > 2, by observation of the ma-
trix AG2, we have (ANT'y g, BNT'10) = ({0000,0001}, {0110,0111}), ({0000, 0100}, {0011, 0111}).
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Figure 3.3: The (C2)-adjacency matrix A$? and the (C3)-adjacency matrix A¢?
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However, both of them do not satisfy the condition (C3)~. In the case |ANI' o| = 0, by Equation
(3.68), we obtain

[AlIBNT 10| = [Al[AL(B)] = [Bl[A1o(A)] = [BI[ANT0]. (3.70)

Hence, |BNT1p| = 0 holds. From Lemma 3.7, |ANT; 1| > 2 and |[BNTy,]| > 2 holds, and
therefore a contradiction follows from the same argument as above.

Now we just need to consider the case |[ANT | =1and |[BNT;o| > 1.

If I BNT 0| =1, then |A| = |B| = 2 by Equation (3.70). By Lemma 3.12, there are 9 ways
to take ANT1 o and B NT1. Examining them, the sets A, B satisfying (C2)~, (C3)~, and
Lemma 3.16 can be narrowed down to the 3 possibilities (A, B) = ({0000,1111}, {0011, 1100}),
({0000, 1111}, {0101,1010}), ({0000,1111},{0110,1001}). However, all of them do not satisfy
the condition (C1)~.

If |IBNTp| = 2, then |A| = 2 and |B| = 4 by Equation (3.70). Then, using the same
method as above, we can see that there are 6 ways to take A NT'1p and B N TI'ip, from
which we can find the following 3 possibilities (A, B) = ({0000, 1111},{0011,0101,1100,1010}),
({0000, 1111}, {0011, 0110, 1100, 1001}), ({0000,1111},{0101,0110,1010,1001}). However, all
of them do not satisfy the condition (C1)~.

If |IBNTp| = 3, then |A| = 2 and |B| = 6 by Equation (3.70). Then, using the same
method as above, we find that there are 2 ways to take ANT'1 ¢ and B NI, from which we
get (A, B) = ({0000,1111},{0011,0101,0110,1001,1010,1100}). This satisfies the conditions
(C1)~, (C2)7, and (C3)~ from Theorem 3.9.

If |[BNT'1,0| > 4, we cannot take B NI to satisfy (C3)~. O

Lemma 3.17 can be proved by counting directly as above, but it is a tough calculation. By
using a computer to calculate it, we can find out more quickly. In fact, using a computer, by
examining the adjacency matrices A7? and A¢?, we can check that there are 187 different pairs
of sets (A, B) that satisfy the conditions (C2)~ and (C3)~. Note that the interchange of two
sets A and B are not distinguished and that the sets given by sequences in reverse order are
considered identical. If we check whether (C1)~ is satisfied for all of them, we find that only
the Hagiwara code is applicable.

Similarly, the case N = 5 can be examined using a computer.

Lemma 3.18. Let N = 5. Suppose that sets A, B C {0,1}5 satisfy the NH conditions. Then
the pair of sets (A, B) is one of the following:

A ={00000,01111}, B = {00011,00101,00110,01001,01010,01100}, (3.71)
A = {10000,11111}, B ={10011,10101,10110,11001,11010,11100}, (3.72)
A = {00000, 11110}, B ={00110,01010,01100, 10010, 10100, 11000}, (3.73)
A ={00001,11111}, B ={00111,01011,01101,10011,10101,11001}. (3.74)

Proof. The proof is by computer. Examining the adjacency matrix Af?’, we can check that there
are 4143 ways to take a set A C {0,1}5 with |A| > 2 satisfying (C2)~. Note here that a set
given in reverse order is considered to be the same as the original set. For each case, examining
the adjacency matrices A§? and A{?, we find that there are 162499 pairs of sets A and B such
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that (C2)~ and (C3)~ are satisfied, without distinguishing between the interchange of A and B.
By examining all of these, we can check that only the four examples above are applicable. [

The four examples obtained in Lemma 3.18 are all extensions of the Hagiwara code by
Theorem 3.10. The codes obtained from these four pairs of sets are called the extended Hagiwara
codes. Lemmas 3.15, 3.17 and 3.18 can be summarized as Theorem 3.19 below. This theorem
gives us all the examples of length 5 or less.

Theorem 3.19. A single quantum deletion code with length 5 or less constructed by Fact 3.4 is

the Hagiwara code or one of the four extended Hagiwara codes.

It should be noted that in Theorem 3.19, we restrict ourselves to encoders expressed in the
form of Definition 3.1, and furthermore, we are discussing the code construction of Nakayama
and Hagiwara. For example, the 0 — (2,2,5/4) gnu code [53] is one of the single deletion codes
with length 5, but of course, it is not included in Lemma 3.18. The correctability for deletion
errors of gnu codes defined in Section 2.2.3 is described in detail later in Chapter 4.

3.4 Examples

Several examples of sets discussed in Section 3.2 that have a length of 8 or less are represented in
Table 3.3. Lemma 3.15 shows that there are no sets with length 3 or less. Using the method in
Section 3.2, we can always construct sets that satisfy the NH conditions with length 4 or more.
From Lemma 3.17, we see that the only example of sets with length 4 is the Hagiwara code, and
from Lemma 3.18, we see that the only examples of sets with length 5 are the four extended
Hagiwara codes. Many more examples of sets with lengths 6 or more can be constructed other
than those listed in Table 3.3.

Note that the A — (g,n,u) code in the Remarks of Table 3.3 represents the parameters of
the A-shifted gnu code defined in Section 2.2.3.

Example 3.20. Assuming that
A=W uws5), B=w3), (3.75)

the logical codewords of the code Qa,p are

1 1 1
0r) = — = —|D% + —|DY), 3.76
0L) Nib me%:l}ﬁ ) \/§| 1) \/QI 5) (3.76)
w(z)e{1,5}
1
) =— > |z)=|D§ (3.77)
\/E xc{0,1}6
wt(x)e{3}

from Equation (3.1). By comparing these with Equation (2.33), we can check that the code QA
is the 1 — (2,2,5/4) gnu code.

The single quantum deletion codes constructed in this chapter include some of the A-shifted
gnu codes such that n = 2, but none with n greater than 2. From Fact 2.2, A-shifted gnu codes
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Table 3.3: Several examples of sets A, B with short lengths

N Theorem A B Remarks
4 39 W4(0) U W4(4) W4(2) Hagiwara code
0—1(2,2,1) code
Equation (3.10)
Equation (3.69)
5 3.10 0{W4(0) U W4(4)} 0{W4(2)} Equation (3.71)
H{W(0) uWw(4)} H{Ww4(2)} Equation (3.72)
{W4(0) U W4(4)}0 {W4(2)}0 Equation (3.73)
{W40)uW4(4) 11 {(W(2)1 Equation (3.74)
6 3.8 {000100, 110111} {000111, 110100} Equation (3.78)
{001000, 111011} {001011, 111000} Equation (3.79)
3.9 Wo(0) UWO(6) W(3) 0—(3,2,1) code
Wo(1) uWwe(5) W (3) 1—(2,2,5/4) code
Equation (3.75)
We(0) uWwb(e) W6(2) u Wb (4)
3.10 00{W*(0) U W*(4)} 00{W*(2)}
{W4(0) U W4(4)}0 1{w4(2)}0
{W4(0) U W4(4)}01 {w4(2)}01 etc.
7 38 {0001000, 1101111} {0001111,1101000}
{0000100, 1100111} {0000111,1100100}
{0010100, 1110111} {0010111,1110100}  etc.
3.9 WT0)u W (7) WT(2) UWT(5)
3.10 {0001001, 1101111} {0001111,1101001}
{Wo(0) U W5(6)}1 {Wo(2) uW5(4)}1
H{W4(0) U W4(4)}01 1{w4(2)}01 etc.
8 3.8 {00001001, 01101111} {00001111,01101001} Nakayama code
Equation (3.9)
Equation (3.80)
{01001001, 11101111} {01001111, 11101001}
{00010100, 10110111} {00010111, 10110100} etc.
3.9 W8(1) uW3(7) W8(4) 1—(3,2,7/6) code
W8(0) U W8(8) W8(2) U W8(4) U W3(6)
W80)UWB(4) UWs(8) W8 (2)uWw?(6) etc.
3.10 {00010010, 11011110} {00011110, 11010010}

W7 (0)uWT™(7)}
01{W4(0) U W*(4)}01

H{WT(2) uWT(5)}

01{W4(2)}01 etc.
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with n > 2 and g > 2 can correct any single unitary error, but no single deletion code that can
correct single unitary errors has been found in the construction of this chapter.

The sets given in Theorem 3.8 that have the shortest length are
A ={000100,110111}, B ={000111,110100} (3.78)
and
A ={001000,111011}, B ={001011,111000}. (3.79)

From Theorem 3.19, these two are important examples because they have the minimum length
among sets that are neither permutation-invariant nor extended permutation-invariant.

By Theorem 3.10, for sets A, B C {0,1}% in Equation (3.78),
0A1 = {00001001,01101111},  0B1 = {00001111,01101001} (3.80)

also satisfy the NH conditions. These are exactly the two sets presented in Equation (3.9),
which provide the Nakayama code. Nakayama’s 8-qubit code can be regarded as an example of

Theorem 3.8, but it can also be constructed in terms of extension in this way.
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Chapter 4

Permutation-invariant quantum codes
for multiple deletion errors

The purpose of this chapter is to construct quantum error-correcting codes for multiple deletion
errors by focusing on permutation-invariance. The contents of Chapter 4 were presented at the
2021 International Symposium on Information Theory (ISIT2021) [68].

In this chapter, an integer 1 < ¢t < N is fixed and denotes the number of deletions, and a set
P C [N] denotes the deletion position satisfying |P| = t.

4.1 Code construction using the conditions (D1), (D2), and (D3)

This section proposes the conditions, named (D1), (D2), and (D3), for constructing multiple
deletion error-correcting codes, and gives a code construction using these conditions and proves
their error-correctability.

4.1.1 Deletion error-correcting conditions for permutation-invariant codes

The following Definition 4.1 gives a sufficient condition for constructing an ((IV, 1)) ¢-deletion
error-correcting code. The method of constructing a quantum code using these conditions is
described in Definition 4.2. Note that for binomial coefficients, if w < 0 or N < w, we define
(N ) = 0.

w

Definition 4.1 (Conditions (D1), (D2), and (D3)). For non-empty sets A,B C {0,1,...,N}
and a map f: AUB — C, define three conditions (D1), (D2), and (D3) as follows:

(D1) The following equation holds:

> 1rwp(y ) = X () =1 (4.

weA weB

(D2) For any integer 0 < k < t,

S irwi(y ) = Slrwr(] ) #o (12

weA weB
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(D3) For any integers wy,we € AU B,
wy # wy = |w; —wa| >t (4.3)

Definition 4.2 (Encoder EncfAB and code QZZ\B)' Let A,B C {0,1,...,N} be non-empty sets
with ANB =0 and f : AUB — C be a map satisfying the conditions (D1), (D2), and
(D3). Define an encoder as a linear map EncﬁB : C?2 — (CH®N. For a quantum state |{p) =

al0) + B|1) € C?, Encﬁﬁ maps the state [1b) to the state | W) := a|0z) + B|11) € (C2)EN | where

0p) =Y f(wt(a))la), [1r)= > f(wt(b (4.4)
ac{0,1}N be{0,1}V
wt(a)eA wt(b)eB

Set QQ,B as the image of Ench, i.€.,

Q' = {Enc/ 5(10) | [v) € C2, |¥)(¥] € S(C?)}. (4.5)

For logical 0 and logical 1 defined by Equation (4.4), it is clear from the condition (D3) that
(0z]1z) = 0 holds. Furthermore, from the condition (D1), we have

o= 3 |f(wia)ala) = 3 |f(w) ()—1, (4.6)

ac{0,1}N weA
wt(a)eA
2= 3 w0 = 3 |fw) <) L (4.7)
be{0,1}V weB
wt(b)eB

The condition (D1) can be regarded as the condition that the length of both logical 0 and logical
1 is equal to 1.

The code Qf; 5 defined by Equation (4.5) is a permutation-invariant code regardless of the

choice of A, B and f. The fact that the code Qﬁl 5 is an ((V, 1)) t-deletion error-correcting code,
i.e., Theorem 4.9, which will be explained later, is the main result of this chapter.

4.1.2 State after deletion errors

The following Lemma 4.3 describes the state after a t-deletion error for a permutation-invariant
state.

Lemma 4.3. Let |¥) € (C*)®N be a pure permutation-invariant state with
)= Y c(wt(z))|z) (4.8)
ze{0,1}N
for a map c¢:{0,1,...,N} — C. For an integer 0 < k <'t, let
Ty = Y elwt(®m) + k)lz). (4.9)
xe{0,1}N—t

Then, for any deletion position P C [N] satisfying |P| = t,

p([¥) (V) :Z< >|‘I’k (Wl (4.10)

t
k=0
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Proof. By Equations (4.8) and (4.9), it is clear that

) = > (1)@ [Tyy) (4.11)

ye{0,1}

for any integer 1 <t < N. By the permutation-invariance of |¥) and the definition of the partial

trace,
Dp(J¥){(¥]) = Try o --- o Try(|¥)(¥]) (4.12)
—— ——
t times
= D W) Tty (4.13)
ye{0,1}*
e
=3 () ) wawd (4.14)
k=0
holds for any deletion position P C [N]. O

Note that the state |¥) = «|01) + S|11) defined in Equation (4.4) can be obtained in
Equation (4.8) by setting

af(w) if we A,
c(w) =4 Bf(w) if we B, (4.15)

0 otherwise.

The state |¥) € (C2)®N1) in Equation (4.9) for the state |¥) € (C?)®N encoded by Definition
4.2 can be expressed in a convenient form by the following Lemma 4.4. While the condition
(D1) was described as a condition for satisfying Equations (4.6) and (4.7), the conditions (D2)
and (D3) can be considered as an adaptation of the Knill-Laflamme (KL) conditions [38] to
permutation-invariant codes for quantum deletion errors. Here, the KL conditions will be ex-
plained in detail later in Chapter 6.

Lemma 4.4. Let A, B C {0,1,...,N} be non-empty sets with ANB =0 and f : AUB — C

be a map satisfying the conditions (D2) and (D3). Then for any integer 0 < k < t, there exist a

ON=) that satisfy the following:

real number I, # 0 and unit vectors |uf),|ub) € (C?)
1. For a vector |Vy) defined by Equations (4.9) and (4.15),
Uk) = le(afuf) + Blub)). (4.16)
2. For integers ki, ko € {0,1,...,t} and by, by € {1,2},

(it hulz) = {1 D)= B

0 otherwise.

(4.17)

Proof. For an integer 0 < k < t, suppose that

Uf) =Y ( Y. fw)a) ) U5) = < . fw)b) ) (4.18)

weA aE{O,l}Nﬁt weB bE{O,l}Nﬁt
wt(a)=w—k wt(b)=w—k
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By the condition (D2), we have (UF|UF) = (US¥|U¥) # 0. Set real number I;, # 0 and pure states
[uf), [uf) € (C?)®V as

Uk Uk
Ik = \J(UF|UFY,  |ufy = o) 1>, Jub) = 1U2) 2>. (4.19)
li i
Hence, we have
Uy) = alUf) + B|US) = i(aluf) + Blub)) (4.20)

by Equations (4.9) and (4.15), In the case (ki,b1) # (k2,b2), we obtain <ul;11]u'lf§> = 0 by the

condition (D3). O
4.1.3 Decoding algorithm

The projective measurement used for decoding the code QQ 5 is expressed in the following
Definition 4.5.

Definition 4.5 (Projective measurement P4 ). Let A, B C {0,1,..., N} be sets. For an integer
0 <k <t, suppose that

Wi = {z € {0,131V | wt(z) + k € AUBY}. (4.21)

Then, we define a set Py = {Py, P1,...,P:, Py} of projection matrices, where

> eyl if kefo,1,...,t}

xeWy
IS ¢ (4.22)
H—E:& if k=10
k=0

Here, 1 is the identity matriz of order 2V .

If non-empty sets A, B C {0,1,..., N} satisfy the condition (D3), the set P4 is clearly a
projective measurement. The following Lemma 4.6 shows the results of the projective measure-
ment P4 5 under the state after a deletion error in the code Qf; B

Lemma 4.6. Let A, B C {0,1,...,N} be non-empty sets with ANB =0 and f: AUB — C be
a map satisfying the conditions (D1), (D2), and (D3). Let |¥) and |Vy) for an integer 0 < k <t
be defined by Equations (4.8), (4.9) and (4.15). If we perform the projective measurement P4 5
under the quantum state Dp(|¥)(¥|) € S((C*)®WN=1) for any deletion position P C [N], the
probability p(k) of getting outcome k € {0,1,...,t,0} is

t
L2 if ke{o,1,....t},
p(k) = <k> © Yhed ) (4.23)
0 if k=10.

When the outcome k € {0,1,...,t} is obtained, the quantum state p(k) € S((C*)*WV=1) qfter
the measurement is

plE) = 5 W) (. (4.24)
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Proof. In the case k € {0,1,...,t}, we have

p(k) = Tr(PpDp(|¥)(¥])) (4.25)
> |@) (| Z( >\‘I’k/ (W (4.26)
xeWy

B i

—Tr(( Joalul) + Sl (@t + B ) (4.28)
= () u? (laPatiet) + 157 1) (1.20)

= < k:)lk (4.30)

by Lemmas 4.3 and 4.4. In the case k = (), it is clear that p(0)) = Tr(PyDp(|¥)(¥|)) =

If we obtain an outcome k € {0, 1,...,t}, then by Lemma 4.3, the quantum state immediately
after the measurement is

PDp(|ONUN P P (o (o) | Ya) (Ti]) Py

T(PDR(W)(T]) ()i (#31)
(D)) (|
= k(iT (4.32)
- h€12|wk><\1fk| (4.33)
for any deletion position P C [N]. O

Note that in the proof above, the properties of projective measurements described in Section
2.1.4 are used.

Definition 4.7 (Error-correcting operator Uy). Suppose that the assumptions of Lemma 4.4 are
satisfied. Then, for integers k € {0,1,...,t} and m € {1,2}, we can choose a unitary matriz Uy,

2N7t

of order whose mth row is (uf,|. We call the matriz Uy an error-correcting operator. For

that unitary matriz Uy, the mth row for 3 < m < 2N~ is also denoted as (uF|.

Definition 4.7 represents the unitary matrix used for decoding. Here, we have defined the
unitary matrix Uy by specifying the structure, in other words, the action of this unitary matrix
Uy, of order 2V~ is defined as the unitary transformation such that

[ufy = 10...00), |uk) —0...01). (4.34)
The decoder for the code QQ’B is defined by combining the projective measurement P 4 3,
the error-correcting operator Uy, and the partial trace Try as follows.

Definition 4.8 (Decoder Decfus). Let A,B C {0,1,...,N} be non-empty sets with ANB =0
and f: AUB — C be a map satisfying the conditions (D1), (D2), and (D3). Define a decoder
Decis as a map from p € S((C2)®N=1) to o € S(C?) constructed by the following steps:
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(Step 1) Perform the projective measurement P4 g under the quantum state p. Assume that
the outcome is k and that the state after the measurement is p(k).

(Step 2) Let p := Ukp(k:)U,;[. Here Uy, is the error-correcting operator corresponding to the
obtained outcome k.

(Step 3) At last, return o == Try o --- o Tri(p).
——— —

N—t—1 times

The proof that the code Q,J:lB is indeed error-correctable by the decoder DeciB, i.e., that it
satisfies Equation (2.28), is given in Section 4.1.4.

4.1.4 Proof of error-correctability

The following Theorem 4.9 is the main theorem of this chapter and the first given as a systematic
method of constructing multiple deletion error-correcting codes.

Theorem 4.9. Let A, B C {0,1,..., N} be non-empty sets with ANB =0 and f: AUB — C

be a map satisfying the conditions (D1), (D2), and (D3). Then, the code QfAB is an (N,1))
f

t-deletion error-correcting code with the encoder Enc)y g and the decoder Decf;B.

In other words, for any pure quantum message |¢) € C? and any deletion position P C [N],

Dec/, ;50 Dp o Encly s(|1) = [¢) (4.35)

holds.

Proof. Set |¥) = Enc£6(|w>) € S((C*)®N) for a pure quantum state |[¢)) € C2. For an in-
teger k € {0,1,...,t} and integers 4,7 € [2V7!], we denote the (i,7) element of the matrix
Uy (lk%\\llkﬂ\llko U,Z by ug(i,7). By Lemma 4.4, we have

uk(ir§) = (e (l;\wwkr) ) (4.36)
— (ubl(aluk) + Bl (@] + Bl ) (437)
— (o) + Bublu)) @ ubi) + Bl u)) (438)
ot 3 (5.) = (1,1),
o i (i) = (1,2),
_das i (i) = (2.1), (4.39)
B2 if (i) = (2,2),
0 otherwise.

By Lemmas 4.3, 4.6, Definition 4.8, and Equation (4.39),

Dec/; ;50 Dp o Encly 5(|4)(1]) = Dec/y 5 0 Dp(|W)(¥)) (4.40)
t
= Dec/, (Z ( >|xpk \Ilk|> (4.41)
k=0
= Trio-- 0Tr <Uk (MWW\I”“') U,I) (4.42)
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=Try o+ 0 Tri([0)(0] @ - -+ @ [0)(0] @ [¢){¥]) (4.43)
= [¥){(¥| (4.44)

holds for any pure quantum message |¢)) € C? and any deletion position P € [N]. Equation
(4.44) is exactly the original quantum message. O

4.2 Examples

By Theorem 4.9, we can construct a permutation-invariant quantum code for deletion errors by
finding two non-empty sets A, B C {0,1,...,N} with ANB =0 and amap f: AUB — C
that satisfy the three conditions (D1), (D2), and (D3). we give two families of our codes in this
section.

4.2.1 Example 1 (Multiple deletion error-correcting codes)

First, we introduce a key combinatorial equation in giving the first example. Lemma 4.10 below
is Lemma 1 in Reference [51].

Lemma 4.10. Let n be a positive integer. Then for all integers 0 <t <n —1,
n n .
> ( .>jt(—1)3 = 0. (4.45)
j=0
Lemma 4.10 can be easily shown by induction using the binomial identity
> ( ) (i) (-1 =0, (4.46)
=0

which holds for any integer 0 <t < n.

The following Theorem 4.11 gives quantum codes for multiple deletion errors. This is an
interesting example that can be proved by good use of the combinatorial equation above. Here,
we fix an integer 1 <t < N.

Theorem 4.11. Let g,n be integers and u be a rational number with

N
g>t+1, n>t+1, w=—2>1. (4.47)
gn

Suppose that sets A, B C {0,1,...,N} and a map f: AUB — C are set as

A={gj|0<j<mn, j:even}, (4.48)
B:={gj|0<j<mn, j:odd}, (4.49)
o ()
f(gj) = m' (4.50)
97

Then, Q.fAB is an (N, 1)) t-deletion error-correcting code.
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Proof. 1t is clear that A # (), B # (), and AN B = (). Hence, it is enough to prove that the three
conditions (D1), (D2), and (D3) hold by Theorem 4.9.

Simple calculations show that

Sk -5 2 (1) -1 (451)

weA 0<j<n
j even

Similarly, > e ]f(w)\Z(fU[) = 1. Therefore, (D1) holds.
For an integer 0 < k < ¢, we obtain

% )t CUV—_D - u; £l (5__9 = go Qn-(%?a) (ggéu__kt> (-1 =0 (4.52)

by the assumption n > ¢t + 1 and Lemma 4.10. Note that the ratio of binomial coeflicients
(gnuft)/(gn,“) is a polynomial in j of order ¢. On the other hand, it is obvious that

gi—k g3
)3 If(w)|2(5_ ,ﬁ) 40 (453)

weA
Therefore, (D2) holds.
It is clear that (D3) holds by the assumption g > ¢ + 1. O

The quantum code constructed by Theorem 4.11 is the already known 0 — (g,n,u) code.
However, the tolerance to deletion errors is mentioned here for the first time. Theorem 4.11
claims that any 0 — (g,n,u) code is a t-deletion error-correcting code if ¢ > t+ 1, n >t + 1,
and u > 1. The smallest example is precisely Hagiwara’s 4-qubit single deletion code that is the
(2,2,1) code [35].

Theorem 4.11 is also the first published method for constructing multiple deletion error-
correcting codes. Furthermore, from Fact 2.2, when ¢ > 2t + 1, n > 2t + 1, and v > 1, we can
see that the 0 — (g,n,u) code can correct t-qubit errors and 2t-deletion errors if they do not
occur simultaneously. Thus, Theorem 4.11 is novel also in that we propose quantum codes that
are tolerant to two types of errors, including deletion errors. Previous quantum deletion codes
could only correct one of them, even if they were not simultaneous. The smallest example is
precisely Ruskai’s 9-qubit code [62], which is the 0 — (3,3, 1) code introduced in Example 2.3. It
was already known that this code can correct 1-qubit errors, but it was shown here for the first
time that it can also correct 2-deletion errors.

The relationship with Ouyang’s work on permutation-invariant deletion codes [53], which
was published at the same time as Theorem 4.11 in this thesis, is explained here. He pointed
out that having t-deletion errors is equivalent to having t-erasure errors on any permutation-
invariant code. Furthermore, from the fact that any t-qudit error-correcting code is a 2t-erasure
error-correcting code [31], the following fact can be derived from Fact 2.2.

Fact 4.12 (Ouyang [53|). Fiz t as a non-negative integer. Let A be a non-negative integer, g,
n be positive integers, and u be a rational number, and suppose that

g>t+1, n>t+1, u>1. (4.54)

Then, the A — (g,n,u) code is an (N, 1)) t-deletion error-correcting code with N = gnu + A.
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Fact 4.12 is seemingly a better result than Theorem 4.11 of this thesis in that it takes the
shift A into account. However, of course, the A-shifted gnu codes that take the shift A into
account are also included in our framework and can be checked by calculations. Our argument
is also practical in that we proved error-correctability by giving a systematic decoder as in
References [35,48]. Ouyang pointed out that deletion errors can be corrected not only for level 2
qubit systems but also for level 3 and higher qudit systems. In addition, Ouyang gave a detailed
discussion of encoding and decoding for the special case, the A-shifted gnu code. Thus, although
some of the results in References 68| and [53] are the same, each has its uniqueness, and both

were accepted and presented at the same conference, the 2021 International Symposium on
Information Theory (ISIT2021).

4.2.2 Example 2 (Single deletion error-correcting codes)

Here, we introduce 1-deletion error-correcting codes. The codes constructed by Theorem 4.13
below are already known as examples [66] of the code construction given by Nakayama and
Hagiwara [49] and are the same codes described in Theorem 3.9. However, they are also one of
the codes constructed in this chapter. Note that Theorem 4.13 has the same content as Theorem
3.9, but the proof is slightly simpler.

Theorem 4.13. Suppose that two non-empty sets A, B C {0,1,..., N} with AN B =0 satisfy
following:

l.weAd = N-weA,
2.weB —= N —w € B,
3. |wy — we| > 1, for any integers wi, ws € AU B with wy # wa.

and that the map f : AUB — C is set as

N _% of w
flw) = <ZWGA (w')) foed (4.55)

(Zw’EB (i\j’))i if web.

I

Then, Qf:tB is an (N,1)) 1-deletion error-correcting code.

Proof. Tt is clear that (D1) and (D3) hold by the assumptions. Hence we show that (D2) holds.
By the assumption, we have

> (g:;) => <J1Z:11> (4.56)

weA weA

N — 1) (N — 1> <N )
SO (D=2 () (45
weA (w —0 weA w—1 weA v
Similarly, the same equations for B are obtained. Hence,

o2 (N0 S (V1) - Bwea ) Pueslor) o
2 7w (t) 21w (=) Sod () Sew(® Y
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1 1

=— - — 4.59

5~ 5 (4.59)

=0 (4.60)

holds for any integer 0 < k < 1. Therefore, (D2) holds. O

4.3 Further considerations

This section gives two considerations for the permutation-invariant quantum codes that we have
discussed. First, we describe the construction of the codes such that the number of particles in
the quantum message is increased. This is a generalization of the permutation-invariant deletion
codes constructed in Section 4.1. Second, we give an argument when an adversary performs a
measurement on the deleted qubit and the state is changed.

4.3.1 Generalization of code construction

Here, we discuss constructions of (N, K)) t-deletion error-correcting codes for any positive integer
K. Let [ be a positive integer and Ag, Aj,..., A1 C {0,1,..., N} be mutually disjoint non-
empty sets and f : Ui;é A; = C be a map which satisfy the following three conditions:

(D1)* For any integer i € {0,1,...,1 — 1},

S |f<w>|2(ﬁ ) 1 (461)

weEA;

(D2)* For any integer 0 < k <t and any integers i,j € {0,1,...,1 — 1},

> irwr() ) = X e () ) #o (1.62)

weA; U)E.Aj
(D3)* For any integers wy, wy € Uli;(l] A,
w1 ?é Wy — |w1 — w2| > t. (4.63)

Each of the three conditions above is an extension of conditions (D1), (D2), and (D3) proposed
in Definition 4.1.

Let us define an encoder as a linear map Enc{ A} C! — (C%)®N. As shown in Equation
(2.6), let |0),]1),...,]l — 1) be the standard orthonormal basis of C!, and set the quantum

state [¢) to [¢) = Zé;(l) a;li) € C'. The encoder EHC{A_} maps the state ) to the state
|¥) == ao|0r) + a1|1L) + -+ - + ay—1]l — 11), where the logical cordword is

i) = Y f(wt(a))|a) (4.64)
ac{0,1}N
wt(a)EA;

for each integer 0 < i < [ — 1. Note that this encoder is an extension of Definition 4.2. We
claim that the image of Enc{ A} is a t-deletion error-correcting code for an integer 1 <t < N. A

i
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detailed explanation is not given here, but it can be proved using the same method as in Section
4.1. In particular, for the case [ = 2% we obtain an (N, K)) t-deletion error-correcting code.

By extending Theorem 4.13, we can construct (N, K)) 1-deletion codes with any positive
integer K, if we take the code length N to be sufficiently large.

Corollary 4.14. Suppose that mutually disjoint non-empty sets Ao, A1, ..., Ai—1 C {0,1,...,N}
satisfy following:

1. we A, = N —weEA;, for any integer 0 <i<1l—1,

2. lwy —we| > 1, for any integers wi, wy € Ué;(l) A; with wy # wo.

and that the map f : Ui;(l) A; — C is set as

Flw) = ( 3 (5) )é if we A (4.65)

'LU’G.AZ'

Then, the conditions (D1)*, (D2)*, and (D3)* are satisfied.

Corollary 4.14 is immediately derived from Theorem 4.13. Here, one example is given.

Example 4.15. Assuming that N =12 and

Ao =1{0,12}, A ={2,10}, Ax={4,8}, Az ={6}, (4.66)

1 1 1 1
FO) = £02) = 5 )= F10)= S, )= F8) = o F(6)= o (46T

in Corollary 4.14, from Equation (4.64), the logical codewords are as follows:

1
0r) = 7 ey, )= B > ), (4.68)
ac{0,1}12 ac{0,1}'2
wt(a)e{0,12} wt(a)e{2,10}

1
20) = —= Y &), Br)=—— > la). (4.69)
Vo | A NC T
wt(a)e{4,8} wt(a)e{6}

— ﬁr—t
[N}

Then, by direct calculations, it can be checked that (D1)*, (D2)* and (D3)* are satisfied. That
is, we can construct a (12,2)) 1-deletion error-correcting code by defining the encoder as a linear
map that maps the state

a0|00) + a1]01) 4 ao|10) + as|11) € (C?)%? (4.70)
to the state

060’0L> + a1\1L> + 042’2L> + a3|3L> S (C2)®12. (4.71)

Here, we have extended the number of particles that form a quantum message in a level
2 qubit system. This does not mean that we have increased the level of the quantum system
we are considering. Such an extension in the deletion error-correcting codes was first given in
Reference [35]. The general conditions to realize this extension are (D1)* (D2)*, and (D3)*.
However, to date, no (N, K)) t-deletion code with K > 2 and ¢ > 2 has been reported. Hence,
further research is expected in the future.
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4.3.2 Error-correctability for artificial deletions

Here, we consider the case where an adversary performs a measurement on the deleted qubit and
the quantum state changes. Our code can also decode exactly in such a case using the decoder
defined in Definition 4.8.

We explain using the Hagiwara code as an example. The code with (g,n,u) = (2,2,1) in
Theorem 4.11 is the Hagiwara code, whose logical codewords are

02) = 12(\0000> +]1111)), (4.72)
1
V6

from Equation (4.4). For any two mutually perpendicular unit vectors «a1|0) 4+ £1]1), a2|0) +
Ba|1) € C2, the state after encoding is

I11) = (|0011) + [0101) + |0110) + [1001) 4 [1010) + |1100)) (4.73)

) = a|0r) + B/1L) (4.74)
=10) ® [Wo) + [1) ® [¥1) (4.75)
= (a1|0) + B1|1)) ® (1| W) + B1|¥1)) + (a2|0) + B2|1)) ® (| Vo) + B2|P1)).  (4.76)

Note that
|Wo) = %\000) + \%(\Oll} +1]101) + |110)), (4.77)
_a B
W) = 2\111) + \/6(\001) +1010) + |100)) (4.78)

from Equation (4.9). According to Equation (4.76), when a measurement is performed on the
deleted 1-qubit, the state after the measurement of the remaining 3-qubit state is expressed
in the form of a linear combination of |¥y) and |¥;). Therefore, by performing the projective
measurement in Definition 4.5, the state after the measurement is always in the form of Equation
(4.24), and thus the decoding can be performed correctly.

Here we have used the Hagiwara code, but the general case can also be expressed as a linear
combination of |¥y) for 0 < k < ¢, thus decoding is possible in the same way.
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Chapter 5

Quantum error-correcting codes for
single Insertion errors

The purpose of this chapter is to construct quantum error-correcting codes for single insertion
errors. The contents of Chapter 5 were presented at the 44th Symposium on Information Theory
and its Applications (SITA2021) in Japanese.

5.1 Code construction using the conditions (C1)", (C2)", and
(C3)"

This section introduces two sets A, B of bit sequences to construct quantum insertion codes, and

proposes the sufficient conditions (C1)*, (C2)*, and (C3)™ for single insertion error-correction

for the sets A, B. We also give a code construction using these conditions and prove their

error-correctability.

5.1.1 Single insertion error-correcting conditions

We assume that the state after encoding is pure. That is, from Fact 2.6, a single insertion error

can be defined as follows.

Definition 5.1 (Single insertion error In, ). Let us denote the N-qudit state M € S((C)®N)
as

M = > Maylr1) (Y| ® |22) (Y2 @ - @ [zN5) (Y| (5.1)
$7ye{07177l_1}N

with Mg, € C. For an integer i € [N + 1] and a quantum state o € S(C'), define the map
In;, : S((CHEN) — S((CHEWNFD) gs

In; o (M) = Z Ma.y

x,ye{0,1,...1—1}N
[Z1) (1| ® - @ |zi—1)(Yi—1| ® 0 @ |2:)(yi| @ - @ [zn) (yn]. (5.2)

The map In; , is called a single insertion error.
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In the above, we defined single insertion errors in a qudit system, however, this chapter will
consider a level 2 qubit system in particular.

The encoder and the code used in this chapter are the ones defined in Chapter 3, i.e. Ency p
and @ 4,p in Definition 3.1. The problem is to give conditions on sets A, B such that the quantum
code @ 4, defined above is tolerant of insertion errors, and to define the corresponding decoder.
The following Definition 5.2 is an insertion version of the deletion set A;b introduced in Definition
3.2.

Definition 5.2 (Insertion set A;jb). Let i € [N +1] be an integer and let b € {0,1} be a bit. For
a non-empty set A C {0,1}Y, define a set A}, (A) C {0,1}VF1 as

Aifb(A) ::{al ...a;—1ba;...an € {0, 1}N+1 | ai...a;—1a;...aN € A}. (5.3)

In other words, Ajb(A) is the set of bit sequences obtained by inserting “b” into the ith component
of each sequence a € A. We call the set A, (A) an (i,b) insertion set of A.

Definition 5.3 (Conditions (C1)*, (C2)", and (C3)™). For two non-empty sets A, B {0, 1},
define three conditions (C1)%, (C2)%, and (C3)" as follows:

(C1)* (Ratio condition) For any non-empty set I C [N + 1] and any bit b € {0,1},
[AIBf,| = [BIIAT, (5-4)
where

Afy = ﬂA;b(A) n () ALMA° By, =(ALB) N Af(B) (5.5)

il iclc iel iel¢

and X¢ denotes the complement of a set X, in particular,
A A = {0, 3VINAL(A), 1= [N+1\ L (5.6)

(C2)% (Outer distance condition) For any integers i1,ia € [N + 1] and any bits by, by €
{0,1},
|AZ,b1 (AN AT

12,b2

(B)| =0. (5.7)
(C3)* (Inner distance condition) For any integers i1,is € [N + 1],

’AZ,O(A) NA; (B)| =0. (5.8)

39,1

A =0, |AF (B)NAS
41,0

i2,1

For the symbols defined in Chapter 3, by replacing the symbol “—” with the symbol “+7, it
means that we are considering an insertion version of the concept dealt with in the deletion. As
in the case of the NH conditions, the two pairs (A, B) and (B, A) are considered to be identical,
and thus we assume in particular that |A| < |B|.

The conditions (C1), (C2)", and (C3)™ represented by Definition 5.3 are very complicated,
and examples of sets satisfying them are not easy to find. Examples satisfying these conditions
are given in section 5.3.
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5.1.2 Decoding algorithm

The projective measurement used for decoding the code (4 p for single insertion errors is ex-
pressed in Definition 5.4.

Definition 5.4 (Projective measurement P ;). For non-empty sets A, B C {0,1}", suppose
that P 5= {Pry | I C [N +1],1 #0,b€ {0,1}}, where

Pry= Y la)(al+ Y [b)(d]. (5.9)
aeA}ﬁb besz

Then, we define a set PX B = I~P’jg 5 U{FPp} of projection matrices, where

Py=1- ) P (5.10)

Here, 1 is the identity matriz of order 2N *1.

If non-empty sets A, B C {0,1}" satisfy the conditions (C2)" and (C3)", the set P , is
clearly a projective measurement.

Definition 5.5 (Error-correcting operator Ury). For a non-empty set I C [N + 1], a bit b €
{0,1}, and integer m € {1,2}, we can choose a unitary matriz Uy, of order 2N+ whose mth
row is (uf|, where

)= ——a— 3 Ja), )= ——— 3 b, (5.11)

/1 A+ +
’Al,b‘ aeA}jb ’Bl,b beB;b

We call the matriz Ury, an error-correcting operator. For that unitary matriz Ury, the mth row
for 3 <m < 2N*1 js also denoted as (u?b\.

From the condition (C2)%, it is clear that <ui]7b]u][',b) = 0; ; holds for any integers i, j € {1, 2}.
Here, 0; ; is the Kronecker delta. Thus, there exists a unitary matrix Uy for any non-empty set
I C [N+1] and any bit b € {0,1}. Definition 5.5 represents the unitary matrix used for decoding.
Here we have defined the unitary matrix Uy by specifying the structure, in other words, the
action of this unitary matrix Urj of order 2N+1 is defined as the unitary transformation such
that

lufy) = 10...00),  [uF,) > [0...01). (5.12)

The decoder for the code Q4,5 is defined by combining the projective measurement ]P’jg B
the error-correcting operator Uy, and the partial trace Try as follows.

Definition 5.6 (Decoder Deca ). Let A, B C {0,1}" be non-empty sets satisfying the condi-
tions (C1)*, (C2)*, and (C3)™. Define a decoder Deca g as a map from p € S((C?)2N+1) to
o € S(C?) constructed by the following steps:

ep erform the projective measuremen under the quantum state p. Assume tha
Step 1) P th ecti t P} 5 under th tum state p. A that
the outcome is (I,b) and that the state after the measurement is p(I1,b).
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(Step 2) Let p == Urpp({, b)UIb Here Uy, is the error-correcting operator corresponding
to the obtained outcome (I1,b).

(Step 3) At last, return o == Try o --- o Tri(p).
—— —

N times

Proof that the decoder Decy p is indeed error-correctable, i.e., satisfies Equation (2.28), is
given in Section 5.1.3.

5.1.3 Proof of error-correctability

The following Theorem 5.7 is the main theorem of this chapter and describes the first systematic
construction of quantum insertion error-correcting codes with an explicit decoder.

Theorem 5.7. Let A, B C {0,1}N be non-empty sets satisfying the conditions (C1)T, (C2)7,
and (C3)*. Then, the code Qap is an (N,1)) single quantum insertion error-correcting code
with the encoder Enca g and the decoder Decy p.

In other words, for any pure quantum message 1)) € C2, any single qubit state o € S(C?),
and any insertion position p € [N + 1],

Decy p o Iny s 0 Enca p(|¢) = |4) (5.13)

holds.

Proof. Set |¥) == Enca (1)) € S((C%)®N) for a pure quantum state |¢p) € C2. If we denote

o= (gi’g fji) = pool0){0] + por |0} (1] + prol1)(0] + pui[1)(1] € S(C?),  (5.14)

then we have pgg + p11 = 1 from Tr(o) = 1. Then, from Definitions 5.1 and 3.1, the state after
the insertion error In, ; is

IHPU ) \Ij‘ Z Poob, <|‘0[A|‘ Z la ><~ \/% Z ‘a’><l~)|

boe{0,1} aeAf, (A) a€Af, (A)
mefo.) GeAt, () bealy (8)
af B 7
T, 2, e e SRR (5.15)
[AIBL i Bl s
beA beA], (B)
aeAf (A) beAgbl(B)

Observe Equation (5.15) and calculate the probability of getting each outcome when the
projective measurement P} 5 is performed on the quantum state In, ,(|¥)(¥|).

From the definition of A}“b, i.e., Equation (5.5), we get
U 4= U aL«. (5.16)

DAIC[N+1] 1€[N+1]
bc{0,1} bc{0,1}

Therefore, the probability of getting the outcome ) is Tr (PyIn, , (|¥)(¥])) = 0. We also calculate
the probability of getting the outcome (I,b) for any non-empty set I C [N + 1] and any bit
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b € {0,1}. In the case of p ¢ I, we have Tr (Prln, ,(|¥)(¥])) = 0 since a ¢ A}, for any
ac A;rb(A). On the other hand, in the case of p € I, we have

2 e, 182 A7
T (Prang o (9)2D) = o (1417 + 101870 ) = (517

since A}, C A;b(A) and the condition (C1)" are satisfied.

In the case of Tr (PrpIny, »(|U)(¥])) # 0, the state p(/,b) after performing the projective
measurement P, » and obtaining the outcome (I,b) can be expressed as

Pialipo(WUUDPry _ o 5~z 0B~ o

la)(a] + ——= |
Te(PrpIng o ([U)(V])) — |AF,| acat, VIARNIBE ] atar,

aeA}“b beB,fb
) |b) |W * > b) (5.18)
\V |A bHB bl beBf, beBI*b
eAf beBy,
= |®7p)( (5.19)
from Equations (5.15) and (5.17), where
1) = alupy) + Blufy) € (C2FNVFL. (5.20)

For integers i,j € [2V*1], we denote the (i, j) element of the matrix ULb\(I)I,b)(CDLb]U}b by
urp(i, j). We have

urp(i, ) = (uf | @) (@rplu] ) (5.21)
= (ufpl(aluf ) + Blui ) (@(ug | + Blui y))u],) (5.22)
= (alufplugp) + Blufplui ) (@uglug ) + Blui ylug ) (5.23)

(Jaf? if (4,5) = (1,1)

af if (i,5) = (1,2)
=qap if (i,5) =(2,1) (5.24)

187 if (i,5) = (2,2)

0 otherwise

by Definition 5.5. Therefore,

Deca g oIny, o Encq g(|1)(¢]) = Deca p o Iny, o (|U) (¥]) (5.25)
=Try 00 Try (Urp|®1)(@r|U} ) (5.26)
=Tryo-- 0 Try([0)(0] @ - - @ |0){0] @ [4) () (5.27)
= [¥)(¥| (5.28)

holds for any pure quantum message |[¢)) € C?, any single qubit state ¢ € S(C?), and any
insertion position p € [N + 1] from Definition 5.6. Equation (5.28) is exactly the original
quantum message. O
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5.2 Relationship to the Nakayama-Hagiwara conditions

This section discusses the relationship between the Nakayama-Hagiwara conditions (C1)™, (C2)~,
and (C3)~, which are known as error-correction conditions for single quantum deletion errors
introduced in Definition 3.3, and the three conditions (C1)", (C2)", and (C3)* in Definition
5.3.

Lemma 5.8. The following properties hold:

1. The condition (C2)" is equivalent to the condition (C2)~.
2. The condition (C3)" is equivalent to the condition (C3)~.

Proof. The equivalence of the conditions (C2)" and (C2)~ is clear from the equivalence of
classical insertion codes and classical deletion codes, hence here we only show the equivalence
of the conditions (C3)* and (C3)~.

In the following, we can assume that i; < iy. Take a bit sequence x € AZ}O(A) N A;g,l(A)
and denote
r=2x1... :cil_l()xiﬁl - xi2_11$i2+1 ... TN41 € {0, 1}N+1. (529)
Then, ' € Aj, | (A) N A; 4(A) holds for the sequence
x = L1 . Tj1Tj41 - - Lig—1Tjy+1--- TN41 € {0, 1}N_1. (530)
Therefore, if (C3)~, then (C3)" holds.
On the other hand, take a bit sequence y = y1y2...yn—1 € A; 4(4) N A, ;(A). Then,
y € A} 1 1(A) N AT ((A) holds for the sequence
yl =Y... yil_loyil ce yi2_11yi2 e YN-—-1- (5.31)
Therefore, if (C3)", then (C3)~ holds. O

In connection with Lemma 5.8, it can be checked that the conditions (C1)* and (C1)~ are
not equivalent. According to Example 3.6, it is checked that the sets

A ={0000,1111}, B =4{0011,0101,0110,1001,1010,1100} (5.32)

satisfy the condition (C1)~, but for these sets A, B, we know that the condition (C1)" is not
satisfied because A[ELO = {00000} and B[ng = () hold from Table 5.1. In other words, the
proposition ¢ (C1)~ == (C1)" ” does not hold.

Although the 4-qubit code constructed by A, B defined in Equation (5.32) cannot be decoded
at least by our method, it has been reported that the code is tolerant to single quantum insertion
errors by technical decoding [34]. Namely, the non-equivalence between the conditions (C1)"
and (C1)~ does not conclude the non-equivalence between correctability of insertion errors and

deletion errors in quantum codes.

Lemmas 3.12 and 3.13, discussed in Section 3.3, can also be used in the case where the
conditions (C2)* and (C3)1 are assumed respectively, by Lemma 5.8. However, it is a rather
more natural idea to define the adjacency matrix of the insertion version and proceed with a
similar discussion as in Section 3.3. No study using that approach has been reported yet, and it

is future work.
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Table 5.1: Insertion sets of A, B that give the Hagiwara code

A ={0000,1111}

B = {0011, 0101, 0110, 1001, 1010, 1100}

b=1

b=20

b=1

{10000, 11111}

{00011,00101, 00110,
01001, 01010, 01100}

{10011, 10101, 10110,
11001,11010,11100}

{01000, 11111}

{00011,00101, 00110,
10001, 10010, 10100}

{01011,01101,01110,
11001, 11010, 11100}

{00100, 11111}

{00011, 01001, 01010,
10001, 10010, 11000}

{00111,01101,01110,
10101, 10110, 11100}

{00010, 11111}

{00101, 01001, 01100,
10001, 10100, 11000}

{00111, 01011, 01110,
10011, 10110, 11010}

Al b=0

i =1/ {00000,01111}
i =2/ {00000,10111}
i =3/| {00000, 11011}
i =4/ {00000, 11101}
i =5| {00000, 11110}

{00001, 11111}

{00110, 01010, 01100,
10010, 10100, 11000}

{00111,01011,01101,
10011, 10101, 11001}

5.3 Examples

This section gives examples of sets A, B C {0,1}" of bit sequences that satisfy the conditions
(C1)™, (C2)", and (C3)™.

It was stated in Theorem 3.8 that the set A, B of bit sequences constructed by the following
Theorem 5.9 satisfies the Nakayama-Hagiwara conditions. In other words, the quantum code
Q 4, constructed by these sets A, B is a single deletion error-correcting code. Theorem 5.9 shows
that this code is also tolerant of single quantum insertion errors. Assuming that the receiver
can count the number of particles received, he can decide whether to use a deletion decoder or
an insertion decoder. Therefore, the quantum code given in Theorem 5.9 is an error-correcting
code that can correct a single insertion error or a single deletion error, whichever occurs once in
total.

Theorem 5.9. Suppose that |wt(x1) — wt(x2)| > 2 and |wt(y1) — wt(y2)| > 2 for bit sequences
x1,xo € {0,1}™ and bit sequences y1,y2 € {0,1}™2 with integers my > 2 and mg > 2. Then,
the set

A = {x,01ly;, 2201y}, B :={x101lys, z201y,} (5.33)

and the sets
A = {x110y1, 2210y}, B = {x110y2, 2210y} (5.34)
satisfy the conditions (C1)", (C2)%, and (C3)*.

Proof. Since |A| = |B| = 2 by the assumption, it is enough to show |A],| = |B},| for any
non-empty set I C [mq +mg + 3] and any bit b € {0,1}. In the following, we fix a bit b € {0,1}
and let

No=[m1+2-1],

Ni=[mi+ma+3]\[m +2-0]. (5.35)
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Table 5.2: Insertion sets of A = {000100,110111} and B = {000111,110100}

ib

A = {000100, 110111}

B = {000111,110100}

b=0

b=1

b=0

b=1

1=1

{0000100,0110111}

{1000100, 1110111}

{0000111,0110100}

{1000111, 1110100}

1=2

{0000100, 1010111}

{0100100, 1110111}

{0000111, 1010100}

{0100111, 1110100}

7 =

{0000100,1100111}

{0010100,1110111}

{0000111, 1100100}

{0010111,1110100}

7 =

{0000100, 1100111}

{0001100, 1101111}

{0000111, 1100100}

{0001111, 1101100}

{0001000, 1101011}

{0001100, 1101111}

{0001011, 1101000}

{0001111, 1101100}

7 =

{0001000, 1101101}

{0001010, 1101111}

{0001101, 1101000}

{0001111,1101010}

i=

{0001000, 1101110}

{0001001,1101111}

{0001110, 1101000}

{0001111,1101001}

In the case of i € Ny, the mj + 2 component of any bit sequence in Af,(A) is b € {0,1}.
Hence, if I NNy # 0 and I NNy # 0, then |, (A)] = 0 holds.
| A7, = Byl =0.

On the other hand, for a bit &’ € {0,1}, if I C Ny, we can express

ier A Therefore, we obtain

AT =1 (AL N () AfA)F (5.36)
iel iENb/\I

ﬂA (Sp) N ﬂ AL (So)e | i =0,
_ ) 1€No\ (5.37)

(N ALS)N [ AfS) | if v =1,

icl’ iENJ\I

where Sy == {210,220}, S1 == {ly1,1ly2}, I' ={i—my —1|i €I}, and N| :=={i —mq — 1|
i € N1}. The same result was obtained for \B »|, and it was shown that |A] Bl = ]B p| for any

non-empty set I € [mj + mg + 3|. From the above, the condition (C1)7 is satisfied.

and (C3)~
are also satisfied from Lemma 5.8. O

Furthermore, since the sets A, B satisfy the conditions (C2)~
the conditions (C2)" and (C3)"

from Theorem 3.8,

It is a well-known fact that in classical codes any deletion code is also an insertion code,
but in general decoding for insertion errors is more difficult than decoding for deletion errors.
However, for the quantum codes given in Theorem 5.9, deletions and insertions can be decoded
with almost the same effort.

Note also that Theorem 5.9 gives the first example of a quantum insertion code that is not
permutation-invariant. The sets A, B C {0,1}" given in Theorem 5.9 that have the shortest
length are

A ={000100,110111}, B = {000111,110100} (5.38)

and
A = {001000, 111011},

B = {001011, 111000}, (5.39)
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where N = 6. In particular, the fact that the sets A, B in Equation (5.38) satisfy the conditions
(C1)T, (€2)", and (C3)" can be understood by observing Table 5.2. The first quantum deletion
code reported by Nakayama [48] was also given as an example of Theorem 59, and it was shown
that this code can also correct single quantum insertion errors.

From Fact 2.6 stated earlier and Theorem 6.5 to be discussed later, it follows that the
correctability of a single insertion error and a single deletion error are equivalent in quantum
codes. In other words, all the quantum codes constructed in Chapter 3 are also single insertion
codes. The main contribution of this chapter is the construction of a quantum code with a
simple decoder for single insertion errors.
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Chapter 6

The equivalence between correctability
of deletions and insertions of separable
states In quantum codes

The quantum states we deal with in this chapter are not limited to level 2 qubits. That is, let [
be any integer greater than or equal to 2, and consider the elements in S(C!) to be single qudit
states. As a set of qudit labeling, fix the set £ :={0,1,...,l — 1} for the integer | > 2.

Chapter 6 is summarized as the contents presented at the 2021 Information Theory Workshop
(ITW2021) [70].

6.1 Quantum error-correction using the Kraus operators

This section describes the quantum insertion and deletion errors in the form of quantum channels
represented by linear operators to use the Knill-Laflamme conditions known as quantum error-

correction conditions.

6.1.1 Knill-Laflamme conditions

Here, we review the Knill-Laflamme quantum error-correction criterion [38]. This section rep-
resents the quantum process as a quantum channel that maps a density matrix to a density
matrix. A linear map ® : S((CH)®N) — S((CH®N') with positive integers N, N’ is a quantum
channel, if and only if it is completely positive and trace-preserving. For any quantum channel
P S((CHEN) = S(((Cl)@N/)7 there exist linear operators A; such that for every N-qudit state
p € S((CHEM),

(p) = Y AipA] (6.1)

holds and ), AZAi is the identity operator on S((C))®V). The linear operators A; are known
as the Kraus operators of ® and their representation is not unique. Given a quantum channel
N, a subspace C of (CH)®V is a quantum code that corrects all errors introduced by A/, if and
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only if there exists a quantum channel R such that

RIN(p)) = p (6.2)

for every density matrix p supported on C. Fact 6.1 below, which gives the necessary and
sufficient conditions for quantum error-correction, was originally proved in 1997 by Knill and
Laflamme [38].

Fact 6.1 (Knill and Laflamme [38]). Let C be a d-dimensional subspace of the complex Hilbert
space (CHY®N with orthogonal basis vectors |01), [11),...,|d —11). Let N be a quantum channel
with the Kraus operators A;. Suppose that for all i, j there exist g; j € C such that the following
conditions hold:

1. (Orthogonality condition) For any a,b € {0,1,...,d — 1} with a # b,

(ar|ATA;lbr) = 0. (6.3)
2. (Non-deformation condition) For any a € {0,1,...,d — 1},

(ar|Al4jlar) = g:; (6.4)

Then, for every density matriz p supported on C, there exists a quantum channel R such that
R(N(p)) = p. The two conditions above are collectively called the Knill-Laflamme conditions or
simply the KL conditions.

6.1.2 Quantum insertion/deletion channels

This section also defines the single insertion error and single deletion error for the N-qudit
state as in Equations (5.2) and (2.13), respectively. Note in particular that we assume that the
quantum state before insertion is pure. In this section, the number of particles before insertion
or deletion errors is written as a superscript for the maps In,, , and Tr,,. In other words, we
denote

Injjho(M) = Iny, , (M), Tr;\g(M) = Trp, (M), (6.5)

for integers p; € [N + 1], po € [N], a single qudit state ¢ € S(C!), and an N-qudit state
M € S((CHeN),
The t-insertion error and the t-deletion error are already defined in Definitions 2.4 and 2.5,

respectively, but here they are described as quantum channels in order to use the KL conditions
as follows.

Definition 6.2 (t-insertion channel Ins). Let t be a positive integer and let
C=01R02® - @0y € S((CH®H, (6.6)

where o; € S(C!) is a single qudit state for everyi € [t]. For a non-empty set P = {p1,p2,...,pi} C
[N 4] with 1 < py <pa < -+ <p < N +1, define a map Insp, : S((C)*N) — S((ChH®IN+D)
as

N o T N+t-1 N+1 N
Insp ,(p) =In) " o o on]t) oIy . (p), (6.7)
t times
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Inz,a1

A4

1-qubit

¥ .

1-qubit 1-qubit 2-qubit entangled state

Figure 6.1: Insertion of a separable 2-qubit Figure 6.2: Insertion of an entangled 2-qubit

where p € S((CH®N) is an N-qudit state. We call the map Ins%a a (t, P,o)-insertion error. We
define a t-insertion channel Insiv as a convex combination of all (t, P, o)-insertion errors, where

a positive integer t is fized and |P| =t, i.e.,
tus () = [ p(0) 3 po(P)Ins}, (p)do, (65)
oeS((ChH®t)

where (o) and py(P) are probability distributions. Note that 1 is a measure.

From Fact 2.6, we should consider insertions of arbitrary t-qudit states o € S((CH)®?), but
here we only consider special insertions restricted to states o1 ® 02 ® - - ® oy € S((C1)®?) that
are not quantum entangled. This means that operations such as the insertion of two 1-qubit
states 01,09 € S(C!) independent of other particles twice, as in Figure 6.1, are allowed, but
the insertion of one entangled 2-qubit o € S((C!)®2), as in Figure 6.2, is not considered in this
study. It is a future task to give a more general definition of the insertion channel for further
discussion. Here, we discuss using this definition, which is limited to the insertion of separable
states.

Definition 6.3 (t-deletion channel Del). Let t < N be a positive integer. For a non-empty set
P = {p1,p2,...,p¢} C[N] with1 <p; <ps <---<p; <N, define a map Eral¥ : S((CHZN) —
S((Cl)®(N7t)) as

Era® (p) = Tré\i_t"'1 0---0 Tré\i__ll o Tri,\tf(p), (6.9)

t times

where p € S((CH®N) is an N-qudit state. We call the map Era® a (t, P)-erasure error. We
define a t-deletion channel Deliv as a convexr combination of all (t, P)-erasure errors, where a
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positive integer t is fivzed and |P| =t, i.e.,

Del) (p) = 3 p(P)Era} (p). (6.10)

where p(P) is a probability distribution.

The map Era¥ in Equation (6.9) is exactly the same as the map Dp in Equation (2.37),
although the notation is different. Here it is rewritten as Equation (6.10) to contrast with
Definition 6.2. That is, we explicitly state that the t-deletion channel does not depend on the
deletion position P, but only on the number of deletions ¢. Extending Definitions 6.2 and 6.3,
the O-insertion and 0-deletion channels are both defined as identity maps. An insertion/deletion
channel is defined by combining the insertion and deletion channels defined above.

Definition 6.4 ((t1,t2)-insertion/deletion channel InSDeli\lf’tQ). Let tq,ty be non-negative inte-
gers with to < N. We define a (t1,t2)-insertion/deletion channel IDSDeli]\Lm s S((CHBNY —
S((Cl)®(N+t1_t2)) as

InsDell{\lf’t2 (p) = Insé\lf_1t2 o Delg (p), (6.11)

where p € S((CHPN) is an N-qudit state. An insertion/deletion channel is also simply called
an insdel channel.

Note that Definition 6.4 represents a special insertion/deletion channel that only considers
the insertion of separable states.

6.2 Relationship between deletions and insertions of separable
states

A (t1,t9)-insdel error-correcting code is a quantum code that can perfectly correct errors in-
troduced by any (1, t2)-insdel channel for non-negative integers t1,ts with to < N. In other
words, the (t1,t2)-insdel error-correcting code is defined as any error E € £ in Equation (2.28)
changed to the map InsDeli\lf’tQ. We denote by C C (CH®Y the d-dimensional (t1,ts)-insdel
error-correcting code spanned by the orthonormal logical codewords |0z),|11),...,|d—1L). Our
main theorem in this chapter concerns (¢, t2)-insdel error-correcting codes. In particular, we
describe the equivalence between insertion and deletion error-correction capability, a well-known
result in classical codes [41], from the perspective of quantum codes.

Theorem 6.5. Let t1,to, 51,52 be non-negative integers satisfying t1 + to = s1 + sa. Then, any
(t1,t2)-insdel code is an (s1, s2)-insdel code.

Obviously, any (t1,t2)-insdel code is a (u1, ug)-insdel code if uy < ¢1 and ug < to, therefore,
Theorem 6.5 means that any (¢, t2)-insdel code can correct errors that occur as a combination
of no more than t; + to single deletions or single insertions in total. The remaining part of this
chapter is devoted to proving Theorem 6.5.
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6.2.1 Lemmas of tensor product calculation

Here, we introduce the rules of tensor product calculations necessary for the proof of Theorem
6.5.

Let n >0, t > 1 be integers and let |¥U) = [th1) ® |1h2) @ -+ @ |¢f;) € (CH)®Y, where |¢);) € C!
for every i € [t]. For aset P = {p1,p2,...,p¢} Cn+t]with1 <pj <pa<--- <p <n-+t, we

n—+t

define ¢"**-by-¢" matrix I}Z,v‘\m and ¢"-by-¢"™" matrix Dz (| @8

1124\1;) =A1QA® @ Any, D%@\ =B1®By® - ® Bpyy, (6.12)

respectively, where

a if j =p; € P, i if 7 =p; € P,
Aj:::{!¢> if j=p EG¢=:{<¢)‘ if j=p (6.13)

I, ifjéPp I, ifjéP

for j € [n + t]. Here, I; denotes the identity matrix of order [. Note that the superscript n of
these matrices represents the number of I;’s included as a factor of the tensor product, which is
important for the matrix operations used in later discussions. Namely, we have been treating N
as the code length, but n here has a slightly different meaning. When ¢t = 1, we simply denote

I?le\I,) and D?m},(‘lfl as ]17;17'%) and Dghwl', respectively. It is clear that
17;7\‘10 - Dg,(xlfl]t’ Dg,(\m = 173,|\1;>T (6.14)

from the definitions of the matrices I};"‘D) and D}; (|-

The following Lemmas 6.6 and 6.7 are basic calculation rules and can be easily shown by
direct calculations as matrices.

Lemma 6.6. Let n > 0, t > 1 be integers. Suppose that P = {p1,p2,...,pt} C [n + t] with
L<pi<pa<--<p<nttand |) = [ih1) @ [1ha) @ - @ [¢hy) € (C)**. Then,

n _ gn+t—1n+t—2 n+1 n
IP"lI/) a Ipt’|¢t> Ipt,l,\¢t71> T Ipz,\d&)IPl,I%)’ (6.15)
n = D" n+1 n+t—2 n+t—1
DP7<‘I’| - DP1,<¢1|DP2:<¢2\ T Dpt71,<’¢'t—1|Dpt,<’¢'t‘ ) (6.16)

Proof. Lemma 6.6 is proved by induction on ¢. It clearly holds for t = 1. Let k£ be a positive
integer, and it is enough to prove that

n _ gn+k n+k—1 n+k—2 n+1 n
IP’C+1"‘I’1€+1> N ka+17|7/1k+1>lpkv|¢k> Pr—1,1¢k-1) " 'Ipz,lilJz)Ipl,\%)’ (6.17)

where Py ={p1,p2,. .., Pk, Pr1} € [n+k+1] and [Wipr) = [1h1) @ [1h2) @ - @ [thy) @ [thp41) €
(CH®k+1) | By the hypothesis of induction, we have

n _ nt+k—1n+k-2 n+1 n
IPk’|‘I’k> o I}%WJ!J Pr—1,|YK—1) """ Ip%\?,bz)Ipl,\%)’ (6.18)

where Py = Pyi1 \ {pr+1} and [Ug) = |¢1) @ [tho) ® -+ - @ [1fy,) € (CH)®F. On the other hand, by

simple calculation, we get

In+k

Pk+1:|"/’k+1>1$kv‘\pk> (6.19)
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=L@ L) L aIRT T L eLe o) (6.20)
———— ———— —_———

Pr1—1 n—pg+1+k+1 n—pry1+k+1
—k—1
=IFPTT @ k) 0L @ @ (6.21)
n—pgr1+k+1
= I$k+la“ljk+1)' (6.22)
Hence, Equation (6.17) holds from Equations (6.18) and (6.22). Therefore, Equation (6.15) is
proved by induction, and Equation (6.16) is easily shown from Equation (6.14). O

Lemma 6.7. Let n be a non-negative integer and p1,p2 € [n+ 1] be integers with 1 < p; < pa <
n+ 1, and let [11), [vp2) € CL. Then,

n+1 n __ gn+1 n
IP17|¢1>IP27|¢12> - Ip2+1,\¢2>Ip1,|w1)’ (6.23)
n n+1 _ n n+1
Do 2 Popr | = Pt Pt (6.24)

Proof. Simple calculations give

n+1 n _
L o oo ey = @ - L) - L - ®1)

p1—1 P2—P1 n—p2+1
LR - hehel® - L) [®-- &) (6.25)
—— S—— ——
p1—1 p2—p1 n—p2+1
=L[® QLWL - L) ¥ ®--- QI (6.26)
S——— ——— S—
p1—1 P2—P1 n—p2+1

and

D iy = 0@ LRl - L) L ®- - ® )
~———— ——— ———

p2+1,|Y2)
p1—1 p2—P1 n—pa+1
e - hey)ele - Ll ®- - &) (6.27)
——— —_——— —_———
p1—1 P2—p1 n—p2+1
=L[® LAV QL) [ ®--- ;. (6.28)
~—— —_—— ~—_—
p1—1 p2—P1 n—p2+1
Hence, we obtain Igﬁ}mlgﬂwﬂ = Ig;_ll"w)[;l"wﬂ from Equations (6.26) and (6.28). Equation

(6.24) is easily shown from Equation (6.14). O

The following Lemmas 6.8 and 6.9 give commutation rules for the insertion Kraus operators
I and the deletion Kraus operators D, and the proof is by simple algebraic calculations.

Lemma 6.8. Let n be a non-negative integer and py, p2 € [n+ 1] be integers and let [1)1), |1h2) €
C!. Then,

~1 —1 .
Igl,Wl)Dngl,(wzl if p1 <p2,
Do ol pr oy = § ($2l¢1)lim if p1=p2, (6.29)

n—1 n—1 .
IP1_17W1>DP27(¢2| 7/f p]. > pQ
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Proof. When p1 < po, simple calculations give

Dty = @8- OLeh oL - oLeslele 9l

p1—1 p2—p1—1 n—p2+1
L)@ - LRALL®---®1) (6.30)
S—— ——— S———
p1—1 p2—p1—1 n—pz+1
=[® - 0Leu)L® - - ([ ®---’I (6.31)
—— —— ——
p1—1 p2—p1—1 n—pz+1

and

rtoprt =0 eLhe)ele el ele---®l)
P1,|Y1) (2] N Y -~ = ~—

p2—1,
p1—1 p2—p1—1 n—p2+1
- L L@ - L@ L ®---®1) (6.32)
S——— S—— S———
p1—1 p2—p1—1 n—pa+1
=L® QLWL - LWL ®- - QL. (6.33)
—— — —
p1—1 p2—p1—1 n—p2+1

Hence, we obtain D\ Il = Igljﬁmp;};_i 5, from Equations (6.31) and (6.33).

The case p1 > po is shown similarly, and the case p; = po trivially holds. O

Lemma 6.9. Let n be a non-negative integer and p1,p2 € [n+ 1] be integers and let |1)1), [12) €
C!. Then,

n+1 n+1 .
" D" = Dp2+1,<w2|1p1,|w1> if p1<p2, (6.34)
P1,|Y1) 7 P2, (2| n+l gt i S .
po (ol prtfyr) W PL= P2
Proof. Lemma 6.9 can be derived immediately from Lemma 6.8. O

n+1 n+1 _ n+1 n+1
p2+1,(2| " p1,lY1) T Dp27<¢2|1p1+17‘¢1> hOldS,

because [1h1) ® (o] = (2| @ [th1) = |11) (12| for any |ib1), [1he) € CL.

Note that in the case of p; = po, the equation D

6.2.2 Kraus operators for insertion/deletion errors

Here, we elucidate the properties of the Kraus operators of insdel channels. Recall that £ =
{0,1,...,1 — 1} for the integer [ > 2.

Lemma 6.10. For any N-qudit state p € S((CH®N), the state after inserting a separable t-qudit
state o € S((CH®) in the positions labeled by P C [N 4 t] can be expressed as

T

IDS%U(/}) = Z p(a)IgU\a>pIgU\a) (635)
aclt
with some probability distribution p(a) for a € Lt and unitary matriz U.
Proof. For any n > 1,p € [n+1], |¢) € C!, and = € L7,
Dple) =L - Le) oL@ - @L)(|lr1...2p-1) L ® |zp . .. 21)) (6.36)

p—1 n—p+1

65



=[21) @ @ |2p1) @) @ |2p) @ -~ @ |n) (6.37)

holds. Let 7 = Y., ¢ithi) (| be the spectral decomposition of 7 € S(C'), where ¢; are
probabilities and (i;]v;) = 0;; for 4,5 € L. Here, 6;; is the Kronecker delta function. Note
that there exists a unitary matrix U such that [¢;) = Uli) for every ¢ € L. For a quantum state

pP= Z:c,ye[l” Ma,y x) <y|7
Iy (p)=> ¢ ( D Myl (yil ) (6.38)
€L x,YyeLmn
= ZciIIZWD ( Z mm,y|m><y|> ZZ\%‘)T (6.39)
€L x,yeLln
=l (6.40)
€L
holds, where
|z} = [21) @ -+ @ |wp-1) @ |¢hs) @ |Tp) @ -+ @ |an), (6.41)
[Yi) = y1) @ - @ |yp—1) @ |¥i) @ |yp) @ -+ @ |yn)- (6.42)

Assume that 0 = 01 ® 02 @ -+ @ 0y and o), = >, K [YF) (YF| and |¢F) = Uyli) for k € [t]. By
Definition 6.2 and Lemma 6.6, we obtain

Insp,(p) = Iyt o oIt o Infy , (p) (6.43)

— E E E t 2 1
— Cit"‘ci2ci1

wel io€EL 1 EL

N+t—1 N+1 N N TrNy1 T N4t—1T
pe,Utlig) * " ° p27U2|i2)IP17U1|i1>pIP1’U1|i1> Ip27U2|i2> e 'Ipt,Ut|it> (6'44)
il
= Z p(a)IgU|a)pIgU|a> ) (645>
aclt
where p(a) =cl 2, ...c,, and U=U1 0 U ® -+ @ Uy. O

From Definition 6.2 and Lemma 6.10, we get the Kraus form for insertion channels, which
is represented as

f
Insiv(p) - /UZ'L“(U’ P, a)IgU\aWIgUW av, (6.46)
P,a

where p1 is a probability distribution.
Lemma 6.11. For any N-qudit state p € S((CH®N), the state after deleting the qudits labeled
by P C [N] is

- -t
Era®(p) = Z D%(Gﬂng(;l . (6.47)

aclt

Proof. For any n > 2, p € [n], a € L, and « € L™, we have

Dl =@ - @Le( @ - L) (|z1...2p-1) @ |2p) @ |[Tpi1 .- Tn)) (6.48)

p—1 n—p
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= [z1) @+ @ Jap-1) ® (alrp) @ [2p11) ® -~ @ |2n) (6.49)

= (alz)er) @ @ lap1) @ [gpr1) -+ © [0, (6.50)
For a quantum state p = >, c on May|T) (Y|,
Tep(p) = Y mayTr(lap) (yp))|2) (y'] (6.51)
x,ycLln
= D May ( > _(alzp) (wpla) ) ') (/| (6.52)
x,ycLln acl
=Y > maylalzy)|z) (Y| (ypla) (6.53)
aeL x,yeLlL”
_ )
-5 (X w032 w31
a€L 7yEE”
=> Dy pDr (6.55)
acLl
holds, where
') =|21) @ - @ |Tp_1) @ |Tpt1) @ - @ |20), (6.56)
1Y) =ly1) ® - @ |yp-1) @ [Yp+1) ® -~ @ |yn). (6.57)
Therefore, we have
Era®(p) = 'I’rzjg\i_t"'1 0---0 Trzj?\tf “lo Tr . (p) (6.58)
ar €L at—1E€EL ateL
N—t N-2 N-1 N-1 tyN-2 T N—t 1
p1fa1| " T pe—1,{ar— llDPt7<at|prt7<at| Dpt—lv<at—1| T py{a] (6.59)
=Y DN DN (6.60)
aclt
by Definition 6.3 and Lemma 6.6. O

From Definition 6.3 and Lemma 6.11, we get the Kraus form for deletion channels, which is
represented as

f
Del™ (p Z p(P)DY pDy (6.61)

_ T
- /U S (U, P.a)D L pDN o (6.62)

Note that by writing in integral form with a probability distribution ps as in Equation (6.62),
the deletion channel can be regarded as having an infinite number of Kraus operators, just like
the insertion channel expressed in Equation (6.46).

Lemma 6.12 below describes the intuitive result that deleting an inserted qudit leaves the
original state unchanged. This can be proved by calculating according to the definition, but it
can also be easily shown by calculating using the Kraus operators. This lemma indicates that
the operation of deleting after insertion is also included in the insdel error described in Definition

6.4.
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Lemma 6.12. Let P = {p} C [N + 1] and ¢ € S(C'). Then, for any N-qudit state p €
S((CH=M),

Eral ™o Insgo(p) =p. (6.63)

Proof. Let o =Y., ci|i) (| be the spectral decomposition of o € S(C'), where ¢; are proba-
bilities and (v;|;) = 9; ; for i, j € L. Simple calculations show that

N+1 N _ N N N 1 N
Erap ™! o Inspo (p) = > Dyl ( > cilplu Pl ) Dyl (6.64)
acl €L
T
= 3> A Ly Luy Dpv (6.65)
acLl el
=> ) cilali) T pln T (vi]a) (6.66)
acl i€l
=p> > cilalys)(ila) (6.67)
a€L ieL
= p Y e Tr(|n) (W) (6.68)
icL
=p) ¢ (6.69)
€L
_, (6.70)
from Equations (6.40) and (6.55) and Lemma 6.8. Therefore, Lemma 6.12 holds. O

For any N-qudit state p € S((CH)®N), the state after insdel error described in Definition 6.4
can be calculated as

N N N N T N
InsDely) ., (p) = / / Y w2 DY R eDg i IPU|'53> dudy, (6.71)
UV pQ.ab

where 1, is a non-negative value that dependb onu = (U,V,P,Q,a,b) by Equations (6.46) and

(6.62). We can easily calculate the matrix I3~ DN~

PUla)Po vt such as in the example below.

Example 6.13. Let N =4, t; =3, to =2, P ={2,3,5}, Q = {1,3}, and let

Ula) = |¥) = [¢1) ® [¢2) ® [¢h3) € (C*)7, (6.72)
V|b) = [®) = [¢1) © |¢2) € (C)*2. (6.73)
Then, IPU|a) é(bIVT is one of the Kraus operators corresponding to the action of inserting the

second, third, and fifth components after deleting the first and third components as follows:
‘$1x2$31‘4> — |l’2£1?4> — \x2¢1w2x4w3>. (6.74)

The matrices IIQD7U|a> and Dé,(b|VJT can be expressed as

I?Dm;) = Iy ® Y1) @ |1h2) @ I ® |13), (6.75)
D} g = (¢1] @ L2 @ (2] ® . (6.76)
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Note that in Equations (6.75) and (6.76) the numbers of identity matrices Iy included as factors
of the tensor product in the matrices II%I‘P) and Dé (@] are both 2, and they are aligned in the
same column. Therefore, we obtain

I3 10y D 0 = (1] @ T2 @ [¢h1) © [1h2) © (da] @ Tp @ [¢h3). (6.77)

Note that zy" = x @ y" = y' @  holds for any vectors x,y.

6.2.3 Proof of the equivalence

Here, we will give the proof of Theorem 6.5, the main theorem of this chapter. From Equation
(6.71) and Lemma 6.6, the Kraus operator A,, for the (1,%2)-insdel channels can be expressed
as a product of t1 + to block matrices

N—t N—t
Au = Vitulp gy D v

_ N—to+t1—1 N—to+1 7 N—t2 N—to N—to+1 N-1
= Viudp ) ) Tp ) P P ool RONE (6.78)
where
Ula) = [¢1) ® |¢2) @ - - @ |90y} € (C))®1, (6.79)
V[b) = [d1) @ [¢2) ® --- @ |¢r,) € (C)*™2. (6.80)
Therefore, the KL conditions for the (t1,t2)-insdel channel can be written as
. N—ty TyN—tot ;N—2 N—t .
<ZL|DQ,<b\2VT Ip7U‘2> IP',U/Q\aQDQ/,(quV/T ‘]L> = 5i7jgu,v‘ (681>

for all w = (U,V, P,Q,a,b),v= (U, V', P, Q" a',b) and all i,j € {0,1,...,d — 1}.
The following two lemmas will help us establish the equivalence of insertion and deletions

errors under the KL conditions.

Lemma 6.14. For non-negative integers ti,ty with t1 > 1, any (t1,t2)-insdel quantum code is
a (t1 — 1,ta + 1)-insdel quantum code.

Proof. From Equation (6.78), we denote any two Kraus operators By, By for the (t1 —1,t2+1)-
insdel channel as

B, — IN—(t2+1)DN—(t2+1)

uw ™ “PUla) Q,(blVT
_ N—to+t1—-3 N—to Ithgfl N7t271DN7t2 N—-1 )
Pt -1) " Ipatvar oy Paor] Paatoel  Payin (il (6.82)
(t1—1) matrices (t2+1) matrices

_ N—(to+1) W N—(t2+1)
B’U - IP’,U’|G/> DQ/,<b/|V/T

_ N—to+t1-3 N—tog yN—t2—1 N—to—1 N—tg N-1
=Ly it o Doy Tl Paall Pagoht Dot oo, ol (6.83)
(t1—1) matrices (t2+1) matrices
where
Ula) = |¢1) @ [¢h2) @ - -- ® by, 1) € (C1)#17D, (6.84)
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BiB, =Dt ..ottt ... trrrrrrr...11®D..D
=] ..I0TDD..DDDTITITITI..IIDD..D
= T IDID..DDDTITITITI..IDID..D
=1 ...IDDI .. DDDTITTI..DI1TID..D
=7 ...IDDD ..\ DDIIWD..TI1T1D..D
= ..IDDD..DUIDIDTI...TI1TID..D
=1 ...IDDD..DDIEDBDTI T ... TI1TID..D
=1 ...IDDD..DDBDITIT..111D..D
=Dt ..Df 1t 1t It g1 1...1711D...D
Figure 6.3: Calculation of BLBv

VIb) = 161) ® |62) @+~ ® |d1p41) € ()T, (6.85)

U'lay = [v}) @ [) @ - @ [yf, ) € (CHEMD), (6.86)

VI[b) = [¢)) @ |¢h) @ -+ @ |@), 1) € (CHEETD), (6.87)

Note that when considering the KL condition, we can ignore the constant multiple of the Kraus
operator. By noting Equation (6.14) and using Lemma 6.9 repeatedly, we can calculate BLBv
using Figure 6.3. Here, superscripts and subscripts are omitted to avoid confusion. However, if
we consider the superscripts, we can use Lemma 6.9 in each matrix operation.

Thus, BLBv can be expressed as

BiB,=D'..D'I"...I']...ID... D (6.88)
to+1 t1—1 t1—1 to+1
=D'..DII"...I'T...ID...D. (6.89)
t t t t
2 1 1 2

Furthermore, repeatedly applying Lemma 6.7 gives BLB,, = AL,A,,/ for some Kraus operators
Ayr, Ay of the (t1,t2)-insdel channel. From Equation (6.81), we get

(iL| B}, Bu|jL) = i jgu (6.90)

for all 4,5 € {0,1,...,d — 1} and all «/,v’. Since the pair (u’,v’) is uniquely determined by
(u,v), the KL conditions for the (t; — 1, t2 4 1)-insdel code hold for every u,v. Fact 6.1 implies
that C is a (t1 — 1,t2 + 1)-insdel code. O

Lemma 6.15. For non-negative integers ti,ty with ta > 1, any (t1,t2)-insdel quantum code is
a (t1 + 1,ta — 1)-insdel quantum code.

Proof. As in the proof of Lemma 6.14, denote any two Kraus operators Cy,, Cy for the (t; +
1,t3 — 1)-insdel channel as

_ N—(ta—1) nN—(t2—1)
Cu=1Ippms Do it (6.91)
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cile, =pt..ptrtrtrt ...t Ml 1...111D..D
=] ..IDDD..DDWDIITIT..IT1T1D..D
= ..IDDD..DDUIDTI T ..IIT1T1D..D
= ..IDDD..DDI IDTI ..ITIT1TI1D..D
= ..IDDD..DDI T ID..IT1T1D..D
— I ..IDDD..DDUI T TITI..DIID..D
=1 ..IDDD..DDWHETITTITI..I1IDI1ID..D
=1 ..IDDD..DDWHI1TI1TI1..11MDD..D
=] ..IDDD..DUIDITITTI..IIDD..D
= ..IDDD ..M DDITTI..IIDD..D
— I ..IDDI .. DDDTITITTI..IIDD..D
= I ..IDID...DDDTITITTI..II1DD..D
=7 ..I0DD..DDDTITITI..IIWDD..D
=pt..ptptrt ...ttt rrr1...11DD..D
Figure 6.4: Calculation of C’LCU
_ gN—to+t1+1 N—t N—to+1 N—to+1 A N—t N—-1
=L o) Lo o) Lol Paaionl Paryriiory (6.92)
(t1+1) matrices (t2—1) matrices
_  N—(ta—1) 5, N—(t2—1)
C’U_ P’,U"Qa’> DQ’,(b’TV'T (693>
_ gN—to+t1+1 N—tog yN—to+1 N—to+1 yN—to N-1
=Ly ot Ty Dol Paetl Papsent - Par, e, 0 (6.94)

(t1+1) matrices (t2—1) matrices

This time using Lemma 6.8 repeatedly, we can calculate C’LCU as Figure 6.4.

Note that, by Lemma 6.8, DI = (12]11)[;» may occur in the middle of the calculation. Thus,
using ¢y € C depending on (u,v), C,C, can be expressed as

CiC,=D'...D'IT. .. I'T...ID... D (6.95)
to—1 t1+1 t1+1 to—1
cuu DI ..DI TV .. ITT...ID...D,
7 N e e — e — N —
to—1 t1 t1 to—1
t t gt t
cuwDV..DIIV .. IVT ... ID...D, (6.96)
to—1 t1—1 t1 to
pt..ptrt ... i"r...1D...D.
——

N N —
to t1 i1 t2

By repeatedly applying Lemma 6.7, we obtain CLCv = cuvaL,Av/ for some Kraus operators
Ay, Ay for the (t1,t2)-insdel channel. Note that for any non-negative integers s; < ¢; and
s9 < to, the (t1,t2)-insdel code is an (s1, s2)-insdel code. From Equation (6.81), we get

<ZL|C'11:LCU‘.]L> = 5i,jcu,vgu’,v’ (6.97)
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for all i,5 € {0,1,...,d — 1} and all w/,v’. Since the pair (u’,v’) is uniquely determined by
(u,v), the KL conditions for the (¢; 4+ 1,¢2 — 1)-insdel code hold for every u,v. From Fact 6.1,
it is shown that C is a (¢; 4+ 1,t2 — 1)-insdel code. O

By Lemmas 6.14 and 6.15, we have completed the proof of Theorem 6.5. From the proof
above, it can be seen that Equation (6.81) is satisfied for permutation-invariant codes for example
[51,52]. The analysis of decoding methods for insertion errors in permutation-invariant codes is
a future task.
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Chapter 7

Conclusion

In this thesis, quantum error-correcting codes for insertion/deletion errors were discussed. First,
the fundamentals of quantum information theory based on quantum mechanical properties were
explained, and the definition of quantum insertion/deletion codes was given.

In Chapter 3, the Nakayama-Hagiwara conditions, known as the error-correcting conditions
for single quantum deletion errors, were discussed and examples of new codes were given. Fur-
thermore, by analyzing the NH conditions in terms of the adjacency matrices of graphs, the NH
codes whose length is less than or equal to 5 were determined.

Chapter 4 focused on quantum codes with permutation-invariance and gave the construction
conditions for quantum codes that are tolerant to multiple deletion errors. Furthermore, we
gave examples that satisfy these conditions, and for the first time, we constructed quantum
codes that can correct two or more deletion errors. This construction includes multiple deletion
error-correcting codes that can also correct unitary errors, and it is the first example from that
perspective as well. The reason why we focused on permutation-invariance in this work is that
the state after deletions does not depend on the deletion position, so there is a high possibility
that it can be easily decoded. It is a future task to construct non-PI multiple-deletion codes by
considering the state after 2-deletions of codes that do not have permutation-invariance. A clue
is the decoding algorithm for Hagiwara’s 4-qubit insertion codes. This code is a rare example
of successful decoding in a technical way, even though the state after insertion error depends on
the insertion position, so it has potential for application to other codes.

Chapter 5 gave a systematic construction method of quantum codes for single insertion errors
and succeeded in discovering many quantum insertion codes, of which only one example had been
found before. We also described the relationship between the three conditions introduced here
and the NH conditions. The insertion codes presented here have been found in fewer numbers
than the codes constructed based on the NH conditions, and it is expected that the present
conditions will be studied in more detail in the future.

Chapter 6 showed the equivalence between the correctability of deletions and special in-
sertions in quantum codes. This was proved by defining the Kraus operators for deletion and
insertion errors and using the Knill-Laflamme conditions, which is also novel in itself. However,
the fact that the general insertion error is not represented by the Kraus operators in this study
is still controversial and is a future task. It should also be mentioned that all cases of single

insertion errors are considered when the quantum state before insertion is assumed to be pure.
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In other words, due to the facts shown in Chapter 6, we can say that the already known single
deletion error-correcting codes can also correct single insertion errors. In addition, if we go
into the proof of the Knill-Laflamme conditions, we may be able to understand the method of
decoding, however, it is generally difficult to describe the decoder simply. For example, for the
decoding of deletion errors given in Chapters 3 and 4, there is naturally a decoder for insertions,
but how to represent it is not known, and we would like to study it in the future. In this respect,
the decoder for insertion errors given in Chapter 5 can be described with the same simplicity as
that for deletion errors, which is also an advantage in terms of practicality.
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