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Preface

Have you heard of quantum teleportation, quantum cryptography, or quantum
computation? These seem science fiction, but are truly most-advanced scientific
topics that are growing involving physics, information science, and mathematics.
This area, called quantum information science, is information science based on
“quantum theory,” which is a fundamental theory of physics in the microscopic
world.

This area has the potential to produce fascinating technology for teleportation,
unconditionally secure cryptography, and ultrahigh-speed computer. Unfortu-
nately, although this is an emerging area, non-experts, especially undergraduate
students, have no sufficient opportunities to glance at this topic.

Considering this circumstance, professors in quantum information science have
brought out this textbook, which explains the fundamentals of quantum informa-
tion science. This book requires only first-year calculus, first-year linear algebra,
and elementary probability theory as background knowledge, and does not require
any knowledge of quantum theory and information science so that undergraduate
students can read this textbook independently. Before the publication of the ori-
ginal Japanese version, confronted with the problem that there is no undergraduate
course for quantum information science in Japan, the authors organized Winter
School of Quantum Information Science in the seminar house in Tohoku Uni-
versity in Japan in 2009, 2010, and 2011. The authors published the following
original Japanese version based on the lecture materials and the participants’
responses in the above winter school.

Title: Introduction to Quantum Information Science
Japanese title: ryoushi jouhou kagaku nyuumon
Publisher: Kyoritsu shuppan

Year: May, 2012

Number of pages: 377
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viii Preface

Precise description of quantum information science requires various background
knowledge of the related fields. Fortunately, since the five authors of this book are
from different backgrounds, this requirement is satisfied. After finishing the first
manuscript, the authors adjusted the relation between chapters. Finally, Hayashi
coordinated the whole organization.

The organization of this book and the responsible persons for the respective
chapters are given as follows. First, in Chap. 1, Hayashi introduces an overview of
quantum information science and describes the details of this textbook as its
coordinator. Please read Sect. 1.5 “Organization of this book” before reading the
contents of this book. Next, in Chap. 2, using vectors and matrices, Kimura
explains the simplified formulation of quantum theory as an expert on foundation
of quantum theory so that a beginner can easily understand it. In Chap. 3, Kawachi
describes the foundations of quantum computation and quantum circuit as an
expert of quantum computation. In Chap. 4, Kawachi treats quantum algorithms,
which are algorithms for quantum computer. For example, Shor’s algorithm is
treated as a quantum algorithm that solves factorization problem by using quantum
computer. In Chap. 5, Kimura explains the advanced structure of quantum theory,
which is necessary to learn quantum information science. In Chap. 6, Ogawa
introduces various information quantities for quantum system as an expert on
quantum information theory. In Chap. 7, Ishizaka treats quantum entanglement as
an expert on quantum entanglement and statistical physics. In Chap. 8, Ogawa
explains quantum channel coding. In Chap. 9, Hayashi treats quantum error cor-
recting code and quantum cryptography as an expert on quantum information
theory and quantum cryptography. This book is organized so that Chaps. 2—4 can
be read with elementary calculus for matrices and inner products of complex
vectors. The latter chapters require advanced knowledge for linear algebra, which
are summarized in Appendix A by Kimura, Hayashi, and Ogawa.

Since this book covers various fields in quantum information, it can be used as a
text for a lecture course or a seminar. Especially, since it contains many exercises
with solutions in Appendix B, it also can be used for an exercise course. Further, it
also treats a recent development in quantum information science. Hence, the
reader can investigate more advanced topics by using the references after finishing
this book. The authors hope that readers develop interest in quantum information
science.

Finally, the authors express their gratitude to Graduate School of Information
Sciences, Tohoku University, Grant-in-Aid for Scientific Research on Priority Area
‘Deepening and Expansion of Statistical Mechanical Informatics (DEX-SMI)’,
Global COE: Computationism as a Foundation for the Sciences (CompView
in short) of Tokyo Inst. of Tech., and the organizing committee members of Winter
School of Quantum Information Science for supporting the organization of Winter
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Preface ix

School of Quantum Information Science. The authors are also grateful to
Mr. Hideaki Hosaka, Dr. Shojun Nakayama, Mr. Yueri Wakakuwa in Tokyo
University, Mr. Ryota Nakayama in Tohoku University, Dr. Yutaka Shikano in
Institute for Molecular Science, Dr. Masakazu Yoshida in Doshisya University, and
Mr. Seiji Mizukami, Mr. Yohei Kawaguchi, Mr. Ryo Yaguchi, Dr. Wataru
Kumagai in Nagoya University for making valuable comments for this book. The
authors are thankful for Mr. Hideo Kotobuki and Ms Yoko Nakagawa for the
publication of the original Japanese version. Finally, the authors express their
appreciation to Dr. Claus E. Ascheron of Springer Science+Business Media for his
encouragement and patience during the preparation of the manuscript.

Masahito Hayashi
Satoshi Ishizaka
Akinori Kawachi
Gen Kimura
Tomohiro Ogawa
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Chapter 1
Invitation to Quantum Information Science

1.1 From Classical Information Science to Quantum Information
Science

All of information processing has been realized by the combination of physical
devices, e.g., semiconductor devices and optical fibers. The current information-
communication and information processing on the computer are designed with the
combination of these devices. Electrons in semiconductors and photons of optical
fiber ultimately obey not the classical mechanics, but the quantum mechanics. Fur-
ther, many information processing devices realizing brilliant performance use the
quantum effects inside of the devices, e.g., superconducting Josephson device and
Esaki diode. However, it is implicitly required as a basic requirement of current
information device that the device has no quantum effect in the input and output
systems. Hence, the device engineers have been required to design the information
device so that no quantum effect directly appears in the input and the output.

What is the quantum effect in the input and the output? In the traditional infor-
mation sciences, each of the input and the output is required to have a certain fixed
value at a moment although it is allowed to change in time and/or behave stochas-
tically. However, when the device is too miniaturized, the device comes to behave
as a quantum system. Then, the input and the output do not take fixed values and
take quantum superposition states. In the framework of the traditional information
sciences, the engineers adopt the strategy to avoid such quantum input and output by
limiting the quantum effects inside the device. However, when the miniaturization
of the device has been advanced, the above-mentioned strategy does not necessarily
realize the optimal performance of the total system. In order to improve the total
performance, it is better to admit devices with quantum input and output. Hence, it
is required to study information science based on the framework of quantum theory,
and such a research area is called Quantum Information Science. On the other hand,
the research area that does not take into account the quantum input and output in
each device at all is called Classical Information Science.

M. Hayashi et al., Introduction to Quantum Information Science, 1
Graduate Texts in Physics, DOI: 10.1007/978-3-662-43502-1_1,
© Springer-Verlag Berlin Heidelberg 2015
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Fig. 1.1 Classical treatment of the optical communication

In fact, thanks to research achievement up to now, it has been clarified that the
potential of information science and technology could be expanded very much if
we are allowed to use the devices with quantum input and output. It could even
say that the traditional strategy that avoids the quantum input and output works
against further improvement for the total performance of information system. Indeed,
although device engineers are familiar with the quantum effects and even utilize it,
information scientists have required so that no quantum effect appears in the input and
output due to the convenience. In future, quantum information science will become
more popular, and it will be allowed to use devices with quantum input and output,
which we expect leads to much progress of information science.

In the following, we call an information processing device a classical device
when it does not deal with quantum input and output. Otherwise, it is called a
quantum device. Then, the research area with respect to the computation with classi-
cal/quantum devices is called quantum computation/classical computation. Similarly,
the research area with respect to the communication with classical/quantum devices
is called quantum communication/classical communication. In quantum commu-
nication/classical communication, a communication channel is treated as quantum
channel/classical channel.

In the following, we explain the relation between the quantum channel and the
classical channel by taking for example a communication via an optical fiber (the
optical communication). In the case of long-distance communication via an optical
fiber, the signal is so weak that it behaves as a quantum particle. However, the tradi-
tional information science treats the optical communication in the classical way based
on the framework given in Fig. 1.1 as follows: The hardware engineers take care of
the design and implementation of all optical fiber, modulator, and photon detector,
in which modulator converts the input information (the input alphabet) to the input
photon, and the photon detector converts the output photon to the output information
(the output alphabet). It is usual that the output alphabet behaves stochastically and,
when the characteristics of the hardware (fiber, modulator and detector) are fixed,
the probability distribution is decided depending on the input alphabet only. In this
way, in the classical communication, the optical fiber, modulator and photon detector
are encapsulated like in a single device, a classical channel, which is characterized
by a probability distribution of the output alphabet as a function of the input alpha-
bet. Then, information scientists do not deal with the internal physical structure of
the channel, such as a state of a photon, at all. They employ classical mechanical
description of the channel, and as a result, they design an encoder and decoder as a
classical device that converts between messages and alphabets.
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Under the framework of quantum information science, we do not encapsulate
modulator, optical fiber and detector; instead we regard the encoder and modulator as
asingle device as shown in Fig. 1.2. The single device directly converts the message to
the photon inputted to the fiber that is called a quantum encoder. Similarly, we regard
the photo detector and the decoder as a single device directly converting the output
photon to the message, which is called a quantum decoder. Hence, we can extract the
maximal performance of the optical fiber. As a variant, we can formulate the optical
communication like Fig. 1.3. In this formulation, the photon detector and the classical
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decoder are encapsulated to the quantum decoder. Similarly, the modulator and the
quantum channel are encapsulated to the classical-quantum channel. Even in this
framework, we need to take into account the non-commutativity caused by quantum
property of the output signal so that quantum treatment is essentially required.

In both formulations, information scientists have to design quantum devices as
explained in Fig. 1.5. Comparing Fig. 1.5 with Fig. 1.4, it is clear that they have to
cover a wider field including physical layer. In quantum information science, we
consider the information processing based on a hierarchical structure different from
traditional hierarchical structure.

Here, we should remark that there are two types of tasks in quantum channel
coding as follows. The purpose of one task is to transmit classical messages, and
the other is to transmit quantum states. While the above discussion considers the
transmission of the classical messages, it is possible to transmit a quantum state via
a nosiy quantum channel. The latter is often called quantum error correction, and
cannot be described by Fig. 1.2. The classical-quantum channel can realize only the
task of transmitting the classical message, but the quantum channel can realize both
tasks, i.e., transmitting the classical message and transmitting the quantum state.
Chapter 8 discusses the coding for the classical-quantum channel, which gives a
foundation of transmission of the classical message via the quantum channel.'

1.2 Further Expansion of Quantum Information Science

Quantum information science is different from the traditional information science
not only in the framework of the information process, but also in the possibility of a
new task that is impossible in the traditional method.

The quantum computation and quantum cryptography fall in this category. Quan-
tum cryptography can guarantee the information theoretical security by assuming
only physical laws as assumption. On the other hand, the security of the current
cryptography is based on the calculation time. That is, in the latter cryptography,
although the cipher text (the encrypted text) by itself contains all information to
recover the plain text (the original text to be sent) in principle, they consider that the
cryptography is secure because the relation between the cipher text and the plain text
is so complicated that there is no effective algorithm to recover the plain text from
the cipher text.” The security based on the calculation time is called computational

! As is mentioned here, even though the formulation in the classical setting is uniquely determined, its
quantum extension often has plural formulations. Thatis, one classical formulation might correspond
to plural quantum formulations, in general. When a beginner of quantum information science
considers a quantum version of a given problem in the classical information science, he often
discuss it with believing that there uniquely exists the quantum extension. Hence, if another person
considers a different quantum extension, their argument mismatches each other.

2 In this case, it is required that it is easy only to convert the cipher text from the plain text, and it is
not easy to convert the plain text from the cipher text. Furthermore, in order that only the authorized
receiver can decrypt the cipher text, it is also required that an additional information kept only by
the authorized receiver enables to convert the plain text from the cipher text.
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security. Hence, if a new algorithm for effective decryption or a speed up of calcula-
tion time is available, the security is threatened. On the other hand, the information
theoretic security is guaranteed under the assumption that any information of the
plain text cannot be leaked to an eavesdropper, even from the cipher text. Needless
to say, the information theoretical security is better than the computational security.
There are several types of information theoretic security, one of which is guaran-
teed under the assumption that the property of the physical device partially restricts
the eavesdropper to access the information. In the case of quantum cryptography,
the security is guaranteed by the physical law of quantum physics that inevitably
restricts the eavesdropper to access the information. Currently, except for quantum
cryptography, there exists no cryptography system that guarantees the information
theoretical security without any assumption for the eavesdropper.

On the other hand, introducing algorithm utilizing quantum effects, quantum
computation can drastically improve the calculation time for several problems whose
effective algorithm is not given in the current technology, e.g., factorization problem.
No known algorithm can efficiently solve the factorization problem in the framework
of the traditional computer science. However, Shor’s algorithm can efficiently solve
the factorization problem by using quantum computer. The difficulty of the factor-
ization problem is used as the assumption guaranteeing the computational security of
the RSA protocol, which is one of the most popular cryptography protocols. Hence,
Shor’s algorithm gave a strong impact because realization of quantum computer
enables to decrypt the RSA protocol. The power of quantum computer is often con-
sidered to originate from its capability of parallelism. In fact, a quantum computer
can execute a vast number of calculation processes in parallel by superposing the
calculation processes as a quantum superposition state. However, if we measure the
superposition state wishing to obtain all the final results of the calculation processes,
we can only obtain a single result of a randomly selected process. The capability
of quantum parallelism only usually does not provide any benefit for us. In order
to utilize an advantage of a quantum computer, it iS necessary to extract a process
whose result just matches a condition to solve the problem. So, in addition to employ
the quantum parallelism, an efficient quantum algorithm employs a quantum inter-
ference effect and amplifies a state among the superposed states such that the result
corresponding to the amplified state matches the condition. For example, Grover’s
algorithm explained in Sect. 4.3 directly amplifies the state corresponding the correct
solution.

In order to realize quantum information processing, we need to experimentally
implement all components as quantum devices as well as to propose quantum pro-
tocols, e.g., the above mentioned quantum algorithms and quantum cryptography
protocol. Hence, quantum information science can be mainly divided into two areas:
the first area theoretically explores the possibility of quantum information proto-
col, and the other area experimentally implements the quantum devices realizing the
quantum information processing. The former targets to find and analyze quantum
protocols. The latter studies various technologies of condensed matter physics and
various materials for realizing quantum device experimentally. As an intermediate
area, they often study to find candidates of the materials realizing the quantum device
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This book mainly covers the theoretical part, which has two main sub-areas. One
is the quantum computer area to study quantum algorithms and their possibility, and
the other is the quantum communication area treating quantum communication and
its possibility. The quantum cryptography can be regarded to belong to the latter
area. There are also two sub-areas: “foundation of quantum theory” to study the
formulation of quantum theory from the viewpoint of quantum information, and
“quantum entanglement” to study the entanglement of quantum system. There is
a further sub-area: “quantum statistical inference” to study statistical inference of
quantum state or channel. Note that there is also a sub-area “quantum non-locality”
but is not covered by this book. Quantum information science contains not only
quantum computation and quantum communication, but also various areas related
to their foundations. In the following, we describe the relation more deeply.

1.3 Feedback from Quantum Information Science to Physics

When we revisit quantum theory from the viewpoint of information science, we find
various aspects of quantum theory, which cannot be found from the traditional view-
point. Many standard textbooks for quantum theory introduce the formulation of
quantum theory via canonical quantization after explanation of analytical mechanics
over the phase space due to the historical reason. However, since this type explana-
tion uses analogy with classical mechanics over the phase space, there exist readers
who have an unnecessary picture related to the classical phase space for the quantum
system. Such a picture often inhibits a proper understanding of the quantum theory.
In order to avoid such a negative effect, it is better to explain only the formulation
of the quantum theory itself. But, it might be difficult for the reader to master such
an abstract framework for quantum theory due to the abstractness. Fortunately, since
quantum information science has a concrete purpose to design information process-
ing on quantum systems, the reader can understand the theoretical formulation of
quantum theory via several concrete examples by excluding an unnecessary picture.
When the reader is interested only in the information scientific aspect of quantum
theory, he/she needs only the theoretical framework of quantum theory.

Quantum information science regards a quantum system as an information
processing component that has inputs and outputs with proper relations. For this pur-
pose, we need a minimum description for the probabilistic relation between inputs
and outputs. In fact, usual textbooks of quantum mechanics do not have such a min-
imum description. Chapters2 and 5 give such a desired description for quantum
system, which is a product from quantum information science and has never been
obtained from the traditional context of physics. These chapters treat the theoreti-
cal framework of quantum theory based on “operations” e.g., state preparation and
measurement. Thanks to the treatment, the reader can understand what quantum
theory can predict and how to apply quantum theory. Hence, the reader can grasp
the operational framework of quantum theory based on operations implemented
by experimentalists rather than the interpretation problem of quantum theory, e.g.,
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Copenhagen interpretation. Unfortunately, the traditional physics does not have the
key concept to grasp the quantum theory from the operational viewpoint excluding
the historical factors. Fortunately, quantum information science has the purpose for
performing information process in the quantum system, which works as a key concept
to perform the above description for quantum theory. This type of understanding of
quantum theory is not sufficient for realization of quantum information processing in
actual systems. When the reader investigates actual quantum information processing,
he/she needs to study the usual formulation, e.g, canonical quantization, and concrete
descriptions for atoms, molecules and condensed matters, separately. Even for such
an investigation, the study of the above theoretical framework of quantum theory is
helpful for precise use of quantum theory.

In particular, our description for quantum dynamics is quite different from that
of traditional textbooks of quantum theory. Traditional textbooks of quantum theory
describe quantum dynamics as a form of differential equations. The methods were
suitable to deal with the determination of whether the state is stable or unstable,
but did not provide the simple relation between the input and output states under
the quantum dynamical system, e.g., optical communication system.> On the other
hand, quantum information science emphasizes the relation between the input and
output states rather than the stability of states. This treatment enables us to treat the
quantum communication according to the formulation of information science.

The formulation for the quantum system given by quantum information science
yields the great contribution for entanglement theory, one area of modern physics, as
well as for quantum computation and quantum communication. Heretofore, entan-
glement has been studied in the relation with the non-locality by Schrédinger and
negation of the local realism by Bell among researchers of foundation of quantum
theory. Most of them are speculative and are not quantitative. Hence, most of physi-
cists have heard the name of entanglement but have not payed deep attention to it.
Even more, they have no idea for quantifying the amount of entanglement. Quantum
information science introduces the concept of “local operations and classical com-
munications (LOCC)” as a foundation for quantifying the amount of entanglement.
The concept is essentially based on the description of quantum theory that is estab-
lished in the context of quantum information science. Combining the idea of coding
and information quantity, e.g., entropy given in Chap. 6 to the concept of LOCC, we
can formulate the quantification of amount of entanglement as in Chap. 7. Similarly,
the development of the description for measuring process also greatly contributes
the foundation of quantum theory. This progress enables us to describe measuring
process that cannot be written as unitary dynamics, and produces the progress of the
measuring technology.

Since quantum information science has greatly contributed internal problems
of physics, it can be expected that the viewpoint of quantum information science

3 A mathematical foundation of statistical mechanics has a similar mathematical formulation. This
direction has generated an important area of mathematics “operator algebra” and has contributed
many results useful for quantum information science. However, statistical mechanics is different
from quantum information science in that statistical mechanics uses a density operator as an ensem-
ble of many particles while quantum information science uses it as a state of one particle.


http://dx.doi.org/10.1007/978-3-662-43502-1_6
http://dx.doi.org/10.1007/978-3-662-43502-1_7

8 1 Invitation to Quantum Information Science

plays an important role for development of physics. For example, quantum error
correction given in Chap. 9 can be regarded as one approach to decoherence, which
has been discussed in physics for a long time. Generally, interaction between the given
quantum system and the environment generates decoherence, and demolishes the
coherence of the state when the state is a superposition among basis states. Quantum
information process, in particular quantum computation, desires a technology that
preserves the coherence of the quantum state. Quantum error correction treats the
dissipation process of coherence by decoherence as state transmission via a quantum
channel so that we can protect the quantum state by the proper combination of
the encoding and the decoding. The framework of quantum information science is
essential for producing these ideas.

1.4 Toward Realization of Quantum Information Processing

Decoherence caused by the noise appears in quantum cryptography. In the
quantum communication, it is possible to use the bit-basis states and the phase-
basis states, which is an advantage of quantum communication. Consider the case
when the messages to be sent are converted only to the bit-basis states in spite of
the above advantage. Although the message can be correctly transmitted even with
decoherence, the information for the message might be leaked behind decoherence.
In fact, when the message is transmitted via the bit basis, the amount of leaked
information can be evaluated by the amount of decoherence with respect to the bit
basis, i.e., the amount of breaking the superposition with respect to the bit basis.
Hence, avoiding decoherence is an essential problem for realizing secure quantum
cryptography. The amount of decoherence can be expressed by the error probability
in the phase basis, which is the dual basis of the bit basis. Indeed, if we perform the
encoding and the decoding for quantum error correction before or after the quantum
communication channel, the error probability in the phase basis becomes sufficiently
small. So, this method can guarantee the security for the quantum cryptography even
when there exists decoherence in the quantum channel. However, it is not so easy to
realize the encoding and the decoding for quantum error correction with the current
technology. Hence, it had been thought that it is difficult to realize quantum cryp-
tography. Since the final purpose of quantum cryptography is secure transmission
of classical message, we might expect that the encoding and the decoding for quan-
tum error correction can be replaced by classical information processes. In fact, this
expectation is correct. That is, in the case of quantum cryptography, these processes
can be replaced by the classical error correction and the privacy amplification. The
classical error correction corresponds to the error correction for the bit basis, and the
privacy amplification realizes the error correction for the phase basis by sacrificing
the bit-length. Hence, the privacy amplification is directly linked to the disablement
of leaked information. Since it is theoretically guaranteed that quantum cryptogra-
phy can be implemented by the combination of existing technologies, many people
believe that it is mostly close to practical use among quantum information technolo-
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gies. In this scenario, the communication with the phase basis enables us to estimate
the amount of the phase error in the original quantum channel. This information can
decide how many bits should be sacrificed in the privacy amplification.

Currently, the National Institute of Information and Communication Technology
(NICT) in Japan organizes a large project for realization of quantum key distribution,
and it succeeded in demonstrating a secure TV conference with an installed fiber
over a distance of 45km by using a commercial QKD product for long-term stable
operation [1]. Similar demonstration has been done in Switzerland [2]. We can expect
its practical use. For its further transmission, we need quantum repeater that relays
more than two quantum channels with keeping the coherence of the input state.
Quantum computation is the quantum information technology that is next close
to practical use. Unfortunately, its practical use has serious difficulty because it
requires keeping the coherence for quantum memory. It can be expected that quantum
computation becomes practical use when quantum memory is established according
to the demand by quantum repeater technology.

The target of the practical use of quantum information science gave experimental
physics a large effect. Traditional experimental physics emphasizes the treatment
of the ground state. However, quantum information science requires to implement
a given unitary operation, e.g., CNOT-gate. Such a request has never been required
among traditional experimental physics. Several new technologies have been devel-
oped as a result for experimentalist’s answer for such a harder request. Hence, we
can expect developments of new technologies under the direction of quantum infor-
mation science. Since quantum information science has provided a new viewpoint,
new problems, and new targets, it has activated related research fields. This trend
will continue future.

1.5 Organization of This Book

First, for accessibility for beginners, Chap.2 treats the simplified formulation of
quantum theory based on vectors and matrices. While a standard lecture of quantum
theory in department of physics often starts with its history and the relation with
analytical mechanics, this book daringly omits these topics, which are not necessarily
needed for quantum information science. It starts with basic concepts of physical
system, state, and observable. Then, it gives a formulation of quantum theory only
for the two-level quantum system, which is called the qubit. As the first step, it
deals with a measurement for the qubit system, a time evolution corresponding to a
quantum computing process, a composite system that is required for simultaneous
treatment of plural qubit systems. The reader can understand the contents of Chaps. 3
and 4 based only on these basic knowledges.

Chapter 3 devotes foundation of quantum computation and quantum circuits. This
chapter, firstly, describes the foundation of computer science, and explains quantum
circuits based on the relation with classical logic operation. It is recommended to read
this part even for the readers who are not interested in quantum computation because
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this part will be used in the latter chapters. Chapter 4 discusses quantum computation
more deeply. This chapter explains three typical quantum algorithms for quantum
computer. The first is Deutsch-Jozsa’s algorithm, the second is Grover’s algorithm
for a search problem, and the third is Shor’s algorithm for prime factorization.

Chapter 5 discusses two different types of topics. The first half of this chapter
devotes the traditional formulation of quantum theory based on the postulates.
The formulation given in Chap.2 is more precisely described here. However, this
traditional formulation is not sufficient for studying the topics in quantum
information science except for quantum computation. In order to resolve this prob-
lem, the latter half of this chapter devotes a more advanced structure of quantum
theory. The preceding chapters describe quantum information processes without any
noise, but the latter chapters describe quantum information processes containing
noise. For this purpose, we need to introduce the concept of mixed state, which
describes a noisy quantum state. In quantum theory, a noisy quantum state and a
noisy time evolution cannot be described by simple stochastic mixtures of the noise-
less cases. The latter half of this chapter introduces the framework of quantum theory
for the description of a noisy quantum state and a noisy time evolution. A noiseless
state given in the first half is called a pure state, and a noisy state given in the latter
half is called a mixed state. The latter half also discusses the description of measure-
ment deeply. It formulates the concepts of state, measurement, and time evolution in
the optimum way for studying quantum information science, which are essential for
latter chapters.

Chapter 6 deals with various information quantities in quantum systems. The
concept of entropy plays a central role in quantum information science like in classical
information science. This chapter explains these information quantities and their
mathematical properties, which will be used in the latter chapters.

Chapter 7 addresses entanglement in a quantum system, and explains its related
topics, quantum teleportation, dense coding, and quantum data compression. Next,
it discusses the key concept of quantum information science, local operations and
classical communications (LOCC), and discusses the convertibility of entanglement
based on LOCC. The amount of entanglement is quantified based on the convert-
ibility. The above mentioned theory has been established in the bipartite pure states
case, but the bipartite mixed states case requires more difficult treatment. The end of
this chapter makes mention of the bipartite mixed states case.

Chapter 8 addresses the quantum channel coding, which discusses the transmis-
sion of the classical message via a quantum channel. In fact, Nagaoka proposed the
conjecture “Many things can be understood with the hypothesis testing via the infor-
mation spectrum”.* Chapter 8 is organized according to this conjecture. That is, we
firstly treat the quantum hypothesis testing. Then, we explain the relation between

4 The information spectrum is a unified method in information theory proposed by Han-Verdi in
1993 [3], in which, the asymptotic optimal performance can be characterized by the likelihood
ratio. This conjecture has been proposed by Nagaoka [4] in 1999, and is called Nagaoka’s dream.
After his proposal, many topics has been characterized in the relation with the hypothesis testing,
e.g., quantum channel coding, quantum source coding, entanglement concentration, entanglement
dilution, channel resolvability, wire-tap channel coding, and reverse Shannon theorem.
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the channel coding and the hypothesis testing. Based on the relation, we treat the
quantum channel coding, and show the quantum channel coding theorem for the
transmission of the classical message, which gives the limit of transmission rate.

Chapter 9 deals with the quantum error correction and quantum cryptography. The
quantum error correction discusses the transmission of the quantum state via a noisy
quantum channel, which is different from the problem discussed in Chap.8. The
beginning part discusses the classical error correction based on an algebraic method.
Using the knowledge of the classical error correction, the second part treats the
quantum error correction. Then, using the property of the quantum error correction,
we treat the secure communication of the classical message via a quantum channel.
Based on quantum error correction, the final part discusses the quantum cryptography.
It is possible to consider the channel coding theorem for the transmission of the
quantum state, which gives the limit of transmission rate. However, this book does
not deal with the optimal transmission rate and explains only the rate based on the
algebraic construction. This is because the algebraic construction is closely related
to the quantum cryptography.

A common distinction among Chaps. 7, 8, and 9 is the characterization of the (opti-
mal) rates of respective information protocols by the respective information quanti-
ties such as entropy. Such a characteristic is a common property among information
theory, entanglement theory, and statistical mechanics, which reflects a common
structure of large size many-body system.

This book is organized so that Chaps. 2, 3, and 4 can be understood with elementary
calculations for matrices, vector spaces, and probabilities. Chapter5 and the latter
chapters require knowledges of (coordinate-free) linear algebra, which is summarized
in Appendix A. Since Chap.9 treats an algebraic treatment, it additionally requires
knowledges of linear algebra over a finite filed, which is also summarized in Appendix
A. In Appendix A, mathematical basic knowledges to study quantum information
theory are summarized in a self-contained form so that it can be read as an independent
chapter.

The description of Chaps.2, 3, and 4 are different from that of the latter chap-
ters. The reason is the following. In quantum mechanics, an observable (a physical
quantity) is an operator, which can be represented by a matrix. However, the matrix
representation has an ambiguity such that the representation depends on the choice
of a coordinate (or a basis), and hence it is not a convenient way in most fields of
quantum information science. In the field of quantum computation, however, there
is no such ambiguity because the computational basis can be widely and naturally
used for the representation basis. From the above reasons, Chap. 2 adopts the matrix
representation from the beginning, which is beneficial to make the introduction eas-
ier. Originally, however, an observable should be precisely dealt with an operator,
and we adopt the precise description from Chap. 5.
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Chapter 2
Quantum Mechanics for Qubit Systems

2.1 Preliminary

Quantum mechanics (QM) is a physical theory to explain the microscopical world
(typically of atomic scales) with extraordinary high accuracy. In QM, we encounter
several “weird” phenomena, such as the superposition of states, the uncertainty prin-
ciple, and an entanglement (a “stronger” correlation than classical one). Quantum
information science is a recently developing field of information science which turns
these “weirdness” of quantum phenomena to the marvelous applications of infor-
mation processings, such as a super-fast computation (Chap. 4), a teleportation of a
state (Chap. 7), and an unconditionally secure cryptography (Chap.9).

While learning QM is a must for quantum information science, it is not indispens-
able to start from traditional textbooks of QM. Required ability is rather to understand
the basic concepts and the theoretical structure of QM, especially to grasp the range
(the set) of quantum states, measurements, time evolutions, etc., for the possible
applications to information processings.

With this in mind, we introduce the theoretical framework of QM as a theory of
probability! from operational point of view. Indeed, an outcome of each measurement
of physical quantity is typically random in quantum systems, and QM is a theory
to predict its probability (see Fig.2.1). More precisely, the basic proposition QM
predicts is

what is the probability to observe a certain

measurement outcome under a given state. 2.1

With this proposition at the core, we need to learn the description of quantum states
and measurements, in addition to the laws of time evolution and composite systems
of QM.

! This idea is based on the Copenhagen interpretation, one of the most famous interpretations of
QM, and is widely accepted at least for the usage of QM.

M. Hayashi et al., Introduction to Quantum Information Science, 13
Graduate Texts in Physics, DOI: 10.1007/978-3-662-43502-1_2,
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2. Perform a measurement
1. Prepare a quantum of a physical quantity M
system in a state ¢
3. You randomely get one
of measurement outcomes
-

N

~

“=Ppm

Electron, photon, g4 This time, I got “m™

Quantum Mechanics predicts its probability !

Fig. 2.1 An illustration of a state-preparation and a measurement in quantum system

In this chapter, we explain QM through a qubit system (2-level quantum system),
which is the most elementary quantum system with only two orthogonal states. The
purpose is to survey the world of QM in order to get familiar with physical concepts
and mathematical tools of QM at a cost of generality. Moreover, a composition of
qubit systems provides a platform for the realization of several quantum information
processings. Indeed, in quantum information science, a qubit system plays a role of
the unit of information as a generalization of a bit in classical information science.
After reading this chapter, the reader will be able to understand most applications in
quantum information sciences. (The general theory of QM is explained in Chap.5
in detail.) The background knowledge required for this chapter is an elementary
probability theory with finite outcomes and a simple linear algebra on the complex
Euclidean space C?.?

Finally, let us give a few remarks for those who study QM for the first time.? In
any physical theory, we use a mathematics as a reliable and useful language mainly
to logically, quantitatively and universally describe our nature. However, the way
to use a mathematics in QM is quite different from that in classical physics. As
we shall see soon, we use mathematical tools such as vectors and matrices (linear
operators) for the description of QM. However each mathematics by itself does
not directly correspond to any physical statement, but only after combining (and
calculating) them, we get a physical statement typically of the probability law (2.1)
which is testable in experiments. On this point, it always happens for the beginner
of QM to feel a sense of discomfort.* We just advice here; don’t bother with this

2 The only difficulty would be the tensor product for the description of composite systems. However,
this is also explained in this chapter and Appendix A.5 in detail.

3 We recommend to read this part again after studying this chapter.

4 For instance, physical quantities of QM will be represented by complex matrices which are
generally non-commutative to each other (see Sect.5.2.1). Many beginners naturally wonder why
physical quantities are non-commutative.


http://dx.doi.org/10.1007/978-3-662-43502-1_5
http://dx.doi.org/10.1007/978-3-662-43502-1_5

2.1 Preliminary 15

matter for the present. Indeed, such mathematical representations in QM are given a
priori without any convictive physical reasoning, and the validity for the usage is only
established by the fact that the predictions of QM perfectly coincide with all quantum
phenomena observed in experiments.> On the other hand, the reader should recognize
that QM can still be interpreted—at least from the viewpoint of positivism—as an
operationally well-defined probabilistic theory. Indeed, after fixing a state and a
measurement of QM, the probability can be treated just as the same in classical
probability theory [9]: As normal, the probability in QM can be interpreted as the
(convergent) frequency with a large number of trials. Therefore, the general property
of probability (the positivity and the normalization of a probability, the addition
law for exclusive events, etc.) and any derived notions of probability (an expectation
value, a standard deviation, the conditional probability, etc.) are completely the same
as those of classical probability theory.

2.2 Preparation

We begin with a brief introduction of physical concepts required not only for QM
but also for any physics. The Dirac notation, a peculiar notation of a vector, in QM
is also explained here.

2.2.1 Conceptual Preparation: Physical System, State,
Measurement of Physical Quantity

One of the main purposes of physics is to understand and predict natural phenomena
with scientific methods. To do this, it is convenient first to restrict the range of the
“object” in which we are interested; otherwise, we always have to treat a whole
universe. In other words, we have to identify what physical system we are dealing
with. In particular, a quantum (mechanical) system is a physical system typically at
atomic scale where quantum mechanical effects appear. The typical examples would
be physical systems of atoms, electrons, photons, etc., but also could be a partial
system by focusing on a particular freedom of a particle like a spin of an electron
and a polarization of a photon. Moreover, to describe the relation between physical
systems, e.g., their interaction and correlations, we need to treat the physical systems
as a whole. A physical system composed of multiple physical systems is called a
composite system.

The characteristics of a physical system are determined by physical quantities.
The typical examples of the physical quantities include position, momentum, energy,
(spin) angular momentum of a particle, polarization of a photon, etc. Needless to say,

5 For those who are interested in the fundamental aspects of QM, see e.g. [1, 2] for the possible
interpretations of QM; [3, 4] for the profound fact on the reality related to the entanglement; [5-8],
and references therein for the recent attempts to derive QM from purely physical principles.
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physical quantities should be able to be measured in experiments. In this context,
they are often called observables.

Depending on a way of preparation, a physical system can be in a variety of
different states. The reader may image a “‘state” as the same notion used in a daily
life. However in physics, a state is an important technical nomenclature with a clear
scientific definition. Operationally, a state is responsible for how a physical system
responses to measurements of physical quantities. Therefore, it can be formally
defined as the “list” of physical responses to measurements of all physical quantities
(see also Sect.5.1.1). As the responses in QM are observed a probabilistic process,
a state of QM can be formally defined as a function from physical quantities to
the probabilities of each response. In the standard description of QM, however, we
mathematically represent each of a state and a physical quantity separately, and give
arule to combine them to calculate the probability (see Sect.2.3).

2.2.2 Notational Preparation: Dirac Notation

In QM, we usually use a peculiar notation for the description of vectors which is not
used in mathematics community. The notation is called a Dirac notation introduced
by the famous physicist Dirac [10] and is quite useful and reasonable to describe
the theory of QM. As we also use this notation throughout this book, we explain it
here by restricting to the complex Euclidean space C¢. (For the general case, see
Sect.5.1.3.)

In the following, a, b, c (also ay, a; . . ., etc.) are complex numbers, while d repre-
sents the dimension of a vector space. The capital letters A, B, C representd x d com-

. . . 241
plex matrices. We consider a vector in Cd as acolumn vector, e.g., ( _ 5—:_ 6i ) S (C2,

which is sometimes abbreviated as (2+i, —5+6i)” with the transposition symbol 7
to save a space.

[A] 1)) denotes a (Column) Vector

In Dirac notation, a column vector of C¢ is denoted with the ket syrnbol6 | } such as

| | 0 341
|w>=(2+l.),|0>=(0),|1>=(1)e<c2,|¢>>= 2 | eC et

—4i
(2.2)

6 The symbol | ) is called a “ket” as it represents the right half of the “bracket” (, ).
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One of the roles to introduce the ket symbol is to make one possible to
recognize that the object is a (column) vector.” In Dirac notation, a column vec-
tor is sometimes called a ket vector. Inside the ket symbol, any symbol can be used,
which identifies the specific vector. In QM, we usually use a Greek character like
[V), |9), |€), etc., while in quantum information science, we often use a bit sequence
like |0), |1), |0100), etc., with an encode of information to a quantum state in mind.
However, the zero vector (0, ..., 0)7 is exceptionally denoted simply by 0, without
the ket symbol. (The reader should judge whether O represents a zero as a number
or the zero vector by the context.) Notice that the symbol |0) does not represent the
zero vector as in (2.2). We sometimes use an abbreviation for a linear combination
of vectors: a vector a|v) + b|¢) can be denoted by |av) + bo).

The reader might think that the use of the ket symbol is redundant especially if you
are familiar with a notational convention in mathematics, where a vector is simply
denoted like ¢). However, there are many advantages to use Dirac notation, which
will be explained later. Here, we just point out one advantage which is particularly
important in quantum information science. For the physical realization of information
processing, we often need to encode a bit sequence (classical information) to a
physical state. As we shall see soon, a quantum state is represented by a vector, and
by introducing the ket symbol, one can clearly distinguish between a bit sequence
(e.g. 0100101) and the encoded state (e.g. |0100101)). On the other hand, if the
conventional notation in mathematics is used, the encoded state would be denoted
like 100100101 and the important information of the bit sequence is degraded to just a
subscript [11].

[B] (| denotes the Conjugate Transpose of |1))

In Dirac notation, the conjugate transpose of a column vector [1)), i.e., the row
vector with the complex conjugation, is denoted by (w|. Namely, for |¢)) =
(ai,an, ..., ad)T, we have

(] = (a1, az, ..., aq). (2.3)

For instance, we have ()| = (1,2—i), (0] = (1,0), (1| = (0, 1), {(¢| = 3—1i, 2, 4i)
for vectors in (2.2). The symbol ( | is called a bra® and (1| is sometimes called a
bra vector. Remind that both a column vector and a row vector with dimension d
can be considered as a d x 1 matrix and a 1 x d matrix, respectively. With this in
mind, a bra vector (1| is just an adjoint matrix® of |¢)):

7 In the elementary textbook of mathematics, the symbol ~ is sometimes used to represent vectors
_ 1 . I .
likea = (2) One can simply replace ~ to | ) in Dirac notation.

8 This is because ( | represents the left half of the “bracket” (, ).

9 The adjoint matrix (the conjugate transpose) of a dy x d) matrix A = (a;;) is defined as the
dy x dy matrix (@j;), and is denoted by A". For instance,
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(Wl = ).
Next, we consider the combinations of ket and bra vectors.

[C] (¥| @) represents the Inner Product

First, we consider the matrix product of a bra vector, 1 x d matrix, from the left
and a ket vector, d x 1 matrix, from the right. Then, the obtained matrix is 1 x 1
matrix, or equivalently just a scalar (a complex number): For column vectors [¢) =

(ai,...,az)T and ¢y = (by, ..., b)Y € 4, we have
(Wl 1¢) = @1,....aq) [ : | =D @b eC. (2.4)
by i=1

Notice that the result coincides with the complex Euclid inner product between
two vectors [1)) = (a1, ...,aq)" and |¢) = (b1, ...,bs)T € C? in this order. For
the consistency of the notation, in Dirac notation, we denote the inner product by

d

(Wlo) == D aib;. (2.5)

i=1

Namely we have

(¥l 1) = (W19). (2.6)

With this notation, (¢)|¢) has the two meanings, “the matrix product of a bra vector
and a ket vector” or “the inner product of two ket vectors |¢)) and |¢)” , and we can
utilize both their properties. For instance, it is often useful to use the associative law
of a matrix product (of bra and ket) in calculation, while the general property of an
inner product'? is quite useful to formalize the theory of QM. We denote the Euclid
norm of a vector |¢) simply by ||¢)|| without a ket symbol:

Wl = V@) = [ lail.
(Footnote 9 continued)

2—-3i 1-6i 2+3i —1-5i
A= (—1 +5i 4+7i) = AT = (1 +6i 4—Ti )
10" The essential properties of an inner product are (p1) the positivity with non-degeneracy, (p2)
the (conjugate) symmetry, and (p3) the linearity in the second argument (see Appendix A.2.2 in
detail). Namely, (pl) (¢[¢)) > O for any |¢) € c?, while the equality holds if and only if |¢)) = 0,
(D) (0lY) = (ld), (p3) (Ylagy + bez) = a(i|d1) + b{¥|¢2). The reader should check these
properties for Euclid inner product by the definition (2.5).
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As an example of the Dirac notation, the condition that the set of vectors {|1;)}" |
is an orthonormal system'! can be written by Wilv) =0ij G, j=1,...,m) with
the Kronecker delta symbol.'?

Excercise 2.1 Calculate (1)|¢) for [¢) = (1 4+ 2i,2 —i,3)T and |¢) = (=5 —
3i,4,24+0)T.

[D] |4) (@] is a Matrix

Next, we consider another matrix product by swapping the order of a ket and a bra.
A product of a ket vector, d x 1 matrix, and a bra vector, 1 x d matrix in this order,

is ad x d matrix. For |¢) = (b1, ..., bg)T and |¢)) = (a1, ..., aq)" € C?, we have
by byay --- brag

o) l=1| : | @1, ...,aq0) = oo . (2.7)
ba bgay - - - baaq

The symbols for the inner product (1)|¢) and the matrix |¢))(¢| might look similar
but are completely different; the former is a scalar and the latter is a matrix!

Now observe a matrix product of [1))(¢| to a vector |€) = (c1, ..., ca)T:
biay --- biag c1 (> aici)b

o) (11E) = ooro = : = @I)19). (2.8)
bgay - - bgaq cd (> aici)bg

In general argument, it is sometimes preferable to recognize the definition of |@) ()|
not by the matrix elements of (2.7) but by its effect of the multiplication to an arbitrary
vector |£):

|9)(WIIE) = (Y1€)|d). (2.9)

(See also [D] in Sect.5.1.3.)

One of the advantages to use Dirac notation is to make a calculation easy. The
point is to first calculate a combination of bra and ket in this order as it becomes just
a scalar. For instance, the result (2.9) is trivial if one computes the pair of ()| and
|€) first. Also, we trivially have

[DY@IE) (X)) (] = (DIE) (nx) |P) (pl, ete.

1 The set of vectors is called an orthonormal system if the vectors are mutually orthogonal (i.e.,
the inner product is zero) and the norms of all the vectors are 1.

1i=j
125"’":{0 i#
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The reason why these computations are possible is due to the associative law
of matrix multiplication.'> From this property, as long as we keep the order of
matrices, we can freely choose the combination of adjacent matrices to compute their
multiplication first. Moreover, as the matrix product also satisfies the linearity,'* we
don’t have to much care for the order of a summation, either.

The reader will gradually get used to and benefit from Dirac notation through the
examples from the next section.

Excercise 2.2 Let |¢) = (2i,3)7, |v) = (1, )T, &) = 1+, 27T, |x) = 3, =i)T.
Calculate (£|(|¢){(¥])|x) in the following two ways: (i) First, calculate the matrix
A := |¢)(¢| and the vector |x)’ := A|x), and finally the inner product between |£)
and |)’. (ii) Considering (£|(|¢){(1)|)|x) as products of bra (£|, ket |¢), bra (1|, and
ket |x), and calculate first ({|¢) and ()| x), and finally multiply them.

2.3 Qubit Systems

In this section, we survey the theory of quantum mechanics through the qubit sys-
tem, ! the simplest example of a quantum system. (See Chap. 5 for the general theory
of QM.)

Roughly speaking, a qubit system is a quantum system where two outcomes are
randomly obtained under the typical measurements.'® Indeed, a qubit system is a
quantum version (the quantization) of a classical bit system with two root events
such as a system of a coin toss.

Theoretically, a qubit system is a quantum system described by a vector space C2.
As we explain below, states, measurements, time evolutions of a qubit system are
represented by vectors of C2 and 2 x 2 complex matrices. Although the way to predict
a probability with these mathematics seems to be kind of strange, the important
thing to remember is that the result perfectly coincides with what is happening in
the microscopic world. Indeed, a qubit system is physically realized by the spin of
an electron and the polarization of a photon, etc.

13 For matrices A, B, C, we have A(BC) = (AB)C.

14 For matrices A, B, C, it follows (A + B)C = AC + BC and C(A + B) = CA + CB.

15" A qubit system is sometimes abbreviated simply as a qubit, which is used as an information unit
of a quantum information science, the quantum analogue of the classical bit.

16 [Advanced Remark] One can consider a measurement with more than or less than two outcomes
even in a qubit system. For instance, the measurement of observables with degenerate eigenvalues
have only one outcome (Sect. 5.2.1). Moreover, POVM measurement can have more than and equal
to three outcomes (Sect. 5.3.2). With this point of view, a qubit system can be operationally defined
as a quantum system where the maximum number of the distinguishable states is two.
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2.3.1 A Qubit System

The rules of measurement in a qubit system are summed up as follows:

(R1) A state is represented by a unit vector'” |¢) in C2.

(R2) A measurement is represented by an orthonormal basis (ONB) {|¢g), |¢1)} of
c2.

(R3) When we perform a measurement {|¢o), |¢1)} under a state |¢), we get an
outcome i = 0 or 1 randomly with the probability

oil) 1> (i =0, 1).

The following example shows how these rules are used.

Example 2.1 (R1) Let the qubit system be in a state [¢) %, %)T e C?

and (R2) perform the measurement of an ONB {|0), |1)} where |0) =

[1) = (0, 1)T. (R3) Then we get outcome 0 with probability |(0[z/)|> = |1
2 _ 2_ 1 22

0 x f' |f| = 5, or outcome 1 with probability |{ 1) 2 |ﬁ|

In the following, rules (R1)-(R3) are explained in detail one by one.

(R1): A state of a qubit system is mathematically represented by a unit vector of C2.
The typical examples of states are

|0) := ((1)) and |1) := ((1)) . (2.10)

From the information-theoretical point of view, these states may correspond to a
classical bit 0 and 1. Namely, we can encode a classical bit, 0 and 1, to a quantum
state |0) and |1), respectively.

Different from a classical bit system, where there are only two distinct states,!8 a
qubit system has infinitely many states of arbitrary unit vectors in C2:

[¥) = (a.b)" = al0) + b[1) (2.11)
with the normalization condition

la|® + |b]* = 1. 2.12)

17" A vector with norm 1 is called a unit vector: For ) = (a, b)T, a unit vector satisfies [19]] =
ViaP? +1b]> = 1.

18 [ Advanced Remark] The reader might think that even in a classical bit system there are more than
two states by introducing a probability measure on {0, 1}. However, these states are mixed states,
and there are only two pure states, 0 and 1. On the other hand, in a qubit system, there are infinitely
many pure states (2.11). (See Sect.5.3.1).
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The state in Example 2.1 is one with a = [ b= % Notice that @ and b in (2.11)

are written as a = (0[¢)), b = (1]1).'° Thus, (2.11) is rewritten by

[¥) = (0[4}[0) + (1) [1) = (1)) (2.13)

i=0,1

Note that this formula follows for any ONB {|1/J,~)}§1=1 of C?:

d
Vivy el ) = > (il i), (2.14)

i=1

which will be frequently used below (see Exercise A.5).

The fact that a quantum state is represented by a vector implies that we can
mathematically add two states as vectors to make a new quantum state. This is called
the superposition principle and the added state is called a superposition state.

Note, however, that a state and a unit vector is not one-to-one. Different unit vectors
parallel to each other corresponds to the same state. For instance, |¢) = (1,0)” and
[y = (i,0)T are different vectors, but as they satisfy |1)') = i 1), they correspond
to the same quantum state. More generally, if unit vectors |¢) and |1)’) are related
as |¢)') = c|yp) with a complex number ¢ with magnitude 1, they represent the same
quantum state. This is called an indefiniteness of phase as c is written by ¢ = ¢/¢
where ¢ € R is called a phase.

In a qubit system, we sometimes use another state representation, which is mathe-
matically equivalent to the unit vector representation of C2. (The reader can skip this
part until necessary.) A qubit state can be represented by a three-dimensional real
vector, called the Bloch vector. Different from the unit vector in C2, the Bloch vector
enables us to geometrically grasp the properties of the states because the Bloch vector
lives in R3. Moreover, the Bloch vector incorporates the indefiniteness of phase into
the definition, and thus there is a one-to-one correspondence between a qubit state
and the Bloch vector.

To introduce the Bloch vector, notice that any qubit state is written as

[v) = cos(6/2)]0) + e'¥ sin(6/2)|1) (2.15)
with two real parameters 6, . In particular, their ranges are chosen to 0 < 6 <

7,0 < ¢ < 27 for the one-to-one correspondence to a unit vector of C? up to the
phase indefiniteness.? Note that the ranges of 6, ¢ are exactly the same as those of

19 By taking an inner product between |0) and (2.11), the left hand side is (0]¢)), while the right
hand side is @(0|0) + »(0|1) = a. Similarly, we get b = (1]v).

20 Write an arbitrary state in the form (2.11). Noting the normalization condition lal> + |b* =1,
there exists a real parameter 6 such that |a| = cos ', |b| = sin §’ where the range of 6’ is enough
tobe 0 <0 < % due to the positivity of the absolute value. Let ¢1 and ¢2 (0 < ¢y, 2 < 2m)
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[¥)) = cos(6/2)|0) + &7 sin(6/2)[1)

It is much easier to image a Bloch
vector than « complex vector!

Fig. 2.2 The Bloch vector and the Bloch sphere

angular parameters (the angle 6 from the z axis and the angle ¢ between the x axis
and the projection to xy plane) of the polar coordinate for the unit sphere in R3.
Therefore, we have the one-to-one correspondence between a qubit state |¢)) € C2
and a three-dimensional vector b = (sin 6 cos ¢, sin § sin ¢, cos = R3 on the
unit sphere through the relation (2.15). The correspondence is illustrated in Fig.2.2.
The unit sphere is called the Bloch sphere, and the three-dimensional vector on the
sphere is called the Bloch vector. For instance, the states |0) and |1) correspond to
the north and south poles of the Bloch sphere, respectively. Compared to the unit
vector of C2, it is easy to imagine the Bloch vector helping us to geometrically grasp
states. Moreover, as we explain in Sect. 5.3.1, the Bloch vector is redefined as a vector
whose components are expectation values of some physical quantities, thus we can
directly have a physical intuition from the Bloch vector representation.

(R2): To obtain an information from a physical system, we need to make a mea-
surement (of a physical quantity). The typical measurement in a qubit system is
a basis measurement.?! A basis measurement has two distinct outcomes, and is
mathematically represented by an ONB of C2. For instance, two unit vectors in
(2.10) form an ONB {|0), | 1)}, which provides a typical example of a basis measure-
ment.?? In the field of quantum computation, this is called the computational basis.
Example 2.1 uses a measurement of the computational basis. Of course, there are
infinitely many ONBs, e.g.,

(Footnote 20 continued)

be arguments of a and b, respectively. Then, (2.11) can be written as [¢)) = e'?1 cos 010) +
¢'#2 sin #'|1). Due to the phase indefiniteness of a state, this state is physically equivalent to |¢)) =
cos 8'10) 4+ /P29 sin §'|1). (]1b) = €/¥1|4)’).) Therefore, we get (2.15) and its parameter range
by putting ¢ := ¢ — 2 (0 < ¢ < 27), 0 := 26 (0 < 6 < 7). (See Sect.5.3.1 for more general
argument.)

21 We will see more general measurements in Secs.5.2 and 5.3.2.

22 Notice that each unit vector in (2.10) can be a physical state. However, as an ONB, they can also
represent a basis measurement.
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0) - \/_ s s 51 : f s 2.16
and
' \/z ' ' ’ \/z ’ ’ ’

each corresponds to a basis measurement. In fact, as we explain later, each basis
corresponds to a physical quantity. (See Sect.5.2.1.)

Concerning the measurement outcome, we always label the two-valued outcomes
by 0 and 1 in this chapter. In physics, we usually use a real number to represent an
outcome with an appropriate unit system. On the other hand, in quantum information
theory, the value of the outcome itself is generally not essential. Important things are
to distinguish different outcomes to encode each information and to describe their
probabilities for the occurrence.

(R3): Although we have the mathematical representations of states and measure-
ments, at this stage, we don’t get any physical information. We need the fundamental
law for the proposition (2.1).

In a qubit system, the law is given as follows: if performing a basis measurement
{l90), |¢1)} under a state |¢), we randomly get an outcome i = 0 or 1 with the
probabilities

(il)* G =0, 1). (2.18)
This is the simplest example of the proposition (2.1) of QM.

Excercise 2.3 Under a state |¢)) = (43, \/g )T, let perform a basis measurement of

(2.16). Calculate the probability to obtain each outcome. How about the case for the
basis measurement of (2.17) under the same state?

Excercise 2.4 Make up a state and a basis measurement in a qubit system as you
like, and calculate the probability for each outcome of the measurement under the
state.

2.3.2 Time Evolution in Qubit System

A state can change as the time passes. In a qubit system, there are two kinds of time
evolution:

(R4) Unitary time evolution: [¢)) + U|v) with a unitary operator U.

(RS5) State-change after a measurement: |v)) oujeome ¢ |¢i) (i = 0, 1) for a basis

measurement {|¢;)}i=0.1.
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(R4): The basic law of a time evolution in a qubit system is the unitary evolution:
An initial state 1)) € C? and the final state |¢') € C? are connected by a 2 x 2
unitary matrix>® U such that

[v') = Ul). (2.19)

U is called a time evolution matrix, or a unitary transformation, which
characterizes the way how the quantum state evolves in time. (In Chap. 5, we see that
the unitary evolution is based on the famous Schrodinger equation.)

The following example shows how (R4) is used.

Example 2.2 Consider a basis measurement of (2.16) after the time evolution with

a time evolution matrix U = \/LE i _1 | from an initial state |0). From (2.19), the
final state s |¢)") = U|0) = % (i _11) ((1)) = |£p). From (2.18), the probabilities

to obtain outcomes 0 and 1 are |(£o|¢)')|? = 1 and [(£1]¢')|> = 0, respectively. In
other words, we obtain the outcome 0 with certainty.

Notice that if |¢)) is a unit vector in C2, then so is |1/} = U|[v), assuring that
they can represent a state in any time. This can be easily seen using the formula for
ad x d matrix A:

(ATI€) = (x]A€) (2.20)

for all |x), |€) € C?.2* Using this, we observe the norm-preservation property of a
unitary matrix as follows:

1112 = (0'10) = (UelUY) = (UTUPL) = (1 9le) = @) = (1]
(2.21)

Note that we have used (2.20) for |x) = U|¥), |€) = |¢) and A = U in the third
equality and the unitarity condition UTU = [ in the forth equality.

In principle, we have different time evolutions as many as unitary matrices. Thus,
a choice of a unitary matrix provides us a way to control a quantum system. For
instance, in quantum computation, we theoretically find a unitary matrix which is of
help to a particular calculation. (See Chaps. 3 and 4 for details.)

The following are examples of 2 x 2 unitary matrices which are often used in
quantum information science:

e Unit matrix / and Pauli matrices o, oy, 0,

10 01 0 —i 10
12(01)’ UX:(IO)’ "y:(i o)’ 012(0—1)' 222)

23 Recall that a matrix U is called a unitary matrix iff it satisfies the unitarity condition UUT =
UTU = [ where [ is the unit matrix (or the identity matrix).

# As AT = (@) for A = (aij), we have (ATx[€) = >, (ATx)iyi = X X @jixyi =
> j )Tj(zl- ajiyi) = (x|A§). We strongly recommend the reader to recognize the definition of the
adjoint matrix not by the matrix elements but by the formula (2.20) (see Sect. A.3.3).
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Pauli matrices oy, 0y, 0y are sometimes denoted as o1, 02, o3 orsimplyas X, Y, Z,
respectively.
e Hadamard matrix H

H := —(O’X+UZ)=L(1 ! ) (2.23)

e Rotations (on the Bloch sphere) Ry, Ry, R,

. .. _ cos(6/2) —isin(8/2)
Ry () = cos(0/2)] — isin(8/2)o, = (—i sin(8/2) cos(6,2) ) , (2.24)

Ry(0) = cos(/2)] — i sin(0/2)cy = (Z?;((gﬁ)) _cifééa/z ?) ’ (2.25)

R, (0) = cos(0/2)1 —isin(0/2)0, = (exp(_()ie/z) exp(?@/z)) . (2.26)

The time evolutions with R, (0), R, (0), R, (0) are clear in the Bloch vector represen-
tation of states: they transform a state by rotating the corresponding Bloch vectors
by angle 6 about the x, y, z axes (counterclockwise as viewed from the positive
directions). For instance, the state |0) is transformed by R, (7/2) as R, (7/2)|0) =
10y — i|1))/\/§, while the corresponding Bloch vectors of |0) and R, (7/2)|0) are
the north pole of the Bloch sphere and the vector with (0, ) = (7/2,37/2) (or
(0, —1, 0) in the normal coordinate of R3.)

Excercise 2.5 Show that Pauli matrices oy, 0y, 0;, Hadamard matrix H, and rota-
tions Ry, Ry, R; are all unitary.

Excercise 2.6 Let 1)) = (%, %)T be an initial state. Calculate the probabilities to
obtain outcomes 0 and 1 when making a basis measurement of computational basis

after the time evolution with Pauli matrix o.

Excercise 2.7 Show the following properties of Pauli matrices:

oy, 0y] =2i0;, [0y, 0;] = 2ioy, [0, 0x] = 2i0y 2.27)
oy =0y =0 =1 {ox. 0y} ={0y.0:) ={0:.0.} =0 (2.28)

Here [A, B] and {A, B} for matrices A, B are defined by [A, B] := AB — BA and
{A, B} := AB + BA, which are called the commutator and the anticommutator
of A, B, respectively. Observe also that (2.27) and (2.28) can be summed up as
[oj.0%] = X _232i€ju0or™ and {0, 0%} = 201 (j.k = 1,2,3) with the
Levi-Civita Symbol ¢ jk126 and the Kronecker delta symbol.

25 [Remark for physicists] From (2.27), the matrices S; := % (i = 1,2, 3) represent angular
momentums (or spin 1/2) [10].

26 €jr = 1if (j, k, 1) is an even permutation of (1, 2, 3), €, = —1if (j, k, [) is an odd permutation

of (1,2, 3), otherwise € = 0.
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(RS): In a quantum system, we have another time evolution caused by a performance
of a measurement. This is completely different from the unitary time evolution in
the sense that the way how a state changes depends on the obtained outcome. In this
book, we call the state change due to the measurement a measurement process. A
resultant state after the measurement is called a post-measurement state.

Though there are several kinds of measurement processes, the most typical one is
the projective measurement with respect to a basis measurement: Assume that we
obtain an outcome i (i = 0, 1) after performing a basis measurement {|¢pg), |¢1)}
under the initial state [¢)). Then, irrespective of the initial state, it changes to the state
|¢i) (i =0, 1) according to the obtained outcome i:

outcome i

[¥) P i) (0 =0, D). (2.29)

Namely, a post-measurement state is one of the vectors of the basis {|¢;)}i=0,1. The
occurrence of a state change due to a measurement is one of the distinct characters
from a classical physics. We explain the general theory of measurement process in
Sect.5.3.4 in details (see also Sect.5.2.4). Here, the reader should just recognize that
this state-change is inevitable to get an information from a quantum system.

Example 2.3 Perform a basis measurement of a computational basis under a state
[) = /T1/3]|0) ++/2/3|1). If we get the outcome 1 (which occurs with a probability
|v/1/3]> = 1/3), the state changes to |0); if we get the outcome 0 (which occurs with
a probability |/2/3|*> = 2/3), the state changes to |1).

Here, we notice a useful fact which enables us to fix a particular basis mea-
surement, e.g., of a computational basis, by combining a measurement and a time
evolution: Any basis measurement {|tg), |¢/1)} can be realized by another basis mea-
surement {|¢o), |¢1)} combined with a time evolution given by the unitary U which
satisfies |¢;) = Uly;) (i = 0, 1) (see Exercise A.12 for the existence of such a
unitary matrix). Indeed, for any state |¢), the probability to get an outcome i = 0, 1
by the measurement {|¢), |¢1)} under the final state |¢)') = U %)) is given by

Ui [0} 1> = Ui lUY = (U i [) 12 = [ |9) 12,

which coincides with the probability to get an outcome i = 0, 1 of the measurement
{|20), |101)} under the initial state |¢)). Hence, these two operations are statistically
equivalent for an arbitrary state |1/).>” Based on this fact, we sometimes (especially
in the field of quantum computation) consider only the measurements of the compu-
tational basis.

27 1f one also wants to coincide the post-measurement states, then just apply U in the final step.
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2.3.3 Composition of Qubit Systems: n-Qubit Systems

As the conclusion of this chapter, we explain the description of a composite system
of a multiple qubit system. If we are interested in n qubit systems together e.g.,
considering their collisions, we need to describe their composite system. We call the
composite system of n qubit systems an n-qubit system, or simply, a multi-qubit
system. While the vector space C? describes each qubit system, the vector space to
describe an n-qubit system is the 2"-dimensional Euclidean space C2' ~ (C2)®" :=
C?®C?®---®C? as the n-fold tensor product space.?® Then, the descriptions of a
state, a measurement, and a time evolution of an n-qubit system are given by simple
generalizations of the ones in a qubit system:

(R1") A state is represented by a unit vector |¢) in C2".
(R2) A measurement is represented by an ONB {|¢;)};i=1, ... 2» of c?.
(R3’) When we perform a measurement {|¢;)};=1.... o» under a state |1)), we get an

.....

outcome, labeled by e.g.,i = 1, ..., 2", randomly with the probability
i) G =1,....2". (2.30)
(R4) Unitary time evolution: |1)) > U |) with a unitary operator U.
(R5’) State-change after a measurement: |¢)) outeonge ! lpi) G =1,...,2") for a

basis measurement {|¢;)}i=1,.. 2.

However, to describe a composite system, it is important to specify the relations
between each subsystem and the total system about states, measurements, and time
evolutions. It is on this point that the tensor product structure plays an essential role.

We first explain the case of 2-qubit system in detail. Then, the generalization to
the case of n-qubit system is straightforward.

First, consider the situation that two qubit systems are independently prepared in
states |¥) = (ag, a1)T € C? and |¢) = (bo, b1)T € C2, respectively. Then, the total
state of the composite system is described by a unit vector in C* characterized by
the tensor product of |¢)) and |¢):

aogbg
— (aol®) ) _ | aobi 4
|w>®|¢>.—(m|¢))_ a1bo eC”. (2.31)
a1b1

Example 2.4 Assume that two qubit systems are in a state |¢)) = \%(i, Vv2)T and

o) = %(2, 1T, respectively. From (2.31), the composite state is |1)) ® |¢) =

i V2 _ ..
(510, Blen" = =i i.2v2. VD).

28 In this subsection, we briefly explain the necessary mathematics of the tensor product of C? for
qubit systems. For the details, see Appendix A.5.1.
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It is noteworthy to observe here that the essential properties of the tensor product
are the bilinearity?® and the inner-product rule:

(Bilinearity) For any [¢)), [¢1), [12) € C?,19), |¢1), |¢2) € C* and a € C,

@) (1Y1) + [¢2) ® 19) = [¥1) @ |9) + |¢2) ® [§),
(d) 1) @ (I¢1) +192)) = [¥) @ |d1) + [¥) ® |¢2),
© a(l¥) ® 1¢)) = (@) @ |¢) = [¥) @ (al®)).

(Inner product) For any |/1), [¢2) € CZ, |¢1), |¢2) € C2,

(1 ® o1l12 ® ¢2) = (Y1 |Y2)(D1]92), (2.32)

where we use an abbreviated notation |9 ® ¢) := |¢) ® |®).
In a general argument, it is convenient to use these properties rather than going
back to the vector components (2.31).

Excercise 2.8 By the direct use of (2.31), show the biniliarity (a), (b), (c) and the
inner product rule (2.32).

A striking fact is that a state in a 2-qubit system is not always written in the product
form (2.31). Due to the superposition principle, there exists a state composed of
a superposition of states (2.31), and such superposition states generally cannot be
written in the product form (2.31).

Example 2.5 A superposition state
1 1
V2 V2

is a unit vector of C* which cannot be written as the product form (2.31

[¥) = —=(0) ®10) + [1) ® [1)) = —=(1,0,0, )7 (2.33)

).30

A state with the form (2.31) is called a product state, while a state which cannot be
written in the product form is called an entangled state. It is known that entangled
states have a stronger correlation than classical ones.>! As we will see in Chap. 7,
entangled states play an important role for many applications to quantum information
processings.

In a composite system, it is possible to perform a joint measurement of local
measurements on each subsystem (see Fig. 2.3). In a 2-qubit system, we have a joint
measurement of an ONB {|v);)}i=0,1 of one qubit system and an ONB {|¢;)}i=0.1
of another qubit system together. Note that, as we have two outcomes 0, 1 in each

29 See also (A.32) and footnote 27 in Appendix A.5.1.

30 Assume on the contrary that (2.33) can be written in the product form |¢)) = |¢) ® [£).
Then, from (2.31), there exist complex numbers ag, aj, bg, by € C such that %(1, 0,0, I)T =
(agbo, apby, aibo, ajby)’ . From the second element, we have ay = 0 or b; = 0. However, the
former case contradicts the first element, and the latter case contradicts the forth element.

31 Precisely speaking, an entangled state has a correlation which cannot be explained by any local
realistic model [3].
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Fig. 2.3 An illustration of a joint measurement on a multiple qubit system

qubit system, a measurement outcome of a 2-qubit system is a pair of measurement
outcomes (i, j) (i, j = 0, 1). The joint measurement is then described by an ONB
{lvi) ® [¢j)}i,j=0,1 on C*, such that the joint probability to get an outcome (i, j)
under a composite state |1)) € C? is given by

(b @ Y1) * (i, j =0, 1), (2.34)

which is in accordance with (2.30): Note that {|);) ® |$;)}; j=o0,1 forms an ONB
of C* since the orthonormality condition ((¢; ® ¢ |vx ® ¢1) = dixd ;1) follows by
(2.32) and the dimension of C* is 4 (see also Proposition A.13). If the measurement
is the projective measurement, the post-measurement state is one of [1);) ® |¢;)
depending on the outcome (i, j) (see (R5')). A typical joint measurement is given
by each computational basis. The corresponding ONB {|i) ® |j)}; j=0,1> of C* is
called the computational basis of a 2-qubit system. In the following, we use a further
abbreviation |ij) := |i) ® |j) for the computational basis.

Example 2.6 Let the composite state |)) of a 2-qubit system be the entangled state
(2.33) and consider the joint measurement of the computational basis {|ij)}; j—o,1.
Then, the joint probabilities to get outcomes (0, 0), (0, 1), (1, 0), and (1, 1) are given
by [{00%)* = [(1,0,0,0)75(1,0,0. DT> = 1/2, [{01]%)]* = [(0.1,0.0)

(1,0,0, DT2 = 0, |(10[)) > = (0,0, 1,0)75(1,0,0, DT> = 0, and [{00]¢))|* =
[(0, 0,0, 1)%5(1, 0,0, DT> = 1/2, respectively. Therefore, the probability to get

the same outcomes (i.e., (0,0) or (1, 1)) is 1. (Note that we observe here a perfect
correlation in the entangled state (2.33)).

In a joint measurement of a multi-qubit system, it is not necessarily to perform
measurements on all qubit systems. It is possible to perform a local measurement of
a subsystem of a multi-qubit system, for which we need to add a new measurement
rule. In the case of a 2-qubit system, we can perform a local measurement of an
ONB {]9i)}i=0,1 of one qubit system only. To describe the measurement rule, it is
convenient first to introduce an “inner product” between vectors living in different
vector spaces. We define an “inner product” between a vector |x) € C? of the left

32 By using (2.31), check that {|i) ® |j)}i j—01 forms the standard bases {(1,0,0,0)7,
(0,1,0,007, (0,0, 1,07, (0,0,0, DT} of C*.
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qubit and [¥) 1= >, &) ® k) € C2 @ C?* by

(I} == D (xl&)m) € C*.

k

Similarly, one can define an “inner product” between a vector of the right qubit and
a vector of the composite system. Roughly speaking, an “inner product” is to take
the usual inner product between vectors belonging to the same vector space in the
tensor product space, the left 2 in the above case. Notice, however, that the result
of an “inner product” is not a scalar but a vector.

As an example, for the entangled state |¢)) = f(|0> ®10) 4+ 1) ® 1)) in (2.33),

we have

1
(0 —((0]0)|0) + (O|1)|1)) = —10
Oly) = f(|>|><|>|>) ﬁ|>
1
(1Y) = —( H0)[0) + (1[1)|1)) = —=I1). (2.35)

V2 V2

Now we are ready to describe the rule for a measurement in a subsystem: Under a
composite state [1)) € C> ® C? of a 2-qubit system, if we perform a basis measure-
ment of an ONB {|¢;)};=0,1 of one qubit system only (without loss of generality,
let the qubit be the left part of C2 ® C?), then we get an outcome i = 0, 1 with the
probabilities

9P G =0,1). (2.36)

This is a generalization of the rule (2.33). The projective measurement for this mea-
surement is characterized by

outcome i

[¥) 10i) & (ilV)/I{il)ll @ =0, 1). (2.37)

The division by the norm in the last expression is simply for the normalization of
the vector (1); |1)). Therefore, the state-change due to the projective measurement is
essentially |¢) — |¥;) ® (1;|1): Namely, the state of the measured qubit changes
to |1;), as the usual projective measurement, while the state of the untouched qubit
changes to (1);|¥) up to normalization.

Example 2.7 Under the entangled state (2.33) of a 2-qubit system, let perform a
local measurement of the computational basis {|i)};=0,1 on the left qubit. Then, from
(2.35) and (2.36), the probabilities to get an outcome i = 0, 1 are |[(i|)]]? =
||\/L§|i) 1?2 = % From (2.37), the post-measurement state with an outcome i = 0, 1

33 Notice here that any vector in C>® C2 can be written in the form |¢)) = > 1&k) ® k)
Letting {|¢);) ® |$;)}i,j=0,1 be an ONB of C?® C?, any vector |¢)) can be written as |¢)) =
Zk, i XxjlYk) ® |¢j) with complex coefficients x;; € C. Using the bilinearity, we have [¢) =

Tl ® O xjle)) = X 1) © I
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is

1) @ V) /IIEI)I = i) @ 1i). (2.38)
Alternatively, if we start from the expression of the state:

W) =D 1) ® i) (2.39)
k

then we have (;|¥) = |n;) by using the orthonormality condition of |¢; ). Therefore,
one can immediately recognize that the probability to obtain an outcome i and the
post-measurement state are

[Imi 11> and [¢47) @ |mi)/lmill G =0, 1), (2.40)

directly from the expression (2.39).

Excercise 2.9 Consider a local measurement of the basis (2.16) on the right part of
2-qubit under the composite state |1)) = \/;175 (J00) +3]01) — |10) 4+ 2|11)) Calculate

the probability to obtain an outcome i and the post-measurement state.

Finally, we explain the description of the local time evolution. In a 2-qubit system,
each qubit system can independently evolves in time by the unitary time evolutions
U and V, respectively. The total effect of the time evolution is given by the tensor
product of the unitary matrices: U ® V defined by the following action on C2 ® C?:

UWY)®19) :==Ulp) @ V|g).

From (2.31), U ® V can be represented by a 4 x 4 complex matrix as follows: For

u u v v
U = 11 412 LV = 11 V12 ,
Uzl uz2 V21 V22
Up1v11 U11V12 U201 UI2V12

upVuppVy | uiivag ui1ve uppvag 412022
uz1VunV U21V1| U21VI2 UV UDV2
U21U2| U21V22 URV2| UV

U®V=(

For example, the tensor product of two Hadamard transforms is given as

11 1 1

Home (V1 Yo L(t VYo L(H HEY_1[1-11 -1
—~nou-1)oa\i1) T A\H-H)T 211 —1-1
1—1-11
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Notice however, a general unitary matrix on C* cannot be written in the product
form U ® V .>* Physically speaking, the time evolution matrix is in general not of the
product form if there exists an interaction between qubit systems.

Although we have focused on the description of a 2-qubit system so far, the
generalization to the composition of n-qubit systems is straightforward. The vector
space is an n-fold tensor product of C2 which can be defined inductively as (C2)®" :=
C?(C»H® ! (n=2,3,...).Forinstance, ina 3-qubit system, the composite state
where the first qubit is in a state |¢) = (ao, an’ e C2, the second qubit is in a
state |¢) = (bg, b1)T € C2, and the third qubit is in a state |£) = (co, c1)! € C2,is
described by

aolg) ® |€))
® ® =
V) ® |¢) ® 1£) (a]|¢) ® |€)
= (aoboco, aoboc1, apbico, apbict, arboco, atbocy, aibico, abie)’ e ¥

(2.41)

AnONB {|i1)®i2)®- - - lin)}i;.....i,=0.11D (C?)®n35 ig again called the computa-
tional basis of n-qubit system. We use an abbreviation such as |i}) ® |i2) ® - - - |i,,) =
li1ip - - - in) to avoid a lengthy notation. In the following, let us consider the joint mea-
surement of the computational basis.>

A measurement of the computational basis on a composite system is physically
realized by performing measurement of computational bases in each qubit system
together. As we get two outcomes 0, 1 in each qubit system, the measurement out-
come in the computational basis of an n-qubit system is given as an n-tuple of

respective measurement outcomes (i, i2, ..., i) (i1, ..., i, =0, 1). (See Fig.2.3).
Thus, there are 2" measurement outcomes, from (0, ...,0) to (1,...,1).

First, consider a measurement of the computational basis [ijis - --i,) on an n-
qubit system. Then, the probability to get an outcome (i1, ...,i,) under a state
[) € (C?)®" is given by

iz - inl)) | (2.42)
and the post-measurement state is one of |if, ..., i,) depending on the outcome

(TR )
Next, consider a local measurement of the computational basis of an m-qubit
(m < n) system on an n-qubit system. For the simplicity of description, we focus

34 For instance, the CNOT gate (3.10) in Chap. 3 is such an example.

35 Check that {|i) ® |j) ®lk)}i,j.k=0,1 forms the standard basis {(1, 0, 0,0, 0,0, 0, 0)7,(0, 1,0,0,
0,0,0,0)7,...,(0,0,0,0,0,0,0, D7} of C?, by using (2.41).

36 For an arbitrary choice of an ONB of each qubit, just replace the computational basis to the basis
to obtain the general measurement rule. However, remind that the arbitrary basis measurement
can be realized by the measurement of the computational basis with a suitable (locally) unitary
transformation (see the end of Sect.2.3.2). Hence, we don’t lose any generality by restricting the
measurement to the computational basis. Indeed, this is often done especially in the context of
quantum computation.
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on m-qubit system that consists of the m qubit systems from the left in (C?)®" =
C’®C?®--- ® C°. By performing this measurement under a general state |1)) €
(C>®", the probability to obtain an m-tuple of outcomes (i1, .. ., i;,) is given by

Gt~ i |0) ]2 (2.43)

where (i1 - - - i,y 1)) is an “inner product” between a vector in (C?)®” and a vector in
(CH®": Foravector |x) € (C)®™and [¢)) = > [&4)®m) € (CHE"R@(CH®" ™,

(I} = D (xl&) k) € (CHE" ™. (2.44)
k
The post-measurement state with the measurement outcome (iy, . . ., i;,) is given by
t (. 9999 .)71) . . . . . .
) “EST i i) ® (i i /I i) - (245)

The division by the norm in the last expression is again for the normalization of the
vector. Therefore, the state-change due to the projective measurement is essentially
Example 2.8 Consider a measurement of the computational basis of 2 left qubits
on a 3-qubit system which is in a state |¢)) = %(|OOO) 4+ ]001) + [101) + |111)).
Observing that |1ho) = (00]¢) = 5(10) + 1)), [¢o1) := (O1[y)) = 0, [hi0) :=
(10[9) = 5[1), |911) := (11]3h) = 3|1) and using (2.43), the probabilities to get
outcomes (0, 0), (0, 1), (1,0), (1, 1) are |[ooll* = 1/2, |[o1|* = 0. |[enol* =
1/4, ||111]|> = 1/4, respectively. By (2.45), the post-measurement states with out-
comes (0, 0), (1, 0), (1, 1) are |00) & [¢o0)/([1¥00l]) = \/Li(|000> +1001)), [10) ®
[¥10) /11101 = [101), [11) ® |2b11)/[|¥11]] = |111), respectively. Note that, there is
no need to consider a post-measurement state for the outcome (0, 1) as the probability
to get it is zero.
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Chapter 3
Foundations on Quantum Computing

3.1 What is Computation?

The computation is an important concept to base a wide range of science and
technology such as mathematics, and hence, you may be able to come up with a
number of examples of the computation for specific problems. We now would like
to discuss the concept of computation in mathematical manners. It is the theoretical
computer science that the field offers the manner that formalizes the computation
mathematically and discusses its (im)possibility.

Abstractly, computation is a procedure that transforms input information to the
output result by a sequence of simple elementary operations. Let us consider a prob-
lem that decides if a given number x is a prime or not. This problem can be solved
in hand by testing whether x is divisible by every number more than 1. If no number
less than x divides x, then we decide x is a prime, and otherwise, it is a composite
number. It is obvious for this procedure to provide a correct answer for every num-
ber x from the definition of primes. We can explicitly write down this procedure as
follows. This procedure takes a number x we want to decide its primality as an input
and then it automatically carries on steps shown in (i)—(iv). Finally, it outputs the
result that is whether x is a prime or not.

Primality Test
Input: a number x € N
Output: 1 if x is a prime, and 0 if x is a composite number

(1) Sety =2.
(i1) If the remainder obtained by dividing x by y is equal to 0, output 0 and halt
this procedure. Otherwise, go to (iii).
(iii) Increment y by 1.
(iv) If y = x, output 1 and halt this procedure. Otherwise, go back to (ii).

For example, let us take an input x = 3. At step (i), the value of y becomes 2.
At step (ii), dividing 3 by 2, the remainder is 1. Hence, it does not halt and move to
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step (iii), and the value of y is incremented from 2 to 3. Then, y = x holds at step
(iv), and thus, this procedure outputs 1, that is, decides that the input 3 is a prime,
and halts.

If you have learned any programming language, you can easily implement this
procedure on your computer by a sequence of simple operations such as conditional
branches and arithmetic operations. This procedure indeed consists only of simple
operations, but we can obtain the correct answer for any number x by it. Such a
procedure, a sequence of simple operations defined in advance, is usually called an
algorithm. In order to formalize the algorithm mathematically, the above description
is inadequate; we actually need to strictly define a mathematical model of a computer
with its elementary operations. As one of specific models of a computer, we will
briefly study the circuit model in Sect. 3.3.

In the field of the theoretical computer science, it is important not only if we
can construct an algorithm that solves a given problem, but also how efficiently
the algorithm solves the problem. It is because the field is also motivated by an
engineering perspective that we wish to solve large-scale problems much faster when
the algorithm is implemented on computers.

We usually measure the efficiency by complexity. In order to define the concept
strictly, we need to define a mathematical model of algorithms, but we can roughly
define the complexity of some problem as sufficient and necessary numbers of ele-
mentary operations for solving the problem. Since this concept is directly connected
to computation time for solving the problem, it is also called time complexity. (If
simply saying ‘complexity’, it usually indicates the time complexity, but note that
the term ‘complexity’ covers a wide range of concepts of efficiency, for example, the
space complexity of some problem is defined as sufficient and necessary amount of
memory for solving the problem.) Precisely, the time complexity is one of complex-
ity measures defined over a specific computational model called the Turing machine,
and thus, for the circuit model to be discussed, we require another measure based
on its elementary operations than the time complexity. In any case, the number of
elementary operations is an important measure for the efficiency.

In particular, we are interested in roughly how long computation time we require,
or how many elementary operations we require, to solve an input instance of a prob-
lem with respect to length of the input represented in binary digits. Since the computa-
tion time is realistically critical to handle huge inputs in computers, it is significant to
roughly estimate the computation time with respect to very long instances in binary
digits. Moreover, it is more reasonable to consider that the complexity of asymp-
totically long instances represents essential hardness of the problem. Therefore, we
investigate an order of computation time on input length » (in binary digits), and esti-
mate it using the order notation. For some constant C independent of input length
n, if a function # (n) which denotes the computation time satisfies t (n) < C - f(n)
for all sufficiently large n, we write ¢ (n) = O(f(n)), and say ¢ (n) is of order f(n).
Then, we consider 7 (n) is smaller than f (n) roughly. (See Definition 3.1 in Sect. 3.2
for the formal definition.)
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Let us investigate computation time of the above algorithm for primality test. This
algorithm uses several elementary operations, but we now only count the number of
division for simplification. Let n be the binary length of a natural number x. (Note
that n digits in binary can represent natural numbers from O to 2" — 1, and thus, we
can identify x € {0, 1} as x € {0, ..., 2" — 1}.) If x is a prime, starting with y = 2,
the algorithm repeats steps (i), (ii), and (iii) until y = x. Thus, the number of division
in this case is at most 2" — 2. If x is a composite number, the algorithm halts before
y arrives at x, and thus, the number of division is at most 2" — 2.

Is this algorithm the most efficient? Surely, it is quite significant to improve the
efficiency of algorithms. Checking this algorithm carefully, we can notice that it
wastes computation time. If x is a composite number, any factor of x must appear
at less than or equal to |/x]. Thus, it is enough to check if x is divisible by all the
natural numbers less than | /x| for testing primality of x, where | /x| denotes the
maximum integer that does not exceed /x. (We summarize mathematical notation
like |-] in Sect.3.2.) Hence, we can significantly reduce the number of division by
replacing step (iv) to the following step (iv'):

(iv') If y > +/x, output 1 and halt this procedure. Otherwise, go back to (ii).

It is easy to see that the number of division becomes O (2"/?) by this replacement.

For the primality test, it is known that there is a polynomial-time algorithm
(namely, an algorithm whose computation time is at most n¢ for some constant ¢
independent of input length n), which is called the Agrawal-Kayal-Saxena primality
test [1]. Can we further improve the algorithm? Where is the limit of the improve-
ments?, that is, how long computation time we require for primality test at least? In
the field of the theoretical computer science, it is one of important research issues to
prove lower bounds of time complexity of problems, namely, statements how long
computation time any algorithm requires to solve the problem. Proving lower bounds
of time complexity is often quite difficult for explicit problems. For example, the best
known lower bound of time complexity of the primality test is n [2], and thus, it is
unknown whether the currently best algorithm which takes roughly O (n°) time [3]
is optimal or not.

So far, we only discussed classical computation implemented on conventional
computers. Quantum computation is a new computational model that incorporates
elementary operations given from principles of quantum physics, and it has been
known that it has great advantages over classical computation for several computa-
tional tasks, as described below. In Sect. 3.2, we summarize basic notation generally
required for discussions on information science throughout this book. We briefly
review the classical circuit model as one of the models for classical computation in
Sect. 3.3, and we introduce the quantum circuit model which deals with qubits as
media of quantum information in Sect. 3.4.

In any computational model, we take an input (e.g., a natural number) encoded by
asequence of bits {0, 1}, apply an algorithm that consists of a sequence of elementary
operations to the input, and then, output the result encoded by a sequence of bits {0, 1}
like the input. In the classical circuit model, we implement a classical algorithm by
combining small predetermined functions (2-bit input 1-bit output functions defined
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in Table3.1). In the quantum circuit model, we implement a quantum algorithm by
applying a sequence of small predetermined unitary transforms (e.g., the Hadamard
transformation (2.23)) to qubits generated from the input, and output a sequence of
bits {0, 1} that encodes the result obtained by measurement.

3.2 Mathematical Notation for Information Science

Let us summarize mathematical notation, including those used in the previous
section, for information science in general.

We first introduce the floor and ceiling functions that associate reals with integers.
The floor function maps a real x to the maximum integer less than or equal to x as
lx] := max{n € Z | n < x}. The ceiling function maps a real x to the minimum
integer more than or equal to x as |x] ;= max{n € Z | n < x}.

In information science, the logarithm log plays an important role, and so does it
in this book. It depends on contexts which base of logarithms we assume. In this
book, all the logarithms are assumed to have base 2 unless it is explicitly stated
otherwise, and we omit it. For a logarithm log, x of x to base a > 0, since we have
log, x = @ log,, x, we can see that the difference of bases only causes a gap of a
constant factor, and it is easy to convert it to other bases. In information science, the
logarithm is commonly assumed to have base 2, and then, a logarithm of a number
expresses bits of the number. (When we express a natural number # in binary, the
number of binary digits is [log, n].) In theories that deal with differentiation, it is
usually assumed to have base of the natural logarithm e. Also, we write log” x as
(logx)".

Next, let us define the order notation for asymptotic evaluation of functions.

Definition 3.1 Let f, g : N — N be functions. If there exist a positive real C and
Np € N such that for every n > Ng we have f(n) < Cg(n), namely,

= S _

n—>00 g(n) —

C, 3.1)

we write f(n) € O(g(n)), or f(n) = O(g(n)). Also, there exist a positive real D
and Ny € N such that for every n > Ny we have f(n) > Dg(n), namely,

f )
m

n—oo g(n)

>D (3.2)

- ’

we write f(n) € £2(g(n)), or f(n) = 2(g(n)).

Note that the O notation and §2 notation give asymptotic upper and lower bounds,
respectively. For example, For f(n) = 2n% 4+ 3n + 1, we have f(n) = O(n?) and
f(n) = 2®n?), and for f(n) =n+log>n, f(n) = O(n) and f(n) = £2(n). Also,
for f(n) = 23" 4+ 4n?3, we have f(n) = 0(2*") and f(n) = 2(2°").
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Excercise 3.1 Let f(n) = n® +10g"¢" n. f(n) = 0(n?)?

We sometimes use the following asymptotic notions to express a function that
asymptotically diminishes or dominates.

Definition 3.2 Let f, g : N — N be functions. If, for every positive real c, there
exists an Ny € N such that f(n) < cg(n) for every n > Ny, namely,

. fn)
1m =

n—00 g(n)

0, (3.3)

we write f(n) € o(g(n)), or f(n) = o(g(n)). Also, if for every positive real d there
exists an Ng € N such that f(n) > dg(n) for every n > Ny, namely,

fo _

n—00 g(n)

00, 3.4)

we write f(n) € w(g(n)), or f(n) = w(gn)).

For example, if f(n) = o(l), f(n) approaches to 0 as n increases, and if f(n) =
w(n), f(n)/n diverges to infinity.

The number of elements in a set we discuss, i.e., the size of a set, often is of
significance in information science. We denote by |X'| the size of a set X" in this
book.

3.3 Classical Circuit Model

We overview algorithms and complexity in Sect.3.1. As mentioned there, we need
to define a computational model to mathematically deal with algorithms. The best-
known computational model is the Turing machine in the field of theoretical computer
science, which performs computation in a manner close to programs on practical
computers. However, since the definition of the Turing machine is somewhat com-
plicated and it is tangled to handle the Turing machine in theory, we study another
famous computational model called classical circuit model in this section. Note
that the term “classical circuit” means a non-quantum circuit from the viewpoint of
quantum computing, it is called a logical circuit model in the field of conventional
(or, classical) computing.

The classical circuit consists of elementary gates of few predetermined types.
Here we use A gate (AND gate), Vv gate (OR gate), and — gate (NOT gate). Each
of gates implements a function of a fixed number of inputs and 1-bit output. The A
and V gates are 2-input and 1-output, and the — gate is 1-input and 1-output. They
implement functions as given in Table 3.1.

Conventionally, A,V and — are treated as (unary and binary) operators. So,
A(x1, x2) is usually denoted by x1 A x. In the classical circuit model, we construct
a complicated circuit by combining these gates.



42 3 Foundations on Quantum Computing

Table 3.1 Elementary gates of classical circuits

A gate V gate — gate

Input Output Input Output Input Output
00 0 00 0 0 1

01 0 01 1 1 0

10 0 10 1

11 1 11 1

A function is called a Boolean function if it maps a sequence of n bits to 1
bit, and a classical circuit computes this function. For a given Boolean function
f {0, 1}" — {0, 1}, a circuit computing f is not unique in general. Then, we
wish to choose a way to save a computational resource, i.e., a way of low complexity
from a viewpoint of theoretical computer science. In circuit models, elementary gates
correspond elementary operations in algorithms, and thus, the number of the gates
used in the circuit is typically adopted as a measure of efficiency.

Definition 3.3 The circuit complexity C(f) of a Boolean function f : {0, 1} —
{0, 1} is defined by the number of gates used in the minimum circuit that correctly
computes f. Namely, denoting by |C| the number of gates in a circuit C, we have
C(f) :==min{|C| : Vx € {0, 1}, C(x) = f(x)}.

The circuit complexity is closely related to computation time of algorithms (i.e., time
complexity of Turing machines), but we omit the details here (see, for example, [4]
for the details). In this book, it is enough to just recognize that we have an efficient
algorithm that computes f if we have a small circuit for f. (This is the same as the
relation between quantum algorithms and quantum circuits.)

As an example, let us consider the following simple problem called the parity
problem. Given an n-bit sequence x, we decide whether the number of 1’s in x is odd
or even. We construct a classical circuit computing a function PARITY : {0, 1}" —
{0, 1} which correctly decides the parity function (i.e., PARITY (x) = 1 if it is odd
and PARITY (x) = O if it is even). In the case where n = 2, namely, x = x1x>
(x1, x2 € {0, 1}), we can implement the exclusive OR! of 2 inputs, i.e., the addition
over a finite field F, (00 =1641=0,041 =160 = 1), by using 5 elementary
gates as shown in the following Fig. 3.1.

X1 @ x2 = @(x1, x2) = (X1 A 7x2) V (X1 A x2).
For general n inputs, i.e., x = x1 -+ - x, (X1, ..., X, € {0, 1}), we have PARITY (x)

=@ Bx,=@X1D-- D xy2) D Xnj2e1 D+ D xy) if nis even, and
PARITY (x) = x1 ®x2®B -+ -®xp = (X1 D+ - DX(n—1)/2) D (X(n—1) /241D - - - D xy) if

! We use the symbol @ to denote the exclusive OR in accord with convention of theoretical computer
science, but note that the symbol @ is also used to denote the direct sum of linear spaces and matrices
in this book.
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@ gate
input {output xl - AND
00 0
01 1 s
10| 1 S B ® (xl » Xy )
11 0
.x2_|_ AND

Fig. 3.1 Exclusive OR &

n is odd. Therefore, an n-input PARITY can be recursively constructed from at most
two [n/2]-input PARITY's and one 2-input PARITY (where [n/2] is the minimum
integer larger than or equal to n/2). By a simple calculation, we can figure out that
the number of gates is O (n) in this circuit.

By constructing an explicit circuit that computes the function, we can prove an
upper bound of circuit complexity of the function. For example, the above circuit
construction shows that C(PARITY) = O (n).

Then, can we compute any function by combining elementary gates? If possible,
what is an upper bound of circuit complexity of the function? The following theorem
answers these questions:

Theorem 3.1 For any n € N and any Boolean function f : {0, 1}* — {0, 1} of
n-bit input and 1-bit output, the circuit complexity of f is at most 5 - 2" =1 — 4,

Proof By induction. Boolean functions of 1-bit input and 1-bit output are f(x) =
c(ce{0,1}), f(x) = x,and f(x) = —x, and hence, the number of gates is at most
1. (We need one — gate in the case f(x) = —x.) Assume that any Boolean function
of (n — 1)-bit input and 1-bit output can be constructed from 5 - 2”2 — 4 elementary
gates. Note that the following equality holds:

f(xlv L 7~xn717~xn) = (_|'x}’l A f(x17 vy Xn—1, 0)) \% (xﬂ A f(x]5 vy Xn—1, 1)) ’
(3.5)

where x; is a variable over {0, 1}. (Check the value of the righthand side by substitut-
ing 0 and 1 into x,, in the lefthand side.) By the assumption for induction, 5 - Mm=2_4

gates suffice to compute each of two functions f(xy, ..., x,—1, 0), f(x1, ..., Xp—1, 1)
of (n — 1)-bit input. By the above equality, a circuit computing the function
f(x1, ..., x,) of n-bit input and 1-bit output can be constructed from two A gates, one

Vv gate, one — gate, and circuits of f(xy, ..., x,—1, 0) and f(xy, ..., x,—1, 1). Thus,
any Boolean function of n-bit input and 1-bit output can be computed with at most
2.(5-2"2 —4)4+4=5-2""1 — 4 gates. O

Now, what can we prove for lower bounds of circuit complexity? It is quite difficult
to prove lower bounds of explicit functions because we need to prove that any small
circuit cannot compute the explicit function. However, we can show the existence
of a hard function that no small circuit computes as follows. (We generally say a
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function is hard if it is impossible to compute with small amounts of computational
resources like the number of gates.)

Theorem 3.2 For any n € N, there exists some Boolean function of n-bit input and
1-bit output f : {0, 1}* — {0, 1} such that circuit complexity of f is at least 2" /2n.

Proof We first count up the number of functions of n-bit input and 1-bit output, and
then we bound the number of circuits constructed from less than s gates from above.
For some appropriate s, we can show that the number of the functions (of n-bit input
and 1-bit output) is larger than the number of the circuits, and hence, there exists a
function that no small circuit computes. This is called counting argument, often used
in complexity theory.

Any function of n-bit input and 1-bit output has one-to-one correspondence with
alist of 2"-bit output values f(0---0), ..., f(1---1). Since the number of such lists
is 22", the total number of the functions is 2%".

On the other hand, an upper bound of the number of Boolean functions that have
less than s gates can be evaluated as follows: First, we count the number of ways to
connect each of gates to the others. Each gate has at most two input wires, and each
input wire connects to output wire of one of other s — 1 gates. Thus, the number of
ways to connect every gate to the others is at most (Sgl) at each of gates. Since this
is counted up at each of gates, the total number of ways of the connection is at most
(’;1)5. Also, every gate should be assigned to one of A, Vv, — and the identity gate
doing nothing of 1-bit input and 1-bit output, and then, the number of ways of the
assignment is 4°. Therefore, the total number of circuits constructed from at most s
gates is (‘Y;])s 45 = (2(s — 1)(s —2))° . If s < 2"/2n, this value is less than 22",
and thus, there exists a function that no circuit constructed from at most 2" /2n gates
compute. (]

Since we took easier proofs for circuit complexity of general functions here, we
have some gap between upper and lower bounds. In fact, we can improve the upper
bound by a more complicated proof, and we can show any function is computable
by a circuit of O (2" /n) gates [4]. Therefore, the sufficient and necessary number of
the gates to compute any Boolean function of n-bit input and 1-bit output is 2" /n if
constant factors are ignored.

We can prove not only a hard function exists but also almost all the functions are
in fact hard by the same counting argument.

Theorem 3.3 For any n € N, among all the 2% Boolean functions of n-bit input
and 1-bit output, the circuit complexity of more than (1 — 2~108n/M222" fpctions
is at least 2" [2n. Namely, we have

n
R R
S

where f is chosen uniformly at random from all the Boolean functions of n-bit input
and 1-bit output and C(f) denotes the circuit complexity of f.
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Therefore, for sufficiently large n, a fraction of functions of high circuit complexity
(approximately 2" /n) becomes almost one.

Excercise 3.2 Prove Theorem 3.3.

As this theorem shows, almost all the Boolean functions have very high circuit
complexity. However, it is extremely difficult to show such high circuit complexity
of explicit problems like the primality test. Generally in complexity theory, proving
lower bounds of explicit problems is quite difficult and important as in the circuit
model. In fact, the outstanding NP # P conjecture [5, 6], which is offered a reward
of 1 million dollars for the resolution as well as the Riemann hypothesis and other
famous conjectures, is the problem proving lower bounds of time complexity for
some sort of problems.

Remark 3.1 As mentioned above, we focus on how computation proceeds at large
parameters in the field of theoretical computer science. For example, while we gave
estimations of circuit complexity which holds for any »n in Theorem 3.3 and oth-
ers, it is sufficient to observe if the theorems hold for any sufficiently large n in
order to overview behaviours of computation. Also, it is possible to improve the
bounds by more detailed calculations, but such improvements are not so significant
to understand the nature of computation. (Surely, a significant improvement from
a new perspective is quite important since it would provide a way approaching to
nature of the complexity.)

Remark 3.2 As stated above, we focus on time complexity of an algorithm in the-
oretical computer science. In particular, if upper bounds of the time complexity is a
polynomial in n, we say the algorithm runs in polynomial time, and we often regard
it is efficient. Realistically, O (n), O(nlogn) and O (n?)-time algorithms are com-
monly used as efficient ones, and hence, it is important to design such algorithms
of low complexity for practical use. Obviously, we cannot say n'%-time algorithm
is efficient in practice, which indeed runs in polynomial time in n. However, for
sake of theoretical usefulness and beauty, the notion of polynomial time is taken as
a representative criteria of the ‘efficiency’.

3.4 Quantum Circuit Model

In the classical circuit model which is one of the models that perform classical com-
putation, a circuit performs computation by operating a sequence of bits {0, 1}".
Quantum computation can perform stronger computation by extending the classical
circuit model to the model over quantum mechanics. In this section, we study the
quantum circuit model, which is one of the models that perform quantum computa-
tion. (Besides the quantum circuit model, there is also the model called the quantum
Turing machines as a generalization of the Turing machines.)

The qubit was introduced as information media by generalizing the classical bit
in Sect.2.3. However, we cannot perform information processing only by media.
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Hence, we need to introduce a model of circuits that operate qubits like the model
of classical circuits that operate classical bits in classical computation. There are a
lot of theoretical models that operate qubits, but in this book, we focus only on the
quantum circuit model which is simple and widely used.

Computation in the classical world is transformation from classical bits to classi-
cal bits. Quantum computation, which is an extension of the classical computation,
provides transformation from qubits to (classical) bits or qubits. The basic operations
that quantum algorithms can perform are measurements and unitary transformations.
Since quantum algorithms basically perform the basis measurement in the compu-
tational basis, if we simply say ‘measurement’, it means “‘basis measurement in the
computational basis”. Recall that an N x N unitary matrix U € CV*V is a square
matrix that satisfies UUT = UTU = [, where 1 denotes the complex conjugate
transpose and / denotes the identity matrix. We generally suppose N := 2" in the
context of quantum computation, where n dentoes length of qubit sequences to which
we apply the unitary matrix, since the n-qubit sequence is a 2"*-dimensional vector.
Recall that the Pauli matrices oy, oy, o, are defined as the following unitary matrices
by (2.22) in Sect.2.3

1 —i 1
axz((l)o), ayz(? 01)’ GZ:(O—OI)' (3.6)

Since the Pauli matrix o, performs o,|0) = |1), o|1) = |0), it achieves the bit flip,
which is the same as the — gate in the classical circuit model. The Pauli matrix o,
performs o, («|0) + B]1)) = «|0) — B|1), which is called the phase flip.

Recall that the Hadamard transform H is defined as the following 2 x 2 matrix
by (2.23) in Sect.2.3.

1 11
H=72(1_1). (3.7)

Applying this to qubits |0}, |1), we have

o= 35(10) ) () e o

-5 ) (1) 5(0) o

The Hadamard transform H is used frequently in quantum computation. Like the
Hadamard transform, when a unitary matrix has fixed small input and output lengths,
itis called a quantum gate. We also include an operation of the 1-qubit measurement
(in the computational basis), which is not unitary, into the set of quantum gates.
We usually illustrate a quantum circuit with quantum gates by diagrams like
Fig.3.2. This figure shows the following procedure: One qubit comes from left of
the input wire. The qubit is applied a transformation by a quantum gate (the Hadamard
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Q)

1
2

xe {01} |x) H (o) +(-1)°

S

Fig. 3.2 Hadamard transform

transform in this case) at the center box, and then the gate sends it to right of the
output wire.

Remark 3.3 Note that unitary matrices transform othorgonal vectors to othorgonal
vectors as preserving the Euclid distance (d(|¢), |¥)) := /(¢ — ¥, ¢ — ¥)). Also,
unitary matrices are invertible. Thus, any computation process without measurements
has its inverse of the process. (The measurements are irreversible.)

Recall that an n-qubit sequence |¢) and an m-qubit sequence |¢/) can be concate-
nated to an n + m-qubit sequence |¢, V) = |¢) ® |¥). Applying a 2" x 2" unitary
matrix U and a 2" x 2™ unitary matrix V to |¢) and |¢) respectively, we obtain
Ul|¢) ® V). This operation is also represented as

Vg y) :=UV)$)®IYy) =Ulp)VIY) (3.8)

by a tensor product of matrices. The tensor product of two matrices U and V is
defined as follows. We denote by M = [m; ;] jef1,...q) @ d X d matrix having an
element m; ; at (i, j) entry. For U = [u; ;i jef1,... 21}, We have

u1aV ouoV o uponV
UV =| w1V . (3.9)
upn |V ougn 2V oo ugn on'V

The Hadamard transform is a 2 x 2 unitary matrix, namely, an operation acting
on 1 qubit. We also have several important operations acting on (more than) 2 qubits.
Among 2-qubit operations, the following operation is primalily important, and is
called the controlled NOT gate. which is abbreviated to CNOT gate and whose
unitary is written as CNOT (Fig. 3.3a).

1000
0100
eNOT= | 1a01 |- (3.10)

0010

CNOT was originally invented at the area called “reversible computation”, which is
one of the areas in classical computation. The reason why this is called controlled
NOT is that the first input bit plays a role of a controller for an operation on the
second input bit, and if the first bit is 1 the second bit is flipped as the — gate is
applied to, and otherwise, the second bit does not change. In both cases, the first bit
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(a) (b)
|x) |x) %) %)
|x,) { |x,)
|y> & |x®y) |J’> & |(x,x\x2]®y>
x,y{0,1} x,,X,,y€{0,1}

Fig. 3.3 a Controlled NOT gate. b Toffoli gate

(a) (b)
10)

- o1 0 —H— LY |
) —= o) &

Fig. 3.4 a Hadamard gates + CNOT. b Parallel application of Hadamard gates

is output as it is. This gate works similarily in the quantum case. For example, if we
input |01) = [0) ® |1) = |0)|1) and |10) = [1) ® |0) = |1)|0) to CNOT, we have

1000
0100
0001
0010

1000
0100
0001
0010

CNOT|01) = = 101),

CNOT|10) = =[11),

S~ OO OO~ O
—_— o OO0 OO ~O

respectively. We can easily see that we cannot decompose CNOT into a tensor product
of any two unitary matrices on 1 qubit since the second output bit depends on the
first input bit.

A generalization of the controlled NOT gate is also often considered. The gen-
eralized controlled NOT gate of k + 1-bit input and k + 1-bit output takes k bits as
the controller. If they all are 1, the (k + 1)-th input bit is flipped, and otherwise, the
(k + 1)-th bit does not change. Namely, we have

GCNOT[X1, coty Xk, Y) = X1y ooy Xk, YD (X1 A -+ - AXp)). 3.11)
Ifk = litis obviously equivalent with CNOT, and if k = 2 it is called the Toffoli gate

(Fig.3.3b), or controlled-controlled NOT gate CCNOT, which is also an important
gate often discussed in areas of the reversible computation and quantum computation.
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iiisi.imlzziamard gates + |X> Pr{outcome =i} =1/4
|)’> (i€ {00,01,10,11})

Let us see examples of quantum circuits in Fig. 3.4. In the quantum circuit given
in Fig.3.4a, we first apply the Hadamard transform to the first qubit, and then apply
CNOT gate to the result. Let us consider a case that we input |00) = |0%) to this
circuit. We first apply the Hadamard transform to the first qubit and nothing, i.e., the
identity matrix / to the second qubit, namely, we have

1
100y 2 (H ® 1)/00) = (H|0)) ® (1 [0)) = 7 (10) + 1)) ®|0)

1
= — (|00 10)).
ﬁ(l ) +110))

We next apply the CNOT gate to the resultant sequence of qubits (|00) 4 [10))/~/2.
Then, we have

1 cnor 1 1
E(|00) +110)) == —(CNOT]|00) + CNOT|10)) = —(|00) + |11)).

V2 V2

The quantum circuit given in Fig. 3.4b uses n Hadamard transforms. If we input
|0---0) = |0") to this circuit as an initial qubit sequence, each of n qubits is trans-

formed as |0) ri> \%(lO) + |1)) from the definition of the Hadamard transform.
Viewing this as an n-qubit sequence, we have

n 1 1
W’)»ﬁH|0>®---®H|0>=ﬁ<|0>+|1>>®-~®%(|O>+|1>)
1
=5 > o,

xe{0,1}"

namely, we obtain a qubit sequence that superposes the 2" bases from |0 - - - 0) up to
|1 --- 1) with the equal amplitude 1/+/2". This operation generating the superposition
of the equal amplitude is used frequently for design of quantum algorithms. (See
Sects.4.2 and 4.3.)

We also see examples of quantum circuits with measurements. The first example
is given in Fig.3.5. In this diagram, the quantum circuit first applies Hadamard
transforms H ® H to two qubits |x, y) for x, y € {0, 1}, and then, it performs
1-qubit measurements on the resultant qubits. After the application of the Hadamard
transforms to the initial qubits |x, y) we have:
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Fig. 3.6 Toffoli gates + 1
measurements } outcome = 0= ‘{;(|DO>+ |01)+]10))
0utc0me:l:>|] 1}
Pr{outcome = 0} =3/4
Pr{outcome =1} =1/4
H® HIx, y) = — (10) + (~1"[1)) ® —= (10} + (~1)*|1))
V2 V2

(100) + (=1)Y]01) 4+ (=D [10) + (=D)*T¥[11)).

N =

Then, the measurement operations on these two qubits provide outcome one of
00, 01, 10, 11 with equal probability independently of x and y from the definition of
the basis measurement in the computational basis.

The second example is given in Fig.3.6. In this diagram, the quantum circuit
first applies the Hadamard transforms to the first two qubits, and then, it applies the
Toffoli gates to all the three qubits. Giving the initial qubits |000) to this quantum
circuit, we have after the Hadamard transforms to the first two qubits:

1
(H® H ® 1)|000) = 5 > 1x0)10).
x€{0,1)2

Next, we have after the Toffoli gate:

1 1
CCNOT | > > 10 =5 > CCNOT|x)|0)
x€{0,1)2 x€{0,1)2

1 1
=5 (100) + [01) + [10)) |0) + §|11)|1).

Recall that CCNOT negates the third bit if and only if the first and second bits are
given ones.

Performing the measurement only on the third bit, we have an outcome 0 with
probability 3/4 and an outcome 1 with probability 1/4. When the outcome is 0, the
first and second qubits are given \/; (J00) 4+ |01) 4 [10)). When the outcome is 1,
they are given |11).

Excercise 3.3 Verify the outputs of the above two quantum circuits from the defin-
ition of the measurement. (See Sect.2.3.3.)

As mentioned before, classical circuits can compute any Boolean function by
combining the predetermined elementary gates. Also in the quantum circuit model,
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we can implement any unitary matrix as a quantum circuit by combining some
elementary quantum gates of predetermined low-dimensional unitary matrices.

We now move to more details of fundamental issues on quantum circuits, but
readers who are interested in quantum algorithms rather than quantum circuits can
skip to the next chapter “Quantum Algorithms” only with the knowledge of quantum
circuits so far.

First, we consider a systematic way to implement an arbitrary unitary matrix
on 1 qubit by combining elementary quantum gates. Recall that any qubit can be
represented by the Bloch ball. (See Sect.2.3.2.) In fact, as the following theorem
shows, any 2 x 2 unitary matrix U can be represented by using Ry and R, that
represent clockwise rotations in the positive y-axis and z-axis on the Bloch ball,
repectively. (See Sect.2.3.2 (2.24).)

Theorem 3.4 (Z-Y Decomposition) For any 2 x 2 unitary matrix U, there exist
a,B,y,8 € Rsuchthat U = e'*R,(B)Ry (y)R;(5).

Since we can ignore the scalar transformation e’* on the global phase for operations
on 1 qubit, any 1-qubit gate has the form of R,(8)R,(y)R; ().

Proof Since U is unitary, all the row (column) vectors are othonormal to each other.
Therefore, we have for some «, 8,6,y € R

el @=B/28/2) cog(y /2) —el @—B+8/D) gin(y /2)
— \ @20 sin(y /2) el @H249/D cos(y /2) )

From the definitions of Ry, R., it immediately follows that U = e'®R_(B)
Ry (Y)R;(5). [l

We can prove a similar theorem with Ry, R, instead of using Ry, R;.
Excercise 3.4 Show the X-Y decomposition of by replacing R, to R,.

Since the global phase e/ can be ignored, we can construct an arbitrary quantum
circuit acting on 1 qubit by combining the gates that implement the rotations R,
and R,.

How can we construct a quantum circuit that implements a unitary matrix on a
longer sequence of qubits? It is in fact known that we can implement any quantum
circuit from 1-qubit quantum gates and the CNOT gate.

Theorem 3.5 For any n € N, we can construct any quantum circuit that acts on
n-qubit sequence by using quantum gates on 1 qubit and the CNOT gate. The total
number of the gates used in the circuit is at most O (%22 7, 8].

Therefore, we can implement any unitary matrix only with the rotation gates and the
CNOT gate. We call a set of quantum gates, like these rotations and CNOT, universal
gates. The universality of sets of quantum gates has been deeply investigated further.

As studied above, a quantum circuit implements a huge unitary matrix and mea-
surement in the computational basis. Since unitary matrices must be reversible
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and measurements are just an operation that probabilistically extracts classical
bits from quantum states, quantum circuits seem to be more restricted than clas-
sical ones in some sense. Can quantum circuits compute any Boolean function
f:{0, 1} — {0, 1} that classical ones can compute?

In fact, due to studies in reversible computation, they can compute any Boolean
function f : {0, 1}* — {0, 1} using the Toffoli (controlled-controlled NOT) gates
CCNOT if they are given fixed inputs of 0, 1 and auxiliary qubits that store a history
of computation. This is because we can simulate each of —, A, Vv gates by feed-
ing appropriate fixed inputs to CCNOT. (Recall that we can compute any Boolean
function f only by combining —, A, V gates.)

Now, let us see how to simulate them briefly. Note that CCNOT implements a
map CCNOT(x1, x2, x3) = (x1, x2, (x1 A x2) @ x3) for inputs x1, x2, x3 € {0, 1}.
For example, setting 1 to the two control bits x1 and x, we have CCNOT (1, 1, x3) =
(1,1, =x3). Hence, we can perform the operation of the — gate on the third
input/output. Also, setting O to the third bit x3, we have CCNOT(xy, x3,0) =
(x1, x2, x1 A x2). Then, we can perform the operation of the A gate on the first
and second inputs and the third output. Since we have x1 V xo = =((—x1) A (—x2))
by de Morgan’s law, we can also simulate the operation of the V gate using the sim-
ulations of the A and — gates. We obtain the following theorem by this simulation
technique.

Theorem 3.6 Let f : {0, 1}" — {0, 1} be any Boolean function that a circuit of
size s(n) can compute. Then, there exists a quantum circuit Uy such that Uy is
constructed only from the CCNOT gates and it satisfies

Urlx)10)[011)10°) = |x)| £ (x))|011)|G (x)), (3.12)

where 0'®) denotes an all-zero sequence of length £(n), and G : {0,1})" —
{0, 1}¢™ £(n) = O(s(n) + n).

Remark 3.4 G(x) is a sequence of £(n) bits, which is called a garbage information.
The fixed input bits 011 is utilized for the simulations of —, A, V gates.

Therefore, since we can obtain the value f (x) we should compute by using U s, even
quantum circuits can compute any Boolean function in this sense.

We often compute a Boolean function in the execution process of quantum algo-
rithms. If we apply the technique of Theorem 3.6, we need to store the gabage infor-
mation for the reversibility of computation. There is no point in occupying quantum
memory with the garbage information that is not necessary as a result of the com-
putation, and furthermore, it prevents some effects of quantum computation, as we
will demonstrated later. So, we initialize the garbage information without violating
the reversibility by a simple technique shown in the following corollary.

Corollary 3.1 Let Uy be a quantum circuit satisfying (3.12) in Theorem 3.6. Then,
there exists a quantum circuit U J’, using two gates of Uy and one CNOT such that
for any x € {0, 1}"
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U’ 1x)10)10)[011)[0°) = [x)| £ (x))[0)[011)[0°") (3.13)

Proof We construct the circuit U} as follows. First, we apply Uy to an input

|x)]0Y0)|011)|0¢™) of five sequences except for the second sequence. We then have
[x)]0)] f(x))|011)|G(x)). Next, applying CNOT to the second and third sequences
by taking the third as the controller, we have |x)| f(x))]f(x))|011)|G(x)). Finally,
we apply a quantum circuit U f_-l, which reverses input and output in U 7, except for

the second sequence. Then, we can obtain |x)| £ (x))[0)|011)]|0¢), (Il

As (3.13) shows, the auxiliary sequence does not change the value in input and out-
put. This fact is significant especially in quantum computing. For example, let us con-
sider a situation that we compute a Boolean function f oninput (|x)|0)+|y)|0))/ V2.
Applying the technique of Theorem3.6, we obtain (|x)|f(x))|011)|G(x)) +
|y)|f(y))|Ol1)|G(y)))/«/§byaddingauxiliary sequences |011)]0 - - - 0). In this case,
the garbage information |G (x)), |G(y)) is not separable from the other parts. (We
say two qubit sequences are separable if they are not entangled. See Sect.2.3.3
and Chap.7.) In contrast, if we choose the technique of Corollary 3.1, we obtain
(1X)1.£ )YOT1)[0 -+ 0)+[y) ] £ (YNIOT1)[0 - - 0)) /2 = ((1xX)] £ () +IF ()]
V2)®1011)]0- - - 0). Since the auxiliary sequences are separable from the sequences
of input and result in this case, we can ignore the existence of the auxiliary sequences
henceforth. Therefore, we can consider that this technique achieves an operation
[x)]0) — |x)| f(x)) by cutting off the auxiliary sequences.
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Chapter 4
Quantum Algorithms

4.1 Introduction

Quantum computing has deep potentials to construct much faster algorithms for hard
problems than classical ones. In this chapter, we will study several famous quantum
algorithms that have significant advantages over classical ones.

We will first study the Deutsch-Jozsa algorithm in Sect. 4.2. This algorithm solves
some artificial problem which would not be useful in practice, but it is quite simple
to demonstrate the potential of quantum computing. If you learn quantum circuits at
Chap. 3 for the first time, this algorithm is highly recommended to understand the
power of quantum computing. (We will deal with an improved version given in [1]
as the Deutsch-Jozsa algorithm in this section.)

Nextin Sect. 4.3, we will study a fast quantum algorithm called Grover’s algorithm
[2] that searches solutions of problems. More specifically, for a given f : {0, 1}" —
{0, 1}, it can find an xg € {0, 1}" satisfying f(xg) = 1 fast. This quantum algorithm
is quite versatile since it assumes no structure on the given function f.

Following Grover’s algorithm, we will study an overview of Shor’s algorithm [3]
in Sect. 4.4. Shor’s algorithm is able to efficiently solve the factorization and discrete
logarithm problems, which are believed to be hard against classical computers. The
hardness of these problems provides a security basis of cryptographic protocols used
widely in the Internet and others such as the RSA and elliptic curve cryptosystems.
This fact implies that we can easily attack cryptographic protocols based on the
hardness of these problems if we can build practical quantum computers of the
same scale with the classical ones. The discovery of Shor’s algorithm was a big
breakthrough in the area of quantum computing, and that was one of the main reasons
why this area attracted remarkable attention.
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4.2 Deutsch-Jozsa Algorithm

The Deutsch-Jozsa algorithm solves a problem of deciding whether a given
function f : {0, 1} — {0, 1} is constant or balanced only from queries x € {0, 1}"
and their answers f(x) € {0, 1}. We say f is a constant function if f(x) = 0 for
all x € {0,1}", or f(x) = 1 forall x € {0, 1}* and f is a balanced function if
f(x) = 0 for a half of x € {0, 1}" and f(x) = 1 for the other half of x, namely,
{x € {0, 1} : f(x) =0} = 2"/2.

Decision problem of constant/balanced functions
Input: a function f : {0, 1}" — {0, 1}
Output: 0 if f is constant, and 1 if f is balanced

The function f is given as a black box. Namely, we are given no information on
description of f, for example, f can be described as f(x1, x2, x3) = x1 D x2 D x3,
and we can learn only relationships between inputs and outputs by queries x =
(x1, x2, x3) and their answers f(x). Such a function given as a black box is often
called an oracle. In computation with an oracle, we discuss the sufficient and neces-
sary number of queries to the oracle as a measure of computational resource, which
is called query complexity.! In this section and the next section, we analyze the
number of queries to oracles.

In classical computation, how many queries to f do we need to solve this problem
correctly? It is easy to see that the deterministic computation, that is, the classical
computation which uniquely determines an output value from an input value, requires
=1y queries to some f. Even in the randomized computation, that is, the classical
computation which determines an output value from an input and random values,
requires exponentially many queries to f to solve this problem with probability 1.
Nonetheless, the Deutsch-Jozsa algorithm allows us to solve this problem with only
1 query to f and probability 1 using power of the quantum computation.

Remark 4.1 Since the quantum computation extracts classical information from
qubits through measurement, we need to analyze probability that a quantum algo-
rithm outputs a correct value. Fortunately, the Deutsch-Jozsa algorithm outputs a
correct value with probability 1, but quantum algorithms we will discuss later such
as Grover’s algorithm and Shor’s algorithm have possibility that they provide wrong
outputs. However, we can analyze that such a probability is sufficiently small, and
further, we can efficiently verify if the outputs are correct or not in the problems
treated by these algorithms. So, it is not a serious problem for these algorithms to
have a small error probability.

Let us check the details of the Deutsch-Jozsa algorithm. Since we are given f as an
oracle, the oracle itself should be instantiated by a quantum circuit in order to make a

! The query complexity takes care in the number of queries and it ignores the complexity of the
other quantum operations. Therefore, in discussions of query complexity, we are able to perform
any phisically implementable operation.



4.2 Deutsch-Jozsa Algorithm 57

query to the oracle from a quantum circuit. We suppose that the oracle is instantiated
by a quantum circuit Uy that acts on n-qubit and 1-qubit sequences as follows:

Urlx)|b) = |x}|b @ f(x)), (4.1)

where x € {0, 1}", b € {0, 1} and & is the exclusive OR. (Recall that any Boolean
function can be represented by a unitary matrix as shown in Corollary 3.1.)

It is easy to see that this operation is a unitary matrix. We can interpret a single
use of U as a single call to the oracle f.

We show the Deutsch-Jozsa algorithm below. This algorithm is given an initial
qubit sequence [0"11) = ]0")|0) as an input and obtains information of U r by
measuring the final qubit sequence, where 0" is a concatenation of n zeros.

Deutsch-Jozsa Algorithm
(1) Apply the Pauli matrix o, to the (n + 1)th bit.

(i) Apply the Hadamard transform H to all the n + 1 bits.

(iii) Apply Uy to all the n + 1 bits.

(iv) Apply the Hadamard transform H to the first # bits.

(v) Measure the first n bits in the computational basis. If the obtained classical n-bit
sequence is 0 - - - 0, output 0, i.e., decide f is constant. Otherwise, output 1, i.e.,
decide f is balanced.

Obviously, this algorithm uses only one Uy. As mentioned above, this circuit can
correctly decide if f is constant or balanced with probability 1. We now analyze this
below.

After (i), the initial qubit sequence |0")|0) is transformed to |[0")|1) by the Pauli
matrix oy. (Recall that o, acts as the bit flip. See Sect.3.4.) In (ii), it is further
transformed to the following sequence. Let N := 2".

0711y A TXZ ) (10) — 1)).

€{0,1}"

The transformation of the first n-qubit sequence is the same one as Fig. 3.6 in Sect. 3.4.
In (iii), applying U s to the (n + 1)-qubit sequence, we obtain

1
— > 100y — (1)
2N x€f0, 1}n
(111)

X)(f(x)@0) = [f(x)D 1)

(=D D x) 0y — 11)). (4.2)
«/2N Xe{%“l},,

Namely, this step does not change the amplitude in basis vectors |x) satisfying f(x) =
0 but flip the sign of the amplitude in basis vectors |x) satisfying f(x) = 1.
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Finally in (iv), what happens by applying H®" to the first n-qubit sequence
again? Since the first n-qubit sequence is separable from the last 1 qubit and
H®”(Zx€{0’1}n Ix)/~/N) = D e(0.1yn (H®"|x))/+/N by the linearity of unitary
matrices, let us check how H®"|x) changes for each of |x). It is easy to prove the
following lemma.

Lemma 4.1 Forevery x € {0, 1}",

H®"|x) = > =nEy), (4.3)

yefo.13"

Q-
=

where (x,y) := >7_, x;y; mod 2 for the i-th bits x;, y; in x, .

Exercise 4.1 Prove this lemma. (Hint: H|x) = (|0) + (—1)*|1))/+/2 in the 1-bit
case.)

By this lemma, the first n-qubit sequence is

1 Gv) 1 '
—= >, DS o T DD,
VN xe{0,1)" N x,ye{0, 1}

We measure this state in (v). Then, from the amplitude in |0"),

1
Pr {we obtain 0" by the measurement in (v)} =y Z (=™
x€{0,1)"

If f is constant, it is obvious that this probability is 1. Otherwise if f is balanced,
since > . 0,13 (— 1)/®) = 0, this probability is 0, namely, we always obtain 0" in
the measurement of (v) if f is constant, and something other than 0" if f is balanced.

From the above discussion, we can see that the Deutsch-Jozsa algorithm solves
the decision problem of constant/balanced functions with probability 1 by a single
use of Uy.

Why can we achieve such a surprising task by quantum computing? In what
follows, we will observe the heart of the algorithm. The key is the state given in (4.2)
after the step (iii). Since the last 1 qubit is separable from the first n-qubit sequence
in this state and independent of f, we focus only on the first n-qubit sequence and

define
f Z (— l)f(x)|x

xe{0,1}"

lpr)

If fis constant, [¢pf) = > |x)/ VN, and if f is balanced, |¢f) is the state that that
an exact half of basis vectors have different signs from the others. (|¢ /) and —|¢ r)
are identified). It should be noted that for a constant function f and a balanced
function g, the corresponding states |¢ ) and |¢,) are orthogonal:
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! X 1 X X
<¢f|¢g> = NZ(—I)JC( )+g(y)(x|y) = N ;(_l)f( )+g9(x) 0.

X,y

Since a unitary matrix is an invertible transformation that maps an orthonormal
basis to another orthonormal basis, the vectors (H®")™!|¢ ) = 10---0) and
(H®")~!|¢,) are orthogonal again. Therefore, while (H®")"!|¢;) = [0---0),
(H®™)~! |¢¢) is in the subspace spanned by basis vectors except for |0 - - - 0), namely,
(0---0[((H®)~1¢,)) = 0.Since H = H~!, wenever obtain 0 - - - 0 from H®"|¢,)
by the measurement in (v). As discussed above, we reduce the decision problem of
given functions to the discrimination problem of given quantum states, called quan-
tum state discrimination. If we interpret the Deutsch-Jozsa algorithm in the context
of the quantum state discrimination, we are given one of the two states {|¢r), |¢g)}
(precisely, there are many states as |¢ ¢), |¢4), but we simplify the discussion), and
we can then discriminate them by the measurement used by the Deutsch-Jozsa algo-
rithm. In addition, it is known that we can discriminate candidate quantum states
with probability 1 if they are orthogonal. (See Proposition 5.4 in Sect.5.2.)

In the interpretation of quantum algorithms as quantum state discrimination, the
following two points are important:

1. It is possible to construct an efficient quantum circuit that generates (nearly)
orthogonal states from given inputs.

2. Itis possible to construct an efficient quantum circuit that provides the measure-
ment which discriminates the generated states.

Indeed, there are several quantum algorithms that reduce the target problems to the
quantum state discrimination, and thus, the reduction is a useful technique to design
quantum algorithms. In fact, the quantum state discrimination plays an essential role
in Shor’s algorithm, we will study that later in Sect.4.4.

4.3 Grover’s Algorithm

We next study Grover’s algorithm in this section.

4.3.1 Construction of Grover’s Algorithm

Grover’s algorithm is applicable to a general search problem, which we call Grover’s
search problem, in which we find a satisfying assignment xo (we call a solution
simply below) for a given function f : {0, 1} — {0, 1}, i.e., f(xo) = 1.

Grover’s search problem

Input: A function f : {0, 1} — {0, 1}, where it has a unique solution x¢ € {0, 1}*

of f(xp) = 1.
Output: the unique solution xo € {0, 1}" satisfying the above equation.
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Similarly to the previous section, the function f is given as an oracle, i.e., a black box
to be applied, and it answers a value f(x) for a query x. We are able to learn f only
through this oracle. We will analyze the number of queries in Grover’s algorithm as
in the Deutsch-Jozsa algorithm.

Let N := 2". Then, every deterministic algorithm (i.e., classical algorithm that
uses no random numbers) requires N — 1 queries to output the solution x¢ of f (xg) =
1 correctly for every f. If a deterministic algorithm A makes at most N — 2 queries,
thereare two distinct x(, and x such that A cannot distinguish the cases that f (x;) = 1
and f (x(’)’ ) = 1. Therefore, A must fail on one of these two cases. Also, by the proof
technique called Yao’s principle [4] used for lower bounds of query complexity, we
can prove that every randomized algorithm using random numbers requires 2 (N)
queries to solve this problem with a constant probability (say, 0.8) that is independent
of n.

On the other hand, Grover’s algorithm can correctly output xo with at least proba-
bility 1 — 1/N (note that this probability approaches to 1 as N grows larger) only by
making at most O (v/N) queries to f. Therefore, it is possible to save the number of
queries significantly in Grover’s algorithm for this general search problem, compared
with classical algorithms.

Now, let us study the details of Grover’s algorithm. Since a function f is an oracle,
we suppose it is given as a quantum gate Uy |x)|b) = |x)|b @ f(x)) as in Equality
(4.1) of the previous section.

Before studying the details, we will first observe the intuitions behind Grover’s
algorithm. Our goal is to construct a quantum circuit that outputs quantum states
which provide a solution xo with high probability by the measurement from input
10"}10).

We consider the following quantum circuit: (1) Apply the Hadamard transform H
to the first n bits. (2) Apply Uy to all the n + 1 bits. This transformation is described
as follows:

o) 1 ®n 1
0")10 0 1 0) = — 0
| >|>+—>( 2(|>+|>)) ®10) Wx%}nmm

S

1
&)ﬁ S W)

€{0,1}*

Measuring the output, we obtain a pair (x, f(x)) randomly. Since the amplitude in
1x)| f(x)) is 1/+/N for every x, the success probability, i.e., the probability that we
obtain the pair (xg, 1), is 1/N. This is the same as the probability that we luckily
obtain the solution by choosing x uniformly at random from {0, 1}"*, and hence, we
have no advantage of quantum computing at this point.

Next, we consider the following quantum circuit. (1) Apply the Pauli matrix oy
only to (n + 1)th qubit. (2) Apply the Hadamard transform to all the n + 1 qubits.
(3) Apply Uy to whole of the n + 1 qubits. (4) Apply the diffusion matrix, which
is defined as follows, to the first n qubits.
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2 2 2 2
AUl A AR A
2 -1+ 2...2 2
Dy=| " A 4.4
2 2 2 L2
N A A
It is easy to see that Dy is an N x N unitary matrix of [Dy];; = —1 + 2/N and

[Dyli,j = 2/N( # j). The transformation of the qubit sequence is described as
follows:

10710y~ 10y 1) <2 (10) = 11)

1

fxe% ° 7
1

> |x>®%(|0@f<x)>—|1@f<x>>>

€{0,1}"
1 1

= —— 1)/® 0) — |1

x%}ﬂ( ) Olx) ® ﬁ(u 1))
L —|x0) + E |x) ®L(|0)—|1))
“un | = 2
4 (4/N) 1-(@2/N) 1

— (|0) — [1)).

e +Z = x®ﬁ<|>|>>

XF#XQ

Looking at the first n qubits after the step (3), we have er{o,l}" (— l)f(x) |x)/\/ﬁ.
Namely, the sign of amplitudes in x that f(x) = 1 is flipped to minus. Applying
the diffusion matrix to this state and then measuring the result, we obtain x¢ with
probability (3 — (4/N))?/N, as seen from the above transformation. This success
probability is approximately 9 times higher than that in the first quantum circuit. In
both of these quantum circuits, we only used one Uy, i.e., we make a query to f only
once. Nonetheless, we can amplify the success probability by adding these magical
transformations with the same single query. We will study why these transformations
amplify the success probability in the next subsection.

Grover’s algorithm iterates the operation which amplifies the success probability.
For simplicity, we set the initial qubit sequence to [0")|1), and let 6 be the value

satisfying sin6 = /1/N.

Grover’s algorithm
(i) Apply the Hadamard transform H to the n 4 1 qubits.
(i1) Iterate the steps (iii) and (iv) |7 /(40)] times.
(iii) Apply U to whole of the n + 1 qubits.
(iv) Apply the diffusion matrix Dy to the first n qubits.
(v) Output classical n bits obtained by measuring the first n qubits.

Below, we denote the steps (iii) and (iv) by a Grover iteration, or simply, an iteration.
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|).'0> IIU)

Fig. 4.1 a Step (i). b Step (iii). ¢ Step (iv)

The following theorem shows the performance of Grover’s algorithm:

Theorem 4.1 Grover’s algorithm outputs xq satisfying f (xo) = 1 with probability
at least 1 — 1/N by using Uy L (7w /) VN | times.

The number of Uy the algorithm uses is [7r/(46)| from the construction, and its

upper bound is |7/(40)] < |(w /4)«/ﬁ | since sin & < 6. In the next subsection, we
will analyze the success probability.

4.3.2 Analysis of Success Probability

Let us recall that Grover’s algorithm amplifies the success probability with sev-
eral magical operations. Now, we precisely observe what these operations mean.
This algorithm runs on two sequences of n qubits and 1 qubit, and since these two
sequences are separable in each of Grover iterations, we look only at the first n-qubit
sequence.

The basic idea is that the n-qubit sequence used by this algorithm can be rep-
resented as a linear combination of bases of ‘“solution” |xp) and “non-solution”
> £x0 |x) and the algorithm amplifies the amplitude in the basis |xg) by the Grover
iterations.

We consider the first Grover iteration. By the application of the Hadamard trans-
forms in (ii), the n-qubit sequence is changed to

1 1 N —1
|¢0)=H®"|0")=ﬁ > |x>=ﬁlxo)+\/ 10",

xef{0,1}"

where |xo1) = ZX#XO [x)/+/N — 1 is a vector of norm 1 in the orthogonal com-
plement of the span{|x¢)} (see Fig.4.1a). As mentioned above, the probability that
we obtain xq is 1/N if we measure the state at this point. In (iii), we apply Uy to
whole of the n + 1 qubits. This corresponds to the operation that flips only the sign
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of the amplitude in |xp) on the first n qubits, which is equivalent to the operation
Vi =1 —2|x0){xol| (see Fig.4.1b). Namely, we have

, 1 N—1
|¢o>=vf|¢o>=—ﬁ|xo>+,/ I Ixo™).

As Fig.4.1b illustrates, V maps a vector to an axisymmetric one with respect to
|x0L). Finally in (iv), we apply the diffusion matrix Dy to the first n qubits. In fact,
the matrix Dy is decomposable as follows:

10 .-.-0
0-1"

Dy = H®" H®" = — [ +2H®" 00" | H®" = — [ +2|¢h0) (0.
R | |
0. 0 —1

(Note that the Hadamard transform H is unitary and Hermite # = H' and hence
the inverse of H is H itself.)

Exercise 4.2 Prove that we can decompose Dy as Dy = — [ +2|¢o) (¢o].

Denote by |¢1) the resultant state when we apply Dy to |¢). Then, we have

[¢1) = Dnldg) = (— I +2l¢0)(boDIgg) = —Igy) + 2{boley) o).

AsFig.4.1cillustrates, |¢1) is actually the axisymmetric vector of |¢() with respect to
o). Since the vector |1) in Fig. 4.1cis a projection of |¢,) onto the one-dimensional
space spanned by |¢), we have [o) = |¢o)(¢ol - |¢), and since |Pg) = —|¢;) +
o) (ol - 160), we have Ip1) = lgg) + 210g) = —16)) + 2(doldg)lbo). It easily
follows from the above discusssion that Dy = — I +2|¢g) (¢o] is the transformation
that maps a vector to the axisymmetric one with respect to |¢g).

Therefore, V; maps a vector to the axisymmetric one with respect to |x(J)-) and
then Dy maps a vector to the axisymmetric one with respect to |¢p) in the iterations
of Grover’s algorithm. By these operations, the qubit sequence originally close to
|x(J)-) gradually approaches to |x¢). Since (¢0|xd-) = /N —1/N = cos¥, the angle
formed by |¢o) and |x0l) is 6. From the geometric intuition we mentioned above,
the angle formed by |¢;) and |xOL) is 36, and each of iterations increases the angle
by 26.

The change of the state in iterations is given by the following lemma.

Lemma 4.2 Let |¢i) be the first n-qubit sequence after the k-th Grover itera-
tion. Then, we have |¢r) = ax|xo) + ,3k|xj-), where o = sin((2k + 1)0), Br =
cos((2k + 1)0) and |(¢o|x0l>| = cosé.

Proof By induction. The case k = 0 is immediate since we have |¢g) = (1/ V'N)|xo)

+ (/N = 1/N)|xy) and thus g = 1/+/N, fo = /N — 1/N.



64 4 Quantum Algorithms

We assume that the statement holds on k. Applying V¢ to [¢r) = o |xo) + Bk |x0L),
we obtain |¢) = —a|x0) + filxg). Then applying Dy = — I +2|¢o){¢ol. (note
|do) = aplxo) + ﬂo|x0L)) we have by the trigonometric identities

|pk+1) = D1y

= (1 = 203) + 2B oac ) 1x0) + (Be(—1 +263) — 2afioao) I3
sin((2k 4+ 1)0 + 20)|xo) + cos((2k + 1)6 + 20)|x0L).

Therefore, it follows that g+ = sin((2k 4+ 3)0) and By = cos((2k +3)0). O

By Lemma 4.2, we immediately obtain the proof of Theorem 4.1, which shows
the performance of Grover’s algorithm.

Proof of Theorem 4.1 By Lemma 4.2, performing the measurement after the &
iterations, we obtain the outcome xo with probability sinz((Zk + 1) =1-—
cosz((2k+1)0). Settingk = |7r/(40)]| = (7 /(40)) —§ forsome 0 < § < 1, we have
cos2((2k+1)0) = cos?((r/2)+(—28+1)8) = sin®((—28+1)8) < sin*>(#) < 1/N.
Therefore the success probability is 1 — cos?((2k + 1)0) > 1 — 1/N. (]

It is obvious from this analysis that the success probability sin2((2k + 1)6) with
k iterations becomes smaller if k is too large. Therefore, it is important to set the
number k of the iterations appropriately.

4.3.3 Generalization: Multiple Solutions

In the previous subsection, we assumed that the blackbox function f : {0, 1}" —
{0, 1} had a unique solution xq satisfying f(xp) = 1. It is more natural that the
blackbox function has multiple solutions and the algorithm tries to find one of them.
Now, we assume f has ¢ solutions.

If we pick up an element x € {0, 1}" uniformly at random from N := 2"
candidates, x satisfies f(x) = 1 with probability #/N. Thus, picking up k ele-
ments uniformly at random, none of them satisfies f(x) = 1 with probability
(1 —t/N)¥ < 1 —kt/N + (k(k — 1)/2)(t/N)?. Setting k := N/t, this proba-
bility is at least 1/2 and hence we can obtain one of solutions by N/t queries with
a constant probability in classical computation.

In quantum computation, we can still apply Grover’s algorithm to the case of
multiple solutions. Recall that we set the parameter 6 to the integer satisfying sinf =
JT/N and k = |7r/(40)] of the Grover iterations in Grover’s algorithm for a unique
solution.

If there are ¢ solutions, we define another parameter 6; as the value satisfying
sin@; = \/t/N, and we set the number of the Grover iterations to R; := |7/(46;)] =
O (/N /t). Then, Grover’s algorithm with R; iterations can find one of solutions with
high probability. Note that the algorithm knows the number t of solutions.
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More specifically, the following lemma gives the success probability of Grover’s
algorithm with k iterations in the case of ¢ solutions.

Lemma 4.3 If there are t solutions xq such that f(xo) = 1, Grover’s algorithm
with k iterations can find one of xo’s with probability sin®((2k + 1)6,), where 0, is
the value which satisfies sin0;, = \/t/N.

Exercise 4.3 Prove Lemma 4.3.

We can immediately obtain the following theorem.

Theorem 4.2 [f there are t solutions xo such that f(xo) = 1, Grover’s algorithm
with |7t /(40,)] iterations can find one of xo’s by using Uy |7 /(46;)] = O(J/N/t)
times with probability at least 1 —t/N.

As in the case of a unique solution, we can easily see from Lemma 4.3 that the
success probability can be small if the number of the Grover iterations is too large.
The appropriate number of the Grover iterations is R; := |7/(46,)| = O(J/N]/t),
which should be determined by the number ¢ of the solutions.

However, it is a strong assumption that the algorithm knows the number of the
solutions in advance. For example, the simple algorithm that just picks up candidates
uniformly at random does not need to learn the number of the solutions.

In fact, we can obtain one of the solutions with low query complexity by a simple
idea of classical computation even if we do not know the number of the solutions. The
trick is to exponentially increase the number of the Grover iterations in Grover’s algo-
rithm. Namely, we sequentially run Grover’s algorithm with 1 iteration, 2 iterations,
4 iterations, and so on.

At some stage, we can eventually run Grover’s algorithm that approximately has
an appropriate number R, of the Grover iterations, and then, it obtains the solution
with a constant probability. We need to use Uy more times with this idea. However,
since we justneed touse Uy 1 +2 +4 + --- + R, &~ 2R, times, the total number
of the Grover iterations is approximately twice that of Grover’s algorithm when the
number of the solutions is known.

We describe Grover’s algorithm in the case that the number of the solutions is
unknown below.

Grover’s algorithm (for unknown number of the solutions)
(i) Setr := 1 as the initial value.
(i) Run Grover’s algorithm with r iterations. If it obtains a solution, output the
solution and halt.
(iii) Double r and go back to (ii).

We can show the following theorem for this algorithm:

Theorem 4.3 Suppose that a given function f has t solutions. Grover’s algorithm
Sforunknown number of the solutions can find one of the solutions by using U y 2./ N [t
times with probability at least 1/2.
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Proof Let6; be the value satisfying sin 6; = /t/N, and let £ be the integer satisfying
w/(86;) < 20 < /(46;). We consider the probability that the algorithm cannot find
a solution when r < 2¢, but it finds a solution when r = 2¢. By Lemma 4.3, Grover’s
algorithm with 2¢ iterations finds a solution with probability sin®((2 - 2¢ + 1)6;) >
sin®(7r/4+6;) = 1—cos?( /4+86;). Since cos?(r /4+6;) = (1—2cos 6, sinb,)/2 <
1/2, the algorithm finds a solution with probability at least 1/2. Until the algorithm
finds a solution at r = 2¢, it uses Uy at most 1 4244442t =2tH1 _1 <
7/(20,) < 24/N]Jt times. O

Exercise 4.4 Design a quantum algorithm with O (v/N) queries (recall N := 2")
that decides if a given function f : {0, 1}* — {0, 1} satisfies the following (1) or (2)
with high probability.

(1) There exists the unique solution xg such that f(xg) = 1.
(2) Forevery x € {0, 1}*, f(x) = 0, namely, f is the constant function that always
outputs 0.

4.4 Shor’s Algorithm

In this section, we first study a quantum algorithm for the problem named period-
finding problem to understand the heart of Shor’s algorithm, and then, we consider
how to apply the algorithm to the integer factorization and discrete logarithm prob-
lems. We will not move into details of Shor’s algorithm in this section. See [3] for
the details.

4.4.1 Quantum Algorithm for Period Finding

The central idea of Shor’s algorithm stems from the quantum algorithm for the
following period-finding problem. For N € N, define Zy := {0, ..., N — 1}.

Period-finding problem

Input: An oracle f on Zy, where some s € N divides N € N and it holds that
f@ = fa+smodN)= f(a+2smodN) = f(a+3smodN) =---.
Output: The number s hidden in f.

For example, defining N := 16 and f(a) := a mod4, it is immediately seen that
f(a) has the hidden period s = 4. The most simple classical algorithm is to just
enumerate f(0), f(1), f(2), ... sequentially and find s such that f(0) = f(s).
However, this algorithm needs to compute f N /2 times in the worst case. Our goal
is to efficiently find such an s only by computing f polynomially many times in
n := [log N which is the length of N represented in binary.

The following is an overview of the quantum algorithm for this problem. In this
section, algorithms store natural numbers rather than bits into qubit sequences. We
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then suppose that these natural numbers are represented as binary numbers in the
qubit sequences. For example, (|1) + |3))/\/§ means (|01) + |11))/ﬁ.

Quantum algorithm for period-finding problem
(i) Generate the following state in the initial qubit sequences:

1
i > la)0).

aEZN

(i) Compute f(a) for an input a in the first qubit sequence and store it into the
second sequence:

ﬁ > la)lf(@).

aEZN

(iii) Measure the second sequence. If some value z is measured, then we have

1
LT > la)a).

a:f(a)=z

(Note that the summation is taken only over the values a so that f(a) = z.)
(iv) Apply the quantum Fourier transform to the first sequence, and measure the

resultant sequence. Then, we can obtain a multiple of N /s by this measurement.
(v) Repeating (i)—(iv) appropriately, recover s from the obtained multiples of N /s.

The step (i) can be done by the same method used in Deutsch-Jozsa and Grover’s
algorithms with the Hadamard transform. More specifically, the following procedure
achieves (i):

(1) Generate 2~"/2 Zae{m}n |a)|0). (Since the bit length of N is 1, note that 2" ~! <
N <2")

(2) Interpreting a as a binary number, compute a function ¢ defined as #(a) := 1 if
a < N and t(a) := 0 otherwise, and store 7 (a) into the last qubit.

(3) Measure only the last qubit. If O is obtained, go back to (1) since the pro-
cedure fails. Otherwise, the whole state is N~1/2 Za:t(a):l la)|1) = N2

Zf]vz_ol la)|1) and thus, the first qubit sequence gives the desired state.
(4) Repeat (1)—(3) n times.

The probability that the procedure fails at (3) is at most 1/2. Hence, repeating
these steps n times, we obtain the desired state with probability at least 1 — 1/2".

The quantum Fourier transform used at (iv) plays important roles not only in Shor’s
algorithm but also in many other quantum algorithms. For example, it is exploited
in a quantum algorithm for phase estimation of unitary transforms [5].?> For more
details, we observe a concrete example below.

2 The phase estimation is also studied deeply based on the Fourier analysis from viewpoints of
quantum statistical estimation [6].
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Let us consider a function f(a) = a mod4 which we picked up in the above

example. The state generated in (i) with this function is (|0) + |1) + --- + [14) +
[15))|0)/+/ 16, and the state generated in (ii) is

—= (10)10) + [1)I1) +[2)12) + [3)[3) + [4)10) + I5)[1) + 16)[2) + [7)I3) +--+)

5|~
o

1
= —— ((10) + 14) + [8) + [12)[0) + (I11) + [5) +[9) + [LID[1) +---).
m((|>+|)+|>+| NI0) 4 (1) +15) 4+ [9) + [1I)IT) +---)

Assume the outcome of the measurement is 1 in (iii). In this case, the resultant state
changes to

1
7 (D F 13+ 19+ 1)),

We now apply the quantum Fourier transform F over Z¢ to the first qubit sequence
in this state (|1) + |5) +[9) + |11))/ V4. In general, the quantum Fourier transform
over Zy is defined as

N—-1
Fla) = J__ > w1k (4.5)

for every a € Zy, where wy = exp(2mi/N).

Exercise 4.5 Show that the quantum Fourier transform over Zy can be represented
as a unitary matrix.

Applying the quantum Fourier transform F over Zj¢ to the first qubit sequence, we
obtain

F— (I11) 4+ |5) +19) + [13))
f(l) 15) +19) + |

(0)16 +a)16 +a)16 +0){g k) |k>

s M=
ﬁ\

§|~ %I

62‘0

ﬁ\

k=0

We then note the value of S4(k) := 22:0 wﬁk. For example, setting k = 0, we have

S4(0) = 4, and setting k = 1, we have S4(1) = a)g + a)}1 + wﬁ + wi =0.

Exercise 4.6 Forevery N,k € N, let Sy (k) := Ze -0 a)N Show that Sy (k) =

if k is amultiple of N and Sy (k) = 0 otherwise. (Hint: Calculate (w N— Doy k(= 1)
op\ VT ko o).

+

Immediately from this exercise, we have S4(k) = 4 when k = 0,4, 8,12 and
S4(k) = 0 for the other ks. Therefore, the state obtained by the quantum Fourier
transform is
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1 1 15
F(ﬁ(|1)+|5)+|9)+|13))) fszIGZw

. (w?6|o> + whsld) + B 18) + w2 12)) .

| —

Measuring this state, we obtain one of 0, 4, 8 and 12 with probability 1/4 respectively
(independently of the phase “’(1)67 “’41‘6’ ... of the amplitudes).

More generally, when we obtain the outcome f(a) at (iii) via the measurement
in the second qubit sequence, the resultant state is (|a) + |a +4) + |a + 8) + |a +
12))| f (a))/~/4. Then, applying the quantum Fourier transform to the first qubit
sequence, we obtain the state

F(%(|a)+|a+4)+|a+8)+|a+12)))

- % (w76|o> +oilgl4) + ofg18) + 0l312).
independently of the outcome at (iii). So, the value obtained at (iv) is one of 0, 4, 8
and 12 with probability 1/4 respectively. To wrap up, we obtain a multiple of s = 4
by the procedure from (i) to (iv). As done in (v), we can find s = 4 from non-zero
multiples by repeating this procedure appropriately.

In the above discussion, we only consider a special case (N = 16, f(a) =
amod4), but the general case is analyzed similarly. Assuming that we obtain z =
f(ap) = f(ap +s) = f(ap + 2s) = --- in the measurement of (ii), we have the
following by applying the quantum Fourier transform F over Zy to the resultant
state at (iii).

F— | ) o 1 Ni NIk
a = e — Wy
N/ fla N/S fla)=z ﬁ k=0
N—
\/_ ( +5)k (ap+((N/s)—1)s)k
L e
k=0
N—1 (N/s)—1
NG k
=N DoV D e,k
k=0 =0
N—1 s—1
Vs k 1 agj(N/s)| ;
= 2. W S5 (k) k) = ﬁ;“’NM 1j(N/s)).

In the last equality, we used the fact that Sy /5(k) = N/s if k is a multiple of N/s
and Sy/s (k) = 0 otherwise. Measuring the qubit sequence obtained by the quantum
Fourier transform, multiples of (N/s), i.e., 0, (N/s),2(N/s), ..., (s — 1)(N/s),
outcome at (iv) with probability 1/s, respectively.
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Now suppose that m; = k1N /s and my = kpN /s outcome from two samples
(where k1, kp € {0, ..., s —1}). The values m, my and N are known but s and k1, k3
are unknown. If k| is a coprime to k3, the greatest common divisor of m| and m> is
N/s, and hence, we can then obtain s from m, m> and N by using the Euclidean
algorithm.

The probability that k1 is not coprime to k; is bounded by

Pr{Up.prime k1 and k, are multiples of p}
< Z Pr{k; and k> are multiples of p}

p:prime

where the last inequality is derived from ), n~% = 7% /6. From, say, 2n samples,

we can hence obtain s with probability at least 1 — 0.65".

Although we omit the details of the complexity analysis, if we can implement f
by n?W) gates, i.e., polynomially many gates in #, this quantum algorithm finds the
period s with high probability by n?(!) gates.

This quantum algorithm is a sort of the quantum state discrimination similarly to
the Deutsch-Jozsa algorithm. Indeed, the (probabilistic mixture of) quantum states in
(iii) are determined by the period s, and therefore, it suffices that we can discriminate
which period s the quantum states have. In the case of this discrimination, we can
implement an efficient discriminator by using the quantum Fourier transform.

4.4.2 Quantum Algorithm for Factorization

Let us construct the quantum algorithm for factorization from the period-finding
algorithm. First, we define the factorization problem.

Factorization problem
Input: a natural number N of bit length n, where N = pgq for two primes p and g.
Output: the two primes p, gq.

Since itis trivial if N is even, we consider only the case that N is odd (and thus p, g are
odd primes). The natural number N of bit length n is less than 2. Therefore, if we look
for the primes by brute-force search, we require exponentially high computational
complexity in n. There are much faster classical algorithms than brute-force search
for the factorization (see, e.g., [7]). However, they still require exponentially high
computational complexity, and it is open to construct a polynomial-time algorithm
for the factorization.

How can we reduce the factorization to the period-finding problem? We can
efficiently solve the factorization problem (even by classical algorithms) if we can
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find the minimum r which satisfies x” = 1 mod N for any integer x coprime to N.
The part we need the power of quantum computation is to find the minimum r. The
heart of Shor’s algorithm is to show how to efficiently solve the problem of finding
this » by quantum computation.

We overview the classical part of the reduction. This part mainly requires the
number theory and classical algorithms for it. Let GCD(a, b) denote the greatest
common divisor of two integers a, b.

First, we choose x from {1, ..., N — 1} uniformly at random. If x is not coprime to
N,ie.,GCD(x, N) # 1, GCD(x, N) divides N. Since this GCD(x, N) is efficiently
computable by the Euclidean algorithm, we can factor N efficiently in this case.

So, suppose that GCD(x, N) = 1. The value of r is determined by the choice
of x. If r is even, it holds (x’/> + 1)(x"/> = 1) =0 mod N. Further, if x"/? % —1
mod N, either GCD(x"/? + 1, N) or GCD(x"/> — 1, N) is a nontrivial factor of
N (i.e., p or q). Then, we can show that r is even and X2 # —1 mod N with
probability at least 1/2 for a random x. Therefore, our task is reduced to find the r
that satisfies x” = 1 mod N since we can easily compute GCD(x’/> + 1, N) and
GCD(x"/? — 1, N) from r and we can verify if they divide N.

To wrap up, the overview of Shor’s algorithm for the factorization is as follows.

Shor’s algorithm
(i) Choose x € {1, ..., N — 1} uniformly at random.
(i) Compute GCD(x, N). If it is not 1, output GCD(x, N) and halt.
(iii) Find the minimum r that satisfies x” = 1 mod N. (We discuss this quantum
part later.)
(iv) Ifrisevenandx’/2 # —1 mod N, verify ifGCD(x"/2+1, N) or GCD(x"/2 —
1, N) divide N. If so, output it and halt. Otherwise, go back to ().

Next, we study the quantum part that computes r. This part is implemented by
reducing the problem of finding  to the period-finding problem. Define f(a) :=
x*mod N. In fact, this function has a period s so that f(a) = f(a +s) = f(a +

2s) = ---. For example, consider that N = 15 = 3 -5, x = 2. Then, we have
fO =f4 =@ =--=1f1=705=f9=-=2 72 =
f®) = f8) = --- =4,and f(3) = f(7) = f(11) = ... = 8. Therefore,
we can find the period s using the technique of the period-finding algorithm. Since
f(0) = f(s) = f(2s) = --- =1, this period s is the value » we want to compute.

The original algorithm of Shor did not use the quantum Fourier transform over
Zy, but it used another one which was efficiently implemented since it was not
known how to implement the quantum Fourier transform over Zy at the time of the
discovery of Shor’s algorithm. Later, the efficient implementation was found (e.g.,
[8]) and thus we can efficiently and directly solve the factorization problem using
the quantum transform over Zy .

Although we supposed the case N consists of two primes in this subsection, this
algorithm can be generalized to the case that N consists of more than two primes.
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4.4.3 Quantum Algorithm for Discrete Logarithm

Shor also applied the idea of the period finding to the discrete logarithm problem.
First, we define the discrete logarithm problem as follows. (The original problem is
defined in a more general form with terms of finite cyclic groups, but we consider a
special case for simplicity).

Discrete logarithm problem

Input: a prime p of bit length n, natural numbers g coprime to p — 1 (that is,
GCD(p—1,9)=1)and y with0 < y < p.

Output: a natural number x such that y = ¢* mod p and 0 < x < p.

For example, if the inputis p = 5,y = 2, g = 3, the output should be x = 3 since
33 =27=5"+2.

Since the bit length of p is n, brute-force search for x requires to check O(2")
candidates in the worst case. There are several classical algorithms much faster than
brute-force search for the discrete logarithm problem (see, e.g., [7]), but they still
require exponentially high computational complexity. In contrast, Shor’s algorithm
can solve this problem only using polynomially many gates.

Consider the function f : Z,_1 X Zp—1 — Z), defined as follows.

fla,b) =g (y"H’mod p = ¢ "* mod p, (4.6)

where Z, 1 :={0, ..., p—1}and Z; :={y € Z, : GCD(y, p) = 1}. In particular,
since p is a prime, Z";, ={l,...,p—1}L

y~! denotes the element that satisfies y - y~' = 1mod p. This function f is
efficiently computable from the given p, y, g.

This function f has an interesting property: (a,b) € {(0,0), (xmodp —
I,Imodp — 1), 2xmodp — 1,2mod p — 1), ...} if and only if f(a,b) = 1.
More generally, (a, b) € {(v, w), (x +v, 1 +w), 2x +v,2 + w), ...} if and only
if f(a, b) = g"~"*. From a viewpoint of finite groups, f takes a constant value on
each coset of a subgroup ((x, 1)) of an additive group Z, 1 x Z,_1.

In the same example p = 5,y = 2,9 = 3 as above, since 2-3 = 6 = 1
mod 5 and hence y_l = 3, we have f(a,b) = 3¢ 3% mod 5. Indeed, (0,0 =1
and £(3,1) =333 mod5 = 81 mod 5 = 1. The following is the values of f(a, b)
in this example.

f0,00 =73, 1D =f22)=f(13 =1
JA,0)=f@1D=f3.2)=f(23) =3,
f2.0)=f(11D=f(0,2)=f(3.3) =4,
fB3.0) =72 1D =f(1,2)=f(0,3) =2

From these values, f satisfies f(a,b) = f(a +3mod4, b + 1 mod4), and it has a
hidden period (x, 1).
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The original period-finding problem is to find a one-dimensional period, but we
can generalize it to a problem of finding a two-dimensional period. For solving
this generalized problem, we use the following quantum Fourier transform over
Zp—1 X Zp_1, defined as follows, rather than over Zy .

Fla)|b) = > o (4.7)

V(p )Zkeez,

Using this quantum Fourier transform, we can construct an efficient quantum algo-
rithm that finds the period (x, 1), which contains the solution we want to find in the
discrete logarithm problem.

4.5 Other Quantum Algorithms

We briefly studied only famous quantum algorithms in this chapter. In the recent
progress of quantum algorithms, there are novel techniques to design quantum algo-
rithms not included in the algorithms we studied here. For example, the quantum
walk is a quantum analogue of the random walk, which is one of important tools for
classical algorithms. The quantum walk has remarkably different properties from the
classical one, and these properties have been actively used to design new quantum
algorithms in recent years [9, 10]. If readers are interested in the recent progress
including the technique of the quantum walk, see the survey article [11].
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Chapter 5
Foundations of Quantum Mechanics
and Quantum Information Theory

5.1 Introduction

In Chap. 2, we have explored the world of quantum mechanics (QM) through the qubit
systems. It is not much difficult to generalize the laws for qubits to those for general
quantum systems. In this chapter, we give two formulations of general quantum
mechanics.! The first one is based on postulates of QM which directly bridges the
gap between qubit systems and general quantum systems (Sect. 5.2). The postulates
of QM provide the ground for all the quantum phenomena. However, it is not clever to
always go back to postulates from the applicational point of view. In particular, when
we focus on a particular quantum system, the presence of an interaction with other
physical systems brings a variety of phenomena to the system of interest. At times
such an other system acts as an environment which causes an undesirable noise, and
at other times as a measurement device which extracts an information of the system
of interest. Although these phenomena can be explained based on postulates of QM
by referring the other systems, e.g., the environment system, as well as the system of
interest, it would be convenient if we have a formulation of QM which preliminarily
incorporates them directly without referring other systems. The second formulation
of QM given in this chapter is formulated in this line of philosophy. Specifically, the
formulation gives the most general descriptions for states (Sect. 5.3.1), measurements
(Sect.5.3.2), time evolutions (Sect.5.3.3), and measurement-processes (Sect.5.3.4)
in a fixed quantum system under the possible presence of other quantum systems
(see e.g. [3-7]). Since the second formulation of QM clarifies the border between
realizable and unrealizable phenomena and operations in a fixed quantum system
without referring the other systems, the second formulation is often useful as the
theoretical ground of quantum information science.

! For the mathematical simplicity, we restrict ourselves to the cases where the associated Hilbert
spaces are finite-dimensional. However, a formal generalization to the infinite-dimensional cases
follows in the parallel manner [1] subject to the careful treatments of topological issues and domains
of operators [2].
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Before proceeding to the formulations, let us give a few remarks about the
nomenclatures and notations.

5.1.1 Postulates and Preconditions

Although the two formulations of QM are basically equivalent up to trivial things,
some of their mathematical descriptions are quite different. This apparent differ-
ence could be an obstacle in communication among researchers with different back-
grounds. To avoid it, we carefully explain the physical connections between two
formulations. In particular, the second formulation is deduced from the first one
based on postulates in detail.

In the following discussion, we distinguish two nomenclatures, postulates and
preconditions as follows. We use postulates for the assumptions which characterize
quantum mechanics, while we reserve preconditions for natural assumptions which
hold not only in QM but also in any operationally valid physical theories (including a
classical physics). Indeed, in many textbooks, many of preconditions are not explic-
itly specified but implicitly assumed. Although it is not our intention to logically
mention all these conditions, in the following we would like to point out some of
important preconditions as much as possible.

To see the nature of preconditions, we shall start by some of the examples here.
Remind that the fundamental prediction of QM is about the outcome-probability in a
measurement as is described in (1). Here, we are implicitly assuming the following:

In each measurement, we get an outcome, (5.1

which could be our first precondition. Some of the readers might think that Precondi-
tion (5.1) is too natural to be explicitly described. However, in QM, this assumption
itself is sometimes questioned if we include an observer (of the measurement) as
a part of physical system. Precondition (5.1) shows our standpoint of positivism:
In this book, we don’t treat such a meta-physical problem and we start from our
discussion after admitting that we objectively get an outcome in each measurement.
In the probabilistic theories like QM, we are also assuming:

The probability to get an outcome is determined

dependently on the state of the system. 5.2)
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We denote, by Pr(M = m | s), the probability to get an outcome m by a mea-
surement M under a state s.% In this book, for the mathematical simplicity, we only
consider ameasurement with finite numbers of outcomesm € M = {my, ..., m, }.3

Another example of preconditions lies in the identification of states. To under-
stand the precondition, remind that a state is completely characterized by the physical
responses to any possible measurement (see Sect.2.2.1). This characterization indi-
cates that we can distinguish states s1 and s» if and only if there exists a measurement
with which we observe different responses under s and s». In probabilistic theories
like QM, we assume the following precondition:

We identify states s1 and sy if they predict the same

probability distributions in all possible measurements. (5.3)

Notice that this identification should be required even if s and s, are prepared by
completely different methods. In this case, we sometimes say that s; and s, are
statistically equivalent.

Similarly, we assume the following precondition for the identification of mea-
surements:

We identify measurements M1 and M; if
(i) they have the same set of measurement-outcomes and
(ii) they predict the same probability distributions under all states.
5.4)

This precondition is also natural from the operational point of view. For instance,
using both a ruler and a tape-measure, one can measure the same physical quantity,
a position of a particle. Notice, however, an outcome itself is usually not important
in the application of information processings being just labeled by proper symbols
(such as 0 and 1). In that case, the condition (i) in (5.4) is relaxed to the condition
(i)’ to have the same number of measurement outcomes (see also the footnote 3).

5.1.2 Hilbert Space and Linear Operators

Until Chap. 4, we have explained qubit systems with a complex Euclidean space
C¢ and a d x d matrix. To deal with QM in general, we need a Hilbert space
and a linear operator on the space. A Hilbert space is a vector space equipped

TRt

2 The symbol “|” with “s” implies that the probability is considered as the conditional probabil-
ity conditioned that the state is s. (see the footnote 18 for the conditional probability). Precisely
speaking, we are identifying the random variable and the measurement and use the same symbol
M.

3 Using a measure theoretical languages, one can formulate the general measurement theory in a
parallel manner including continuous outcomes (see e.g. [8]).
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with an inner product, i.e., an inner product space, with the completeness condition
(Appendix A.2.2). As we will explain from the next subsection, many notions of
QM such as physical quantities will be represented by linear maps on a Hilbert space
‘H. In QM, we call them linear operators on 7{ instead of “maps”. Following this
convention, a linear map on the set £ () of linear operators on 7 is sometimes called
a super-operator. However, in this book, we just call it a linear map following the
convention of the field of quantum information science.

Throughout this book, we restrict ourselves to quantum systems associated with
Hilbert spaces of finite dimension. This is because we think primarily of the appli-
cations to the quantum information science, and in that case, it is usually enough to
treat finite-dimensional spaces. It is well known that the completeness condition of
a Hilbert space of finite dimension is automatically satisfied. Therefore, the reader
may think a Hilbert space just as an inner product space in the following. Moreover,
any finite-dimensional Hilbert space 7 is represented by C¢ (Proposition A.2) such
that the inner product is given by (2.5). On this representation, any linear operator
on H is also represented by a d x d complex matrix (Appendix A.3.1). Therefore,
the reader who is unfamiliar with the abstract treatment of vector spaces may always
consider a Hilbert space and a linear operator just as C¢ and a d x d complex matrix,
respectively. However, noting that these representations depend on a particular basis,
it is necessary to understand mathematical ingredients independent from the basis
for the deep comprehension of the theoretical structure of QM and its applications
to quantum information processings. Therefore, we recommend the reader to read
the Appendix A whenever he/she finds the unfamiliar mathematics below.

5.1.3 Dirac Notation I1

In this subsection, we explain again the for a general Hilbert space 7. While the
notation has been already explained in Sect.2.2.2 for C? based on [A]-[D], we
formulate it slightly in a different manner by [A’], [C'] and [D’]. In this subsection,
a, b (including ay, a; - - - ) are complex numbers and A is a linear operator on .

[A’] |%)) denotes a Vector

In Dirac notation, we denote an element (a vector) of 7{ with symbols | and ), the same
as in [A] in Sect.2.2.2. Note that an addition of vectors and a scalar multiplication,
say |v) + |¢) and aly), are sometimes abbreviated simply to |¢) + ¢) and |a®)).
Similarly, the action of a linear operator A to a vector |¢) is denoted by A|y), or
abbreviated to |A). For instance, the linearity of A can be expressed not only by
A(alv) + blo)) = aAlp) + bA|@), but also by Alay + bo) = a|Ay) + b|A¢).
A vector of { with this notation is sometimes called a ket vector.
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[C'] (1| p) denotes the Inner Product

In Dirac notation, the inner product between vectors |) and |¢) in H is denoted by
(1]¢) (see Appendix A.2.2 for the definition and general properties of the inner
product). Following the convention in quantum physics, let the linearity of the
inner product hold in the right element: (|ap| + bpa) = a(w|o1) + b{(Y|p2).
By the symmetry (1)[¢) = (¢|¢), the anti-linearity holds in the left element:
(ady + bpalp) = a(prlh) + b(paly). The norm of a vector |¢)) is defined by
/{@1), which will be simply denoted by ||1/||. We sometimes abbreviate the inner
product between vectors |¢)) and A|¢) as (1| A@). For instance, the adjoint operator
A" of A satisfies (Y|Ap) = (AT1)|).

[D’] |1)) (| denotes a Linear Operator

With two vectors |¥), |¢) € H, the symbol |¢p) (2] is the linear operator on H whose
action to vectors is defined by

1€) € H = [) (] 1€) := (PIE)|d) € H. (5.5)

One can memorize this action formally by recombining (/| and |£) to make it an
inner product (1|£) based on the notation [C’]. The linearity of |¢)(1)| immediately
follows from the linearity of the inner product.

In Sect.2.2.2, we have introduced |¢) (/| by the matrix (2.7). One can easily check
that this matrix corresponds to a matrix representation of the linear operator (5.5).*

The typical use of (5.5) is for the one-dimensional projection operator: With a
unit vector |¢)) € H, the linear operator |1¢)) (¢ is the projection operator onto the
subspace spanned by the vector ). More generally, the projection operator Py onto
the subspace W of 7{ can be written by Py = > /_; [t);) (¢;| with an ONB {|¢;)}_,
of W. (see Appendix A.3.5.)

Exercise 5.1 For vectors [1), |¢), |¢), |¢') € H, show the following formulae:

(@119 (WD) = (¢19) (1Y), (5.6)
[N = (Sl YN, 3.7

The above conditions [A’], [C'], [D'] are minimally required characters of the
Dirac notation to describe the theory of QM and quantum information theory. How-
ever, Dirac notation also provides another notation for a linear functional on 7{.> An

4 With an ONB {|v;)}_, of H, let (ay, ..., a))T = (W1l¥), ..., (Wal¥)), (b1, ... ba)T
= (Y119, ..., (Wald)) € C be representations (A.4) of vectors |¢)) and |#). Then, the matrix
representation of A := |¢) (2| with the same ONB reads a;; := (Yi|AvY;) = (V;|)(V|y;) = biaj
(see (5.6) in Exercise 5.1).

5 A linear map from H to C (or R) is called a linear functional on 7.
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introduction of this notation would make calculations easy and formal. However, this
is not indispensable to describe the theory below, so it is the reader’s option to read
the rest of this subsection.

[B’] (| denotes a Linear Functional

For each ket vector [¢)) € 7, the symbol (1| is defined by the linear functional on
H such that

VIE) € H — (41 1€) := (4|€) € C. (5.8)

The linearity of this map immediately follows from the linearity of the inner product.
In Sect.2.2.2, we have introduced this notation (1| by (2.3), the conjugate transpose
of the corresponding column vector |). One can easily check that this is a matrix
(a row vector) representation of a linear functional (5.8).

The set H* of all (bounded) linear functionals on 7 is called the dual space. It
is easy to see that {* is a vector space. As a vector in H*, (1] is called the bra
vector corresponding to the ket vector [¢). It is known that any element of H* can
be represented as a bra vector (Riesz’s representation theorem [2]). Thus, the set of
all bras equals H*.

5.2 Postulates for Quantum Mechanics

In this section, we formulate QM based on postulates and explain the general prop-
erties of QM. The postulates we adopt are based on those introduced by Dirac [9]
and mathematically formulated by von Neumann [1], with which most physicists
would be familiar. Specifically, we explain QM by three Postulates; Postulate 1 for
the representations of a quantum state and a physical quantity including the mea-
surement rule, Postulate 2 for the rule of a time evolution, and Postulate 3 for the
description of a composite quantum system. Notice, however, that we don’t include
the so-called projection postulate for measurement processes, since they are oper-
ationally explained by combining other postulates and natural preconditions® (see
Sect.5.3.4 for the details).

In the following, let H ~ ¢4 and L(H) be a finite-dimensional Hilbert space and
the set of linear operators on H, respectively. Unless is noted, d is always used for the
dimension of 7. Hermitian operators are denoted by A, B, C, projection operators
by P, Q, and the identity operator by . The set of eigenvalues of A € L(H) is
denoted by o (A).

6 This idea is mainly credited to Ozawa. See [7, 10—12], and references therein for the detail.
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5.2.1 Quantum States, and Measurements of Physical Quantities

The first postulate of QM describes the mathematical representations of quantum
states, physical quantities (observables), and the probabilistic rule for the measure-
ment.

[Postulate 1] For any quantum system, there is an associated Hilbert space 7{
in a way that a state is represented by a unit vector of 7{. A physical quantity
is represented by a Hermitian operator on 7{ where the measurement outcome
is one of the eigenvalues. If we measure a physical quantity A € £(7) under
a state |¢)) € H, then the probability to observe an outcome a € o(A) is given
by

Pr(A = a |[¢)) = (Y| Pat)). (5.9)

Here, P, is the eigen-projection belonging to the eigenvalue a of A.

For each quantum system, e.g. of an electron, a photon, and a carbon dioxide
(in principle even for a macroscopic system such as a tennis ball and a star), we
theoretically assume that there is an associated Hilbert space with which all the
physics on the system are described. For instance, the Hilbert space for the qubit
system was C? as seen in Chap. 2. In general, the dimension of a Hilbert space
for quantum mechanical system could be (countably) infinite. However, in quantum
information science, it is enough to use a finite-dimensional Hilbert space, mainly
for encoding a classical information on a finite set to a quantum state. A quantum
system where the associated Hilbert space is of finite-dimensional is called a finite
level (quantum) system. Alternatively, it is called a d-level (quantum) system when
the dimension is d.

A quantum state and a physical quantity are represented by a unit vector of 7{ and
a Hermitian operator on H, respectively. The description of a state is the same as in
Chap. 2, but a representation of a physical quantity by a Hermitian operator is more
general than that by an orthonormal basis (a basis measurement). We will see below
that a basis measurement corresponds to a measurement of a non-degenerate physical
quantity. Notice that a measurement outcome of a physical quantity A € L(H)
is always one of the eigenvalues of the operator A. The mathematical fact that an
eigenvalue of any Hermitian operator is a real number guarantees that a measurement
outcome is also a real number so that it is gauged with respect to a fixed physical
unit. The probability law (2.1) in QM is given by (5.9), which is called the Born rule.
Notice that the mathematical consistency holds for the description of a probability
which is positive with the normalization condition (Exercise 5.2):

Exercise 5.2 Show that the right hand side of (5.9) is a probability distribution.

Asisnoticed in Chap. 2, the correspondence between a unit vector and a quantum
state is not one-to-one. If two unit vectors |¢) and |1)) are related by |¢)) = ¢'?|¢) with
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some phase 6 € R, they are considered to represent the same physical state. This is
called the indefiniteness of phase. This identification can be naturally explained by
Precondition (5.3): By (5.9), it is easy to see that states |¢) and |¢)) = %)) predict
the same probability distribution for any measurement of physical quantities.’

Note that Postulate 1 does not necessarily require that all unit vectors correspond
to physical states; conversely it only requires that any physical state corresponds to
some unit vector. However, in this book (and usually in the field of quantum infor-
mation science), we assume the stronger condition that (i) there exists a physical
state corresponding to any unit vector. In the same way, we assume the stronger
condition also for physical quantities: (ii) There exists a physical quantity corre-
sponding to any Hermitian operator. In the following, we identify a quantum state
and a unit vector, a physical quantity and a Hermitian operator, respectively.

The mathematical representation of physical states by means of vectors implies
that the addition of states (as vectors) makes another state. This fact is called the
superposition principle and the resultant state is called the superposition state.
One might wonder how to interpret the superposition state of |¢)) and |¢), e.g.,
%(Iw) + |¢)), especially the physical relation between the superposition state and
the superposed states |1)), |¢). In particular, it is quite difficult to imagine the super-
position state of classically exclusive states of e.g. “switch ON” and “switch OFF”.
We should notice here that an interpretation of QM is still controversial and there
are many explanations, including non-scientific one, also for the interpretation of
superposition states.® However, from the operational point of view, one does not
have to be troubled over this problem since even a superposed state is just a physical
state from which one can get an measurement outcome with the probability follow-
ing the Born rule (5.9). We only notice here that interpreting a superposition state
just as a probabilistic mixture of superposed states is a typical misinterpretation. For
instance, a state \/LE(W) + |¢)) cannot be interpreted by a preparation of |¢) or |¢)

with probability 1/2. In Sect.5.3.1, we will see that a probabilistic mixture of states
yields the so-called mixed state.

A physical quantity A € £(7H) is called degenerate (or non-degenerate) if it has
(or do not have) a multiplicity of eigenvalues. If an eigenvalue a of a Hermitian opera-
tor has a multiplicity of length /, then the dimension corresponding to the eigenspace
E, is also [. Therefore, we can write the eigen-projection by P, = Zf: 1 1Pa,i) (@ail
with an orthonormal basis {|¢,.;) }f:] of E,. Using this representation, the Born rule
(5.9) reads

I
Pr(A = all$) = (W|P) = D [(dail) . (5.10)

i=1

For a non-degenerate physical quantity A, we have P, = |¢,)(¢,| where |¢,) is the
uniquely determined unit eigenvector of A (up to an arbitrary phase) belonging to

7 By the Born rule (5.9), we have Pr(A = a | |1)) = (¢?¢| Pye'?¢) = e710ei? (9| P, ) = Pr(A =
a | |¢)) for any physical quantity A.
8 For those who are interested in this problem, we recommend to read [13].
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an eigenvalue a. Therefore, we have

Pr(A = ally)) = (|(1¢a) (Gal)t) = [{Galt))]*. (.11

Noting that {|¢4)}aecs(a) forms an orthonormal basis of the whole space 7 due to the
completeness of a Hermitian operator, a measurement of a non-degenerate physical
quantity corresponds to a basis measurement explained in Chap. 2 (see (2.18)).
Therefore, the formulation of a measurement in this chapter is essentially the same
as that in Chap. 2 except for the following points: (i) we will treat a general physical
quantity including a degenerate one in this chapter, and (ii) the measurement outcome
of a physical quantity is automatically gauged by eigenvalues of a Hermitian operator
with a fixed physical unit, while in Chap. 2 we have labeled a measurement outcome
by proper symbols, e.g. 0 and 1.

In the following, we denote the spectrum decomposition of a linear operator A by

A= Z aP, (5.12)

aco(A)

where a is an eigenvalue of A with the eigen-projection P, and o(A) denotes the
set of all eigenvalues of A. We usually abbreviate the summation simply to > .
To distinguish the spectrum decomposition and an eigenvalue decomposition (see
Appendix A.3.6), an eigenvalue decomposition of A is denoted by

d
A= ail¢i) (¢l (5.13)
i=1
wherea; (i = 1, ..., d)represents the d eigenvalues of A (including the multiplicity)

and |¢;) represents the eigenvector belonging to the eigenvalue a;. (See the footnote
9 in Example 5.1 and the footnote 10 in Example 5.2.)

Example 5.1 Consider a qubit system with an associated Hilbert space C2. Notice
that Pauli matrices (2.22) represent physical quantities as they are (not only unitary but
also) Hermitian. For instance, o is anon-degenerate observable with two eigenvalues
+1 with the corresponding eigenvectors |¢) = %(l, +1HT = %QO) + |1))
(One should check here an eigenvalue decomposition of oy: oy = |¢) (¢} ] +
(—D)[¢* ) (¢ |”). The measurement in the former part of Exercise 2.3 in Chap. 2 can
be considered as the measurement of o, subject to the relabeling of the outcomes
to 1 and —1 from O and 1, respectively. Similarly, Hermitian operators o, and o,
have eigenvalues +1 with the corresponding eigenvectors |¢7y ) := %(IO) +i[1nHT

(an ONB in (2.7)) and |¢%) := [0),[¢%) := |1) (an ONB in (2.10)). Thus, the

. 11 1 -1 . .
9 : 1 1
Using (2.7), we have |¢1)(¢% | = 5 (1 1), (L) (2] = 5 < 11 ), from which we obtain

GLGL] — 165) (65 | = (?}) .
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measurement in the latter part of Exercise 2.3 can be considered as the measurement
of oy, and the basis measurement with respect to the computational basis can be
considered as the measurement of o,.

Exercise 5.3 Check that the eigenvalues and eigenvectors of Pauli matrices o, oy,

o, are given by those in Example 5.1. Show also the relations: |(¢i|¢yi)|2 =

(SLIOD) = [(SLIoD) 1 = 5.

Example 5.2 Consider a 3-level quantum system associated by the Hilbert space
51 2

C3. If we perform a measurement of a physical quantity A = [ 1 5 —2 | undera
2-2 2

state ) = (1,0, O)T € C3, we get one of eigenvalues of A, which are a = 0, 6, as

1 —1-2
the measurement outcome. Since the eigen-projections are Py = % -1 1 2
-2 2 4

and Pg = %A,lo the probabilities to get 0 and 6 are given by (| Pyv)) = % and

(Y| Psyp) = %, respectively.

Because the measurement outcomes of a physical quantity are real numbers, we
can calculate the expectation value and the variance (or the standard deviation,
which is the square root of the variance) of a physical quantity. Following the prob-
ability theory, the expectation value of a physical quantity A under a state [1)) is
defined by Ey;[A] := >, aPr(A = a||y)). Combining with the Born rule (5.9), we
get Ey[A]l = >, a(@| Py = (W|(2, aPa)Y) = (|Ay) where we have used the
spectral decomposition of A = )", a P,. This gives the formula of expectation value
in QM:

Ey[A] = (|Ad). (5.14)

Similarly, the variance with the same context is defined by Vy[A] := > (a —
Ew[A])zPr(A = al|vy)). Using the Born rule (5.9) again, we get the formula of the
variance in QM:

Vu[A] = (|A%Y) — (| AY)? = (PI(A — Ey[A] D). (5.15)

Therefore, we can directly use a Hermitian operator A in (5.14) and (5.15) to obtain
the expectation value and the variance, while we have to solve the eigenvalue-problem
and calculate an eigen-projection of A in order to obtain the probability (5.9).

10 Notice that the multiplicities of eigenvalues 0 and 6 are 1 and 2, respectively. A unit eigenvector
belonging to the eigenvalue 0 is |£p) = ﬁ(l, —1, —2)7, and thus one can compute Py = &) (ol
by using (2.7). On the other hand, the eigenvalue 6 has a multiplicity 2, where one can find two
orthogonal unit eigenvectors, e.g., |) = %(1, 1,0)7 and |§g) = \%(1, —1,1). From these
eigenvectors, we obtain Ps = |&6) (&l + 1€4) (&5 = %A. Observe here the difference between
an eigenvalue decomposition A = 01} (ol + 61¢6) (&6l + 61€5) (€51 = D7 ail i) (9] where
a; = 0,ay = a3 = 6, [p1) := [&o), |d2) = |&6), |P3) = |§é) and the spectral decomposition
A=0Py+6Ps=2 ,_gsaPa.
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A quantum state which is represented by one of unit eigenvectors of A is called
an eigenstate of A. An eigenstate is a deterministic state with respect to A in the
sense that the probability to obtain the corresponding eigenvalue in a measurement
of Ais 1. Indeed, if a state |1)) is an eigenstate corresponding to an eigenvalue a, i.e.,
AlY) = aly) and thus P,|y) = [¢)), then by the Born rule (5.9), the probability to
obtaina is (Y| P,v)) = (¥]y) = 1. Conversely, a deterministic state with respect to A
is always one of eigenstates of A. To show this, let |1)) be a deterministic state such that
one gets a measurement outcome a € o(A) with probability 1. By (5.9), we have 1 =
(1| Paap). Letting Q, := [ — P, be the orthogonal projection to P,,'! we have 1 =
111> = || Patp + Qatb|1* = || Pat]|* 41| Qa1||* by Pythagorean theorem (Theorem
A.1). On the other hand, we have 1 = (Y|P,¢)) = (¢|ij) = (PyY|Pyyp) =
[|P,4||*. Hence, we obtain ||Q,1||> = 0. Therefore, we have Q,|v) = |¢) —
P,y = 0, which implies that |¢)) = P,|1) is an eigenvector belonging to the
eigenvalue a. To summarize, we have obtained the following proposition:

Proposition 5.1 A deterministic state with respect to a physical quantity A is one
of eigenstates of A, and vice versa.

As one of the peculiar properties of QM, a deterministic state with respect to one
physical quantity is not necessarily deterministic with respect to another physical
quantity. A simple example can be seen using Pauli matrices. From Proposition 5.1,
a deterministic state with respect to oy is one of its eigenstates, |¢7 ) or |¢*) (see
Example 5.1). However, under either case |¢)) = |¢}), the probability to obtain
+1 in the measurement of o, is Pr(o; = £||¢)) = |(¢i|1/))|2 = % by the results
in Exercise 5.3. This implies that a deterministic state with respect to o, is not
deterministic with respect to 0. On the contrary, it is the most random state for o in
the sense that the probability distribution is the uniform distribution. Similarly, one
can show that a deterministic state with respect to o is the most random state for o .
The pair of physical quantities is called complementary (or mutually unbiased)
if a deterministic state to one of the physical quantity is the most random state for
another physical quantity, and vice versa.!> o, and o, are the typical examples of
a complementary physical quantities. Moreover, by Exercise 5.3, all the pairs from
Oy, 0y, 07 are mutually unbiased.

An uncertainty relation provides a quantitative description of the above peculiar
features of QM. Though it has several different formulations, let us introduce here the
most famous one. Before explain the formulation, notice first that one can naturally
represent an uncertainty of a physical quantity by the standard deviation, which
is the square of the variance. In particular, a state is deterministic if and only if a
standard deviation is zero. The following relation gives the tradeoff between standard
deviations of two physical quantities:

Theorem 5.1 (Heisenberg-Robertson uncertainty relation) For any physical
quantities A and B and any quantum state |1)), we have

1 Note that P, Q, = P,(1 — P,) = P, — P2 = 0. Check also that 0, = Q2 = Q.
12' A pair of a position and a momentum is another typical example of the complementary pair of
physical quantities, although we need an infinite-dimensional Hilbert space to describe them.
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1
AylAlAy[B] = 5|<¢|[A,Bw>|, (5.16)

where Ayl[A] := /VylA] and Ay|B] := /Vy[B] are standard deviations of A
and B under the state 1)), and [A, B] := AB — BA is the commutator between A
and B.

Proof First, we show the case where expectation values of A and B are both zero:
Ey[A] = Ey[B] = 0. In this case, we have AZ[A] = ()|A%) = [|AQ|]* as
A = A", Similarly, we have Ai[B] = ||B%||*. By using the Schwarz inequality

(Theorem A.2), we have |(1)|AB)|> = |(AY|B)|? < ||Av||?||B1)||%. Therefore,

Ai[A]Ai[B] > |[(Y|ABY) . (5.17)

Observethat AB = {
of A and B. Since both A and [AZIB | are Hermman 13 we have |()|ABY)|> =

(o1 A5BL ) +i (3] 142 ) = 1A ) 2+ (| BB ) 2 > SIGWITA, Bl
Applying this inequallty to (5. 17) we obtain the uncertamty relation (5.16).

In the general case where Ey,[A] and E[ B] are not zero, one can follow the above
proof just by replacing A and B by A:=A—E, +»[A] I and B:=B— Ey[B] I which
have zero expectation values. By noting A2 [A] = Az [A] A2 [B] = A2 [B] and
[A, B] = [A, B], one obtains the uncertalnty relation (5.16).

The uncertainty relation (5.16) implies that there is a tradeoff between uncertain-
ties (here measured by the standard deviations) of two non-commutative physical
quantities A and B ([A, B] # 0). Indeed, if the right hand side of (5.16) is posi-
tive definite, then making the uncertainty of A smaller forces the uncertainty of B
larger, and vice versa. Moreover, this relation also indicates the impossibility of the
simultaneously measurement of non-commutative physical quantities. This rough
intuition is indeed correct in some sense, as we will see later in Sect.5.3.1. These
features are quite peculiar to QM not seen in any classical physics and sometimes
called uncertainty principle.

Here, we only show the converse, i.e., the simultaneous measurability for commu-
tative physical quantities. To make the statement clear, we start by the exact meaning
of the simultaneous measurability. In this book, we say that two physical quantities
A and B are simultaneously measurable if there exists a measurement which outputs
a pair of measurement outcomes (a, b) for A and B such that the joint probability dis-
tribution Pr(A = a, B = b|[¢))) under any state [¢)) correctly predicts the marginal
probability distributions'# of both A and B according to the Born rule:

13 The second equality follows since ()| C)) is real for any Hermitian operator C (see Proposition
AS).

14 The marginal (probability) distribution gives the local probability distribution of a subset of
random variables (physical quantities) without reference to other random variables. For instance,
with the joint probability distribution Pr(A = a, B = b) of A and B, the marginal distribution
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D Pr(A=a, B=Db|[v))) = (| Patb), D Pr(A =a, B =Dbll}) = ()| Qp),
b a

(5.18)
where P, and O}, are eigen-projections of A and B belonging to eigenvalues a and b,
respectively. Notice that the simultaneous measurement does not necessarily mean
the measurement with a temporal simultaneity.
As the following proposition shows, two commutative physical quantities are
simultaneously measurable in the sense described above:

Proposition 5.2 Commutative physical quantities A and B can be simultaneously
measurable such that the joint probability distribution under a state |1) is given by

Pr(A =a, B =b||¢)) = (| Pa Qp1)), (5.19)

where P, and Qy, are eigen-projections of A and B belonging to eigenvalues a and
b, respectively.

Before giving the proof, we first see a simple fact about the measurement of a
function of a physical quantity, which is implied by Precondition (5.4) (see Appendix
A.3.7 for the function of operators):

Proposition 5.3 For any physical quantity A and any real function f (provided
that the range includes o(A)), the measurement of f(A) can be performed by the
measurement of A by outputting f(a) if the measurement outcome of A is a.

For example, one can measure f(A) = A% by measuring A and square the outcome
as its output.

Proof Fix an arbitrary state [¢)) and let A = >_ a P, be the spectral decomposition
of A. Noting that f(A) = >, f(a)Pq, eigenvalues of f(A) are given by {b :=
f(@)}aeo(a) with the corresponding eigen-projections Qp = 3. (4)=p Pa-"> By
the Born rule, we have Pr(f(A) = b | [¥)) = W1Qw¥) = 24 pay=p (VI Patd).
However, this is nothing but the probability given by the measurement of A which
outputs b = f(a). Since |v) is arbitrary, the measurement of f(A) and the latter
measurement are identified by Precondition (5.4). O

Based on this fact, we show Proposition 5.2 by constructing a simultaneous mea-
surement satisfying (5.18).

Proof of Proposition 5.2 Since Hermitian operators A and B are commutative,
there exist a Hermitian operator C and real functions f and g such that A = f(C)

(Footnote 14 continued)

of A is calculated as >, Pr(A = a, B = b) by the sum rule of the probability for mutually
exclusive events: If events £ and E, are mutually exclusive, i.e., if one of the occurrence implies
non-occurrence of other events, then the probability Pr(E£; U E») for the sum event E| U Ej is the
sum of the probabilities Pr(E7) and Pr(E>).

15 Note that we have to collect up all the eigenvalues a satisfying b = f(a) for the case where f
is not injective.
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and B = g(C).'® From Proposition 5.3, the measurements of A and B can be
simultaneously performed by measuring C and outputting f(c) and g(c), respec-
tively.

By means of this measurement, the joint probability is given by Pr(A = a, B =
b||Y)) = chazf(c))bzg@ Pr(C = c|[9))). Let C = > cR. be the spectral decom-
position of C. Noting that Py = > ..,_ () Re, Qb = 2.c.p—g(c) Re and ortho-
normal condition R.R, = d.-R., we obtain Zc;a:f(c),b:g(c) Pr(C = c||v)) =
Zc;a:.f(c),b:g(c)(¢|Rcw> = Zc;a:f(c) Zcf;b:g(cf)(qucRc”/)) = (¢|PaQb7/)>-
Notice finally that this equation satisfies condition (5.18) by the completeness con-
ditions >, P, =2, Op = 1. O

We will come back to the general problem on the simultaneous measurability
in Sect.5.3.1. It will be shown that the converse of Proposition 5.2 is also true, i.e.,
non-commutative physical quantities cannot be simultaneously measured. Moreover,
the joint probability of any simultaneous measurement of commutative physical
quantities A and B is given by (5.19).

In the field of quantum information, the problem to distinguish (unknown) states
is often discussed in several contexts such as quantum cryptography. The following
proposition provides the basis for the general problem:

Proposition 5.4 Unknown orthogonal states |1;) (i = 1, ..., n) aredistinguishable
with probability 1 in one-time measurement (a single-shot measurement).

Proof LetH be an associated Hilbert space with dimension d. Since {|1);) };?:1 forms
an orthonormal system, one can supplement appropriate additional orthonormal sys-
tem {|v j)}‘f:n 41 to form an orthonormal basis together (see Exercise A.6). Then, a

basis measurement of {| j)}?: |» 1.e., a measurement of a non-degenerate physical

quantity with these eigenvectors, clearly distinguishes states |¢;) (i = 1,...,n).
Indeed, the probability to get the jth output of this measurement under a state [1);)
is (v 1) 12 =g - Therefore, in the situation where the unknown state is one of
[i) (i =1,...,n), we can correctly judge that the state was [¢;) where j is the
measurement outcome. O

In Sects.5.3.1 and 8.2, we will again discuss the general problem on the states-
distinguishability.

5.2.2 Time Evolution

The second postulate of QM is about the time evolution in quantum systems.

16 By Proposition A.8, there exists an ONB {|¢; )} which simultaneously diagonalizes A and B: A =
Zfl:] ai|lpi)(pil, B = Z?:] bjlpj) (@)l Letting ¢; (i = 1,...,d) be all distinct real numbers,
define a Hermitian operator C by C := >, ¢i|¢;)(¢;|. By choosing real functions f and g such
thata; = f(c;),bi = f(ci) i =1,...,d),wehave A = f(C) and B = g(C).
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[Postulate 2] A time evolution in an isolated quantum system is governed by
the Schrodinger equation:

d
ih ) = Hln), (5.20)

where |1);) is a quantum state at time r € R, H is the Hamiltonian, and 7 is the
reduced Planck constant.

A Hermitian operator H in (5.20) is called the Hamiltonian (operator) which
represents the energy of the quantum system. The reduced Planck constant & >~
1.054 x 10734 [Js] is the physical constant which determines the typical scale where
quantum mechanical effects appear. However, as it does not play a proactive role in
the theoretical structure of QM, we will not explicitly write /2 by adopting a physical
unit such that 2 = 1 in the following.

With the time evolution operator U, := exp(—i Ht), we have the formal solution
of Schrodinger equation:

[¢r) = Urlibo). (5.21)

One can easily check that (5.21) satisfies (5.20) by differentiating |v;) := exp(—i Ht)
|19) with respect to ¢ and using j—t exp(—iHt) = —iHexp(—iHt). Letting H =
> 5, h Py be the spectral decomposition of H, we have U, = exp(—iHt) =
>, exp(—iht)P,. By this expression, it is easy to show the unitarity conditions
U; UlT = U: U, = Zh P, = I. Therefore, the time evolution operator U, is always
a unitary operator.

In quantum information science, we are often interested in the discrete time evo-
lution describing the state change from the initial time to the final time. In that case,
it is preferable to deal with the time evolution by the time-evolution map

190) = 141) = Uilvo), (5.22)

which maps an initial state |1)g) to the final state |¢);). This is nothing but the unitary
evolution explained in Chap. 2.

Postulate 2 does not necessarily require that all unitary evolutions correspond to
physically realizable time evolutions. However, in this book (and usually in the field
of quantum information science), we also assume that for any unitary operator the
time evolution (5.22) is physically realizable.

5.2.3 Composite Systems

The final postulate of QM describes the way to composite quantum systems.
According to postulate 1, any quantum system is associated with an intrinsic Hilbert
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space to theoretically describe the physics. Thus, the composite quantum system
should also have its own Hilbert space. Postulate 3 describes the way to construct
the Hilbert space for the composite system from Hilbert spaces associated with the
subsystems.

[Postulate 3] Let S1 be the composite system of quantum systems S; and
S, with Hilbert spaces 7{; and 7{2, respectively. Then, the associated Hilbert
space of Sy3 is the tensor product Hilbert space 71 ® H>. A physical quantity
of S; represented by a Hermitian operator A; on 7 is identified with the
physical quantity of Sy, represented by A1 ® I on H; ® Ha, where [ is the
identity operator on ;. The same identification follows for A, of S, and
I1 ® Ay of Spo.

Based on Postulate 3, all the physics on the composite quantum systems are
described with Postulates 1 and 2 on { = H| ® H». For instance, a composite
state is represented by a unit vector on 7{; ® > and a physical quantity is repre-
sented by a Hermitian operator on | ® H> with the Born rule. In addition to these
representations, it is important to recognize the physical relations between the com-
posite system and subsystems. In particular, a local physical quantity A1 of H; (resp.
Aj of H») is identified with physical quantity the A; ® I (resp. I1 @ A2) onH| ® Ho.
By using this, the composite state

[V ® @) == V) ® |p) (5.23)

with states |¢) and |¢) of S| and S, is naturally interpreted as a state where the
local states of Sy and S; are |¢) and |¢), respectively. To see this, let us consider
an arbitrary local measurement of a physical quantity A; = >, aP, of S; under
the composite state (5.23). As A is represented by A; ® > on H| ® Ho with the
spectral decomposition >, a(P, ® I»), the probability to obtain an outcome a is
Pr(A;1 ® b = allY) ® 19)) = (¥ ® ¢|(Pe ® 12)Y ® ¢) by the Born rule on the
composite system. However, by (¢|¢) = 1, this probability coincides with (1| P,1)),
which is the probability distribution of the measurement of A; under the state |).
As Aj is arbitrary, the state (5.23) is locally in the state |¢)) of S1. Similarly, one can
show that the state is locally in |¢) of S».

A composite state of the form (5.23) is called a product state. In general, however,
there exists a composite state which cannot be written in this form (see Example
2.5). A quantum state which cannot be written in the form (5.23) is called an. It turns
out that an entangled state has a stronger correlation among subsystems than any
correlation appearing in classical physics (see the footnote 31 in Sect.2.3.3). For this
strong correlation, an entangled state plays a crucial role in quantum information
processings which go beyond the classical information processings. The general
properties and applications of an entangled state will be explained in Chap. 6 in
detail.
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Notice that local operators A of Sy and B of S correspondto A ® [ and [1 ® B
on the composite system and thus are commutative. Consequently, by Proposition
5.2, we can simultaneously measure A and B such that the joint probability under a
state |¢) € H1 ® H2 is given by

Pr(A =a, B =b[¥)) = (W|(Pa ® )11 @0p)V) = (Y| Pa ® Qp),  (5.24)

where P, and Q) are eigen-projections of A and B. We naturally assume the follow-
ing precondition:

In composite system of S1 and S», a simultaneous measurement
of Aof Sy and B of S> can be performed by locally measuring them.
The time ordering of the local measurements does not affect

the joint probability distribution. (5.25)

5.2.4 Comment on the Measurement Process:
State-Changes due to Measurements

As we have seen in Sect. 2.3.2, a measurement on a quantum system generally causes
a state-change, and we have called it a measurement process. Although in many
text books this measurement effect is assumed as one of the Postulates of QM,
we do not include any kind of postulates for a measurement process. Indeed, the
post-measurement states are naturally explained from Postulates 1-3 combined with
some natural preconditions (see the footnote 6). As the rule of the measurement
process will be derived from other Postulates in Sect.5.3.4, we rather discuss here
a plausible interpretation which attributes this measurement effect to the acquisition
of information, and show that it is difficult to adopt such idea.

A typical measurement process is the projective measurement: If we measure a
non-degenerate physical quantity A under a state |¢) and get an outcome a, then the
post-measurement state becomes the eigenstate |¢,) belonging to the eigenvalue a:

gota
[¢¥) F— [¢a). (5.26)

The measurement of a non-degenerate physical quantity accompanied by the mea-
surement process (5.26) is called the von Neumann’s projective measurement.
The natural generalization to include a degenerate physical quantity is given by the

so-called Liiders’ rule:
gota

V) = Palt)/I| Palh}l, (5.27)

where P, is the eigen-projection belonging to the eigenvalue a.
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What is the cause for the state-change of the measurement? A seemingly appeal-
ing idea to interpret the cause is to attribute the state-change to the acquisition of
information. Indeed, such a state-change happens even in the classical probability
theory. For instance, suppose that we have a dice (of the form of a regular hexahe-
dron) inside a closed black box. Before opening the box, we may describe the state
of the dice by the probability distribution p = (1/6,1/6,1/6,1/6,1/6,1/6) for
each spots 1-6 of the dice. However, after opening the box and observing that the
dice has a spot 1, we redescribe the state of the dice by the probability distribution
p’1 = (1,0,0,0,0,0), since we have confirmed that the spot 1 is certainly pointing
upward. This “measurement process” of the dice can be formalized by

gotspoti

i°

where p’ is the probability distribution with probability 1 for ith spot. This fact
indicates the idea that a state-change in probabilistic theories is naturally explained by
the acquisition of information, provided that the state is dependent on the knowledge
of observers. One might be interested in interpreting measurement processes of QM
in the same way.

To proceed this idea in QM, consider a measurement of a physical quantity A
in a quantum system. In the same manner as in the discussion of a dice, the post-
measurement state after observing a measurement outcome a should be a state such
that a physical quantity “have” the value a with certainty. From the operational point
of view, it is a state which predicts the outcome a with probability 1 if the same
measurement of A is performed. This is nothing but a deterministic state discussed
in Sect.5.2.1, which is an eigenstate of A belonging to the eigenvalue a by Propo-
sition 5.1. Consequently, the post-measurement state is an eigenstate of A, which is
consistent with the projective measurement.

So far the same as in the state change of dices. However, we have to recognize that
it becomes quite weird if we also consider measurements of other physical quantities
as well. To understand this, remind that a deterministic state for one physical quantity
is not necessarily deterministic for another physical quantity (see Sect.5.2.1). There
even exist complementary physical quantities A and B, each of deterministic state is
most random state to each other. Therefore, a measurement of A with which the state
changes to the deterministic state of A causes an inevitable disturbance for another
physical quantity B. What is peculiar to QM, not seen in classical physics, lies in
this point. This property makes it difficult to attribute the cause of state-change in
quantum systems just to the acquisition of information.

Notice, however, that in the above discussion, we have implicitly assumed the
following:

If we measure a physical quantity A and get an outcome a,
and if we measure the same A immediately after the first measurement,

we will get the same outcome a with probability 1. (5.28)
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This assumption is sometimes called the repeatability hypothesis, which is often
assumed for granted in physics community (see e.g. [9]). It should be emphasized
here that there exists measurement processes which do not satisfy the repeatability
hypothesis but still physically realizable (see Sect.5.3.4).

Important thing here is that such a hypothesis can determine the characteristic
of the measurement processes from the operational point of view. For instance,
by assuming the repeatability hypothesis for the measurement of a non-degenerate
physical quantity, the post-measurement state is uniquely determined to the eigenstate
by Proposition 5.1. Namely, von Neumann’s projective measurement is operationally
derived from the repeatability hypothesis.

5.3 Reformulation of Quantum Mechanics

In this section, we introduce the second formulation of QM explained in the begin-
ning of this chapter. Through the reformulation, we will clarify the most general
states (Sect.5.3.1), measurements (Sect.5.3.2), time evolutions (Sect.5.3.3), and
measurement-processes (Sect. 5.3.4) in a fixed quantum system under the presence of
other quantum systems. These will be summarized as Formulations 1-4 comparing
Postulates 1-3.

5.3.1 General Class of Quantum States

According to Postulate 1, a quantum state is represented by a unit vector of the
associated Hilbert space with the quantum system. However, this does not mean that
a physically realizable state is limited to a state described by a unit vector if we
consider possible operations in the preparation of the state. These operations include
the probabilistic mixture of states and also the restriction of our interest to a particular
physical subsystem. In this subsection, we show that such operations broaden the
set of quantum states to the set strictly wider than the set of states described by unit
vectors. After clarifying the most general class of quantum states, we introduce the
useful mathematical representation of quantum states by means of density operators.

5.3.1.1 Probabilistic Mixture of States

In a stage of a state-preparation, it is operationally legitimate to probabilistically
prepare a state from some sets of states. We should be able to describe this situation
by a particular state with which the statistics of any measurement under the situation
can be predicted (Remind the operational definition of a state in Sect.2.2.1). Such a
probabilistic method is called a probabilistic mixture of states. The resultant state
generally cannot be described by any unit vector of the associated Hilbert space.
Namely, the probabilistic mixture of states broadens the set of possible quantum
states based on Postulate 1. To see this, let us begin with some example in a qubit
system.
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To realize a simple probabilistic mixture of states, we shall use a fair coin with
probability 1/2 for both tail and head.!” By tossing the coin, if we get a tail then
we prepare the state |0) = (1, 0)7, while if we get a head then we prepare the state
[1) = (0, 1)T. Let us denote the state by s. Notice here, (and also in the following
when discussing the probabilistic mixture of states), we assume an observer who
knows that the state is probabilistically prepared in the above mentioned way but
does not know the result of the coin tossing. In the following, we will see that the
state s for the observer cannot be described by any unit vector in C2.

For this purpose, it is important to recognize that the probability in the Born rule
can be considered as a conditional probability'® given a state. With this view, we can
rewrite the Born rule by

Pr(“A = a” N
(1 Pat) = Pr(A = a | [) = ¢ s oy, (529)

where Pr(|1)) is the probability to prepare the state |¢) and Pr(“A = a” N |¥)) is
the joint probability that the measurement outcome of A is a and the state is [1)).

We now consider an arbitrary basis measurement M = {|¢p), |¢1)} (a measure-
ment of non-degenerate physical quantity) under the state s. Noting that the events
to prepare the state |0) and the state |1) are mutually exclusive, we can use the sum
rule (see footnote 14) as

Pr(M = j|s) =Pr(“M = j”N|0)) + Pr(“M = j” N |1)). (5.30)
Using (5.29) and the Born rule (5.11) for the basis measurement M, we have
1
Pr(“M = j7N1i)) = Pr(|i)Pr(M = j||i)) = §|(¢j|i)|2 (@ =0,1),

where we have used Pr(]i)) = 1/2 (i = 0, 1), which are the probabilities given by
the coin tossing. Therefore we obtain

1 1 1 1
Pr(M = j|s) = 5|<¢,,~|0>|2 + §|<<z>,-|1>|2 = §||¢,-||2 =5U=0D. (3D

(The second equality follows from the completeness condition of {|0), |1)}.) Since
M is an arbitrary basis measurement, the state s is the one which predicts the uniform

17 For those who are not satisfied with using classical probabilistic events in the theory of QM, just

replace a coin to some qubit system in a state, say |+) = 41, D7, and measure a computational

basis {|0), |1)} to get probabilities 1/2. ’

18 Remind that a probability under a certain conditioning of an event is called a conditional prob-
ability . Under a conditioning event B with non-zero probability Pr(B), the conditional probability
of A given B, denoted by Pr(A|B), is defined by Pr(A|B) := Prlﬁ;?gf) , where Pr(A N B) is the joint
probability of A and B.
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probability distribution {1/2, 1/2} for all basis measurements. However, it is easy to
show that there are no unit vectors in C? to reproduce such probability distributions.

The above simple example shows that the operation of probabilistic mixtures
broadens the set of quantum states so that it contains states that cannot be described
by Postulate 1. In the following, we call a state described by a unit vector a pure
state, while an enlarged state, as exemplified by probabilistic mixtures, is called a
mixed state. Alternatively, a pure state is called a vector state to emphasize that it
is described by a vector.

Note that the probabilistic mixtures of states naturally appear in statistical physics
both in classical?’ and quantum physics, especially when dealing with a physical
system consisting of a vast numbers of particles. In such cases, it is practically
impossible to know the pure state (even in reality the system is in a pure state),
and we inevitably use the probabilistic mixture of states by putting an appropriate
probability distribution on the set of pure states. A typical example of a mixed state
both in classical and quantum physics is a thermal equilibrium state.

It should be noticed that the origin of a mixed state from the probabilistic mixture
lies in the absence of information of the observer. Indeed, even in the above example
with a coin tossing, if the observer knows the result of the coin tossing, the state is
described by a unit vector, either |0) or |1). We will see, however, another origin of
mixed states exists which is peculiar to quantum physics (see Sect.5.3.1.5).

5.3.1.2 The Density Operator

In this part, we introduce the useful state-representation by means of the density
operator to describe both pure and mixed quantum states. Consider a quantum state
s in an arbitrary quantum system which is prepared as a probabilistic mixture by
preparing a state |1;) € 7{ with a probability p; (i = 1, ..., n). Note that this
situation includes a pure state in the case n = 1. A possible representation of such
a state is to explicitly write all information of states |¢);) and the probability p;. For
instance, we can denote the state s by

s={pi; [Ui)Yi=y (ors ={p1, ..., pui ltP1), .., [Y)]). (5.32)

However, such notation has a certain defect of the non-uniqueness in a state
representation. To understand this, let us again consider the qubit system. Let s
be a mixed state by preparing states |0) or |1) with probabilities 1/2, and let s, be
a mixed state by preparing states |+) or |—) with probabilities 1/2. (Remind that

19 One can show this by contradiction. Suppose that s is described by some unit vector |£) € C2.
Let |€)* be an orthogonal vector to |€) so that {|€), |€)1} forms an ONB of C2. Then, the basis
measurement {|£), | )1} under state |€) gives a contradiction: The probability to get the outcome
corresponding to |€) is [(€]€)|? = 1, which is inconsistent with (5.31).

20 In classical mechanics, a pure state is described by positions and momentums of the particles,
namely a point in the phase space. A mixed state is described by a probability distribution on the
phase space.
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|£) = \/Li(l’ +1)7T = \L@(|0) =+ |1)).) If we use the notation (5.32), s; and s, are
differently denoted as s1 = {1/2, 1/2;|0), |1)} and s, = {1/2, 1/2; |+), |—)}. How-
ever, as is easily shown, s1 and s, are statistically equivalent and should be identified
according to the preposition (5.3). Indeed, for the measurement of an arbitrary phys-
ical quantity A = >° aP,, we have Pr(A = als;) = %(—I—IPaH—) + %(—|Pa|—) =
3(01P4|0) + 5 (1| Py|1) = Pr(A = alsp).*!

In order to get rid of the non-uniqueness defect, we usually use other represen-
tation. Consider a measurement of a physical quantity A = " a P, under a state
s = {pi: |¥i)}i_, in an arbitrary quantum system. Then, the probability to obtain an
outcome a is given by

Pr(A=als)= > piPr(A=a| ) =D pi{thil Pathi). (5.33)

This follows in the same manner as in the derivation of (5.31) and using the Born
rule (5.9). We now introduce the linear operator p defined by

pi= " pilthi)(Wil. (5.34)

i=1

By using the linearity of the trace operation (see Appendix A.3.8) and Exercise 5.4

below, we have > . pi (il Pai) = 2 ; pi Tr(Palvi)(¥i]) = Tr(Pup). Therefore,
(5.33) can be rewritten as

Pr(A=a|s) =Tr(Psp) =Tr(pP,). (5.35)

(For the final equality, remind the cyclic property of the trace operation: Tr AB =
Tr BA.)

The operator (5.34) can physically represent a state s = {p;; [¢;)}7_, because it
can predict the probability distribution of an arbitrary physical quantity by (5.35).
The operator (5.34) is called a density operator (or a density matrix, a statis-
tical operator) which represents a state s = {p;; [¢;)}. Important thing is that
the use of density operator can resolve the non-uniqueness defect as follows: Con-
sider two states s = {p;; |¢;)}l_, and ' = {p;.; |w})}’;’:1 with the correspond-
ing density operators p = >; pi|1;)(¢i| and p' = Zj p}lw})(wﬂ. Let states s
and s’ are statistically equivalent so that an arbitrary physical quantity A satisfies
Pr(A = a|s) = Pr(A = a | s'). By (5.35), it follows that Tr(P,p) = Tr(Pyp’)
for any eigen-projection Py, and thus we obtain p = p’.?> Conversely, if p = p/, we

21 To obtain the second equality, one can substitute |+) = %(lO) =+ [1)). Alternatively, just use

the arbitrariness of ONBs in the definition of the trace operation: Tr P, = (0| P,|0) + (1| P,|1) =
(+|Pal+) + (—|Ps]—) (see Appendix A.3.8).

2 By putting A = |v) (1| with an arbitrary |¢)) € H, we have (1»|py)) = Pr(A = 1|p) = Pr(A =
1|p") = (¥|p'v). From Proposition A.3-(ii), we have p = p/.
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have Pr(A = a | s) = Tr(P,p) = Tr(P,p') = Pr(A = a | s’) from (5.35), and thus
s and s’ are statistically equivalent. (See also Exercise 5.5.)

Note that the density operator representing a pure state s = {1; )} is a one-
dimensional projection operator

p = 1)l (5.36)

Different from the state representation by a unit vector, a phase indefiniteness of
a state is also resolved in the density operator representation.”> A vector 1)) to
represent a pure state is sometimes called a state vector.

‘We have shown that a density operator can uniquely represent both pure and mixed
quantum states. In the following, we use a state-representation by means of density
operators. The probability rule by (5.35) is a generalization of the Born rule (5.9)
and is also called the Born rule for density operators.

Exercise 5.4 For any A € £(7H) show that

Tr(A[Y) (@) = (9lAY) V[Y),|9) € H. (5.37)

In particular, by putting A = I, we have Tr(|¢y) (@]) = (@|¥).

Exercise 5.5 Show that the corresponding density operators for states
s1 = {1/2,1/2;10), |1)} and 5o = {1/2, 1/2; |+), |—)} are both % I.

5.3.1.3 Properties of the Density Operator

In the preceding part, we have introduced a density operator (5.34) in a way to
represent a state s = {p;; |1/)i)}?:1. In this part, we give the mathematical definition
of a density operator by extracting the essence of the operator of the form (5.34).

For any mixed (including pure) state {p;; [¢);)} prepared by probabilistic mix-
tures, the corresponding density operator p = »; pi|t;)(1);| satisfies the fol-
lowing two properties: (i) p > 0 (positivity) and (ii) Trp = 1. (See Appendix
A.3.5 for the positivity of operators.) Indeed, for an arbitrary vector [£) € H,
we have (£]p€) = (€I pilvi)(WiDE) = X pil{€li)* = 0. Also, we have
Trp = Te(X, pili) (il = X, pi(ilen) = 3 pi = 1 by using Exercise 5.4 and
the linearity of the trace operation.

Importantly, the converse is also true in the sense that any linear operator sat-
isfying (i) and (ii) corresponds to a physically realizable density operator. To see
this, let p € £(H) satisfies (i) and (ii). Then, by (i), p is a Hermitian operator with
non-negative eigenvalues ¢; > 0 (i = 1, ..., d) (see Proposition A.7), and thus
have an eigenvalue decomposition p = z;-lzl qil®i){¢i|. On the other hand, we have
1 = Trp = >, ¢; by (ii). Noting that {q,'}:?:l forms a probability distribution, the

23 For unit vectors |¢) and |¢) such that |¢) = ¢’ ?14), the corresponding density operators are the

same: @) (p] = e [y) (le™ " = [¢) (.
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linear operator p can be physically realized as the density operator representing the
state s = {g;; |¢) Y, >
Consequently, we have obtained the mathematical definition of the density oper-

ator by a linear operator on a Hilbert space 7 satisfying properties (i) and (ii):
p : density operator < (i) p >0, (ii)) Trp = 1. (5.38)

Combining with the Born rule (5.35), a density operator represents a general quantum
state. Namely, by measuring a physical quantity A = > aP, under a density
operator p, we get an outcome a such that the probability is given by Tr(pP,).

Similarly as in the case of pure states (unit vectors), we can calculate statistical
quantities such as expectation values and variances of physical quantities under
general quantum states. Under a density operator p, the expectation value of a physical
quantity A = > aP, is given by E [A] := > aPr(A =alp) =D ,aTrpP, =
Tr(p(2-, aPa)) = Tr(pA):

E,[A] = Tr(pA) = Tr(Ap). (5.39)
Similarly, we have the formula for the variance
V,[A] = Tr(pA®) — (Tr(Ap))* = Tr(p(A — E,[A1 ). (5.40)

Similar to the case of pure states, these quantities can be computed using only A
without solving the eigenvalue problem.
1 1

Exercise 5.6 Show that p = 2 _16) is a density operator on a qubit system.

6 2
Calculate the probabilities to get =1 when measuring o, under the state p.

In the following, we will investigate other important properties of density opera-
tors.

Proposition 5.5 A convex combination of density operators is a density operator.
Namely, for any density operators p1, p and p € [0, 1],

p:=pp1+ (1 —pp (5.41)

is a density operator. The density operator (5.41) represents a state which is prepared
by probabilistic mixtures {p, 1 — p; p1, p2}.

Proof First, we show that the operator pin (5.41) satisfies the mathematical definition
of a density operator, namely, (i) and (ii) in (5.38): For any vector |[¢) € H, (i)
(WlpY) = p(lp1y) + (1 — p)(¥lp21p) = 0 since py and p; are positive. Also, we

24 Notice that this method may not be the only preparation of p. As is shown later, a mixed state
has always non-unique (and indeed infinitely many) state-preparations, while a pure state has the
unique state-preparation (see Proposition 5.7).



5.3 Reformulation of Quantum Mechanics 99

have (i) Trp = p Tr p14+(1—p) Tr po = p+(1—p) = L byusingTr p; =Trpr = 1.
Therefore, the convex combination of density operators is a density operator.

Next, we show that the density operator p represents the state s = {p, 1 —
P; p1, p2}. To show this, we consider a measurement of an arbitrary physical
quantity A = > aP, under the state s. Then, in a similar way of the deriva-
tion of (5.33), we have Pr(A = a | s) = pTr(Pup1) + (1 — p)Tr(Pyp2) =
Tr(P,(pp1 + (1 — p)p2)). This implies that the corresponding density operator to
represent s is p = pp1 + (1 — p)pa. 0

In a similar way, a convex combination p := > "_, p;p; of density operators p; (i =
1, ..., n) with probability distribution {p;}?_, is shown to be a density operator
corresponding the state {p;; p;}. This fact implies that the set of quantum states is
not any more enlarged through probabilistic mixtures of mixed states because the
set of density operators is closed under the operation of the probabilistic mixture. In
other words, the density operators can represent all quantum states that reflects the
operation of the probabilistic mixture.
In the following, we denote by S(7) the set of all density operators:

SH) :=={p e LH)n | D) p =0, () Trp=1], (5.42)

where £(H)n, denotes the set of all the Hermitian operators on 7. We shall simply
call S(H) the state space. Proposition 5.5 implies that the state space S(H) is a
convex (sub)set of the real vector space £(H), (see Appendix A.4).

The following proposition gives some equivalent conditions to characterize a pure
state:

Proposition 5.6 For p € S(H), the followings are equivalent:
(a) p is a pure state,

(b) p = p?,
(©) Tr(p?) =1,
(d) The eigenvalues of p are {1,0, ..., 0},

(e) p is an extreme point of S(H) (see Appendix A.4).

Proof [(a) = (b)] Letting |1)) be a state vector of p, we have 0% = WYY (W] =
1P 1) (@] = 1) (] = p. [(b) = (c)] By (ii) of (5.38), wehave Tr p> = Trp = 1.
[(c) = (d)] Using an eigenvalue decomposition p = >, pil¢:i)(¢i| (1 = p; > 0),
we getl = Trp = Tr(z piloi) @I)(Z Pj|¢j (91 = Z[ j pipjl ¢t|¢]>| =
> pt . Assume contrary that all eigenvalues satisfy p; < 1, we have the contradic-
tion that >, pi2 < >, pi = 1. Therefore, p;, = 1 for some iy € {1, ..., d}. From
> pi = 1, the remaining eigenvalues are all 0. [(d) = (a)] An eigenvalue decom-
position of p shows that p = |¢;,)(¢;,| where |¢;,) is the eigenvector belonging to
the eigenvalue 1.

[(@) = (e)] Let p = |¥) (x| with a state vector ). Assume that p is not an
extreme point of S(7{) so that there exist density operators p1, p2(# p) € S(H) and



100 5 Foundations of Quantum Mechanics and Quantum Information Theory

p € (0, 1) such that p = pp1 + (1 — p)p>. Taking an inner product between [1) and
pl), we have T = p{iblpi ) + (1 — p)(blp2e)). Since 0 < (hlph) < 1 (i = 1,2)
by Exercise 5.7 and 0 < p < 1, we obtain (¢|p11)) = 1. Substituting an eigenvalue
decomposition p; = Zfz 1 9il9i){¢il| (gi > 0: removing zero-eigenvalues), we have
i1 4il{¢ilv)|* = 1. By the Schwarz inequality |(¢]¢)|> < ||¢i*[|¢]|* = 1 and
> qi =1, we have |(¢;|¢))| = 1 forany i = 1, ..., [. Since the equality of the
Schwarz inequality follows, we have |¢;) = [¢) (up to the phase indefiniteness).
Hence, p1 = |¢)(1]|, but this equation contradicts p # pj. By contradiction, we
have proved that p is an extreme point of S(H).

Finally, we shall show [(e) = (a)] by its contraposition. Let p be not a pure state.
Then, from (d), we can make an eigenvalue decomposition > j=1P il ()] of
psuch that 0 < p := p; < 1. Then, it is easy to see that p; := |¥1)(¢1| and
p2 = ﬁ Z?:z pjl;j) (1| are both density operators which are distinct from p.
Moreover, we have p = pp; + (1 — p)p>. Therefore, p is not an extreme point. [

If a state p can be prepared by the probabilistic mixture of states {p, 1 — p; p1, p2}
such that pi, pp are distinct from p and p # 0, 1, we say p can be prepared by a
nontrivial probabilistic mixture. By Proposition 5.5, this is equivalent to say that p
is an extreme point of S(7). Therefore, Proposition 5.6-(e) indicates the following
operational characterization of pure states:

Proposition 5.7 A quantum state is a pure state if and only if it can be prepared by
a nontrivial probabilistic mixture.

Namely, we can redefine a pure state (resp. a mixed state) by a state which cannot
(resp. can) be prepared by a nontrivial probabilistic mixture. This gives an operational
definition of a pure (and mixed) state which is valid not only for QM but also for any
probabilistic theories.

Exercise 5.7 Show that for any p € S() and any unit vector |t)),

0 < @lpy) < 1.
Exercise 5.8 Show that for any p € S(H),

1 2

5= Tr(p®) < 1. (5.43)
The lower bound is achieved if and only if p is the completely mixed state pp,ix :=

% I, while the upper bound is achieved if and only if p is a pure state. Tr(p?) is called
the purity of p.

5.3.1.4 Bloch Vector

In Sect.2.3.1, we have introduced the Bloch vector representation for state vectors in a
qubit system. This representation can be generalized to represent a density operator of


http://dx.doi.org/10.1007/978-3-662-43502-1_2

5.3 Reformulation of Quantum Mechanics 101

a qubit system as follows.>> The Bloch vector corresponding to the density operator
pin aqubit system is defined by the three dimensional real vector whose components
are expectation values of Pauli matrices (2.22):

b = (b1, b2, b3)" := (Tr(poy), Tr(poy), Tr(po))T € R3. (5.44)

(Remind the formula (5.39) for an expectation value). It turns out that the Bloch
vector provides a state-representation equivalent to that of a density operator in a
way to preserve the convex structure of the state space S(C2). Namely, we have
the one-to-one correspondence between a density operator and a Bloch vector in a
qubit system such that a convex combination of density operators corresponds to the
convex combination of the corresponding Bloch vectors.

We first show that the corresponding density operator to the Bloch vector is given
by

3
p= %(1+Zb,~ai). (5.45)

i=1

To see this, we just need a simple mathematical fact that the identity matrix oo := [
and Pauli matrices form an orthogonal basis of M>(C) (the set of 2 x 2 complex
matrices) in terms of the Hilbert-Schmidt inner product (Appendix A.3.8). Indeed,
the dimension of M>(C) is 4 (see Exercise A.8), and one can check the orthogonality
condition

Tr(ojor) =20k (j,k=0,1,2,3) (5.46)

by the direct computation. Therefore, any 2 x 2 complex matrix A has the form?°

3
1
A= 5 EOTI‘(AUJ')O'j. (547)
Jj=

Applying this equation to a density operator p and using Tr p = 1 and b; = Tr(po;),
we obtain (5.45). Notice that by substituting (2.15) to the corresponding density
operator p = [1) (], one can easily show that (5.45) gives a generalization of the
Bloch vector given in Sect.2.3.1.%

Equation (5.44) gives a map from a density operator to the corresponding Bloch
vector, while (5.45) gives the inverse map. From (5.44) and the linearity of the
trace operation, it is easy to see that a convex combination of density operators
p = pp1 + (1 — p)p2 corresponds to b(p) = pb(p1) + (1 — p)b(p2). Therefore,

25 n this book, we introduce the Bloch vector only in a qubit system. However, one can easily
generalize the Bloch vector in arbitrary d-level quantum systems [14, 15].

26 Take the inner product between o; (i = 0,1,2,3) and A = Z;=0 xjo; (the expansion of A
with respect to the basis) and use condition (5.46) to get x; = % Tr(Ao;).

2 By putting p = [¢)(¢)| with the parametrization (2.15), one can get by = sinfcos ¢, by =
sin 6 sin ¢, b3 = cos #, which give the polar coordinates of b.
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the Bloch vector b(p) can be interpreted to be a state prepared by the probabilistic
mixture {p, 1 — p; b(p1), b(p2)} as in the case of a density operator.

The set of Bloch vectors B(R3), which is the image of S(C?) of the map (5.44),
has a simple geometrical structure. First, it is a convex subset of R3 because S(C?)
is a convex set and the map (5.44) preserves the convex structure. In fact, B(R?) can
be shown to be a unit ball in R3.

To show this, we need to find the condition that the operator p in (5.45) is a
density operator (i.e., conditions (i) and (ii) in (5.38)). Since Trop = 2 and Tro; =
Trojo0 = 0 (i = 1, 2, 3) by (5.46), one of the conditions (ii) Tr p = 1 is already
satisfied. Moreover, as o; (i = 0, ..., 3) are all Hermitian, so is any operator p
in (5.45) for any b € R3. Thus, the condition (i) reduces to the non-negativity
of the eigenvalues. However, by Exercise 5.9 and Tr p = 1, the non-negativity of
eigenvalues is equivalent to the inequality Tr p?> < 1 (see also Exercise 5.8). By the
direct computation using (5.45) and (5.46), we get Tr p2 = %(1 + |b|?), and we have
Tr ,02 < 1 < |b] < 1. Consequently, we obtain that the set of all the Bloch vectors is
aunit ball {b € R3 | |b| < 1}, which is called the Bloch ball. Notice that, as we have
already seenin Sect. 2.3.1, the set of pure states corresponds to the surface of the Bloch
ball (see Fig. 2.2). One can understand this fact by noting that the set of extreme points
of a ball corresponds to the surface and that Bloch vector representation preserves
the convex combination of the density operator. Alternatively, one can use the fact
that a density operator p is pure if and only if Tr p> = 1 (see Exercise 5.8) and
Trp>=1<|b =1.

One of the advantages to use the Bloch vector representation is that the components
of the Bloch vector are expectation values, which can be directly determined by
experiments. In particular, the Bloch vector (as experimental data) gives a way to
determine an unknown quantum state through (5.45). In general, the way to determine
the corresponding quantum state using experimental data (such as expectation values
and probability distributions) is called the quantum (state) statistical inference [16]
or the quantum (state) tomography.

Exercise 5.9 Show that all the eigenvalues of 2 x 2 Hermitian matrix A are non-
negative if and only if Tr A > 0 and (Tr A)?> — Tr(A?) > 0.

5.3.1.5 Reduced States

So far, we have treated only the operation of a probabilistic mixture of states. In this
part, we introduce another important operation by simply restricting our interest from
a system to its subsystem. Remarkably, this natural operation also enlarges the set of
quantum states from the set of pure states. Before giving the general discussion, let us
see a simple example of this fact. Let S and E be both qubit systems, and let the state
of the composite system of S+E be the entangled state |1)) in (2.33). To see the nature
of the local state s of the subsystem S from the total state [¢), consider an arbitrary
basis measurement M = {|¢g), |¢1)} of S, where the corresponding physical quantity
on the composite system S+E is A ® Ig = (0]¢o){(do| + 1]|o1){(01]) ® Ig according
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to Postulate 3. By the Born rule, the probability to obtain an outcome j = 0, 1 is
given by

Pr(M = jls) = Pr(A® Ie = jllY) = (¥l(19;) (9] ® Ie)Y)
1
= 5 ({00 + (11|)(|¢j><¢j| ® Ie)(|00) + [11))

1
=—|<¢,|0)| +5 I(¢]I1>| 7 (5.48)

The probability is exactly the same as in (5.31), which has been shown not to be
described by any unit vector of C2. That is, the restriction introduces a state different
from a pure state in Postulate 1. (See also Exercise 5.11 below). In the following,
however, we show that any state produced by the restriction can still be described
by density operators. Therefore, we can conclude that a density operator describes
a general quantum state introduced by both operations of the probabilistic mixture
and the restriction of our interest.

In the following, let S be a subsystem in which we are interested and let E be the
remaining subsystem so that the composite system S 4+ E composes the total system.
We call S the system of interest and E an environment (system). Let Hs, HE
be Hilbert spaces associated with systems S and E, respectively. Remind that the
associated Hilbert space with the composite system S 4 E is the tensor product space
Hse = Hs ® He (Postulate 3). The local state will be called the reduced state.
From the operational point of view, the reduced state of S should be defined in a
way to have the ability to predict probability distributions for the measurements of
arbitrary physical quantities of S. In the theory of classical probability, the reduced
state is described by the marginal probability distribution (see the footnote 14).

To describe a reduced state of a quantum system, we need to introduce the partial
trace operation Trg over the space g as a linear map:

C= ZA, ® Bj € L(Hsg) — Trg C := Z(Tr B))Aj € L(Hs).  (5.49)
) J

Notice here that any linear operator C on Hs ® HEg can be written by the form
C = Z Aj; ® Bj with some linear operators A; € L(Hs), Bj € L(HE) (see
Appendlx A 5.2). ngorously speaking, we should also show that the mapping in
(5.49) does not depend of the decompositions of C = > . jAj ® Bj for the well-
definedness, which will be shown in the solution of Exercise 5.10—(1).

Exercise 5.10 Show properties (1)—(4) below on the partial trace:

(1) The definition of the partial trace is equivalent to the following: For any C €
L(HsEg), Trg C is defined as the linear operator on s which is characterized by

V). 19) € Hs,  (U(Trg C)g) := D (1) ® ex|Clg @ ex), (5.50)
k

where {|ex)}x is an arbitrary ONB of HE.
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(2) Forany A € L(Hs), C € L(HSE),
Tr(A ® Ir C) = Tr(A(Trg C)),

where Tr on the left (resp. right) hand side is the trace operation on Hsg (resp.
Hs)-

(3) For any positive operator C € L(Hsg), Trg C € L(Hs) is also positive.

(4) (Linearity) For any Cy, C> € £(Hsg) and «, 3 € C,

Tre(aC1 4 BC2) = a(Trg C1) + B(Trg Ca).

In the following, in order to indicate the underlying Hilbert space of the trace oper-
ation, we often denote a usual trace with a subscript of the system. For instance, in
Exercise 5.10-(2), we may denote the two trace operations in the left and right hand
side by Trsg and Trg, respectively. One should distinguish between a usual trace and
a partial trace by an operator on which the trace operation acts.?8

Proposition 5.8 For any density operator psg on Hsg, the partial trace ps :=
Trg psg is a density operator on 'Hs.

Proof The positivity of ps follows from Exercise 5.10-(3). Letting {|¢);)}; be an ONB

of Hs, wehave Tr ps = >, (vi|psthi) = 2; 1 (i ®ex|pselhi ®ex) = Trsg psg = 1
by using Exercise 5.10-(1). (]

The density operator ps = Trg psg made by the partial trace operation is called the
reduced density operator of psg. In the following, we show that a reduced density
operator describes a reduced state:

Proposition 5.9 [fa total state of S + E is represented by a density operator psg, the
reduced state of Sp is represented by the reduced density operator ps := Trg psg.

Proof Since the system of interest is S, we only have to deal with an arbitrary
physical quantity A = > a P, of S to characterize the reduced state of S. Based on
Postulate 3 and the Born rule (5.35) on the composite system, the probability to get
an outcome a of the measurement of A under the state psg is given by

Pr(A = alpsg) = Trsg(Py ® Ig psg) = Trs(Pyps),

where the final equality follows by Exercise 5.10-(2). Therefore, by the Born rule
(5.35) on the system S, the reduced state of the system S is represented by the reduced
density operator ps. (Notice also that we have seen that the density operator satisfies
Precondition (5.3) among arbitrary physical quantities of S). ([

Proposition 5.9 also shows that the set of density operators is closed under the opera-
tion by the restriction of our interest. In other words, a density operator can describe
all the states produced by this operation.

28 For instance, for X € £(HE), Y € L(HsE), Trg X € C is ausual trace of X but Trg Y € £(Hs)
is a partial trace of Y.
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Exercise 5.11 Show that the reduced density operator of S from the total state |1))
in (2.33) is ps = % Is.

Next, we show an interesting fact about the reduced state of a quantum system:
Any mixed state can be considered as a reduced state of a total pure state. Using the
representation of the density operator, it can be described as follows:

Proposition 5.10 (Purification) For any density operator ps of a system S, there
exist a quantum system A and a pure density operator psa = |V) (Y| on S+ A such
that ps = Tra psa.

Proof Let A be any quantum system (an ancilla system) represented by a Hilbert
space Ha that has the same dimension d as Hs. Let ps = Zle qilsi){si| be an
eigenvalue decomposition of pg and let {|ai)}fl:1 be an arbitrary ONB of 7{4. Then,
[) == D /qilsi) ® la;) is a unit vector of Hsa, and therefore psa = [) (¢
represent a pure state on the total system S + A. Noting that Tr |a;){a;| = (ajla;) =
6ij, it follows that Tra psa = 225 /i /3 (Tra lai)(a;Dlsi) (sj| = 22 qilsi)(sil =
ps. Therefore, we have shown that pg is the reduced density operator of the pure
density operator psa . O

The purification of quantum states is one of the peculiar quantum properties which
cannot be observed in classical physics.?

Note that the purification property also implies the fact that a subsystem can be a
mixed state even if the total state is a pure state (We have already seen such example
in two-qubit systems at the beginning of this part). As will be shown below, the origin
of mixed states lies in the correlation of a total state.

We say that a total state psg on a composite system S + E has no correlations if
there are no statistical correlations between arbitrary pairs of physical quantities A
and B of S and E; namely, the joint probability distribution of A and B is a product of
the marginal probability distributions: Pr(A = a, B = b|p) = Pr(A = a|ps)Pr(B =
b|pg). Otherwise, a state psg is said to have non-zero correlations. A typical example
of a state having non-zero correlations is an entangled state.’* By using the Born rule
(5.35), it is easy to show that psg has no correlations if and only if it is a product
state of reduced density operators: psg = ps ® pg.-!

Now we are going to show a general property about the relation between a pure

state and a correlation’?:

29 Moreover, it has recently been shown that the purification is one of the essential properties to
single out QM among all operationally valid probabilistic theories [17].

30 Note, however, that there also exist classically correlated states (separable states) which are not
entangled states but have non-zero correlations (see Chap. 7).

31 By the same argument of the derivation of (5.24) under a density operator, we get Pr(A = a, B =
bl|Y)) = Trsg(Pa ® Opp), where A = > aP, and B = 3, bQ) are spectral decomposition
of A and B. Substitute this into Pr(A = a, B = b|p) = Pr(A = a|ps)Pr(B = b|pg), we have
Trsg(Py ® Qpp) = (Trs Paps)(Treg Oppr) = Trsg(Pa @ Opps @ pE). As A and B are arbitrary,
we obtain p = ps ® pE.

32 We refer Proposition 1 (page 52) in [13] and Lemma 4.11 (page 210) in [18] for this statement.
However, it turns out that this is universally satisfied not only for QM, but also for any operationally
valid probabilistic theories including classical physics (see [19] and references therein).
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Proposition 5.11 [f a reduced state on S from a composite state psg is a pure state,
then psg has no correlations.

Proof From Proposition 5.10, we can assume that psg = [¥)(1)| is a pure state
without loss of generality. (If not, applying the purification with an ancilla system
A, and redefine a system E by E + A). Substituting the [¢)) = > ; \/Pil&) ® 1)
(see Theorem A.4) to ps := Trg [¢) (¢, we have ps = >°; pil&) (&, which is an
eigenvalue decomposition of pg. Since the reduced density operator is a pure state,

we can put the eigenvalues as p; = 1, pp = p3 = --- = 0 by Proposition 5.6-(d).
Therefore, we obtain |1) = |£1) ® |m1), and psg = [£1)(€1] ® |m1){m |. Hence, we
have shown that the state psg has no correlations. O

The contraposition of this proposition implies that if there exist correlations in a
composite state then the reduced state is a mixed state. In QM, there exists a pure
total state with non-zero correlations, i.e., a pure entangled state, (see examples 2.5
and Chap. 7). Consequently, it can happen that the reduced state is a mixed state even
if a total state is in a pure state. Therefore, we have another origin of mixtures of
quantum states due to correlations, which is different from the one due to the absence
of information. To conceptually distinguish them, the latter is sometimes called the
proper mixture while the former is called the improper mixture [13]. In classical
physics, an improper mixture never happens because there are no pure states with
correlations.

5.3.1.6 Unitary Time Evolution of Density Operators

In this part, we explain the unitary time evolution in terms of the density operator.
According to Postulate 1, the time evolution of a state vector of an isolated quantum
system is governed by the Schrodinger equation, or equivalently by the unitary time
evolution (5.21).
The unitary time evolution for a density operator with a unitary operator U is
given by the map
p—p =UpUT, (5.51)

where p and p’ are initial and final states, respectively. One can show that this time
evolution is realizable based on Postulate 1 as follows: Prepare an initial state p =
> qil®i) (¢i| by probabilistic mixtures of s = {g;; |¢;)}. Then, each state |¢;) can be
mapped to U|¢;) by (5.21). Since the probability distribution {g; } preserves during the
time evolution, the final state is described by a probabilistic mixture s’ = {g;; U|®;)}
whose corresponding density operator is p’ = >, qiU|¢i)(0i|UT = UpUT.3? The
general time evolution in quantum system will be discussed in Sect.5.3.3.

33 Alternatively, if p is prepared as a reduced density operator (even with probabilistic mixtures),
one can realize the map (5.51) by means of a local unitary evolution. Note that based on Postulate
2, the total unitary evolution is given by a unitary operator U ® [ on a total system.
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° A After letting interact S and A,
MAA o _ we perform a measurement of A
m \ in order to indirectly get an
system of N - information of S
Interest

Fig. 5.1 Illustration of an indirect measurement

5.3.2 General Class of Measurements

A measurement we have treated so far is a direct measurement of a physical quantity
represented by a Hermitian operator. However, as is the same in the case of a quantum
state, the combination of possible operations introduces an alternative method to
perform a measurement. In this subsection, we clarify operationally the most general
class of measurements and introduce the mathematical representation by means of
POVM.

Let us start by seeing how we can go beyond a measurement of a Hermitian
operator. The easiest operation is to use the probabilistic mixture of measurements.
For instance, performing a measurement of a physical quantity A with probability
0.2 and another physical quantity B with probability 0.8 provides a measurement
which cannot be described by a single Hermitian operator. One can easily make such
an example (see Exercise 5.12).

Exercise 5.12 Show that a measurement M to perform o, or o, with probabilities
1/2 in a qubit system cannot be explained by any measurement of a single Hermitian
operator.

Another operation is to use an interaction between a system of interest and another
physical system (e.g., a system of a measurement device). Suppose that S is a system
of interest and we want to extract a certain information on S. After the system S
interacts with another system A, a measurement of a physical quantity on A will
provide a certain information on S. This series of procedures can be considered as a
single measurement on the system S, which is called an indirect measurement on
S (see Fig. 5.1).

One can show that an indirect measurement generally cannot be described by a
single Hermitian operator on the original system. Indeed, we will see below that a
class of indirect measurements is wide enough to cover the most general class of
measurements for a fixed quantum system.

5.3.2.1 General Properties of Measurements

We have seen above that a class of quantum measurements described in Postulate
1 is not enough to cover all the possible measurements in QM. In order to find the
most general class of quantum measurements, it is better to start from confirming
the general properties of measurements.
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First, remind our operational standpoint about a measurement described in Precon-
ditions (5.1) and (5.2). Moreover, the following precondition is naturally assumed:

A probability distribution of any measurement satisfies an affine property :
Pr(M =m [ {p,1— p;si,52}) = pPr(M =mls;) + (1 — p)Pr(M = m|s2),
for any probabilistic mixtures of states s1, s with a weight p € [0, 1] (5.52)

This precondition follows by the sum rule of probability and the definition of the
conditional probability.>* In the case of QM, (5.52) can be written as

Pr(M =m | pp1+(1—p)p2) = pPr(M = m|p1)+ (1= p)Pr(M = m|p2), (5.53)

for any density operators p1, p» € S(H) and p € [0, 1]. In other words, a real
functional f,,(p) := Pr(M = m |p) (p € S(H)) on the state space S(7) for each
outcome m € M is an affine functional. Notice that by Exercise 5.14, any affine
functional on S(7) have the unique linear extension® on £(7{). Therefore, the
reader can replace the affine property to the linearity in the following discussion.

Preconditions (5.1), (5.2), and (5.52) (or (5.53) in QM) are necessary conditions
for a measurement M to be physically valid. To emphasize this fact, we sometimes
call a measurement satisfying these conditions an affine measurement. Of course,
a measurement of a physical quantity (represented by a Hermitian operator) satisfies
them. In particular, Precondition (5.2) is given by the Born rule (5.35) and the affine
property (5.53) holds because of the linearity of the trace. It is also easy to see that two
operations given at the beginning of this section satisfy the conditions. We should
notice, however, that at this stage it is far from obvious whether or not all affine
measurements can be physically realizable. It turns out that the conditions are also
sufficient in QM as we will see in the following. Namely, we will show that any affine
measurement can be physically realizable based on Postulates 1-3. This implies that
the most general class of measurements in QM is a class of affine measurements.3¢

Before explaining that, we shall start by the mathematical representation of an
affine measurement in QM by means of a POVM [4]. A tuple {E), € L(H)}mem
of linear operators on 7 is called a (discrete) POVM (positive operator valued
measure or probability operator valued measure) if it satisfies

(1) (Positivity)E,, > 0, (ii) (Normalization)z E,=1. (5.54)
m

34 Preparing the state by a probabilistic mixture {p, 1 — p; 51, 52}, we have Pr(M = m | {p, 1 —
pis1,82)) =Pr(“M =m”Ns1) +Pr(“M = m”Nsy) = pPr(M = m|s1) + (1 — p)Pr(M = m|sy).
(see also the derivation of (5.31)).

35 Let f be an affine function from a convex subset W of a vector space V to a vector space V.
A linear extension f of f is alinear map from V to V' satisfying f(w) = f (w) forallw e W.
36 The careful and rigorous consideration was mainly given by Ozawa (see e.g. [7, 8, 10-12] and
references therein).
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An operator E,, is called a POVM element.

Exercise 5.13 Show that a tuple of operators {E| := 0.4|0)(0|, E7 := 0.4]4+)(+],
E3:=1]—E; — E»} on C? is a POVM.

We call a measurement M on a quantum system a POVM measurement if the
measurement probability under a state p can be written by

Pr(M = m |p) = Tr(Epnp), (5.55)

using a POVM {E,, },,c pm- Note that the right hand side of (5.55) is a probability dis-
tribution.>” Moreover, by the linearity of the trace operation, a POVM measurement
is an affine measurement.

Importantly, the converse is also true [8]:

Proposition 5.12 Any affine measurement is described by a POVM measurement.

Proof Let M be an arbitrary affine measurement with the set of outcomes M. By
the affine property (5.53), a functional f,, : S(H) — R for each m € M given by
fm(p) := Pr(M = m|p) is an affine functional on S(#). Using an ONB {|1/),-)}l‘.l=1
of H and letting f;,, be the linear extension of f;; on £(7) (see Exercise 5.14), we
can define the corresponding POVM element by E,,, := Zk,l fm (i) D 1) (e«
In the following, we show that { E£,,} satisfies conditions (5.54) and (5.55).

By the linearity of fm and the completeness condition of {|t;)}, we have
Tr(Emp) = 20 S0 DD Wrlpvn) = fn (g [90r) kD p (X 101) (1)
= fm(Ipl) = Pr(M = m|p) for any density operator p. Therefore, {E,,} sat-
isfies (5.55). The application of a pure state p = |¥)(x| with an arbitrary unit
vector |) reads (Y|E,) = Tr Eyly) (| = Pr(M = m||Y){(y]). Therefore,
a positivity of a probability implies the positivity of E,,. Moreover, we have
(PI Em)) = 2 (VIEnt) = 2., Pr(M = m|[)(@]) = 1 = (| 19),
where in the third equality we have used the normalization condition of a probabil-
ity. From Proposition A.3-(ii), we obtain Zm E,, = I. Hence, we have shown that
{E,,} also satisfies (5.54).

In other words, an affine measurement and a POVM measurement are mathematically
equivalent through the (5.55). Therefore, a POVM measurement can represent an
affine measurement of QM.

A POVM with all POVM elements being projection operators is called a PVM
(projection valued measure). A measurement with a PVM is called a PVM mea-
surement. Notice that a PVM measurement is equivalent to a measurement of
a physical quantity (a Hermitian operator) up to measurement outcomes. Indeed,
a tuple of eigen-projections {P,}scs(4) of a Hermitian operator A is a PVM
since Pa2 = PJ = P, > 0, and Za P, = [, and the Born rule (5.35) satis-
fies (5.55). Conversely, any PVM { P, },,c 4 satisfies the orthogonality condition

37 By the positivity of E,,, we have Tr(E,,p) = >, qi (¢i| Emi) > 0, where p = >, qi|di) (¢i | is
an eigenvalue decomposition of p. Also, by the condition >_,, E, = I, we have >, Tr(E,p) =
Te(C,, Em)p) =Trp=1.
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P, P, =0 (n # m).>® Therefore, { P} e M forms eigen-projections of a Hermitian
operator A = > mP, by labeling an outcome m € M to be real numbers. A
PVM measurement {|¢., ) (dm |}zl:1 with an ONB {|¢m)}f1: | corresponds to a basis
measurement with respect to the basis.

Exercise 5.14 Show that any affine function from the state space S(H) C L(H) to
a vector space V has the unique linear extension to £(7H).

5.3.2.2 Realization of POVM Measurements

Now we show that any affine measurement (equivalently any POVM measurement)
is physical realizable (Theorem 5.2) by means of an indirect measurement.

We first give a mathematical formulation of an indirect measurement. Let p be
an initial state of the system of interest S. We prepare an ancilla system A with the
associated Hilbert space {4 in an initial state o so that the total system S + A isin a
state p ® o. Then, we let the total system evolve in time by a unitary evolution (5.51)

p®c> U(p®o)UT, (5.56)

where U is a unitary operator on the total system. Finally, we measure a physical
quantity B = ", m Py, on an ancilla system which shall be called a meter observ-
able. Using the Born rule (5.35) and Postulate 3, the probability to get an outcome m
of the measurement on B under the state (5.56) is given by Trsa (Is ® P,, U (p@c) U ).

Consequently, if we consider this series of procedures as a measurement M of
system S, we have

Pr(M = m|p) = Trsa(Is P, U(p ® o)U™). (5.57)

An indirect measurement on S is thus characterized by a quadruplet (Ha, o, U, B),
where Ha is the associated Hilbert space with an ancilla system A, o is an initial
state of A, U is a unitary time-evolution operator on the total system, and B is a
meter observable on the ancilla system.

The probability (5.57) clearly satisfies the affine property (5.53). Therefore, by
Proposition 5.12, an indirect measurement is represented by a suitable POVM mea-
surement. Specifically, the POVM element corresponding to the outcome m is shown
tobe E, := Tra(ls ®cU T Is®P,U ): First, from the cyclic property of the trace
and Exercise 5.10-(2), (5.57) can be rewritten as

Pr(M = m|p) = Trsa((p ® In)(Is @ U Is @ P, U)) = Trs(pEn).  (5.58)

¥ By Py, = P2and >, P, = I, wehave Py = PyIPy = Py, P))Pu = Py +
D #m Py, P, Py, for any m, thus 3", #m Py P, Py, = 0. As the sum of positive operators Py, P, P, is
zero, we have P, P, P, = 0 (n # m). Moreover, as P, P, Py, = Py Py Py Py = (Py P (P, Py,
we obtain P, P,, = 0 for any n # m. (Show that ATA=0 implies A = 0.)
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Next, since a unitary evolution preserves a positivity of an operator,® U™ (Is ® P,,)U
is positive. By Exercise 5.10-(3), E,;, is a positive operator on #{s. Finally, Zm E, =
Tra(ls @oU T (Is ® X, Pn)U) = Tra(Is ®UT(Is ® IA)U) = Tra(Is ®0) = Is,
where we have used the linearity of the partial trace (Exercise 5.10-(4)), the complete-
ness condition of {P,,}, the unitarity condition U TU = Isa, and the normalization
condition Trp ¢ = 1. Therefore, {E,,} is a POVM which represents the indirect
measurement (5.57).

We can now state the main result of this part about the realizability of POVM
measurements.

Theorem 5.2 Any POVM measurement can be physically realizable by an indirect
measurement.

Proof Fix an arbitrary POVM {E,, },,e A1 on Hs. For the simplicity of a notation, let
the set of measurement outcomes be composed of natural numbers M = {1, ..., n}.
From (5.55) and (5.57), we show the existence of an indirect measurement charac-
terized by a quadruplet (Ha, 0, U, B = _, mP,) satisfying

Trs(Emp) = Trsa(Is ® Pu(Up @ oU™)) VYm =1, ..., n (5.59)

for any initial state p € S(Hs). As the equation is linear on p, it is enough to show
(5.59) for a pure state.

To construct an indirect measurement, we can use any n-dimensional Hilbert
space Ha for an Ancilla system A. With an arbitrary ONB {|¢ j)};?zl of Ha, let
o 1= |¢1)(¢1]be aninitial state of Aand B := ") | m Py, with Py, := [¢y,) (| be
a meter observable on A. The unitary operator for the time evolution is constructed
as follows. First, let W := {|£) € Hsa | IY) € Hss.t.1E) = [¥) ® |¢1)} be a
subspace of Hsa := Hs ® Ha and let U be a map from W to Hsa defined by40

UlY) ® 1) := D IVE;¥) ®16,) (1) € Hs). (5.60)
j=1

Asis easily shown,*! U is alinear map on W preserving an inner product. By Exercise
5.15, there exists a unitary operator U on Hsa which satisfies (5.60).

With the quadruplet (Ha, o, U, B = 22’1:1 mPy,), we can show (5.59) for any
initial pure state p = |¢)(¥|:

Trsa(ls @ Pu(Up ® 0U") = Trsa(Is ®l6m) (dm] (U1 ® 61) (0 @ 611U"))

39 For any A > 0 and any |¢), we have (¢|(UTAU)Y) = (Uy)|AU)) > 0.

40 For E > 0 we can define vVE := > eP. where E = >, eP, (e > 0) is the spectral
decomposition of E. Note that (\/E)'i' =JE >0, («/E)2 =E.

*! For any |¢) ® |¢1), [¢/) ® |¢1) € W, we have (U @ ¢D)IU W' ® ¢1)) = D11 (VEj¥ ®
SINVEW ® 1) = 3 WIVE] VEW NS0 = 3 WIE) = WIS, ENY) =
(W)
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= > Trsa(ls ®lém) (om|(IVEW ® o) (VEW @ 1)
k=1
= > VEWWEW) ko = (| Ent)) = Trs(Enp). (5.61)

k=1
(]

Exercise 5.15 Let W be a subspace of a Hilbert space 7 and let U be a linear map
from W to ‘H which preserves an inner product. Show that U can be linearly extended
to a unitary operator on 7.

In the preceding section, we have shown that any physically valid measurement
is an affine measurement, which is equivalent to a POVM measurement (Proposition
5.12). Theorem 5.2 shows that the converse is also correct. In other words, any POVM
measurement can be physically realizable based on Postulates 1-3. Therefore, we
conclude that the most general class of measurements of QM is the class of POVM
measurement.

To summarize, the rule for the general classes of states and measurements of QM
can be described as follows:

[Formulation 1] For any quantum system, there is an associated Hilbert space
‘H in a way that a state is represented by a density operator and a measurement
is represented by a POVM on 7. If we measure a POVM M = {E,;, },nem
under a density operator p, the probability to observe an outcome m € M is
given by

Pr(M = m|p) = Tr(pEn). (5.62)

The rule for composite systems (Postulate 3) may be replaced as well:

[Formulation 2] Let Sq, be the composite system of quantum systems S; and
S, with Hilbert spaces 71 and >, respectively. Then, the associated Hilbert
space of S1» is the tensor product Hilbert space Hi ® Ho>.

A POVM measurement { £, },,e A1 On Sy (resp. Sy) is represented by { E,,, ®
DYmem (esp. {11 ®FE,, }nea) as a measurement on Spo.



5.3 Reformulation of Quantum Mechanics 113
5.3.2.3 Simultaneous Measurements

In this part, we investigate a simultaneous measurability of physical quantities in a
general setting [6]. According to Proposition 5.2, commutative physical quantities
can be simultaneously measurable. We show that the converse is also true. In other
words, non-commutative physical quantities cannot be simultaneously measurable.

To see this, let us redefine a simultaneous measurability in terms of POVM mea-
surements. We say that two POVMs E := {E, }uem and F = {F, }, e are simul-
taneously measurable if there exists a joint POVM K := { K, }me M. nen such that
under an arbitrary state p the marginal probabilities of the joint probability gives
correct probabilities of both measurements E and F':

Tt pE = Tt pKpun, Tr pFy = D Tt pKn. (5.63)
n m

By Proposition A.3-(ii), these conditions are equivalent to

Em = Z Kmnv Fn = z Kmn- (564)
n m

(See also (5.18).)
The following theorem shows the general result on the simultaneous measurability
for physical quantities:

Theorem 5.3 Physical quantities represented by Hermitian operators A and B are
simultaneously measurable if and only if they are commutative. In particular, the
Jjoint probability distribution is given by

Pr(A=a, B = b|p) = Tr(pPy Op), (5.65)

where P, and Qp, are eigen-projections of A and B belonging to eigenvalues a and
b, respectively.

Proof By (5.64), the necessary and sufficient condition for the simultaneous mea-
surability of A and B is that there exists a joint POVM K = {K,} satisfying

Po=" Kap, Q= D_ Kap- (5.66)
b a

If A and B are commutative, K, := P, Q) provides the joint POVM with which
A and B are simultaneously measurable. To see this, note that [P,, Q,] = 0 for
any a and b, and therefore K, = P,Qp = (P, Q;,)T(Pa Qp) is positive. We have
also >, , Kap = (22, Pa)(2_;, Qp) = 1. Thus, the set {Kgp}q,p forms a POVM.
The conditions in (5.66) follow as >, Kap = Pa(>_, Op) = Py and D, Kup =
(20 Pa) Qb = Qp.
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To show the converse, let {K;p}q.» be a joint POVM satisfying (5.66). Noting
that K, < P, for any a, b, we have P,K,, = K, P, = K,» by Exercise 5.16.
Therefore, from the orthogonality condition P, P, = d,, P,;, we have P, K, =
P,PyKyp = SuaPaiKap = g0 Kgp. Similarly, we have K, Py = q0 Kap.
By (5.66), it follows that P,Qp = P, Kap) = Oy baaKap) = Kap =
D « Ka'p) Po = Qp P,. Hence, A and B are commutative. Moreover, the joint prob-
ability distribution is given by Tr pK,p = Tr(p P, Qp). O

Finally, we notice that local POVM measurements on different subsystems are
simultaneously measurable. Specifically, the joint POVM for the two local POVMs
E = {E,} on a system S| and F = {F,} on a system S; is given by{K,,, =
E,, ® F,}. (The reader should check the condition (5.64).) In particular, based on
Precondition (5.25), this measurement can be realized by locally measuring £ and
F so that the joint probability distribution does not depend on the time order of the
two measurements E and F.

Exercise 5.16 For any projection operator P € £(7) and any positive operator
F € L(H) satisfying F < P,show that PF = FP = F.

5.3.2.4 State Distinguishability

In this part, we consider a general problem on the quantum state discrimination.
We say that two states p and o are distinguishable if, under the condition that the state
is p or o, there exists a POVM with which we can decide the state with probability 1
in one-time measurement. As shown in Proposition 5.4, orthogonal pure states can be
distinguished by one-time measurement of an appropriate physical quantity. One can
easily generalize this fact to the case of mixed states by replacing the orthogonality
condition of vectors by that of operators. Importantly, the converse is also true:

Proposition 5.13 Two states p and o are distinguishable if and only if they are
orthogonal, i.e., po = 0.

Proof Suppose that p and o are orthogonal. Let {P, ] —P} be a PVM where P is
the projection operator onto the range of p. Then, we have Tr pP = 1,TrcP =0
and Tr p(/ —P) = 0, Tro(I —P) = 1 since the ranges of p and o are orthogonal.
Consequently, one can distinguish p and o by the PVM measurement {P, [ — P}
by guessing the state to be p (resp. o) when the outcome corresponding to P (resp.
I —P) is observed.

Suppose conversely that p and ¢ are distinguishable. Without loss of generality,
we can assume that the two states p and o can be distinguished by a two-valued
POVM measurement {Eq, E2} by guessing the true state to be p (resp. o) with
observing the outcome 1 (resp. 2).*> Noting that Tr pE> = 0, Tro E; = 0, we have
0= pE> = p—pE| and 0 = Eo by using Proposition A.10. Therefore, we obtain
po = pEjoc =0. ([

42 In general, p and ¢ can be distinguished by the following procedure: First, we perform a POVM
measurement { Fy }rexc. Then, we decide whether the true state is p or o from the obtained outcome
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It is straightforward to generalize this result to the case of three or more states. One
can show that states p; (i = 1,...,n) are distinguishable if and only if they are
orthogonal to each other: p;p; =0 (i # j).

5.3.3 General Class of Time Evolutions

In this subsection, we discuss the most general class of time evolutions on quantum
system. We have already seen that a unitary evolution (5.51) of a density operator is
physically realizable based on Postulate 2. However, there is a wider class of time
evolutions than a class of a unitary evolution. A typical way to go beyond the unitary
evolution of a system S of interest is due to an interaction with another physical
system (an environment). In that case, we say that the system S is an open system.

We first discuss the general property (a necessary condition) of a time evolution,
and then consider its physical realizability.

5.3.3.1 General Properties of Time Evolution

In this book, we deal with a time evolution by means of a time-evolution map which
maps an initial state to a final state. Therefore, we start from a general property for
a time-evolution map.

First of all, a time-evolution map should act on a state and map to a state. Mathe-
matically speaking, a time-evolution map of a quantum system A is a map from the
state space S(Ha) to S(Ha). Notice however that, the image of the map is not neces-
sary the state space of the same quantum system but that of another quantum system
B. For instance, consider the situation to observe an electron B by preparing a photon
A and scattering with it. In such situation, we are interested in the state-change from
a state of A to a state of B after their interaction. Therefore, in the following, we
assume generally that a time-evolution map is a map from S(Ha) to S(Hs). (The
discussion can be easily rephrased to the case where A and B are the same.) With
the similar argument to derive (5.53), a time-evolution map A also should satisfy the
affine property on a state:

Alpp~+ (1 = p)o) = pAp) + (1 = p)A(0), (5.67)

(Footnote 42 continued)

k € K by using a two-valued decision function f : K — {1, 2}. (One can use a mixed strategy
as well, but in this case, it is enough to use a two-valued decision function.) Under a state { =
p or o, the probability to obtain the final outcome i = 1,2 is given by Zk:f(k):i Tr({Fy) =
Tr({(zk;f(k):i F})). Therefore, by putting E; := Zk:f(k):l Fi (i = 1,2), the above procedure
can be reduced to the application of the two-valued POVM {E|, E,}. That is, the condition to
distinguish the two states p and o is the existence of a POVM {E|, E,} satisfying that Tr pE| =
1,TroEy =1 (& TrpEy =0, TroE) =0).
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forany p, 0 € S(Ha)and p € [0, 1].43 Notice by Exercise 5.14 that A has the unique
extension to the linear map A’ from £(7Ha) to £L(HB). A linear map A’ : L(Ha) —
L(HB) is said to be trace preserving and positive if Trp(A) = Trg(A’(A)) for
all A € £L(Ha) and A’(A) > 0 for any positive operator A € £(Ha), respectively.
Since the image of a time-evolution map A is included in S(HB), it is easy to see that
the linear extension A’ is a trace preserving positive map.** In the following, we
identify the affine map A with its linear extension A’ by using the same symbol A.

To sum up, a general class of time-evolution map of QM is described by a trace
preserving positive map A from £(Ha) to £L(Hp). However, by considering a con-
sistency of the description on a composite system, a time-evolution map is shown to
satisfy a stronger condition. To understand the condition, we need some mathematical
preparations.

With a natural number n € N, a linear map A : £(Ha) — L(HB) is said to be
n-positive if the extended map A ® Z,, : L(HA ®C") — L(HB ® C") is positive
where Z, is the identity map on £(C"). A linear map A is said to be completely
positive if A is n-positive for any n € N. In the following, we call a (trace preserving)
completely positive map a (TP)CP map. By the definition, a map is positive iff it is
1-positive. It is easy to show that an n-positive map is m-positive if n < m, but not
vice versa. An example of a 1-positive but not 2-positive map is shown in Exercise
7.7 in Chap. 7. The following theorem gives a useful characterization of a CP map:

Theorem 5.4 Let Ha and Hp be Hilbert spaces with dimensions da and dg, respec-
tively. Let A be a linear map from L(Hp) to L(HB). The following are all equivalent:
(1) A is a CP map,

(ii) A is a da-positive map,

(i) A ® Za, (1) (¥]) = 0 where |¢) = Z?il 1§i) @ [mi) with {|&:)}, {In:)} being
ONBs of Ha, C,

(iv) There exist | (< dadp) linear operators Vi : Ha — HB (k =1, ..., [) such
that )
A(A) =D VAV (YA € L(HA)). (5.68)
k=1

Proof Proofs for (i) = (ii) and (ii) = (iii) follow by definitions of n-positivity and
the completely positivity. [(iil) = (iv)] As A ® Zg, (|V)(Y]) = Zi’j A& D ®
[7i)(n;| is a positive operator on Hp ® 9, we can rewrite it by Zi:] |v) (v | using
[(< dpdy) vectors |vg) € ‘HB ®(CdA (k =1, ..., ). (One can use an eigenvalue
decomposition of A ® Zy, (|1)(1|) where |v) is an eigenvector with its norm being

43 One can consider the affine property for time-evolution map as one of the preconditions.

44 Any operator A € £(Ha) can be written as A = Zi:o i* py px with non-negative real numbers
pk > 0and density operators py € S(Ha) (k =0, 1, 2, 3). (see the solution of Exercise 5.14.) By the
linearity of the trace, we have Trg (A’ (A)) = 3, i* pi Trg (A (pr)) = >4 i* pr Tra(pr) = Tra(A).
(Note that Trg (A’ (pr)) = 1 = Tra (px) since pr and A (py) are density operators.) Since any positive
operator A € £(Ha) can be written as A = ap with a non-negative real number @ := Tr A and a
density operator p := A/a, we have A’(A) = aA(p). Asa > 0and S(HB) > A(p) >0, A'(A) is
a positive operator.


http://dx.doi.org/10.1007/978-3-662-43502-1_7
http://dx.doi.org/10.1007/978-3-662-43502-1_7

5.3 Reformulation of Quantum Mechanics 117

a square root of positive-definite eigenvalues.) Since {|7;)} is an ONB of C%, we
can rewrite |vg) = > |vk) @ |m;) with some vectors |vg;) € Hp. With these
expressions, we have 27,  A(I&) (& D ® ni)(njl = 22 ; (32 ki) vk D ® [0} (1.
Since {|n;)(n;|} are linearly independent, we have A(|§)(&;1) = Dy lvki) (vkj| =
! Vk|§,-)(§j|V,j forany i, j = 1, ..., da, where Vi : Hao — Hp is a linear
operator defined by Vi |&;) := |vg;). Since the set {|{;)(£;|} forms a basis of £(HA),
this equation also holds for any A € £(a). Therefore, we obtain the representation
(5.68) of A. [(iv) = (i)] To see that A ® Z,, is positive for any n € N (namely, A is
completely positive), itis enough to show A®Z, (|¢)(4|) > Oforany |¢) € Ha @ C"
because of the affine property of A ® Z,, and eigenvalue decompositions of positive
operators. Writing |¢) = >, |x;) ® |x;) with an ONB {|Xi>}?:1 of C", we have
AT ()(6) = D, Al (D) ® i) (i1 = 2y Vi ® (X 1xi) (] @
X)) OGD Ve ® 1) = 2 (Vi @ 1)) (¢l(Vi ® I,)". From the final expression,
A ® L, (|p) (@] is clearly a positive operator. (I

From Theorem 5.4-(ii), it is enough to show that A is da-positive in order to show
that it is a CP map. That is, it is not necessarily to show that A is n-positive for an
arbitrary n € N. Moreover, in order to show that, it is enough to show the positivity
of the output state only with the input state |¢)) (1| (the maximally entangled state),
not necessarily with an arbitrary input state. The form (5.68) in (iv) gives a useful
representation for a CP map. The TPCP map with this representation is sometimes
called Kraus representation.

Theorem 5.5 (Kraus Representation) A linear map A : L(HA) — L(HB) is a
TPCP map if and only if there exist linear operators Vi : Ha — He k=1, ..., [ <
dadg) such that 3, Vi Vi = In and

1
A(A) =D VAV, (YA € L(HA)). (5.69)
k=1

Proof From Theorem 5.4-(iv), we can start from the form (5.69) for a CP map.
Therefore, we just consider the trace preserving condition. However, from Try A =
Trg(A(A)) = Trg(X, ViAV)) = Tra(3, V, Vi) A for any A € £(Ha), the con-
dition is obviously equivalent to D", V,j Vi = IA. O

An operator Vj in the Kraus representation (5.69) is called a Kraus operator.
Coming back to physics, it turns out that any time-evolution map should satisfy
a completely positivity (CP) condition. One of the simple verifications of this fact
comes from the consistency on a composite system as follows [20]: Notice first that
in reality there may exist another physical system than the systems A and B. Letting
S, be such an n-level quantum system, a time evolution from system A to B can be
also described as a time evolution from the system A + S,, to the system B + S,,.
If there are no interactions with S,;, the time-evolution map on the total system is
described by A ® Z,,. Since A @ Z,, should preserve the positivity on the total system,
A should also be an n-positive map. Since n is arbitrary, A is concluded to be a CP
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map. Another verification of the CP condition is to notice that a typical realization
of a time-evolution map under the presence of an environment is directly shown to
be CP (see (5.70) and the discussion below).

In the field of quantum information theory, we generally admit that the trace
preserving property and the completely positivity are necessary conditions for any
time-evolution map.*> A unitary evolution (5.51) is a typical TPCP map as the form
(5.51) is a Kraus representation because of the unitarity U U=

5.3.3.2 Realization of TPCP Maps

In the preceding part, we have explained that any time-evolution map should be a
TPCP map. Here, we show that the converse is also true. Namely, any TPCP map is
physically realizable. The fact implies that TPCP maps represent the most general
class of time-evolution maps of QM.

A typical way to realize a TPCP map from a system A to a system B is to consider
the situation where A and B are notisolated but open systems. Let E be an environment
such that the total composite system A 4+ B + E is isolated. Notice that, by Postulate
2, the unitary time evolution can be applied to the total system. Let p be an arbitrary
initial state of the system A, and let pg, pg be fixed initial states of the systems B
and E such that there are no correlations among the systems A, B, and E. Then, a
unitary evolution on the composite system A 4+ B +E is described by

pP®ps® pg > U(p® pp @ pp)U’

using a unitary operator U on the total system A+B+E. We are interested in a final
state of B and therefore we take a partial trace over the system A + E to obtain the
reduced density operator on B. This series of procedures can be interpreted as a time
evolution from the initial state p € S(Ha) of A to the final state p’ € S(Hs) of B,
where the time evolution map is given by

prs>p =Ap) =Trap U(p ® pp ® pp)U". (5.70)

This map A is shown to be a TPCP map. Indeed, by Exercise 5.18, the map A is a
composition of three TPCP maps, (i) p — p ® pg ® pE, (ii) 0 — UcUT, and (iii)
& Trag &. (Notice that a composition of TPCP maps is a TPCP map.)

Based on these considerations, we can show that any TPCP map can be physically
realizable:

45 Note, however, that there is a longstanding argument for the validity of this matter. It is usually
discussed with reference to the presence of initial correlations with an environment. However, the
root problem includes the validity to deal with a time evolution by means of a map (see [21] and
references therein).
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Theorem 5.6 (Stinespring representation) Any TPCP map from a system A to a
system B can be physically realizable through (5.70).

The proof of this theorem will be given as a simple corollary of Theorem 5.7 in
Sect.5.3.4.2 (see also the footnote 49). Note that one can also prove the same result
when the systems A and B coincide with each other. In this case, we can use a unitary
time evolution on A 4 E. By taking a partial trace over E on the final state of A+E,
we get the time-evolution map on the system A described by

pr>p =Ap) :=TreU(p® pp)U". (5.71)

Then, it follows that any TPCP map A : S(Ha) — S(Ha) is physically realizable
by a map (5.71).

We have seen that any time-evolution map of a quantum system is a TPCP map
and conversely any TPCP map is physically realizable. We can conclude that a TPCP
map gives the most general description of a time-evolution map in a quantum system:

[Formulation 3] The general time-evolution map from a quantum system A to
a quantum system B is represented by a TPCP map A : S(Ha) — S(HB).

Exercise 5.17 (i) For any 0 € S(HB), showthatp € L(Ha) > A(A) = AQo €
L(Ha ® Hp) is a TPCP map. (ii) Show also that p € L(Ha @ HB) > A(A) =
Tra A € L(HB) is a TPCP map.

5.3.4 General Class of Measurement Processes

As a conclusion of this chapter, we explain the most general description of a mea-
surement process on quantum systems. In Sect.5.3.2, we have seen that a POVM
measurement gives the most general description of a measurement on quantum sys-
tems. However, it describes only the probability distribution of the measurement
outcome. On the other hand, a measurement process is constructed to describe
not only a probability distribution but also a state-change due to a measurement. In
reading this subsection, the reader should carefully recognize that a state-change in
the measurement can be operationally explained based on Postulates 1-3 with some
preconditions.*¢

46 The theory of measurement processes with operational point of view was initiated by Davies
and Lewis [22], and completed by Kraus [6] and Ozawa [23] by adding the notion of complete
positivity. In particular, a careful consideration of the necessary and sufficient conditions for the
description of measurement processes was thoroughly given by Ozawa.
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5.3.4.1 Properties of the General Measurement Processes

We start from asking in which case we need to know the post-measurement state.
From the operational point of view, it is the case where we have prospects of
another subsequent measurement; otherwise it has no meanings to describe the post-
measurement state. This view is important to construct the theory of measurement
processes. Namely, the post-measurement state is naturally constructed to be a state
which can predict the probability of outcomes for the possible subsequent measure-
ments.

Keeping this in mind, we first discuss the general property (a necessary condition)
for measurement processes. As is explained in Sect.5.3.2.1, a measurement is an
operation to get an outcome m with a probability Pr(M = m|p) under a state p. In
the case of measurement process, we also need to determine the post-measurement
state p,, after getting the specific outcome m. In the same way as in the case of a
time evolution, let systems A and B be initial and final systems, including the usual
case where A = B. An obvious requirement for the measurement processes is that
Pm 18 a quantum state for any output m, i.e., p,, € S(HB).

Before going further, notice that there are roughly two classes of measurement
processes: In general, the post-measurement state depends on the outcome of the
measurement. When we know the measurement outcome m, the state-change can be

described by a map

got m
P pm. (5.72)

On the other hand, when we do not know the outcome m but only know the fact of the
application of the measurement, the post-measurement state should be described by
a probabilistic mixture {Pr(M = m|p); p,,} with the corresponding density operator
being >, . \( Pr(M = m|p)py. In this case, the state-change is described by a map

pr>p = Z Pr(M = m|p)pm. (5.73)
meM

We distinguish these situations by calling the former and latter cases selective mea-
surement and non-selective measurement, respectively.

As we have already pointed out, the post-measurement state p,, after a measure-
ment M should be able to predict a probability Pr(N = n|p,,) for the subsequent
measurement N. To know the general property of a measurement process, we focus
on the joint probability for a first measurement M and a second measurement N
under an initial state p

Pr(M =m — N = n|p). (5.74)

This series of measurement is called a successive measurement. By the arrow —
in (5.74), we may indicate that M is the first measurement and N is the subsequent
measurement after M. Notice that a successive measurement is different from a
simultaneous measurement. In particular, the time order of measurements could be
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essential in a successive measurement. Namely, Pr(M = m — N = nlp) and
Pr(N = n — M = m|p) are in general different. Just in the similar manner as in
the derivation of (5.53), the joint probability Pr(M = m — N = n|p) should have
the affine property:

Pr(M =m — N =n|pp+ (1 — p)o)

= pPr(M =m — N =nlp)+ (1 — p)Pr(M =m — N = n|o).
(5.75)

Moreover, by the definition of the conditional probability, we have
Pr(M =m — N =nlp) = Pr(M = m|p)Pr(N = nl|pn). (5.76)

Notice that the second measurement N is considered just in order to determine the
post-measurement state. Therefore, we only need the probability distribution of the
measurement N, which is described by a POVM measurement {E,,},,c\:

Pr(N = n|pm) = Tr(Ean)~ (5.77)

To describe a measurement process, it is convenient to introduce a map A,y :
S(HA) = L(HB) defined by

p = An(p) = p,. (5.78)
where p;, is an unnormalized post-measurement state:
P i=Pr(M = m|p)pm. (5.79)

We usually use the map (5.78) instead of the map (5.72) mainly because that A,, has
the affine property:

Am(pp+ (1 = p)o) = pAu(p) + (1 = p)An(o) (Vp,0 € S(HA). p € [0, 1]).

Indeed, by substituting (5.77) and (5.79) into (5.76), we have Pr(M = m — N =
nlp) = Tr(Enp,,) = Tr(E, Am(p)). Since the joint probability is affine and a POVM
{E,} is arbitrary, A, is affine.

Notice that the map A, includes both the information of the probability distrib-
ution of the outcomes and the post-measurement state as follows. By (5.79), (5.78)
and the normalization condition Tr p,, = 1, the probability to get an outcome m
under a state p is given by Pr(M = m|p) = Tr A, (p). The post-measurement state
is also given by p,, = Ay (p)/ Tr Ay (p) from (5.79) and (5.78). Namely, we have

Pr(M = m|p) = Tr Ap(p), (5.80a)

got m
P pm = An(p)/ Tr Ap(p). (5.80b)
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By (5.73), (5.79) and (5.78), the corresponding non-selective measurement is
described by the map
A= D An. (5.81)
meM

Using the same argument as in Sect. 5.3.3.1, the linear extensions of the maps A,
and A to £(Ha) should be completely positive. Note that A,, does not generally
have the trace preserving property while A is a TPCP map because Tr A(p) =
D> Tt Au(p) =2, Pr(M =m|p) =1="Trp.

The tuple of linear maps {A, };ner on L(Ha) is called a CP instrument with a
set of outcomes M if A, are CP maps and A := >’ 1\ Ay is a TPCP map. We
have seen that any measurement processes can be described by a CP instrument by
(5.80).

For any CP instrument {A,,},,eaq, We can apply the Kraus representation
(Theorem 5.4-(iv)) to each CP map A,,. Let {Vk(m) }i’"zl be the Kraus operators such

that A, (A) = 3, VWAV (A € £(HA)). Wehave 3, (3, Vk(’””v,f”’)) =1
by the trace preserving property of A = >, A,. As a particular case, let us focus
on the case when the Kraus representation of each CP map A,, is composed of only
one operator V;, (i.e., [, = 1). Then, we have

Am(A) = V,, AV, (5.82)

with the normalization condition >, V,Z Viw = I. From (5.80), the measurement
process is described as

Pr(M = ml|p) = Te(V, Viup), pm = VmpV, ) Te(V, Viup). (5.83)

We call a tuple of operators {V;,, },,e A a tuple of measurement operators if it sat-
isfies >, Vi Vi = 1. In the field of quantum information, it is often postulated
that a general class of measurement process is given by measurement operators as
(5.83). Indeed, when the set of outcomes is discrete, the formalism of a measure-
ment operator is equivalent to that of a CP instrument up to the discard of a partial
information.*’

Let us introduce some examples of measurement processes. When a set of pro-
jection operators { P, },, on Ha satisfies > P, = I (i.e., a PVM), the tuple { P, }n
gives measurement operators which describes the measurement process by

Pr(M = ml|p) =Tt Pup, p—> pm = PupPn/ Tr(Ppp). (5.84)

47 Any discrete CP instrument {A,, },, can be described by measurement operators as follows: Let
+ ’ p
Ap(A) = f('”: | V,((m)AVk(m) be the (Kraus) representation. By > V,((m) Vk(m) = ], we have

a tuple {Vk(m}k,m of measurement operators. By performing a non-selective measurement M’ of

m,k

{Vk(m)}k_m and outputting only m with discarding k, we obtain (5.80).
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This is a generalization of (5.27) to include mixed states, and is called the Liiders’
projective measurement. In particular, if P,, = |¢,,){(¢;,;| with an ONB {|¢p,) }n
of Ha, the corresponding measurement process is a generalization of (5.26), and is
called the von Neumanns’s projective measurement.

Letting {E,,},» be a POVM, the tuple of {</E,,},, is that of measurement oper-
ators as » . E, = Zm(\/E_m)T(«/E_m) = [ and the corresponding measurement
processes is described by

Pr(M =m|p) =Tr Enp, p—> pm = Enpv En/ Tr(Emp). (5.85)

Although this provides a typical measurement process after the POVM measure-
ment of {E,,},,, one should be noticed that a post-measurement state is generally
not unique. For instance, with an arbitrary unitary operator U, another tuple of
{(UVE,}m is a tuple of measurement operators corresponding to the same POVM
measurement.*8

5.3.4.2 Realization of Instruments

In the preceding section, we have seen that any measurement process of a quantum
system can be described by a CP instrument. Here, we show that the converse is
also true. That is, any CP instrument can be physically realizable as a measurement
process. Consequently, we conclude that a CP instrument represent the most general
class of measurement processes in a quantum system.

We start from noting that local POVM measurements E := {E,,};, and F :=
{F,}n onsystems A and B are simultaneously measurable by using the POVM {E,, ®
Fun}n.m on A+ B such that the joint probability distribution under a state p is given
by

Pr(E=m,F =n|p) =Tr(pEn @ Fy). (5.86)

One can easily check the condition (5.64). In particular, the distribution (5.86) is
independent of the time order of measurements E and F by Preconditions (5.25).
Namely, we have

Pr(E=m,F=n|p)=Pr(E=m—> F=n|p)=Pr(F=n— E=m]|p).
(5.87)
Using the above argument, we can show that the post-measurement state of one
subsystem is uniquely determined after the local POVM measurement on another
subsystem. This is one of the important tricks why we can describe measurement
processes without assuming any postulate:

Proposition 5.14 On a composite system A + B, ifwe get an outcome n by the local
POVM measurement F = {F,}, on the system B, the post-measurement (reduced)
state of the system A is given by p, = Trg(Ia ® F,,p)/ Tra(Ia @ F,,p).

48 One can construct any CP instrument based on (5.85) assisted by a certain time evolution [24].
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Proof Inorder to determine the post-measurement state of the system A, we consider
an arbitrary POVM measurement E = {E,},, on A under the post-measurement
state p,. By the definition of the conditional probability, we have Pr(F = n — E =
m|p) = Pr(F = n|p)Pr(E = m|p,) = Tra (Emp;l) where p), := Pr(F = n|p)pn.
On the other hand, by (5.86) and (5.87), we have Pr(F = n — E = m|p) =
Tra(Em @ Fpp) = Tra{E, (Trg Ia ®F,p)}. AsSPOVM E = {E,,},, is arbitrary, we
have p), = Pr(F = n|p)p, = Trg(Ian ® F,p). Taking the trace over A gives Pr(F =
nlp) = Trap(Ia ® F,p). Thus we obtain p, = Trg(Ia ®F,p)/ Trag(Ia @ F,p).

In order to show the physical realizability of any TPCP map, we consider a mea-
surement process from a system A to another system B in an indirect measurement
(see Sect.5.3.2.2). Let E be an ancilla system and let p ® pg ® pg be an initial
state of the composite system A+ B 4 E. After letting a unitary time evolution as
pRpeRpE — U(p® pe®pr)U T, we perform a measurement of a meter observable
X =3, mP, onthe system E. From Proposition 5.14, the post-measurement state
pm of the system B subject to the measurement outcome m is given by

pm = TrAE{(IA ® I8 ®P)(Up & p3 ® peU 1)}/ Trapef- -+ ). (5.88)

(.- -” abbreviates the inside of the trace in the numerator.) In the case of A = B,
we have

pm = Tre{(Ia ®Pu)(Up ® peU ")}/ Tragf- - -}. (5.89)

The following theorem gives a physical realization of any CP instrument:

Theorem 5.7 A measurement process with any CP instrument can be physically
realizable by an indirect measurement.

Proof Let A and B be the initial and final quantum systems with associated Hilbert
spaces HA, HB- As any CP instrument can be realized by a tuple of measurement
operators with discarding a partial information (see footnote 47), it is enough to show
that any measurement process with measurement operators {V,,: Ha — Hp}),_, can
be physically realizable by an indirect measurement. For the notational simplicity,
weput M ={1, ..., n}.

We can use an arbitrary n-dimensional system E as an ancilla system. For any
ONB {]i)}?_, of Hg and unit vectors |{) € Ha, [n) € Hp, there exists a unitary
operator U on Ha ® Hp ® HE such that

Ulp) @ In) @ 1) = D 16) ® Vily)) & [k) (VIeh) € Ha). (5.90)
k=1

(One can show the existence of such a unitary operator U by using >_,, V,Z Vin = Ia
and Exercise 5.15).

Using these ingredients, we construct the indirect measurement as follows: Let
p be an arbitrary initial state of A and let |n)(n]|, |1)(1] be the fixed initial states
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of B and E, respectively. After the unitary time evolution by the unitary operator
(5.90), we perform a PVM measurement {|m)(m|},, on E. Then, by using (5.88), the
post-measurement state of B with the pure input state p = |¢) ()| € S(HAa) is given
by

Trag{(Ia ® Ip ®|m)(m)(U1Y) ® |n) ® [1)(¥| ® (n| ® (11U}
=D Trae(Ia ® Is ®|m)(m)(I€) (€] @ Vilv) (V] & [k)(l1)

k.l

= D mI Um) V) W1V, = Vil o)W1V = Aw(p).  (5.91)

k,l

By the affine property of A,,, (5.91) holds for any state p € S(Ha). We have thus
proved that a measurement process by arbitrary measurement operators {V;,},, is
realizable by an indirect measurement.*’

We conclude this chapter by adding the general description of measurement
processes to our formulations:

[Formulation 4] A general measurement process of a quantum system is
described by a CP-instrument {A,,},,c A4 such that the probability to get an
outcome m is given by

Pr(M = m|p) = Tr A (p), (5.92)
while the post-measurement state is given by

got m
p = pm = An(p)/ Tr Ay (p). (5.93)
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Chapter 6
Information Quantities in Quantum Systems

6.1 Introduction

In this chapter, we introduce several information quantities such as the von Neu-
mann entropy, the quantum relative entropy, the quantum mutual information, and the
fidelity, which are utilized in the analysis of quantum information processing. Since
it is better to understand classical and quantum information quantities at the same
time, the first part of this chapter is devoted to corresponding quantities in classi-
cal information theory. We concentrate on various mathematical properties of these
quantities in detail before studying quantum information processing treated in the
subsequent chapters. Readers who might not feel interested could skip the details of
this chapter and come back again according to need. If we understand some funda-
mental properties of the entropy, typical sequences, and the von Neumann entropy,
we can proceed to the next chapter (Chap.7). In Chap. 8, we utilize some properties
of the quantum relative entropy and the Holevo mutual information. In Chap.9, the
trace distance and the entanglement fidelity are used effectively.

Classical information quantities such as the entropy and the mutual information
are formulated by Shannon [1, 2]. He gave these quantities a definite and operational
meaning by establishing the source coding theorem and the channel coding theorem,
which characterize, respectively, the optimal compression rate of data and the optimal
transmission rate of message over noisy channels.

Later from 1960s to 1970s, several researchers studied message transmission us-
ing carriers obeying the quantum mechanics, because weak power lasers have indis-
pensable quantum mechanical effects and we can not apply the original information
theory by Shannon directly. Significant studies in these ages include quantum hy-
pothesis testing (Helstrom [3], Holevo [4], Yuen [5, 6]), quantum estimation theory
(Holevo [7], Yuen [5, 6]), and quantum channel coding (Holevo [8, 9]), which laid
the foundation of quantum information theory today.

As in the classical case, in quantum information theory it is possible to formu-
late information processing under quantum mechanics by introducing information
quantities appropriately. At the same time, mathematical properties of some infor-
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mation quantities enable us to study efficiency and possibility (or impossibility) of
quantum information processing. It has been made clear by subsequent studies after
1990s what kinds of information quantities are useful. All of quantities introduced
in this chapter are standard and known as useful from operational studies in quantum
information theory.

For further studies we introduce some textbooks, which were referred to in writ-
ing this chapter. As a reference of classical information theory, [10] is known as a
standard textbook. We also refereed to [11] for typical sequences. As a textbook of
quantum information theory, [12] has an established reputation. The textbook [13]
treats various contents from an introduction to advanced topics, and it is useful for
the readers of this book to study further developments. Also [14, 15] are known as
textbooks which treat quantum information quantities and processing in geometrical
view points.

6.2 Information Quantities in Classical Systems

6.2.1 Shannon Entropy

When we throw a dice, we observe the values X = 1, 2, ..., 6 with probability 1/6.
Asin this example, a variable X is called the random variable if it is combined with its
probability. Hereafter the range of X, i.e., the set of root events, is denoted by X. In
the example of a dice, we have X = {1, 2, ..., 6}. For simplicity X is supposed to be
finite. In the case of discrete random variables, we can identify a random variable X
with a probability distribution (or probability mass function) P : x € X — P(x) €
[0, 1] which satisfies the regularity condition Zx ex P(x) =1

To make the correspondence between random variables and their probability dis-
tributions clear, the probability distribution of X is denoted by Px (x) or Pr{X = x},
which is the probability that the random variable X takes a realization x. For another
random variable Y, we make difference of probability distributions by the subscript
as Py(y) = Pr{Y = y}. It should be noted that the notation Py(x) = Pr{Y = x}
(x € X)isvalidif arandom variable Y ranges the identical set X with X. However, it
is sometimes useful and simple to distinguish the probability distributions by differ-
ent characters P (x) and Q (x) in this case. We will use both notations interchangably.
Using the subscript notation is useful when many random variables appear.

The joint probability of X and Y is written as Pxy(x,y) = Pr{X = x,Y = y}.
Then the marginal probability distributions are calculated by Px(x) = > vey
Pxy(x,y)and Py(y) = > .y Pxy(x,y), respectively.

The Shannon entropy is known as the amount of uncertainty of a random variable
X, and it quantifies how much knowledge is obtained after the actual value of X is
observed. Such meaning has been established rigorously through the source coding
theorem by Shannon, as the number of required bits to represent X in a binary
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Fig. 6.1 The graph of the binary entropy i (p)

sequence. The Shannon entropy of a random variable X on a set X is defined by

H(X):=— Z Px (x) log Px (x). 6.1)
xeX

Here and hereafter we regard 0 log 0 as O when Py (x) = O for some x, since we have
lim;_,gtlogt = 0. Note that H(X) is a functional of the probability distribution
Py, and hence, it is sometimes denote by H (Py). The Shannon entropy is called the
entropy if no confusion with the von Neumann entropy is likely to arise.

If a random variable takes its value in an alternative choice X = {xy, x3}, then
the probability distribution is given by Px(xo) = p, Px(x1) = 1 — p, where p is
a real number satisfying 0 < p < 1. The entropy in this case is called the binary
entropy and written as

h(p):=—plogp—(1—-p)logd—-—p) O=<p=<D. (6.2)

The graph of the binary entropy is shown in Fig. 6.1.

For example, let us imagine the situation in which we want to tell the outcome of
coin tossing to people in a distant place. For the coin with the probability p = 1/2,
we need to send 1 bit of information; 1 for ‘head’ and O for ‘tail’. Thus we can say that
the random variable of coin tossing has 2(1/2) = 1 bit of information or uncertainty.

On the other hand in the case p = 1, since it is clear that the actual result must
be ‘head,” we do not need to send any information. In other words, the amount of
information we should send is 2(1) = 0 bit. In the same way, in the case p = 0, the
amount of information is 2 (0) = 0 bit.
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In the intermediate case 0 < p < 1, the entropy takes the value 0 < h(p) < 1,
which quantifies the uncertainty of coin tossing. The meaning of the entropy in this
case is explained in the next subsection.

Exercise 6.1 Calculating derivatives /’(p), h”(p), show that 2(p) (0 < p < 1) is
a concave function (see Sect. A.4) and verify the shape of Fig.6.1.

Exercise 6.2 Calculate the entropy H (P) for the probability distribution P(a) =
1/2, P(b) =1/4, P(c) = 1/8, P(d) = 1/8.

Let us verify that the entropy H (X) is non-negative in general. Given a random
variable X and a real valued function f : X — R, since the function f(X) also
takes values randomly depending on X, f(X) is considered to be a random variable. !
In this case, the expectation of f(X) is given by E[f(X)] = > . cx Px(x) f(x).
Considering the function f(x) = —log Px (x), the entropy is expressed in the form
of the expectation, i.e., H(X) = er)( Px (x){—log Px(x)}. Thus it is easy to see
that the entropy is non-negative because f(x) is non-negative for 0 < Px(x) < 1.

Further we show the necessary and sufficient condition for H(X) = 0. Note
that H (X) is obtained by summing non-negative values Py (x){— log Px(x)} over
x € X.Hence H(X) = Oholdsifand onlyif Py (x){—1log Px(x)} = Oforallx € X,
which is equivalent to Py (x) = 0 or Px(x) = 1. From the regularity condition of
the probability, this condition is equivalent to the existence of xo € & such that
Px (x9) = 1. These discussions are summarized as the following lemma.

Lemma 6.1 (non-negativity of the entropy) H (X) > 0 and the equality holds if and
only if there exists xo € X such that Px(xo) = 1. In other words the equality holds
if and only if the random variable X is deterministic.

In Sect. 6.2.8, we show that the range of the entropy is 0 < H(X) < log|X|, and
it takes the maximum H(X) = log X if and only if Px(x) = ﬁ (the uniform
distribution on X).

Exercise 6.3 There are 2" elements of n-bit binary sequences xp, x2, ..., x,. Con-
versely how many bits are required to represent all elements of the set X =
{1,2,..., M} in binary sequences?

6.2.2 Entropy and Typical Sequence

In this subsection, to make the meaning of the entropy clear, we introduce the typical
sequence. For example let us consider coin tossing with the probability p for ‘head’
and 1 — p for ‘tail’. Suppose that identical and independent trials for coin tossing
are made n times. As for the number of trials n, we imagine a large number such as

! Strictly speaking, given a probability space (2, F, P), a random variable is a function from the
sample space 2 to a set X'. f(X) is considered to be the composite function f o X.



6.2 Information Quantities in Classical Systems 131

n = 100 or n = 1000. Let 1 and 0 denote ‘head’ and ‘tail’ of the coin, respectively.
First, we consider the case p = % and n = 12 for simplicity. Then which sequence
is likely to arise among the following?

(D) TTTTTTTT111T (2) 101110011101 (3) 000000000000

The probabilities that these sequences arise are, respectively, given by (1) (2/3)'2, (2)
(2/3)8(1/3)4, 3) (1/3)12. Apparently the sequence (1) with all bits 1 has the largest
probability. However it should be noted that the expectation of the coin tossing is
1 x2/3+0x 1/3 = 2/3.If we do not distinguish the order of 1 and 0, it is the
most likely to observe “sequences like (2)” that has the frequency of 1 and O close
to the probability p and 1 — p. Note that (1) is the only sequence with all bits 1,
while the number of “sequences like (2)” is the combination 12Cg, that is, sequences
which include 8 bits of ‘1’ and 4 bits of ‘0.” Summing over the probabilities of these
sequences, we have 12C3(2/3)8(1/3)* = 0.23845, which is much larger than the
probability of (1), (2/3)'? = 0.0077073. Furthermore if the length of the sequence
is large enough as n = 100 or n = 1000, it is shown from the law of large numbers
that “sequences like (2)” arise almost with probability 1.

Hereafter, following the notation in information theory, we use subscripts to in-
dicate the place in a sequence of random variables X1, X, ..., X, and their actual
values x1, x2,...,x, € X, while we use superscripts to show the combined vec-
tors X" = (X1, Xp,..., X)) and x" = (x1,x2,...,x,) € X". If X1, X2,..., X,
are drawn independently and identically according to a probability distribution P,
the joint probability distribution is given by Py»(x"*) = P(x1)P(x2) - P(x,). In

this case, we say that X" = (X1, X», ..., X,) are independent and identically
distributed (i.i.d.) subject to P.
For a sequence of real random variables X" = (X, Xo,...,Xy), S =

%Z?:l X; is called the arithmetic mean. Note that S, is also a random variable
as it is a function of the random variable X", and S, takes its value with probabilistic
fluctuations. However, if X" are drawn independently and identically and the number
of trials n is large enough, it is expected that the arithmetic mean S, takes the value
close enough to the expectation p = E[X|] = E[X2] = --- = E[X,]. This fact is
stated rigorously as the law of large numbers.

Theorem 6.1 (The weak law of large numbers) Let X1, Xo, ..., X, bei.i.d. random
variables subject to P. If the variance V[X1] is finite, it holds that for any € > 0,

. BN
nlggoPr”ZEXi_'u >e}=0,
1=

where n = E[X1] = E[X3] = - -+ = E[X,] is the expectation.

The proof of the theorem is left as an exercise for readers.

Exercise 6.4 Prove the law of large numbers in the following steps.
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(1) (Markov’s inequality) For any non-negative random variable Z and any real
number a > 0, we have Pr{Z > a} < %

(2) (Chebyshev’s inequality) Let 4 = E[X] be the expectation of a random vari-
able X, and V[X] = E[(X — ,u)z] be the variance. For any € > 0, we have
Pr(lX — pl > e} < ¥

(3) For i.i.d. random variables X1, X», ..., X,, complete the proof of the law
of large numbers by showing that the variance of the arithmetic mean S, =
% >, X;is given by V[S,] = @

Let us discuss several properties of typical sequences using the law of large num-
bers. In the example above, it is likely to observe x" = (x1,x2,...,x,) € X"
that has the frequency close to the probability P(a) for any character a € X,
when the sequence of random variable is drawn i.i.d. from P. Here let ,(x) be
the function (Kronecker’s delta) which takes the value 1 for x = a and O other-
wise. Then we can calculate the frequency of the character a in a sequence x" by
Pu(a) = % Z?:l 04 (x;). The frequency Pyn(a) is called the empirical distribution
in statistics and the type in information theory. Note that Px» (x") and Py (a) have
different meanings; Px»(x") is the probability that the sequence x" arises while
Pyn (a) is the empirical distribution for a single character a in the sequence x”.

A sequence x" € X" is called strong typical if the empirical distribution Py (a)
and the probability P (a) are close enough for any character a € X. Precisely speak-
ing, for any fixed € > 0, the set of strong typical sequences is defined by

By :={x" € X"|Va € X, |Pxn(a) — P(a)| < eP(a)}.

Noting that P(a) = 0 = Pyn(a) = 0if x" € B, ., we can see that the character a
with P(a) = 0 never appears in the sequence x"” = (x1, X2, ..., Xx,) € By... Since
E[64(X;)] = P(a) (i = 1,2, ...,n), we can show from the law of large numbers
that the event B, . happens almost with probability 1 for sufficiently large n.

Pr{B¢ } =Pr [Ela € X, 1 Zéa(x,») — P(a)| > eP(a)]
T n
i=1
< ZPr[ %Z%(Xi) —P@)| > eP(a)} 070, (6.3)
aeX i=1

where we have used the fact that the finite sum and the limit can be exchanged, the
weak law of large numbers,? and

y

when P(a) = 0.

LS 500 - Pa@)
n

i=1

1 n
> eP(a)] :Pr[;Zda(Xi) > 0} =0

i=1

2 Note that V[6,(X:)] = P(@){1 — P(a)} < co.
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In elementary discussions in classical and quantum information theory, we of-
ten use a rather weak form of the definition for typical sequences. Let X" =
(X1, X2, ..., X,) be independently and identically distributed according to P. Then
—log P(X;) G = 1,2,...,n) is also i.i.d. random variables with the expectation
E[—1log P(X;)] = H(P). Let us define a subset of X for a fixed ¢ > 0 by

1
Ape= [x" € X" ||——log Pxn(x") — H(P)
n

< e] . (6.4)

Since we have —rll log Px» (x™) = —% ", log P(x;), the weak law of large num-

bers yields Pr{A, ¢} “Z% 1. An element of A,  is called a weak typical sequence
with respect to P. We often call weak typical sequences as typical sequences when
no confusion is likely to arise.

Exercise 6.5 Show that a strong typical sequence is a weak typical sequence by the
following steps.

(1) For a sequence x" € B, ¢, we have

1 n
- l;log P(x;) = — Z P (a)log P(a).

aceX

(2) Show that x" € B, . = x" € A, ¢, where we put

M := max {—logP(a)}, € :=Me.
a:P(a)#0

Theorem 6.2 We have the following properties for the typical sequence.

(i) For any € > 0, we have lim,,_, o Pr{A, (} = 1

(i) x" € Ape < 2 "HEFT < Py (x) < 27nHO=0)

(iii) | Ay, o] < 2"(HO+O

(iv) For any € > 0 and any 6 > 0, we have (1 — §)2"HX)—9) < |Ap el for any
sufficiently large n.

The property (i) states that the typical set has the probability 1, which was already
shown as a result of the law of large numbers. The property (ii) is just an equivalent
modification of the definition of the weak typicality, and (ii) states that each element
in the typical set is equally probable and Py» (x™) ~ 27*(HX)%0 3 Combining (iii)
and (iv), we can see that |A, | =~ 2n(H(X)£) for the number of elements of the
typical set. These properties show that, in the asymptotic regime n — o0, equally
probable elements with the probability almost 27#(X) is combined together to be
the probability 1, which is called the asymptotic equipartition property, AEP.

3 It should be noted that sequences in A,, . have considerably different probabilities with different
exponents within +e. The statement means just the expression for the exponents.
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For the proof of the theorem, it is enough to show (iii) and (iv). Since the probability
of the subset A, ¢ is always less than 1, it holds from (ii) that 1 > Zx"eA,, ) P (x") >
|Ay.e| - 27" HX+O Multiplying the both sides by 27 X)) 'we obtain (iii). From
(i), for any 0 > 0 and for any sufficiently large n, we have Pr{A, .} > 1 — J. Hence
using (ii), we obtain 1 — § < Zx"eA,, . PH(x™) < |Apl - 2~ 1(HX)=9) Multiplying
the both sides by 2" (X)=9) Jeads to (iv).

Example 6.1 Let us consider coin tossing treated in the previous subsection, in
which the probability of the head is given by 0 < p < 1. If we toss the identical
coin n times, how many binary bits are required to send the outcome to people in a
distant place with almost zero error probability. If n is large enough, an element in
the typical set A, . arises with equal probability. Since |A,, | >~ 2"(P) by encoding
each element of the typical set in log |A, | 2 nh(p) bits, we can tell the result with
almost zero error. By this encoding scheme, we can send the outcome using nh(p)
bits, which is 4 (p) bits per one coin, while just sending the outcome requires 7 bits.

6.2.3 Joint Entropy and Conditional Entropy

For a pair of random variable (X, Y) on the product set X' x ), the joint entropy is
given by
H(X.Y)=—- > Pxy(x y)logPxy(x,y), (6.5)
(x,)eXxY

which is obtained by applying the definition of the entropy to the joint distribution
Pxy(x, y). Given the joint distribution Pyy (x, y), we can calculate the marginal
distribution Py (x) = Zyey Pxy (x, y) and the conditional probability distribu-
tion Py x (y|x) = Pxy(x,y)/Px (x) (see the footnote 18, page 94). In the following,
Py|x (y|x) is written as P (y|x) if no confusion is likely to arise from the context.

For a fixed x, we can calculate the entropy of P(-|x) corresponding to Y, which
is denoted by H (Y |x) := H(P(-|x)). Then the conditional entropy is defined as
the expectation of H (Y|x) by Px(x):

H(Y|X):= )" Px(x)H(Y|x). (6.6)
xeX

The following lemma would be obvious from the definition above and non-negativity
of the entropy (Lemma 6.1).

Lemma 6.2 (non-negativity of the conditional entropy) H (Y |X) > 0 and equality
holds if and only if, for any x with Px(x) > 0, Y can be decided deterministically
depending on x. That is to say, Y is a function of X.

As a relation between the entropy and the conditional entropy, the chain rule
holds:
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H(X,Y)=H(X)+ H(Y|X). (6.7)

The proof of the chain rule is left as an exercise for readers.

Exercise 6.6 Show the chain rule in the following steps.

(1) Show that the conditional entropy is written as an expectation in the following
form.
HY|X) == > Pxy(x,y)log Pyjx(y]x).

xeX ye)Y

(2) From Pxy(x,y) = Px(x)Pyx(y|x), we have
—log Pxy(x, y) = —log Px(x) — log Py|x (y|x).

Show the chain rule by taking the expectation under the distribution Pxy (x, y)
in the both sides.

6.2.4 Conditional Probability and Classical Channel

In this subsection, we introduce the concept of classical channel by which a noise or
data processing is represented. Then in the next subsection, we study the monotonicity
of the divergence with respect to classical channels. If no confusion is likely to arise,
the classical channel is merely called the channel in this chapter. In Sect.5.3.3, we
have studied that the TPCP map is the concept representing a quantum mechanical
noise or information processing to change quantum states. Therefore a TPCP map is
sometimes called a quantum channel or a quantum operation. A classical channel
is considered as a restriction of a TPCP map to the classical system.

A conditional probability distribution W(y|x) (x € X, y € ))) from the set
X to the set ) is defined by a function satisfying 0 < W(y|x) < 1 (Vy € V) and
Zyey W(y|x) = 1 for all x € X. In other words, it is a probability distribution
depending on each x € X. A conditional probability W(y|x) is called a channel,
since it represents the probabilistic input/output relation that the output character
y € Y is obtained with probability W (y|x) depending on the input x € X.

If the probability distribution P (x) and the channel W (y|x) are given, we can de-
fine the joint probability by Pyy (x, y) = P(x) W(y|x), and the marginal probability
is calculated as Py (y) = er)( P(x)W(y|x). Since it is determined depending on
P (x), we denote this probability distribution by A(P)(y) := er)( Px)W(y|x).
Thus using the channel W, we can define the map:

A:PePX)— AP) = Z Px)W(|x) € P, (6.8)
xeX
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where P(X) and P()) are the sets of probability distributions on X and ), re-
spectively. It is easy to see that the map is positive (1-positive) and affine, i.e.,
AP+ (1—1t)Py) =tA(P))+ (1 —1t)A(P>), 0 <t < 1.Conversely, an affine and
positive map I" from P(X) to P(}) is considered to be a channel. Indeed, let d, (x)
be a probability distribution taking the value 1 on x = a (i.e., Kronecker’s delta).
Then we can see that W(yla) = I"(d,)(y) is a conditional probability. Therefore
we can identify the conditional probability W (y|x) with the map (6.8) that is affine,
positive, and probability preserving (corresponding to trace preserving). In the fol-
lowing, both concepts are called the channel. Especially, A is called Markov map,
and it is sometimes written as Aw to show the explicit relation with W (y|x).

As a special case, amap f : X — ) is regarded as a deterministic channel
Wpr(ylx) := 6 ) (y) (Kronecker’s delta), which outputs f(x) € ) deterministically
depending on the input x € X. For a probability distribution P on X, we have

A, (PY(y) = D P@Wrylx)= > Px). (6.9)

xeX x:y=f(x)

Hence the channel Wy acts as a coarse graining if the map f : X — ) is not
injective.

It is also shown that the operation to derive the marginal distribution from a joint
distribution P (x, y) is a channel. Indeed, let us consider the map f : (x,y) —> x,
which takes only x from the pair (x, y). Then we have the corresponding conditional
probability Wy (x'|x, y) := d s(x,y)(x"). Using (6.9) we obtain

Aw (P)X) = D P, W 1x,3) = D Plx, )8 (x) = D7 P& ),

(x,y) (x,y) y

from which we can see that the channel W derives the marginal distribution.

Finally we will show that the operation to give a probabilistic combination is
again a channel. Let P;(x), P2(x), ..., Py(x) (x € X) be probability distributions
on X. Given a probability distribution 7 = (7, 72, ..., mn) on the indices i =
1,2, ..., N,wecandefine the joint distribution P (i, x) := m; P; (x) for the pair (i, x).
Then the marginal distribution for x, ZlNzl P(i,x) = ZlN:l i Pi(x) =: Pr(x),
is a probability distribution on X. We write the probability distribution as P, =
Z,N= | 7 P;, whichis called the probabilistic combination of P; by 7. The probabilistic
combination gives the marginal distribution for x € X when we can not obtain the
information about the indexi =1,2,..., N.

6.2.5 Divergence

We sometimes use the phrase that two data are similar or distant. In mathematical
treatment in information theory, we suppose that there are underlying probability
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distributions from which these data are drawn. The divergence is a measure of
distance between two probability distributions. For probability distributions P (x),
QO (x), the divergence is defined by

P(x)
D(P = P 1 . 6.10
(P11Q) ZX (x)log 5= (6.10)

Remark 6.1 We make the following agreement to treat O in the function s log 7.
This remark may be skipped over at the first time of reading.

@ Ift > 0, 0log? = limygslog? = 0. b) If s > 0, slogy =
lim, o slog = 400. (c) When (s,1) — (0,0), the limit of slog 3 can not be
decided. In this case, we treat the element x satisfying P(x) = Q(x) = 0 as ex-
cluded from & and make the agreement that 0 log % =0.

Note that, when Q(x) = 0 for some x, the divergence is finite if and only if
P(x) = 0. Thus we have D(P||Q) < oo < supp P C supp Q, where for a function
f(x), supp f is the support of f and defined by supp f := {x € X'| f(x) # 0}.

The divergence is not a genuine distance satisfying the axiom of distance given in
Definition A.2, because it is an asymmetric functional of probability distributions.
However it is useful to regard the divergence as a kind of distance in information
theory and statistics. We can give the divergence an operational meaning as a mea-
sure of distinguishability through the theory of hypothesis testing. Also it is possible
to understand many properties of the entropy and the mutual information as those
of the divergence. As the name divergence is commonly used in information theory,
it is called the relative entropy in statistical mechanics, and Kulback-Leibler infor-
mation in mathematical statistics, respectively. The divergence has the following
properties.

Lemma 6.3 (properties of the divergence)
(i) non-negativity: D(P||Q) > 0 (equality holds if and only if P = Q)
(ii) monotonicity: For any channel A, it holds that

D(P[|Q) = D(A(P)[|A(Q)), (6.11)

where the equality holds if and only if there exists a channel I" such that I' (A(P)) =
P, I'(A(Q)) = 0.

(iii) joint convexity: For any probability distributions P1, P, Q1, Q2 and any real
number 0 <t <1, we have

tD(P1Q1) + (A =)D(P2||Q2) =D P+ (1 =0)P|lt Q1+ (1 —1) Q2).
(6.12)
(lV) additiVity IfPX1Y1(xv )’) = PX1(X)PY1(}’) and PXZYZ('X7 y) = PXz(x)PYZ(y);
then
D(Px,y, || Px,v,) = D(Px,||Px,) + D(Py,|| Py,). (6.13)
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The additivity (iv) is easily shown by a direct calculation. The proofs of the other
properties are given as those of the f-divergence in the next subsection. The property
(ii) is called the monotonicity with respect to channels, and a similar inequality also
holds for the mutual information (Sect.6.2.7). The divergence and the mutual infor-
mation have rigorous and operational meanings, that is, the divergence represents
distinguishability, and the mutual information represents the message transmission
rate. It is natural that under noise or data processing these operational quantities
never get better but get worse in general, which is the meaning of the monotonicity
inequality. From these reasons, the monotonicity is also called the data process-
ing inequality. Also in quantum systems, various information quantities satisfy the
monotonicity with respect to the quantum channel (TPCP map).

Exercise 6.7 Show the additivity of the divergence (iv).

6.2.6 f-Divergence

For each convex function f, we can define an information quantity so called the
f-divergence [16], which constitutes a family of information quantities including
the divergence and other important quantities. Various properties of the divergence
presented in the previous subsection are proved here as those of the f-divergences.

For a convex function f : / C R — R (see Appendix A.4) the f-divergence is
defined by

Dy(PIIQ) = P(x)f(Q(x)), (6.14)

xeX P(x)

where we treat 0 which occurs in P (x) or Q(x) in the same way as Remark 6.1. For
example, if f () = —logt, we have

Dy(P||Q)=— D P(x)log Q— ZP()l Q (6.15)

xeX x) )

which is nothing but the divergence D(P|| Q).

Theorem 6.3 (Monotonicity of the f-divergence) For any probability distributions
P(x), O(x) (x € X) and any channel W(y|x) (x € X, y € ), we have

Dy(PI|Q) = Dy(Aw(P)||Aw(Q)). (6.16)

In the case that f is a strictly convex function, the equality holds if and only if there
exists a channel V (x|y) such that Ay (Aw(P)) = P and Ay (Aw(Q)) = Q.

Proof Define joint distributions depending on P, Q by Px,y, (x,y) = P(x)W(y|x)
and Pyx,y, (x,y) = Q(x)W(y|x). Then we have
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Q)W (ylx)
Dy(Pxyy|1Px,ys) = D D PEOW(yIx)f (—)
B P(x)W (y[x)
() 0(x)
=D P& D WS (—) =D PXf ( )
xeX yey P(x) xeX P(x)
= D(P||Q). (6.17)

On the other hand, we can rewrite the joint distributions using conditional probabil-
ities in the opposite direction as Py, y, (x, y) = Py, () Px,|v, (x1y), Px,v,(x,y) =
Py, (y) Px,|v,(x|y). Applying Jensen’s inequality (A.31) to the convex function f,
we obtain (6.16) as follows.

Dy(P||Q) = Dy (Px,y,||Px,v,)

PYz(y)PX2|Y2(x|)’))
=3 P S Prn ) (
yezy " )g'c X g Py, (y) Px, |y, (x]y)

Py, () Px,|v, (x]y)
> P P
_yezy Yl(y)f(xer X1|Y1(X|y)Pyl(y)lelyl(xb;))

P P
= Z Py, () f (erX Y;(y)( )Xzyz(xb’))
yey nly

P
= E Py () f (PYZEy;) = Dr(Aw(P)||Aw(Q)). (6.18)
yey nty

Next we show the condition for the equality. Suppose that there exists a channel
V(x|y) such that Ay(Aw(P)) = P, Ay(Aw(Q)) = Q. Applying (6.18) twice
which has already been proved, we can show the equality in (6.16).

Dy(Pl|Q) = Dy(Aw(P)||Aw(Q))
= Dy (Ay(Aw(P)I|Av(Aw(Q))) = Dy (Pl|Q).

If f(¢) is strictly convex, the equality in (6.18) holds only if arguments of the function
are the same in each inequalities for any y.* Thus there exists a constant C(y) such

that for all x
Py, Pxy v, (xy) — Pr,(y)

— =C(y) (6.19)
Py, (¥) Px v, (x|y) Py (y)
h . Pxyjvy (xly) _ —
olds, from which we have oGy = 1. Let V(x|ly) = Px,r,xly) =
1171
Px, |y, (x|y), then we obtain Ay (Aw(P)) = P, Ay(Aw(Q)) = 0. O

4 Strictly speaking, we should discuss the case, that Py, (y) or Py, Iv; (x|y) might be 0, carefully in
the same way as Remark 6.1.
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Corollary 6.1 (non-negativity of the f -divergence) Dr(P||Q) = f(1) holds. If f
is a strictly convex function, the equality holds if and only if P = Q. Especially
when f(1) =0, we have Dy(P||Q) = 0.

Proof As a special case of Markov map, let Ag be a map which outputs a certain
probability Py for any input distribution. Then, since Ag(P) = Ao(Q) = Py, the
monotonicity of the f-divergence yields

Dy(PI|Q) = Dy (Ao(P)[|A0(Q)) = f(D). (6.20)

Concerning the condition for the equality, if P = Q then it clearly holds that
Dy(P||Q) = f(1). Conversely when f is a strictly convex function, D¢ (P[|Q) =
f (1) implies the existence of a Markov map I” satisfying P = I"(Ao(P)) = I' (Pp)
and Q = I'(Ap(Q)) = I'(Py), which means P = Q. ([l

Theorem 6.4 (joint convexity of the f -divergence) Let P;(x), Q;i(x) (i = 1,2,

., N) be probability distributions on X and m = (w1, 72, ..., mn) be a probability
distribution on the set of indices {1,2, ..., N}. Let > 7; Pi and 3" 7; Q; be
stochastic mixtures. Then we have

N N
> miDs(P11Qi) = Df(Zm
i=l i=1

Especially, the f-divergence is a convex function with respect to one argument
when the other argument is fixed, i.e.,

N N

> mDs(PillQ) = Dy (Zmp,
i=1 i=1

N N
> mDs(PIIQ) = Dy (PH Zin). (6.23)
i=l1 i=1

Proof As described in Sect.6.2.4, P(i, x) := m; P;(x) and Q(i, x) := m; Q; (x) are
joint distributions on {1,2,..., N} x X, and P(x) = ZlN:l m; Pi(x) and Q(x) =
ZlN= | i Qi (x) are marginal distributions. Then the f-divergence between P (i, x)
and Q(i, x) is calculated as follows.

i) _ < Qi)
D (P||Q) = ZZmP()f e =D m > Pf )

i=1 xeX i=1 xeX

N
7| Zin). (6.21)
i=1

Q), (6.22)

N
= > mDs(P]1Q0), (6.24)
i=1
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which is the left hand side of (6.21). On the other hand, the right hand side of
(6.21) is the f-divergence between P(x) and Q(x). Since the data processing to
take the marginal distribution is a classical channel, the assertion follows from the
monotonicity of the f-divergence. (]

6.2.7 Mutual Information

For a pair of random variables (X, Y), the mutual information is defined by

Pxy(x,y)

_— (6.25)
Px (x) Py (y)

I1(X;Y):= Z Z Pxy(x,y)log

xeX ye)y

which is the divergence between the joint distribution Pxy (x, y) and the product of
marginal distributions Py (x) = Zyey Pxy(x,y)and Py(y) = > . cx Pxy(x,y).
The mutual information is a measure of correlation between X and Y as a dis-
tance of the joint random variable from the independent case. It follows from non-
negativity of the divergence that / (X; Y) > 0and that the equality holds if and only if
Pxy(x,y) = Px(x)Py(y) for Vx,Vy (X and Y are independent random variables).
Various representations for the mutual information are known as follows:

I(X;Y)=HX)+HY)—H(X,Y), (6.26)

I(X;Y)=H(X)—H(X|Y)=H(®Y) - H(Y|X), (6.27)

[(X;Y) = Z Px(x)D(Py|x (- [x)[| Py). (6.28)
xeX

From (6.27), we can say that the mutual information is a measure of the reduction
in uncertainty of the random variable X by knowing the other random variable Y.
In Sect. 6.3.3, we show that the expressions (6.27) and (6.28) correspond directly to
those for the Holevo mutual information.

Exercise 6.8 Show (6.26) and (6.27).

We can show the representation (6.28) using Pxy (x, y) = Px(x)Py|x(y|x) as

Px (x) Py x (y]x)

106 =2 2 PPy log =, T, T

xeX ye)
= D" Px(x)D(Pyjx (- [0)]|Py). (6.29)
xeX

In the following, we show a proof for the monotonicity of the mutual information.
Among several ways to prove the monotonicity, we employ a method using the
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conditional mutual information and the chain rule of the mutual information,
which would be comprehensible for readers.

For random variables (X, Y, Z), the conditional probability Pxz|y (x, z|y) gives
the joint distribution of X and Z for a fixed y. Thus we can calculate the mutual
information depending on each realization y.

Pxzy(x,zly)
Pxy (x|y)Pzy (z]y)

I(X; Z|y) = D D" Pxzjr(x,z|y)log (6.30)

xeX zeZ

The conditional mutual information is defined by taking the expectation with respect
toy:
I1(X; Z]Y) = ZPy(y)I(X;Z|y). (6.31)
yey

It would be clear from non-negativity of the mutual information that 7 (X; Z|Y) > 0
and that the equality holds if and only if Pxzy(x,zly) = Pxy(x|y)Pzy(zly)
(Vx, Vz) holds for any y satisfying Py (y) > 0. If the above equality condition holds,
we say that X, Y, and Z form a Markov chain, which is denoted by X — ¥ — Z.
This condition is equivalent to

Pxyz(x,y,2) = Py(y)Pxzy (x, zly) = Py () Pxjy (x|y) Pziy (z]y).  (6.32)

Moreover noting that Py (y) Pxjy(x|y) = Pxy(x,y) = Px(x)Py;x(y|x), we can
obtain the following equivalent condition.

Pxyz(x,y,2) = Px(x)Pyix(y1x) Pz|y (z]y). (6.33)

The last condition means that X, Y, and Z are connected in this order by Markov
maps, which gives the origins of the name of “Markov chain” and the notation
X — Y — Z. On the other hand, the condition (6.32) means that X and Z are
independent when a realization of Y is known. Obviously this condition is symmetric
for X and Z, and hence, it is sometimes denoted by X <> Y <« Z.
In the same way as the entropy, the chain rule of the mutual information holds,
that is,
I(X;YZ)=1(X;Y)+ 1(X; Z|Y). (6.34)

We show a proof of the monotonicity of the mutual information based on the chain
rule.

Exercise 6.9 Show the chain rule of mutual information by (6.27).

Theorem 6.5 (Monotonicity of the mutual information) If X — Y — Z, we have
I1(X;Y)>1(X; Z). (6.35)

The equality holds if and only if X — Z — Y.
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Proof From the assumption X — Y — Z, we have I (X; Z|Y) = 0. Thus from the
chain rule of the mutual information,

I(X;YZ)=I1(X;Y)+ I(X; Z|Y) = [(X;Y) (6.36)

holds. On the other hand, from the chain rule again and non-negativity of the condi-
tional mutual information, we have

I(X:YZ)=I1(X:Z)+ [(X:Y|Z) > I(X; Z). (6.37)

Combining (6.36) and (6.37), we obtain 1 (X; Y) > I(X; Z) and the equality holds
if and only if 7 (X; Y|Z) = 0, which is equivalent to the condition X — Z — Y. [

6.2.8 Concavity and Subadditivity of the Entropy

In this subsection, we derive several important properties of the entropy from those of
the divergence and the mutual information. A random variable U is called the uniform
random variable on a finite set & if the corresponding probability distribution is the
uniform distribution Py (x) = ﬁ (x € X). Let X be arandom variable on X'. Then
a direct calculation yields

Px (x)
1/1X]

D(Px||Py) = >_ Px(x)log
xeX

=log|X| — H(X) > 0, (6.38)

where we used non-negativity of the divergence (Lemma 6.3 (i)). From this relation,
we have H(X) < log|X| and the equality holds if and only if X is the uniform
random variable. On the other hand, using non-negativity of the mutual information
and (6.26) and (6.27), we have

I(X;Y)=HX)+HY)—-HX,Y)=H(X)—- HX[|Y) >0,
which leads to

H(X) = H(X|Y), (6.39)
H(X)+H(Y) > H(X,Y). (6.40)

The equality holds in the both inequalities if and only if /(X; Y) = 0, i.e., X and
Y are independent. The inequality (6.40) is called subadditivity of the entropy. The
inequality (6.39) means that conditioning reduces the entropy, which is natural from
the meaning of the entropy, a measure of uncertainty. Rewriting (6.39) into a different
notation, we can show the concavity of the entropy (see Sect. A.4):
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N N
H( mP;) > ZmH(Pi). 6.41)
i=l1 i=l1

Indeed, let us define a joint distribution by Pxy (i, x) = m; P;(x), then the marginal
distribution of X is given by Px(x) = Zi m; P; (x) and the conditional probability
is given by Pyx|y (x]i) = P;(x). Applying (6.39) to this case, we obtain (6.41).

6.2.9 Fano Inequality

In this subsection, we introduce Fano inequality, which is utilized in Chaps. 8
and 9 related to the converse part of channel coding and the security analysis. Let
us consider a typical situation that a noise changes a random variable X to another
random variable Y according to the conditional probability distribution W (y|x). We
are interested in the problem of estimating X through Y. Let X be the estimation of
X. Since X should depend only on Y, these random variables form Markov chain. Let
P, =Pr{X # X } be the error probability of estimation. Then the error probability
is related to the conditional entropy.

Theorem 6.6 (Fano inequality) Let X and X be random variables on X, and Y be
a random variable on Y. Suppose that these random variables form Markov chain
X - Y — X. Let P, = Pr{X # X}, then we have

h(P) + P.log|X| > H(X|X) > H(X|Y). (6.42)

Especially if P, = 0 then H(X|Y) = 0.

Prgof Let us define a random variable EAtaking the value 1if X = X (correct) and 0
if X # X (incorrect), namely, E = dx (X) (Kronecker’s delta). Applying the chain
rule to H(E, X|X) in two ways, we have

H(E,X|X)=HX|X)+ HE|X,X) = HE|X)+ HX|X,E). (6.43)

By the definition of E, since X and X determine E without uncertainty, we have
H(E|X, X) = 0. Hence using P, = Pr{E = 0}, we obtain

H(X|X) = H(E|X) + HX|X, E)
= H(E|X) +Pr{E = 1H(X|X,E = 1)+ Pr{E = 0}H(X|X, E = 0)

< H(E)+ (1= P)-0+ P, -log|X]|
= h(P,) + P, - log|X]|, (6.44)

which asserts the first part of (6.42). The second part H (X |)A( ) > H(X]|Y) follows
from the monotonicity of the mutual information as
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HX)—HX|Y)=1(X;:Y)>I(X;:X) = HX) — H(X|X). O

Exercise 6.10 Using Fano inequality (6.42), show that
H(X) <log|X|(1 = P(X =x))+h(l — P(X =x)) (6.45)

forany x € X.

6.3 Information Quantities in Quantum Systems

6.3.1 von Neumann Entropy

We introduce the von Neumann entropy as a counterpart of the Shannon entropy
in quantum systems. For this purpose, the function f(A) of Hermitian operators A
plays an important role; see Sect. A.3.7. We will also use the following identity for
unitary operators U':

FUAUY =UfAUT, (6.46)

which is shown in (A.23) in Appendix A.3.7. The von Neumann entropy for a density
operator p is defined by
H(p) := —Trplogp. (6.47)

Using eigenvalue decomposition (see Corollary A.1), the density operator p is writ-
tenas p = Zg‘zmlH M| ox X ok |, where A\ (k= 1,2, ..., dim ) are eigenvalues and
|¢r) are corresponding eigenvectors. By the definition of the function of operators,

we have
dim H

—plogp=— > Nclog Aelgw )b, (6.48)
k=1

which leads to H(p) = — Zgi:m]H A log A by taking the trace of the both sides.
Thus we have verified that the von Neumann entropy of a density operator p is nothing
but the Shannon entropy of the probability distribution composed of eigenvalues of
p. Note that, if an eigenvalue has the multiplicity, it should be listed as many times
as the multiplicity in the probability distribution, so that the sum of the probability
is to be 1. We show several basic properties of the von Neumann entropy.

Lemma 6.4 (properties of the von Neumann entropy)

(i) non-negativity: H(p) > 0 with the equality if and only if p is a pure state.
(ii) H(p) < logdim H with the equality if and only if p = m.
(iii) If a density operator pa € S(HaA ® HB) in a bipartite system is a pure state,
the von Neumann entropies of reduced density operators coincide, i.e., for pa =
Trg pa and pg = Trp Apa we have H(pa) = H(pB).
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(iv) additivity: H(pa ® pg) = H(pa) + H(pp).
(v) unitary invariance: For any unitary operator U, H(UpU") = H (p) holds.

Later, in Sect. 6.3.4, we will study subadditivity and concavity of the von Neumann
entropy. Let us verify the above properties. Non-negativity (i) obviously follows from
the corresponding property of the Shannon entropy. From Lemma 6.1 for the Shannon
entropy, the equality holds if and only if there exists an eigenvalue 1 (consequently
the other eigenvalues are 0), which means that p is a pure state. In the same way,
(ii) easily follows from the corresponding property of the Shannon entropy. To prove
(iii), we consider the Schmidt decomposition (Theorem A.4 in Appendix) for a pure

state pap = |taBXVAB|:

[¥aB) = D VAlex) ® | fi) € Ha @ Ha, (6.49)
k

where {|ex)} and {| fx)} are orthogonal normal (orthonormal) bases for {a and Hg,
respectively. By this representation, we can calculate the partial trace of pap as
pa = D> i Mklex)ex| and pg = D) Akl fi ) fx|, from which we can see that eigenval-
ues of pa and pp coincide. Since H (pp) and H (pp) are the Shannon entropy of the
probability distribution { A}, we have (iii). To show the additivity (iv), we will calcu-
late log(pa ® pB). For pa and pg, let pa = >°; Aa i Ea,i and pg = Zj AB,jEB, j be
spectral decompositions (Theorem A.3 in Appendix), respectively. Then the spectral
decomposition of ps ® pp is given by pa @ pp = >; Z,‘ AA,iAB,jEA; ® EBj.
Thus we have

log(pa ® pB) = »_ D log(A\a.iXB.)Eai ® EB

i
=> > logAaiEai ® Epj+ > loghs jEa; ® Ep,
i i

=logpa ® Ig + Ia ®log pp. (6.50)

Multiplying the both sides by —pa ® pp and taking the trace, we obtain (iv). As for
the unitary invariance (v), applying (6.46) to the function f(x) = —x log x, we have

HWpUN =Tr fUpUT) =TrUf(p)U" =Tr f(p)U'U =Tr f(p) = H(p).

For a bipartite state pap € S(Ha ® HB), the conditional von Neumann entropy
is defined by
Hy,\5 (A|B) := H(paB) — H(pB), (6.51)

so that the chain rule holds as in the classical case. It is remarkable that the condi-
tional entropy in quantum systems can be negative while it is always non-negative
in classical systems. For example, a bipartite pure state (6.49) has the von Neumann
entropy H(pap) = 0, whereas H,,, (A|B) = —H (pg) < 0.
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6.3.2 Quantum Relative Entropy

The quantum relative entropy corresponds to the divergence in classical systems,
and it is a measure of distinguishability or discrimination. It is sometimes called the
Umegaki entropy [17]. For density operators p and o, the quantum relative entropy
is defined by

D(pllo) :=Tr p(logp — logo). (6.52)

As in the classical case, since the quantum relative entropy is not symmetric with
respect to p and o, we can not qualify it as a mathematical distance. However, through
the theory of quantum hypothesis testing (Chap. 8), we can give the quantum relative
entropy a rigorous meaning as a measure of distinguishability or discrimination. Also
various counterparts of the mutual information in quantum systems are regarded as
special cases of the quantum relative entropy.

In quantum systems, a quantum noise or operation is represented by an in-
put/output system described by a TPCP map, which we call a quantum channel
throughout this chapter. In the same way as the divergence (Lemma 6.3 (ii)), the
quantum relative entropy satisfies the monotonicity with respect to quantum chan-
nels.

Theorem 6.7 (Monotonicity of the quantum relative entropy [18, 19]) For any
density operators p and o and for any quantum channel (TPCP map) A, we have

D(pllo) = D(A(p)||A(9)). (6.53)

The equality holds if a quantum channel I' in the reverse direction such that
I'(A(p)) = pand I'(A(0)) = o.

We omit the proof here, because it seems beyond an introduction. Among several
proofs known so far, the proof based on the quantum f-divergence (quasi-entropy)
[20-22] is a quantum extension of the idea based on the classical f-divergence (see
Sect.6.2.6), which leads to the monotonicity of various information quantities in
quantum systems in a unified manner. As in the classical case, various properties of the
quantum relative entropy are derived from the monotonicity, including the necessary
and sufficient condition for the equality. Therefore let us proceed to the following
discussions first with accepting the monotonicity. The monotonicity of the quantum
relative entropy includes the monotonicity related to quantum measurements as a
special case. For density operators p, o, and a measurement (POVM) E = {E,}, we
can define the probability distributions of the measurement outcomes P (x) = Tr pE,
and Q(x) = TroE,. Then the classical divergence between them is written as
Dg(pllo) := >, P(x){log P(x) —log Q(x)}. Note that for a fixed measurement
E = {E\}, the map p — {TrpE,}, from a density operator to the probability
distribution is a quantum channel, and hence, it follows from the monotonicity that
D(p|lo) = Dg(p||o). Here it is known [22] that there exists a measurement which
achieves the equality if and only if p and o commute.
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Lemma 6.5 (properties of the quantum relative entropy)

(i) non-negativity: D(p||o) > 0 with the equality if and only if p = o.
(ii) unitary invariance: For any unitary operator U, it holds that D (U pU lUocU™)
= D(pllo).
(iii) additivity: D(pa ® pslloa ® o) = D(palloa) + D(pgllos)
(iv) joint convexity: For any p1, p2, 01,02 € S(H) andany 0 <t < 1,
tD(p1llor) + (1 = 1) D(p2lloa) = D(tp1 + (1 = H)p2lltor + (1 — 1)o2).

First we show the non-negativity (i) from the monotonicity (Theorem 6.7). Let
A be a quantum channel that outputs a certain state po for any input. Then from the
monotonicity (6.53) we have D(p||o) = D(A(p)||A(c)) = D(pol|lpo) = 0, which
asserts (i). As for the condition for the equality, the relation p = ¢ obviously implies
D(p||o) = 0. Conversely suppose that D(p||c) = 0. From the equality condition of
the monotonicity, there exists a quantum channel I" such that p = I'(A(p)) = "' (po)
and o0 = I'(A(0)) = I'(po), which implies p = o. The unitary invariance (ii) and
the additivity (iii) can be shown by using (6.46) and (6.50), respectively, in the same
way as the von Neumann entropy.

Exercise 6.11 Show the unitary invariance (ii) and the additivity (iii).

Next let us prove the joint convexity (iv). For density operators pi, p2, 01, 02 and
areal number 0 < ¢ < 1, let us define block diagonal matrices by

—(trr O _(tor 0O
= ( 0 (- t),oz)’ 5= ( 0 (1-— t)gz)’ (6.54)

which turn out to be density operators. The difference of the logarithm of these
operators is calculated as follows.

_ (log(tp1) 0 _ (log(tor) 0
logR_l"gS‘( 0 10g((1—t)p2)) ( 0 10g((1—l)02))

_ (logp1 —logoy 0
- ( 0 log p> — log 02) ’ (6.53)

where the terms log# and log(l — r) were canceled in the last equality because
log(tp1) = (logt) I +1og p; holds from (6.50). Thus we can calculate D(R||S) as
follows.

D(R||S) = Tr R(log R — log S)
=1Trp; (logp1 —logoy) + (1 — 1) Tr p2 (log p2 — log 02)
=tD(p1llor) + (1 = 1) D(pz2llo2), (6.56)

which is the left hand side of (iv). On the other hand, taking the sum of the block
diagonal parts, we can define the following map:
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A (é g) — A+ D, (6.57)
which is TPCP map (quantum channel). Applying this map, we have A(R) =
tp1 + (1 — t)p2 and A(S) = toy + (1 — t)op, and the quantum relative entropy
between them D(A(R)||A(S)) is the right hand side of (iv). From the monotonicity
we obtain D(R||S) = D(A(R)||A(S)), which proves the joint convexity (iv).

Finally we note that the quantum relative entropy D(p||o) is finite if and only
if supp p € suppo. Here supp A is the support of the Hermitian operator A. Let
A = >, a; E; be the spectral decomposition (see Theorem A.3 in Appendix). Then
the support of A is defined by supp A = Zi:ui;ﬁo E;, which coincides with the
projection onto the range of A.

6.3.3 Mutual Information in Quantum Systems

We will introduce the Holevo mutual information [8], the quantum mutual informa-
tion [23], and the coherent information [24] as counterparts of the classical mutual
information in quantum systems. Each of them plays an important role in various
channel coding theorems in quantum systems.

First we define the Holevo mutual information. Given density operators Wy, Wa,
..., Wy € S(H) on a Hilbert space H and a probability distribution P (x)

(x=1,2,..., N), the Holevo mutual information is defined by
N
I(Py Wi, ..o, W) 1= D P)D(Ws|[Wp), (6.58)
x=1

where Wp is the stochastic mixture defined by Wp = Z,N= | P(x)Wy, and
D(W,||Wp) is the quantum relative entropy (6.52). For simplicity of the notation,
letting W = (Wp, Wy, ..., Wy), the Holevo mutual information is denoted by
I(P; W). The formula in the above definition corresponds to (6.28) for the classical
mutual information. On the other hand, a simple calculation yields another expression
of I1(P; W) by the von Neumann entropy.

N
[(P; W)= > P(x)Tr Wy(log W, — log Wp)
x=1
N N
= > P(x)TrWylogW, — > P(x) Tr W, log Wp
x=1 x=1

N
=H(Wp) = D> P)HW,), (6.59)

x=1
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which is often taken as an equivalent definition of 7 (P; W). Note that this expression
corresponds to (6.27) in the classical mutual information:

N
I(X;Y)=HY)-HY|X)=H(Y) - ZP(x)H(an(- 1x)).

x=1

From the non-negativity and the monotonicity of the quantum relative entropy, we
have the following properties.

Lemma 6.6 (properties of the Holevo mutual information)

(i) non-negativity: 1 (P; W) > 0. The equality holds if and only if Wy are identical
to Wp for any x with P(x) > 0.

(ii) monotonicity: For any quantum channel (TPCP map) A, it holds that 1 (P; Wy,
s W) = T(P; A(WY), ..., A(WN)).

Given a density operator pop on a composite system Ha ® Hp of Hilbert spaces
Ha and Hp, the quantum mutual information is defined by

Ip,5(A; B) := D(paBllpa ® pB), (6.60)

where D(pagpllpa ® pB) is the quantum relative entropy, and pa := Trg[pap] and
pB := Tra[pas] are the reduced density operators. This definition corresponds to
(6.25) for the classical mutual information.

It is obvious from the non-negativity of the quantum relative entropy
(Lemma 6.5 (1)) that the quantum mutual information is non-negative and the nec-
essary and sufficient condition to be 0 is pap = pa ® pp. From the identity
log(pa ® pB) = logpa ® I+ Ia ®log pp, which was shown in (6.50), we ob-
tain the expression of the quantum mutual information by the von Neumann entropy
in the same way as the classical case (6.26).

1,5 (A; B) = Tr paB {log paB — log(pa ® pB)}
= Tr paB log pas — Tr pap(log pa ® Is) — Tr paB (/A ® log p)
= Tr pag log paB — Tr pa log pa — Tr pp log pp (6.61)
= H(pa) + H(ps) — H(paB), (6.62)

where we used the property of the partial trace, Tr pa(Xa ® I) = Tr paXa, in
(6.61). Let us verify that the Holevo mutual information is a kind of the quan-
tum mutual information (6.60). Let 7o be a Hilbert space with the dimension
dim A = N and {|x)}fCV:l be an orthonormal basis for 4. Let us put Hp = H and
consider the density operator pap = Zivzl P (x)|x)(x|® W, onthe composite system
HaA ® Hp. Then the partial traces are given by pa = Trg[paB] = Zi\':l P(x)|x)x|
and pg = Tralpas] = Zivzl P(x)W, = Wp, and hence, we have pp ® pp =
S P)lx)x| @ W,
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Regarding the tensor products as the Kronecker products, |1)1| @ Wi, ...,
INXN| ® Wy are, respectively, written as block matrices with Wy at (1, 1) block,
..., Wy at (N, N) block. Summing them up, pap can be represented by the following
block diagonal matrix, which is also applied to pp ® ps.

P(1) Wy
pAB = P § (6.63)
0 . P(N) Wy
P(1) Wp
pA® pB = e | (6.64)
0 | P(N)Wp

Thus we can see that the quantum mutual information of pap is nothing but the
Holevo information.

N
D(paslipa ® ps) = D Tr(P(x) W) {log(P(x)Wy) = log(P(:)Wp))
x=1
N
= Z P(x) Tr Wy (log W, — log Wp)
x=1
= I(P;W). (6.65)

The quantum mutual information is often used related to quantum channels. Let
A : S(Ha) — S(Hp) be a quantum channel. Given a density operator ps € S(Ha)
on the input system, let paAr € S(Ha ® HR) be a purification of ps with a reference
system Hg. Let pgr = (A ® Zr)(paR), pp = Trrlpsrl, and pr = Trg[pBr],
where 7R is the identical map (identical quantum channel). Thus we can define the
quantum mutual information depending on a quantum channel A and a quantum
state pa on the input system by

I(pa; A) := D(prllpB ® pr)
= D((A ® Ir)(pAR) (A ® IR) (pA ® pR)). (6.66)

Here it should be noted that the above formula depends only on pa and A, because the
degree of freedom for purification is those of unitary transformations, under which
the quantum relative entropy is invariant. The quantum mutual information 7 (pa; A)
has the meaning as the entanglement assisted capacity [25], that is, the supremum
of the message transmission rate over the quantum channel A when usage of the
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prior entanglement between the sender and the receiver is allowed. We often use the
formula I (pa; A) = H(p) + H(pr) — H(per) which is verified above.
Similarly the coherent information is defined by

I.(pa; A) == H(ps) — H(psr) = I(pa; A) — H(pRr), (6.67)

which depends only on ps and A as the quantum mutual information. The coherent
information /.(pa; A) has the meaning as the channel capacity of A for sending
quantum state [26, 27]. It follows from the monotonicity of the quantum relative
entropy that I/ (pa; A) and I.(pa; A) satisfy the monotonicity:

I(pa; Za) = I(pa; A) = I(pa; I o A), (6.68)
I.(pas Za) = 1c(pas A) = Ic(pa; I o A), (6.69)

where 7, is the identity channel and I” is another quantum channel.

6.3.4 Concavity and Subadditivity of the von Neumann Entropy

As the Shannon entropy and the divergence (Sect.6.2.8) in the classical case, the
following identity holds between the von Neumann entropy and the quantum relative
entropy:

D (pllpmix) = Tr p{log p — log(ggz 1) = logdim H —H (p), (6.70)

where ppix = m I is the completely mixed state. It follows from the non-
negativity of the quantum relative entropy (Lemma 6.5) that H (p) < logdim 74 and
the equality holds if and only if p = ppix, Which is another proof for Lemma 6.4.
The properties of the quantum mutual information defined in the previous subsection
lead to the following properties of the von Neumann entropy.

Lemma 6.7 (concavity and subadditivity of the von Neumann entropy)

(i) concavity: For any density operators py, p» and any 0 <t < 1,
H(tpy + (A —1t)p2) = tH(p1) + (1 —1)H(p2). (6.71)

The equality holds if and only ift = 0, 1 or p1 = pa.
(ii) subadditivity: For any density operator pag on Ha ® HB,

H(pa) + H(pB) = H(paB)- (6.72)

The equality holds if and only if paB = pa ® pB-
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(iii) strong subadditivitys: For any density operator papc on Ha @ Hp ® Hc,

H(paB) + H(psc) = H(pasc) + H(pB). (6.73)

Using the conditional von Neumann entropy (6.51), the above inequality is
written as
Hp\ (A|B) + Hpp (C|B) = Hp,p (AC|B), (6.74)

which is an extension of the subadditivity (6.72) and the origin of the name strong
subadditivity.

Proof For density operators p1, p» and a probability distribution P(1) = ¢, P(2) =
1 —t, the expression (6.59) and the non-negativity of the Holevo mutual information
(Lemma 6.6(i)) lead to

I(P;p1,p2) =H({tpr+ 0 —1)p2) —tH(p1) — (1 —1)H(p2) =0,  (6.75)

which proves (i). In the same way, from (6.62) and the non-negativity of the quantum
mutual information, we have

1,5 (A;B) = H(pa) + H(pg) — H(pag) = 0,

which shows (ii). Concerning the strong subadditivity (iii), since the partial trace
operation Trc is a quantum channel (TPCP map), the monotonicity of the quantum
relative entropy (Theorem 6.7) yields

H(pa) + H(pc) — H(paBc) = D(paBcllpa ® pBc)
> D(pasllpa ® pB) = H(pa) + H(pB) — H(paB). (6.76)
O

Exercise 6.12

(1) Let P be a projection. Show that H(p) < H(PpP + (I —P)p(I —P)).
(2) For a PVM {E}, show that H(p) < H(Q_, ExpEx).

6.3.5 Trace Distance

We introduce the trace distance between two density operators. It is recommended
to learn Appendix A.6.3 first to readers who are not familiar with the mathematical
treatment of the distance and the norm. The trace distance between two operators

3 Tips to remember: a real valued function f(X) of sets satisfying f(X) 4+ f(¥) > f(XUY) +
f(X NY) is called a sub-modular function. The von Neumann entropy is a sub-modular function.



154 6 Information Quantities in Quantum Systems

A, B € L(H) are defined by using the trace norm || - ||; (Appendix A.6.3) on
L(H) as

1
d(A, B) := 5[lA = Bl (6.77)

which satisfies the axiom of distance given in Definition A.2. Especially the above
formula defines a distance on the set of Hermitian operators L, (H).

Let X, and X_ be, respectively, the positive part and the negative part of a
Hermitian operator X (see Appendix (A.61) and (A.62)), and | X| be the absolute
value (actually it is an operator). Then from the relation Tr |X| = Tr X4 + Tr X_,
Tr X =Tr X4 — Tr X_, we have

1
TrX+=§{Tr|X|+TrX}, (6.78)
1
TrX_:E{Tr|X|—TrX}, (6.79)
from which the following lemma holds.
Lemma 6.8 Let A and B be Hermitian operators. If Tr A = Tr B then we have

d(A,B) =Tr(A—B)y =Tr(A— B)_ = max Tr(A— B)T.
T:0<T<]

Especially for density operators p, o € S(H), we have

dp,o)=Tr(p—0o)y =Tr(p—0)_- = T.IOn<a%§<1 Tr(p — o)T.

Proof Replacing X with A — B in (6.78) and (6.79), Tr(A — B) = 0 implies
d(A,B):%Tr|A—B| =Tr(A— B)y =Tr(A - B)_. (6.80)
From Lemma A.6 in Appendix, we can see that
Tr(A — B)4+ = T:ana%(ﬂ Tr(A — B)T, (6.81)

and the maximum is attained by T = {A — B > 0}. (I

Lemma 6.9 The trace distance has the following properties.

(i) monotonicity: For any trace preserving positive map A:L(H) — L(K) and any
operators A, B € L(H),

d(A, B) > d(A(A), A(B)). (6.82)

In this book, this inequality is used when A is a quantum channel (TPCP map).
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(ii) jointconvexity: Let{p;} be a probability distributionand A = 3 ; p; A; and B =
>i piBi be stochastic mixtures of operators. Then we have d(A, B) < Z pid

1

(Aiv Bl)

Proof For simplicity of the discussion, we prove (i) only for Hermitian operators
A, B € L;(H), which is enough for the later chapters. Let us define the adjoint map
with respect to the Hilbert-Schmidt inner product as the map AVL(0) = L)
satisfying

VA e L(H), VX € LK), TrA(A)X =Tr A AT(X). (6.83)

If A is trace preserving, it holds for any p € S(7) that
TrpAT(Ix) = Tr A(p) Ix = 1 = Trp Iy, (6.84)

which means AT (f) = I Thus AT is an identity preserving map called unital
map. It is easy to verify that if A is a positive map then A is also a positive map.
Consequently — / < X < [ implies — 7 < AT(X) < I. Using (A.65) in Appendix,
we can prove (i) as follows.

2d(A(A), A(B)) = _max | Tr X (A(A) — A(B))|
= max |TrAT(X)(A—B)|< max |TrY(A— B)|
—I1<X<I —I<Y<I

= 2d(A, B).

It is obvious that (ii) follows from the triangle inequality for norms. (]

Although we have shown (i) only for Hermitian operators here, the monotonicity
of the trace distance holds for any operators A, B € L(H) and any trace preserving
positive map A. It can be shown in the same way as the above arguments using the
fact that | X | < 1 implies ||AT(X)|| < 1 for a unital positive map AT 28, 29].

6.3.6 Fidelity and Uhlmann’s Theorem

For density operators p and o, the fidelity is defined by
F(p, o) :=Tr |/p/al. (6.85)
Since Tr |AT| = Tr|A| holds (Lemma A.5 in Appendix), we have

F(o,p) = Tr (Vo /p | = TrIyp/al = F(p, ), (6.86)
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which means that F(p, o) is symmetric for p and o. If o is a pure state and written

as 0 = |p){(¢|, we have /o = |¢)(¢] and

F(p, 0) = Tr|/pv/ol = Tr(Jop/a)'/? = Tr((¢lpl¢) o) '/
=V (9lpl9) Tr |pXol = v/ (Blpld). (6.87)

Especially if both p and o are pure states, namely p = |¥))| and o = |p) |, we
have

F(p, o) = [{¥]9)]. (6.88)

In this case, F (p, o) is the absolute value of the inner product, and it obviously holds
that 0 < F(p,0) <1, F(p,o) = 1< p=o0,and F(p,o) = 0 |¢) L |9).
Intuitively speaking, it would be clear that F'(p, o) is close to 1 if and only if |¢/) and
|) are close up to phase factors e,

For general two staets p and o, the fidelity has a close relation with the inner
product of purifications of them as described below. Let p and o be density operators
on a Hilbert space Ha and consider purifications with a reference system Hg. Let
{le;)} and {| f;)} be orthonormal bases for Ha and HR, respectively, which are fixed
in the following discussions. Since {|e;) ®| f;)} is an orthonormal basis for Ha ® HR,
any elementin s ® Hr can be uniquely represented by >, >°; x; jle;) ® | f;) with
coefficients x; ; € C. Let us consider the map that changes the bra-vector ( f;| into
the ket-vector | f}):

X =" xijled(fil — lox) = D > xijlei) ® ). (6.89)
i J i J

Let L(HR, Ha) denote the set of linear operators from Hgr to Ha, then {|e;){f;|}
is an orthonormal basis for the vector space L(HR, Ha)- Thus the map (6.89) pro-
vides one-to-one correspondence (bijective) and we can identify s ® Hr with
L(HRr, Ha). Let |Prr) = Zk | ) ® | fi) € HR ® HR, then the correspondence
(6.89) is given by

X € L(HR, HA) V> |¢x) = (X ® IR)|PRR) € HA ® HR - (6.90)

Then, we have the following two lemmas.

Lemma 6.10 The bipartite vector |¢x) is a purification of p € S(Ha), if and
only if there exists a partial isometry V : Hr — Ha such that X = . /pV and
supp p € supp VV'. Especially if dim Ha = dim Hr < oo, we can take V as a
unitary transformation.

Lemma 6.11 Let |¢px) and |¢y) be purifications of p and o, and take partial isome-
tries V and W such that X = . /pV and Y = \/oV as guaranteed by Lemma 6.10.
Then the inner product between |¢px) and |¢y) is written as
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(pxloy) = Tr XTY = Tr(/pV) (VoW) = Tr /p/aWVT. 6.91)

The proofs of the lemmas are given later. Along with the Hilbert-Schmidt inner
product (X|Y)ps = Tr XY on L(HRr, Ha), Lemma 6.11 shows that (6.90) turns
out to be an isomorphism between Hilbert spaces which preserves the inner prod-
uct. Since WV is a partial isometry on s, Lemma A.5 (i) in Appendix shows
that maxy,w | Tr /p/oWVT| = Tr | /py/a| = F(p, o). Hence we can regard the
fidelity F(p, o) as the inner product of certain purifications of p and ¢ as follows.

Theorem 6.8 (Uhlmann’s thorem [30]) For density operators p,c € S(Ha) on a
Hilbert space Ha, we have

F(p,0) = max (o), (6.92)
[¥),10)eHA ® HR

where HR is a reference system and |1)) and |p) are purifications of p and o, respec-
tively. Shortly speaking, the fidelity F (p, o) is given by the maximum absolute value
of the inner product |(1|@)| for possible pairs of purifications. For a fixed purifica-
tion |¢o) of o, it is also possible to obtain the fidelity F(p, o) taking the maximum
absolute value of the inner product |{1|po)| for various purifications |1) of p, and
the same applies to the converse situation.

F(p,o) = max {Ylgo)l =  max  [{thold)]. (6.93)
[Y)eEHA ® GJ)EHA®HR

Proof of Lemma 6.10 Since the partial trace of M € L(HaA Q@ HR) is calculated
as Trr M = Z./(IA ®(fiDM(Ia ®|f;)), we have
Trr ¢y ){(Px| = Z(IA (DY ® D Prr)PreI(XT ® (I ®If}))
J
= Y[ D (A (£ PrrYPRRI (A ®|f,->>]xT
J
=YX, (6.94)

where we used the relation:

Z(IA Q(fiDIPRRYXPRrRI(IA B fj)) = IR (= Trr |PrRRNPRRD- (6.95)
J

Thus, if |¢x) is a purification of p € S(HA),
VoP = p=Trr |px)ox| = XX (6.96)

holds from (6.94). Hence from Lemma A.3 in Appendix, there exists an isometry
V : Ran J/pP — RanX T such that X7 = Vf Note that V can be extended to
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a partial isometry from Ha to Hg such that supp p < supp VIV, Taking V = V'
leads to X = ,/pV and supp p C supp V'V, Especially ifdim H{a = dim Hg < oo,
we can extend V to be a unitary transformation. Conversely, if X = ﬁ V holds with
a partial isometry V satisfying supp p < supp V V', we obtain X X" = p and |px)
is a purification of p from (6.96). (I

Proof of Lemma 6.11 Taking the trace of the both sides in (6.94) in the proof of
Lemma 6.10, we obtain the relation (6.91). (Il

Exercise 6.13 Show the following propositions for the partial isometry.

(1) W is a partial isometry <& WWTW = W.
(2) W is a partial isometry < W' is a partial isometry.
(3) W is a partial isometry < W7 is a partial isometry.

6.3.7 Properties of Fidelity

First, we summarize several basic properties of the fidelity derived from Uhlmann’s
theorem.

Lemma 6.12 The fidelity F (p, o) has the following properties.

(i) 0= F(p,o) =1 (F(po)=1sp=o0)
(ii) F(p,0) = F(o,p)
(iii) If either of the states is a pure state, say o = |p)X@|, we have F(p,o) =

V{olplo)
(iv) For any quantum channel A, F (p, o) < F(A(p), A(o)) holds.

(v) For a probability distribution {p;}{" |, {q;}/L, and density operators p;, o;
(i=1,....m), we have F(3X; pipi, 2_; 4i0i) = 2_; /Pidi F (pi, 07)

The inequality (iv) is called the monotonicity of the fidelity, and (v) is called the

strong concavity [12].

Proof Obviously (i) follows from Uhlmann’s theorem (Theorem 6.8) and general
properties of the inner product. We have already shown (ii) (iii) in the first part of
the previous subsection. Let us show the monotonicity (iv). For a quantum channel,
there exists an environment system 7{g and an isometry V:Ha — Hp ® HE such
that A(p) = Trg VpV* holds. Let [1aR), |pAR) € Ha ® HR be the purifications
achieving the maximum in Uhlmann’s theorem (6.92), respectively. Let us define

[¥BER) = (V ® IR)|YAR), |¢BER) = (V ® IR)|PAR), (6.97)

then (1)aR|PAR) = (¥BER|PBER) holds from VTV = J5. On the other hand, noting

Trer |YBERXYBER| = A(p), TreR |¢BER {¢BER| = A(0),
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we can see that |1ggr) and |¢pgRr) are purifications of A(p) and A (o), respectively.
Hence we obtain

F(p,0) = [{Yar|®AR)| = |(¢BER|PBER)|

= max [{¥BR’ |@BR')|
[Vgr!): ¥R ) EHB ® HR!
= F(A(p), A(0)), (6.98)

where the maximum is taken over purifications of A(p) and A(o).

Next we show the strong concavity (v). For given density operators p;, 0; € Ha,
let |¢;), |9i) € HAQHR (i = 1,...,m) be purifications satisfying F(p;, 0;) =
[{(1)i|¢;)| in Uhlmann’s Theorem (6.92). Here we can assume F (p;, 0;) = {(¥;|o;)
without loss of generality by adjusting phase factors /% appropriately. Now let Hg/
be an m-dimensional Hilbert space for which |e1), . . ., |e;,) are an orthonormal basis,
and let

W) =D Vpilvi) ®lei). 19) =D Jaildi) ® lei) (6.99)

be state vectors in Ha ® Hr ® Hr'- Then we have Trrp' [)X¢| = >, pipi and
Trrre [9X@| = >°; gioi, and hence, |¢) and |¢) are purifications of > ; p;p; and
> qioi, respectively. Thus we have

F(X piin D aio) = (1ol = D /pidiwilé) = > /pidi Flpir o),

which proves (v). U
As an application of the fidelity, we prove the no-cloning theorem.

Theorem 6.9 Let |1)) and |¢p) be nonorthogonal and nonidentical pure states up to
phase factors. Then there is no quantum operation that clones |v) and |¢) as

A(PXYD = [PXI @ [VXYL,  A(PXP) = (9}l ® PNl (6.100)

Proof From the assumptions, 0 < F(|9)}¥|, |o)o|) = [(¥|@)| < 1 holds for the
inner product. On the other hand, suppose that there exists a quantum operation A
which satisfies above equations. Then it must hold that F(A(|y)w]), A(|oX])) =
[(W)]d) 2 < [(W]e)| = F(1U)|, |¢)é|), which contradicts the monotonicity of the
fidelity. ]

Next, we study the relation between the fidelity and the trace distance. Note that
distance measures, such as the trace distance d(p, o) = Iy |p — o, are decreasing
as the two states are getting close, while the fidelity F(p, o) is increasing. The
fidelity is closely related to Bures distance defined below. From the Hilbert-Schmidt

inner product (X|Y)gs = Tr X7y, we can define the norm | X|, := (XlX)}L]/g on
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the vector space of operators £(7{) (see Appendix A.3.8). Then Bures distance is
defined by

B(p. 0) := min IVPV = VoWl2, (6.101)

where the minimum is taken over unitary operators V and W. Then Bures distance
and the fidelity are related as

2{1 — F(p,0)} = B(p, 0)>, (6.102)
which can be verified as follows.
VPV = VoWI5 = Tr((/pV — VoW (/pV — VaW)
=Trp+Tro —Tr /pJoWVT = Tr(/p/oWVT)T
—2 {1 —ReTr ﬁﬁwv*} >2(1 - F(p,o)}. (6.103)

Here we used Re Tr /py/oWVT < | Tr \/p/oWVT| < F(p, o). The equality and
the minimum in (6.101) is attained by choosing V and W such that ﬁﬁWVT =

NNz
Exercise 6.14 Show that B(p, o) = ml}n /P — JoU|2. Also verify that Bures

distance (6.101) satisfies the axiom of distance given in Definition A.2.

Exercise 6.15 Show that Bures distance (6.101) is obtained by changing purifica-
tions [1)), |¢) € HA ® HR for p, 0 € S(Ha), respectively, and taking the minimum:

B(p,0) = min 11¥) = 1M, (6.104)
[0).1¢)eHA ® HR

where [[[¢)) — |¢)| = (¥ — ¢l1p — ¢)'/%. See Lemma 6.10 and Lemma 6.11.

The following relation between the fidelity and the trace distance holds.

Lemma 6.13 Concerning the trace distance d(p, o) and the fidelity F(p, o), if p
and o are pure states, we have

d(p, o) =1 — F(p, o). (6.105)

For general two states, the inequalities

1= F(p.o) <d(p.0) <1~ F(p,0)? (6.106)
hold.

Proof First, we show (6.105) when p and o are pure states. Let p = |[¢)v¢| and 0 =
|®)(¢], then there is no loss of generality to suppose that (¢/|¢) > 0 by adjusting phase
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factors appropriately. Applying Gram-Schmidt orthogonalization, let |0) = |¢))
and take an orthogonal and normalized vector |0) to |1), so that |¢) = a|0) + b|1).
Note that a = (¥|¢) > 0 and we can assume b > 0 adjusting the phase factor of |1).
By the normalization condition, we have a’>+b% = 1.Inthe following discussion, it
is enough to consider the subspace spanned by |0) and | 1), and p and o are represented
by matrices:

p=(10) ((1)) = ((1) 8) , o=(ab) (Z) = (ZZ Z’z’) : (6.107)

By an easy calculation, the eigenvalues of p — o are £b. Since the trace norm
is the sum of the absolute values of eigenvalues, we have ||p — o||; = 2b. Thus
d(p, o) = %Ilp — 0|1 = b holds. On the other hand, we have F(p, o) = (|¢) = a,
which asserts the relation (6.105).

Next, we consider the general case where p and o are not necessarily pure states.
Let us chose a purifications [¢/) (| of p and |¢)(¢| of o so that F(p, o) = |{(¢, ¢)]
holds. Then from the monotonicity of the trace distance and (6.105) we have

d(p, o) < d(XYl, 19)P) = V1 — F(p, 0)?, (6.108)
which proves the second inequality of (6.106). We show the firstinequality of (6.106).

For this purpose, we show the following inequality for Hermitian operators A and B
(Powers-Stormer’s inequality [31]).

H‘/Z_‘/EHEE 1A= Bl (6.109)

Let X = /A++/BandY = /A — ~/B. Then X > +Y follows from X +Y >0
and X — Y > 0.Define T :={Y >0}, 7- :={Y <0},and T := T4 — T—. Then
these operators commute with Y, and Y := YT, and Y_ := —Y T_ are the positive
and negative parts of Y. Thus we have

Y=Y, +Y_ =YT, —YT_=TY =YT, (6.110)
Y| =T |Y|T + T_|Y|T-. (6.111)

Also the inequalities X > £V yield
T XT, >T YTy =Yy, T_XT_>T_(-VT_-=Y_, (6.112)

Using these relations and XY + Y X = 2(A — B), we obtain
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P —=>| Ay | — Ai(pa) — | As | = A2(A1(pa))
Il

Alpa)

noise error correction

Il
A

Fig. 6.2 Quantum noise and error correction

1
Tr|A—B|= max Tr(A—B)X >Tr(A—B)T = -Tr (XY +YX)T
—I<X<I 2

1
= ST X(YT +TY) =Te(X|Y]) = Tr X (T |Y|Ty + T_|Y|T-)

=Te(T XTy + T_XT)|Y| > Te(Yy + Y)|Y| = Tr |Y]%, (6.113)

which proves (6.109). Using (6.102) and (6.109), the first inequality of (6.106) is
verified as follows.

1 |
L= F(p.0) = 5B(p.0)* = S min|ypV — VoWI3
1 1
< 5D = Va3 = 5lp— ol = d(p. o). (6.114)

Exercise 6.16

(1) Show 1 — F(p, 0)*> <2(1 — F(p, 0)).
(2) Show d(p,0) < B(p, o).

6.3.8 Entanglement Fidelity

In this subsection, we introduce the definition of the entanglement fidelity for quan-
tum channels and discuss its properties. The entanglement fidelity measures how
much entanglement is preserved in a given channel, or how close the channel is to
the ideal noiseless channel, by using the fidelity discussed in the previous subsection.

The entanglement fidelity quantifies the preservation of an initial state ps under
a noisy channel A : L(Ha) — L(HB), and is mostly used in the analysis in
quantum error correction; see Fig. 6.2. In quantum error correction, relevant to the
output A(pa), we will design a recovery operation Ay : L(HB) — L(Ha) so that
A2(A1(pa)) is asclose to pa as possible. Note that, however, it is useless to consider
only one input, because one input p4 is recovered obviously by a quantum operation
that outputs pa for any input, that is, a quantum operation which discards its input and
then generate pa . Hence it is important to study whether more than two inputs can be
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noise + error correction

purification PA A(pa)
[VraX¢rRA|
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|

= A @ Ir (|YrA XYRA|)

Fig. 6.3 Entanglement fidelity

recovered or not. In quantum error correction, we try to chose an appropriate subspace
IC C 'Ha of the input system so that the effect of noise is as small as possible for
KC. In the later discussions, since we want to study the performance of the composite
channel A = Aj o Ay, we only treat quantum channels A : L(Ha) — L(Ha) of
which the input and output systems are identical (or isomorphic).

As measures of the closeness to the noiseless channel for a given quantum channel
A, several information quantities based on the fidelity are known so far. One is the
minimum fidelity over the set of pure states on kL C Ha as inputs:

i — mi 12
lgler;cF(lw)WI,A(Iw(w)) lzt;)llerlchIA(lwWI)lw . (6.115)

Since the fidelity near 1 means similar two quantum states, we can say that when
the above quantity is near 1, A is close to the noiseless channel with respect to the
subspace /. We often use 1 minus the square of the minimum fidelity as a measure
of the error:

max {1 — F(|¥)X], A()D)). (6.116)
[)yerC

On the other hand, we can study how much entanglement is preserved to measure
the closeness to the noiseless channel; see Fig.6.3. Given a density operator pa €
S(Ha), let |1PaR) € Ha @ HR be a purification of pa. Then the entanglement
fidelity is defined by

F2(pa, A) == F(1Yar)YAR], (A ® TR) (1YaRXAR D)
=(aR|(A ® TR) (|1YaR NVAR D IYVAR), (6.117)

where 7R is the identity channel on the reference system. Since the entanglement
fidelity is often used as the square of the fidelity, we use the superscript F, 62 in the
notation. From (6.87) the entanglement fidelity is written in the form of the inner
product, as [1)aAR)X®AR] is a pure state. Note that the entanglement fidelity is well
defined independent of purifications, because the degree of freedom for purification
is those of isometries (or unitary transformations). From the properties of the fidelity,
we have 0 < F2(pa, A) < 1.
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Lemma 6.14 The entanglement fidelity F, 3 (pa, A) has the following properties.

(i) If pa is a pure state Fez(pA, A) = F(pa, A(pA))2 holds. In general, we have
FZ(pa, 4) = F(pa, A(pa))*.

(ii) Using the Kraus representation A(p) = >, Eka;(r for A, the entanglement
fidelity is represented by

F(pa. A) = D | Tr pa B, (6.118)
k

(iii) Fez(pA, A) is a convex function with respect to pa.
(iv) Fez(pA, A) is affine (linear) with respect to A.

Proof If p4 is a pure state, the definition of the entanglement fidelity directly leads
to (i). The general case of (i) follows from the monotonicity of the fidelity. We can
verify (ii) as follows.

F2(pa. A) = > (ar|(Ex ® IR)[YaR)UaRI (E] ® IR)[1R)
k

= D {Tr par (Ex ® IR)HTr par (E] ® Iv))

k
= D (Tr paEx) (Tr paE}) = D | Tr pa Ex ™. (6.119)
k k

Taking (6.118) into account, it is enough for (iii) to show that p — | Tr pE|*is a
convex function, that is, for any 0 < Vr < 1,

| Tr(tp+ (1 — 1)) E|> < t| Tr pE|> + (1 — 1)| Tr o E|? (6.120)

holds. Leta = TrpE,b =TroE, p =t,and g = 1 — ¢. Then the above inequality
is written as | pa + gb|> < pla|> + q|b|? (a, b € C), which is verified as follows.

(plal* + qIb|*) — |pa + qb|?
= p(1 — p)lal* + q(1 — q)|b|* — 2pqRef{ab} = pgla — b|* > 0,

where we used p(1 — p) = q(1 — q) = pq. Finally, (iv) is obvious from (6.117). [

The entanglement fidelity is also used in the form 1 — F, ez(pA, A) as a measure
of the error. Let us study the relation between 1 — F, e2 (pa, A) and (6.116). In the
following, let iC be the support of pa. If pao = Z?’:l piliXi| is an arbitrary
decomposition of pa to pure states, we have |¢;) € I foranyi = 1, ..., m. Cor-
responding to this decomposition, we can take the purification of pa as [{VaAR) =
ZT:] A/ Pilvi) ® | fi), where { f;} is an orthonormal basis for the reference system.
Since Fez(pA, A) is convex for pa,
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F(pa, 4) < D piF ()il A(gi) i) (6.121)

i=1

holds. Subtracting the both sides from 1, we have

D pill = F(idthil, A )} < 1= F(pa, A). (6.122)

i=1

The above inequality means that if the entanglement of the purification |aRr) is
preserved inaprecision0 < e < 1, thentheinput|v;) € K and the output A(|1); X;])
are sufficiently close in the sense of the avarage. Moreover, it is possible to turn the
evaluation in the expected error into those in the worst error (6.116) by discarding
the subspace that is apt to get much noise; see Exercise 8.4. Conversely, when pa is
the completely mixed state ppix, the following inequality is known [32].

3
{1 — F2(pmix, A)} < 5 max {1 = F(u)l. A(YD)?), (6.123)

which means that if the output A (|1); }(2);]) is sufficiently close to the input [¢;) € K,
the entanglement is also preserved with almost the same precision. Especially in the
case of e = 0, (6.122) and (6.123) lead to

2
Fl(pmix 4) = 1 VIY) € K. F(UXUL AQOXOD) = 1. (6.124)
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Chapter 7
Quantum Entanglement

7.1 Introduction

In 1935, Einstein, Podolsky and Rosen proposed a gedankenexperiment as an
evidence of an incompleteness of quantum mechanics. The gedankenexperiment,
known as the EPR paradox [1], attracted a lot of controversial studies, and it was
then eventually understood that the paradox originates from a nonlocal property of
quantum mechanics; two distant quantum objects, even if they are extremely far apart
from each other, sometimes do not behave independently. Namely, the assumption
of locality does not hold true in quantum mechanics. Such two dependent quan-
tum objects are called entangled, and this phenomenon of quantum entanglement
(entanglement in short hereafter) had been solely discussed as a fundamental prob-
lem in quantum mechanics since the EPR paradox was proposed. In 1981, however,
it was confirmed experimentally that nature certainly exhibits the nonlocal property
as quantum mechanics predicts [2], and then the paradigm was shifted: research of
how to utilize the nonlocality of entanglement has begun.

In 1980s and 1990s, many quantum information tasks, such as quantum cryptog-
raphy, quantum algorithm on quantum computers, and quantum teleportation, were
proposed. Entanglement is then considered to be an important and valuable resource
in quantum information processing. Since 1990s, a lot of research on entanglement
has been actively carried out in the world. This is because entanglement is a strik-
ing feature of quantum mechanics (the classical counterpart does not exist), and
hence clarifying its properties is crucially important for the development of quantum
information technology. It is even expected that new findings in the properties of
entanglement will pave a road to new quantum technologies. As a result, in recent
years, the theory of entanglement has been rapidly developed along with quantum
information theory.

In particular, introducing the concept of local operations and classical com-
munication (LOCC) [3] enables us to quantify the amount of entanglement, and
leads to our much better understanding of entanglement. Consider two distant parties
and suppose that they cannot exchange qubits (i.e. their quantum communication is

M. Hayashi et al., Introduction to Quantum Information Science, 167
Graduate Texts in Physics, DOI: 10.1007/978-3-662-43502-1_7,
© Springer-Verlag Berlin Heidelberg 2015



168 7 Quantum Entanglement

prohibited), but they can exchange classical information by usual telephone or
Internet. What they can do is local operations (local unitary transformations, local
measurements, and so on) on their own qubits and classical communication, that
is LOCC. LOCC has a property such that it cannot create any entangled state from
unentangled states. Therefore, if a certain quantum information task, which is impos-
sible by LOCC alone, becomes possible by using a previously shared entangled state,
we can conclude that the entangled state has a power to achieve the quantum task. In
this way, the power of entanglement can be manifested by considering a restricted
class of operations such as LOCC. Moreover, LOCC by itself has the usefulness as
protocols in quantum information processing. Indeed, many quantum protocols that
utilize quantum entanglement, including quantum teleportation [4], belong to the
class of LOCC.

The quantum systems consist of more than two parties can have a variety of types
of entanglement and exhibit a variety of phenomena. Moreover, in realistic systems,
a pure state inevitably falls into a mixed state, and therefore it is crucial for the
actual quantum information technology to clarify and understand the properties of
mixed-state entanglement.

7.2 Basic Concepts of Entanglement

7.2.1 Quantum and Classical Correlation

Consider two qubits, A and B. When both A and B are in |0), the whole state is
|0)A|0)g. Similarly, when both are in [1), the whole state is [1)s|1)p. The superpo-
sition of the above two states

[0)al0)B + [1)all)B
/2

|¥) =

is called an entangled state.

Suppose that we perform a basis measurement of {|0), |1)}. When the outcome of
the measurement on A is |0) (this occurs with the probability of 1/2), ) is changed
to |0)a |0)B, and hence the outcome of the measurement on B is also |0). In the same
way, when the measurement outcome on A is |1), the measurement outcome on B is
also |1). Even if the two qubits are far apart from each other, the two measurement
outcomes on A and B always coincide. However, this phenomenon in itself is not
surprising. For example, consider two boxes, each contains a paper on which “0”
or “1” is written. Suppose that the same value is written on the two papers, but we
do not know which value is actually written. Even in this simple setting, when we
open a box and find out the paper with “0” written on it (i.e. when we obtain the
outcome “0” by a measurement on the box), we always find out the paper with “0”
in the other box, and two measurement outcomes always coincide regardless of the
distance between the two boxes.
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However, contrary to the papers in the boxes, the entangled state |¥) exhibits a
much stronger correlation. Using the following orthogonal basis rotated by 6:

|0y = cosf|0) + sinf|1)
|61) = —sin#|0) 4+ cosO|1)

the state |¥) is rewritten as

[0)al0)B + [1)all)B _ [0)Al0)B + 101)A101)8
NG NG |

Therefore, even when we perform the basis measurement {|0), |61 )} on each qubit
A and B, the two measurement outcomes always coincide with each other. In this
way, the measurement outcomes on an entangled state exhibit a strong correlation
such that they always coincide regardless of the choice of the basis, which is called
quantum correlation. On the other hand, the correlation of the previous example of
the two papers in the two boxes is called classical correlation, whose corresponding
state is the mixed state of o0 = %|OO) (00] + %|11)(11| that is distinct from |¥).

V) =

(7.1)

7.2.2 Product State and Maximally Entangled State

Let us consider a more general pure state |¢)) on two d-dimensional systems A and
B. By virtue of the Schmidt decomposition (see Theorem A.4), |1)) is written as

d—1

U@ V)IY) =D /pili)ali)s, (7.2)

i=0

where (U ® V) is an appropriate local unitary transformation. We can assume that
the Schmidt coefficients are aligned in decreasing order without loss of generality
(by appropriately redefining the orthogonal basis sets {|i)}) such that pg > p; >
p2 >+ > pa—1. When pg = 1, we have p; = pp = --- = pg—1 = 0, and hence

[y = (UT @ VH(10)a ® |0)B) = |.f)a ® |9)B,

which is written as a product of the two local states of A and B. The state in such a
form is called a product state. The reduced density operators of a product state are
pure states (ca = | f)(f], oB = |g)(g]). On the other hand, when py < 1, the right
hand side of (7.2) becomes the sum of more than two terms, and it cannot be expressed
as a product of two local states of A and B. Such a state is an entangled state. In
particular, when all the Schmidt coefficients are equal and p; = 1/d, the state |¥)
is called a maximally entangled state, and hence the Schmidt decomposition:
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d—1
1
UWY) = 7a E li)ali)B (7.3)
i=0

The reduced density operators of a maximally entangled state are oo = op = 1/d,
which is a unit operator except for the normalization factor (i.e. it is a completely
mixed state).

Let X be any operator (acting on A), and express it as

X =" k) Xulll.
kl

Then, the following holds for a maximally entangled state |¥):
1 1
XDWV)=— k) X (ll @ 1 lD)ali)s = —= D Xkilk)ali)s
Vd (% Z Vd ; ’

! .
= ﬁ(l ® XX <l|)§ Kalks = (1@ X7) W), (7.4)

where T denotes a transposition. From this, when X is a real orthogonal matrix O,
we have (0 @ 0)|¥) = (00T ® |¥) = |¥), and hence (7.1) is confirmed.
Moreover, taking into account for the ambiguity of the choice of the orthogonal
basis in the Schmidt decomposition (see Theorem A.4), a maximally entangled state
in two d-dimensional systems has the form of (U ® V)|¥), which can then be
rewritten as (UVIT @ D) = I @ VUT)|¥). Since both UVT and VUT are local
unitary transformations, the above fact implies that all maximally entangled states
are interconverted by local unitary transformations on the A’s side only (or B’s side
only). The following four states are maximally entangled states in two qubits:

[0)Al0)B £ [1)all)B E) ap = 0)all)s £ [1)al0)B
NG ’ AP V2 '

All these states are all called Bell state, and the collection of the above four states
are called a Bell basis, which constructs a CONS (complete orthonormal set). Since
the Bell states are maximally entangled states, they are interconverted by the local
unitary transformations of the Pauli matrices on A as follows:

165) B =

(7.5)

o)A = (I ® )¢ ) aB,

W) AB = (0x ® Do) A,

|7 )aB = (ioy @ ]|¢1) B,

167)aB = (0: ® DI¢$™)AB- (7.6)
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Fig. 7.1 Quantum teleportation

7.2.3 Quantum Teleportation

Quantum teleportation [4] is the most fundamental and important protocol for quan-
tum information processing, which enables us to transfer a quantum state to a distant
place utilizing an entangled state (and classical communication). Suppose that a
sender and a receiver previously share the entangled state of

[0)a10) + [1)all)B
V2 ’
and they wish to teleport the state of |¢))x = a|0)x + b|1)x on sender’s qubit X to

the receiver (Fig.7.1). The whole state of the three qubits of X, A, and B can then be
rewritten using the four Bell states (7.5) as

lpT)aB =

[0)Al0)B + [1)all)B
V2

® (al0)g + b[1)B)

(al0)x +bl1)x) ®

_ l|:|O)X|O>A +1Dx[1)a

2 V2
10)x10)a — [)xI1)a
0)g — b|1
NG ® (a|0)p — b[1)B)
0)xI DA + [1)x10)a
1 b|0
+ NG ® (all)B + b[0)B)

0)x1)a — [1)x10)a
V2

1
= §|:|¢+>XA ® (al0)B + b[1)B) + |07 )xa ® (al0)B — b|1)B)

® (all)p _b|0)B)]

+1F)xa ® (all)B +bl0)B) + 47 )xa ® (all)B — bI0>B)] (7.7)

Here, let us suppose that the sender performs the basis measurement of the Bell basis
{lo™), 1¢7), |, [1v7)} on the qubits X and A. This measurement on two qubits is
called a Bell state measurement. When the sender obtains the measurement outcome
of |¢™), the whole state is changed to the second term in (7.7), and hence the state
of the qubit B becomes a|0) — b|1). This state is close to |1)) to be teleported, but
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Table 7.1 Correcting operations in quantum teleportation

Outcome Probability State of B Correcting op. Unitary op.
[t )xa 1/4 al0)g + b|1)p nothing I

[67)xA 1/4 al0)p — b|1)B phase flip o

[ )xa 1/4 all)g + bl0)p bit flip oy

[¥7)xA 1/4 al|l)g — b|0)p both 0.0 =i0y

its phase is flipped. So, if the sender tells the receiver the measurement outcome by
classical communication and the receiver applies the unitary transformation of o,
as a correcting operation, then the state |¢) is reconstructed on the qubit B. This is
the case for the other outcomes of the Bell state measurement. Table 7.1 summarizes
the sender’s outcome of the Bell state measurement, its probability, the state of the
qubit B after the measurement, and the receiver’s correcting operation to reconstruct
|1). In this way, the state of the qubit X is teleported to the qubit B, if the receiver
applies one of the unitary transformations {/, o;, oy, oy} according to the sender’s
measurement outcomes of {|¢™), |¢7), [¥T), [ 7))

Note that neither the sender’s operation nor the receiver’s operation depends on
the state |¢)) (the operation depends neither on a nor b). This implies that they can
teleport the state [¢) without knowing what [¢)) is (i.e. they can teleport an unknown
state). In general, if only a single copy of |¢) is supplied, we cannot obtain the
sufficient information to determine the state |v), i.e., the exact value of a and b
by any measurement (to determine the values of a and b to infinite accuracy, the
infinitely many identical copies of |¢)) are necessary). Namely, it is impossible to
transfer an unknown state by classical communication only. Quantum teleportation
enables it by utilizing an entangled state. Moreover, if we try to directly transfer a
qubit to a distant place, the state will be broken during the transmission by the effect
of so-called decoherence. Quantum teleportation is beneficial in that it can transfer
such a fragile quantum state by using classical communication and a previously
shared entangled state, and indeed the technique of quantum teleportation enables
long distance quantum cryptography through a quantum repeater [5].

Note further that quantum teleportation does not enable superluminal (faster than
light) communication. This is because, if the receiver does not know the sender’s
measurement outcome, the state of the qubit B remains the reduced density operator
of |¢p1)ap thatisog = I /2, and hence the receiver does not obtain any information
about [¢)) from it. The receiver can get |¢) in her/his hand only after receiving the
sender’s measurement outcome via classical channel. Namely, the speed of teleport-
ing a quantum state is constrained by the speed of classical communication.

Note finally that the schemes different from the above standard teleportation
scheme have also been proposed such as continuous-variable teleportation [6, 7],
where an entangled state on an infinite-adimensional Hilbert space (two-mode
squeezed state) is employed, and port-based teleportation [8], where Bob has mul-
tiple output ports and can obtain the teleported state by simply selecting one of the
multiple ports without any correcting operation on each port.
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C
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Fig. 7.2 Superdense coding

Exercise 7.1 Using the property of (7.4) for a maximally entangled state, show that
quantum teleportation can also faithfully transfer a mixed state o even if the state is
entangled with another system.

7.2.4 Superdense Coding

Suppose that a single qubit is sent from a sender to a receiver. In this setting, how
much classical information can be sent? If we encode the classical bit O (1) to the
state |0) (]1)) of the qubit, we can send one bit of classical information. Indeed, the
maximal amount of classical information that can be sent via a single qubit is only
one bit, if the qubit is not entangled with others (this is due to the fact that the upper
bound of the Holevo mutual information for a single qubit is one bit (Sect. 6.3.3)).
However, it becomes possible to send two bits of classical information via a single
qubit if the qubit is entangled with others as shown below. This communication
protocol is called superdense coding [9].
First, suppose that a sender and a receiver share the entangled state of (Fig.7.2)

10)clO)p + [Dcl1)p
7 .

The sender then applies one of the four unitary transformations { 1, oy, i0y, 0; } to
the qubit C, each of which corresponds to the value of two classical bits, {00, 01,
10, 11}, the sender wishes to send. After this operation, the shared entangled state
|¢T)cp changes to one of the four Bell states {|¢")cp, 1% )ep, [¥ 7 )ep, 167 )ep}
depending on the value of classical bits. Next, the sender sends the qubit C to the
receiver. Now, since the receiver has both qubits C and D, by performing the Bell
state measurement on them, the receiver can reliably determine which of the four
Bell states {|¢T), |¥7), [¢v7), |¢7)}, and as a result, the receiver can get two bits of
classical information.

Note that, in this protocol, it appears that the sender sends only the qubit C to the
receiver at first glance, but we have to take into account how they previously share
the entangled state |¢T)cp. In general, to produce an entangled state such as |¢™)cp,
the qubits must undergo some sort of interaction as will be explained in Sect.7.3.1.
Namely, in order to share |¢T)cp, the sender needs to produce [¢™)cp on his/her
side through the interaction between C and D, and then sends D to the receiver (it is

l¢T)ep =
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Fig. 7.3 Combining superdense coding and teleportation

of course possible that the receiver produces |¢™)cp and sends C to the sender). In
this way, taking into account the process of sharing |¢™)cp, two qubits indeed have
been sent between the sender and receiver during the whole process. Superdense
coding is so a protocol such that one qubit is sent previously and another is sent
just when classical communication is necessary, which effectively makes classical
communication twice as fast.

Here, let us consider a protocol that combines superdense coding (Fig.7.2) and
quantum teleportation (Fig.7.1) [4] as follows: In superdense coding, the qubit C is
sent from a sender to a receiver by quantum communication, but in the combined
protocol, the qubit C is instead teleported as showin in Fig. 7.3 (suppose that [¢T)ap
for quantum teleportation is previously prepared in addition to |¢™)cp). Since quan-
tum teleportation can reliably teleport a part of an entangled state such as the state
of the qubit C (Exercise 7.1), the combined protocol can also transmit two bits of
classical information as well as the usual superdense coding. However, in this com-
bined protocol, no quantum communication is necessary (except for the process of
sharing |¢")cp and |¢T) ap for the setup). Namely, what is physically sent from the
sender to the receiver is only the two classical bits, that is the outcome of the Bell
state measurement in quantum teleportation. From this it is found that, in quantum
teleportation, we cannot reduce the amount of classical communication from two bits
at all. This is because, if the reduction would be possible, two classical bits would
then be transmitted by sending less than two classical bits, which contradicts the law
of physics that prohibits superluminal (faster than light) communication.

7.3 Quantifying Entanglement

7.3.1 Local Operations and Classical Communication (LOCC)

Consider a setting where any direct transmission of qubits is prohibited between two
distant parties, Alice and Bob (i.e. quantum communication is prohibited). In this set-
ting, what Alice (or Bob) can do is only to apply physical operations (measurement,
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unitary transformation and so on) to her (his) own qubits. These restricted operations
are called local operations in the sense that those are applied to her (his) local qubits
(on the other hand, operations applied across Alice and Bob are called global oper-
ations). If local operations only are allowed for Alice and Bob, they are completely
isolated from each other, and hence Bob appears not to exist from Alice’s point of
view. So let us then consider a setting where quantum communication is still pro-
hibited but classical communication (exchange of classical information) is allowed
between Alice and Bob. Then, the following operation becomes possible: Alice
measures her qubits as a local operation, she then tells the measurement outcome
to Bob by classical communication, and Bob selects his subsequent local operations
according to her outcomes. Such operations are called local operations and classi-
cal communication (LOCC) [3], which are quite important physical operations to
understand the properties of entanglement. Quantum teleportation is considered to
be a kind of LOCC (except for the process of sharing an entangled state in the setup),
and many quantum protocols that utilize entanglement belong to the class of LOCC.

Here, let us consider the Kraus representation of LOCC. Suppose that Alice and
Bob initially share the state denoted by the density matrix oap. First, let Alice
perform a measurement as a local operation, whose measurement operators are {X; }
(the POVM elements are X ll Xjand >, X lT X; = I).1If Alice obtains the measurement
outcome i, the state of oap is changed to

o = (Xiy ® Doap(Xiy @ D'

Here, the normalization factor is omitted for simplicity, and note that the resultant
state depends on i( as indicated by the suffix iy. Next, let Alice tell the outcome g
to Bob by classical communication, and let Bob perform a measurement depend-
ing on #. Since his measurement operators depend on iy, let us denote it by {Y}O}

2 Y;OTY;O = I). If his measurement outcome is jo, the state is changed to
Tag = Xig ® Yi)oap(Xip ® Yi)'
iojo}

Moreover, let Alice perform a measurement with measurement operators {X
which depend on ip and jp, and let the outcome be kq. The state is then changed to

oxp = (X Xiy ® Y{)oas (X0 Xip @ Vi)' (7.8)

By repeating this, we obtain the Kraus representation of general LOCC, but it is too
complicated to write down.

However, denoting [ = (i, j,k), M; = X!X;, and N; = Y}, the post-
measurement state in (7.8) is rewritten as O'fAB = (M;@N)oag(M; @ N)). Namely,
the measurement operators in LOCC are represented by a tensor product of Alice’s
and Bob’s operators. Taking into account more general local operations (i.e. local
CP maps) other than local measurements, general LOCC has the following form of
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the Kraus representation (without normalization):

N Z(Ml ® N)oap(M; ® N))'. (7.9)
I

The converse is not true in general, and indeed it has been shown that some physical
operation that is described by the form of (7.9) cannot be realized by LOCC [10].
Therefore, the operations of having the form of (7.9) are a little more unrestricted than
LOCC, and are called separable operations in the sense that the Kraus operators
are described by a tensor product of Alice’s and Bob’s operators (and are separated).
The separable operations are also important physical operations to understand the
properties of entanglement.

Suppose now that Alice and Bob initially share an unentangled pure state |0) 5 |0) 5.
The substitution of |0) (0| ® |0) (0| into oap in (7.9) yields the following observation:
When we apply LOCC (or separable operations) to the joint system A and B with
the unentangled state |0) (0] ® |0) (0], the resultant state has the form of

ohp = D Mil0)(0|M] ® Nil0) (O[N]
1

This state is a probabilistic mixture of unentangled pure states M;|0)s N;|0)p, and
it is considered to be still unentangled. Namely, LOCC has the property such that
it cannot produce any entangled state from unentangled states. In order to produce
an entangled state of two qubits, a global operation across the two qubits such as an
interaction between the qubits is indispensable, and LOCC that is mere a combination
of local operations cannot newly create entanglement. This property of LOCC plays
a crucial role in quantifying entanglement as shown in the following sections.

7.3.2 Basic Unit of Entanglement

For the purpose of quantifying entanglement, a basic unit to measure the amount of
entanglement should be determined. It is useful to choose a maximally entangled
state in two qubits as the basic unit. Since this state is also called the EPR state after
the EPR paradox [1], let us denote it by |[EPR) hereafter, i.e.

[0)al0)B + [1)All)B
7 }

This basic unit of entanglement is called an entangled bit, in short ebit. Namely, the
amount of entanglement contained in |EPR) is defined as 1 ebit.

In this choice of the basic unit, how much amount of entanglement does a max-
imally entangled state on two d-dimensional systems (the state of (7.3)) have?
For simplicity, let us consider the case d = 2° with s being a positive integer.

|EPR) =
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Fig. 7.4 Entanglement con-
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The state of (7.3) is a superposition of 2° terms from |0) 4 |0)p to [2° — 1)A[|2° — 1),
but let us represent each term in binary and regard O (1) in the binary representation
as the state |0) (|1)) in a qubit. Then we have

d
Z i)ali)B

-1
) = |
( )AIO)s + 1Al DB + -+ + 2' = 1)a |2 = 1)p)

1
d 4

SI

0)A[0---00)g 4 10---01)A[0---01)p

+ -~+|1---11>A|1---11>B)

[0)Al0)B+[1)Al1)B [0)Al0)g+[1)all)B
= ( NG ) ( NG )
= |EPR)®", (7.10)

which is hence equivalent to a collection of s pairs of |EPR). Namely, the amount of
entanglement of |¥) is s = log d ebits. This can be extended for general d other than
d = 2% (see the subsequent sections for detail), and the amount of entanglement of
a maximally entangled state, in which d terms are superposed with equal weight, is
log d ebits.

7.3.3 Entanglement Concentration

As shown in Sect. 7.3.1, LOCC cannot newly create entanglement but can “concen-
trate” or “dilute” entanglement (Fig. 7.4). For example, suppose that there are n pairs
of the following state of two qubits:

¥) = /Pl0)al0)s + /1 — pl1)all)s. (7.11)

It is then possible to convert it and obtain m pairs of |EPR) by LOCC. In this
LOCC conversion, the most strongly entangled state |[EPR) is obtained from the
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weakly entangled state |¢)). But, in general, this conversion is possible only when
n > m, because LOCC cannot newly create entanglement. Namely, a small number
of strongly entangled states are extracted from a large number of weakly entangled
states, and hence this LOCC conversion is called entanglement concentration [11]
(the converse process is called entanglement dilution [11]).

Now, let us express the LOCC conversion of entanglement concentration as

[¢)®" — |EPR)®",

and let us take a concrete look at how this task is achieved by LOCC. To begin with,
consider the case n = 2 for simplicity, where Alice and Bob each have two qubits
initially. First, on the two qubits, Alice applies the measurement to determine the
number of qubits (denoted by k) whose state is in |1). The Alice’s measurement
{Hk}%zo is given by

Ty = 00)(00[, [Ty = [01)(01] + [10)(10], [T> = [11)(11],

which can be realized by using a two-qubit quantum gate such as a CNOT gate. This
is a local operation of Alice. The initial state [1/)®? is expanded as

)22 = (V/BIO)al0)s + /T — pl1)al1)5) >
— pl00)A[00)5

01)A 101 10)A |10
+m| >A| >B+| )A| )B
V2
+( = p)[11)al1])B.

Therefore, when Alice obtains the outcome of k = 0 (or k = 2), |¢)®2 is changed to
the first term of |00) 5 |00)g (or the third term of [11)4|11)p), but those are unentan-
gled and hence the task of concentration fails. On the other hand, Alice can obtain
the outcome of k = 1 with the probability of 2p(1 — p), and [4)®2 is then changed
to the second term, which is an entangled state. Let us denote it by |x):

- |01)A[01)B + [10)A[10)B
7 .

Note here that the local measurement of Alice must obtain the information of the
number of | 1) only; the state of each qubit must not be determined. If Alice’s measure-
ment completely determines the state of each qubit, and hence discriminates between
|01)A and |10), the entanglement of |x) is also destroyed by the measurement and
the task of concentration does not work well.

When Alice obtains the measurement outcome of k = 1, she tells it to Bob by clas-
sical communication, and next both Alice and Bob apply the unitary transformation
of exchanging |01) <> |00) to her/his two qubits. By those local operations of Alice
and Bob, |x) is converted to
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100)4100)B + [10)A[10)B
V2

and as a result, they can finally obtain a pair of |EPR). To summarize, Alice and Bob
succeed the task of [¢))®2 — |EPR)®! with the probability of 2p (1 — p) by LOCC.

Let us extend the above concentration process to the case of large n. Expanding
|1))®" and classifying the terms by the number of |1)’s contained in each term (there
are (Z) = ﬁlk), states such that k qubits among the whole #n qubits are in |1)), we

have

Ix) — = |EPR)|0)A[0)8,

)" = (VPIO)AI0)s + /T — pIDall)s) ™"

n
= >k - p)k(---+ Ik 1’s exist)a [k 1’s exist)p + - ..)(7.12)
k=0

superposition of (} ) terms

Therefore, if Alice performs the local measurement to determine the number of
[1)’s, the probability of obtaining the outcome £ is (Z) p"K(1—p)¥, and the state is
changed to the state in parentheses of (7.12). Since the collapsed state is a maximally
entangled state, in which d = (Z) terms are superposed with equal weight, the
amount of entanglement is logd = log (Z) ebits as mentioned in Sect.7.3.2. Indeed,
as explicitly shown later, given k, Alice and Bob can extract log (Z) pairs of |[EPR)
on average by LOCC from the collapsed state.

Now, we consider the case n — oo by using the law of large numbers. Alice
has the outcome of k = n(1 — p) with the probability close to 1. Using Stirling’s
formula (log, n! ~ nlog, n —n), the expected value of the number of |[EPR) obtained
by LOCC is

n

n\ ,_ ny _ 2 (n e n
m=Z(k)p k(l—p>klog(k)~§(k)p k(l—p)klog(n(]_p))

k=0

=10g( ! )%n[—plogp—(l—p)log(l—p)]=nh(p), (7.13)
n(l—p)

where h(p) is the binary entropy. Namely, in the limit of n — oo, the following
task of concentration
[1h)®" — [EPR)®" () (7.14)

is possible.! It will be found that the above process is optimal (maximal possible num-
ber of |[EPR) is extracted) considering together with entanglement dilution explained
in Sect.7.3.5.

Finally, let us show that logd pairs of |EPR) on average can be extracted by
LOCC from a maximally entangled state consisting of d terms [|¥) in (7.3)], when

1 Note that m was evaluated in the leading order of n in (7.13), and hence (7.14) should be precisely
written as [1)®" — |EPR)®h(p)+om)
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sufficiently many identical copies of |¢)) are supplied. When d is equal to an integer
power of 2 (d = 2° with s being an integer), it is obvious from (7.10) that s = logd
pairs of |[EPR) can be extracted by an appropriate local unitary transformation of
Alice (or Bob). For general d other than d = 2°, let us consider |@)® with [ being a
positive integer. Since |¥)®' is a superposition of d’ orthogonal states, let Jy be the
integer part of log d. Similarly, let J; be the integer part of log(d’ — 270). Repeating
this until the decimal part of log(d’ — 270 — .. .) vanishes, we have

llogd'| = Jo
Llog(d’ —27)] = Ui

log(d' — 270 — ... — 201y = .

By this, we have

e
d'=>"2"
i=0

andd’ is decomposed as a sum of integer powers of 2 (this is equivalent to consider the
binary representation of d). In the same way concerning |¥)®!, the d'-dimensional
Hilbert space of Alice is decomposed as a sum of subspaces whose each dimension is
an integer power of 2. Let Alice then perform a local measurement on |¥ )%/ to project
on one of those subspaces. Since the state after the projection is a superposition of
27i terms when the measurement outcome is 7, it is possible to convert it to J; pairs
of |EPR) by a local unitary transformation. Since the probability of projecting on
27i -dimensional subspace is 27i /dl, x pairs of |[EPR) can be extracted from |lI/)®l
on average, where x is given by

e 2][

XZZ?JI'.

i=0

Since x/I — logd in the limit of [ — oo, it is found that log d pairs of |[EPR) on
average can be extracted per one pair of |¥).

120
Exercise 7.2 Show that lhm - Z WJ,- = logd.

—oo [ “
i=0

7.3.4 Quantum Data Compression

In usual classical information processing, it is frequently performed to compress
data and decompress it, in the purpose of increasing efficiency of data transmission,
efficient use of memory, and so on. Quantum states can also be compressed and
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decompressed as shown in this section, which is necessary to understand entangle-
ment dilution explained in the next section. The protocol is called quantum data
compression [12].

Suppose that there are n pairs of the entangled state [¢) in (7.11). The purpose
here is to compress the state of Bob’s n qubits, and later recover it. However, the
compression and decompression must be performed so as not to destroy the entan-
glement with Alice’s qubits. Expanding |1/)®" into 2" terms from [0 - - - 0)5 |0 - - - 0)p
to|l---1)all---1)B, and denoting each term by |x7 - - - x;)a|x1 - - - X5, )B, We have

1

1
)2 =D D Vg g e -+ x)alxn -+ ),

x1=0 X, =0

where ¢(0) = p, g(1) = (1 — p). If Bob measures n qubits in the basis of {|0), |1)},
the state of |xq,---,x,)p is obtained with the probability of Q(x1,:--,x,) =
q(x1)---q(x,). Since the measurement on each qubit is independent, according
to the law of large numbers, there exists an integer n¢ such that for n > ng

>5)<e

forany 6, € > 0 (see Sect. 6.2.2 for detail). In other words, with the probability more
than or equal to 1 — ¢, the sequences of xy, - - - , x,, satisfying that

1
P (‘—;log O(x1,...,x,) —h(p)

‘-llOgQ(m,.--,xn)—h(p) <é (7.15)
n

are obtained, but since e can be arbitrary small for large n limit, the sequences
satisfying (7.15) are obtained with the probability close to 1. Such a sequence is
called a typical sequence (contrary, a sequence other than typical sequences is called
an atypical sequence). From (7.15), the probability Q(xy, ..., x,) of obtaining one
of typical sequences satisfies

271D > O(xy. .. xy) > 2RI,

Therefore, denoting the number of the typical sequences by v, we have

1> > 0. x) = D 27 HOH0) = yp=nhp)+0),

typical typical
and hence v is upper bounded by

v < 2nh(p)+o) (7.16)
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Table 7.2 Unitary transformation for quantum data compression (in the case where the number of
typical sequences v is an integer power of 2 for simplicity)

Expanded terms |x1, ..., x;) Number Destination

Typical sequences

| 1st of typical sequences)p 0 [0---000---00)
|2nd of typical sequences)p 1 [0---000---01)p
|vth of typical sequences)p v—1 [0---001---11)p

Atypical sequences

|1st of atypical sequences)p v [0---010---00)p

|2nd of atypical sequences)p v+1 [0---010---01)p
2" — p)th of ical 2" — 1 1---111---11

|( v)th of atypical sequences)p | 'B

With the above in mind, let us consider the following protocol of quantum data

compression: First, as shown in Table 7.2, let us number the states of |xq, ..., x,)
from O to v — 1 in the case where x1, ..., x, is a typical sequence. In the case where
X1, ..., X, is an atypical sequence, let us number the states from v to 2" — 1. Let

us then regard the binary representations of those numbers as destination states of
Bob’s n qubits (see the column of destination in Table 7.2). Bob then applies unitary
transformation U, which maps |xy, ..., x,) to the corresponding destination state
(this transformation is unitary because it only exchanges the 2" basis states). Now,
looking at the column of destination in Table 7.2, it is found that the first part of the
destination states of typical sequences is commonly |0 - - - 0). Since the upper bound
of the number of typical sequences is given by (7.16), the states of the first (n — m)
qubits, at least, are all in |0), where

m = [n(h(p) + 0)1.

Next, Bob measures the first (n — m) qubits and project them onto |0). Since this
projection succeeds at least with the probability of obtaining a typical sequence, the
probability of success satisfies Pgyccess > 1 — €, which approaches to 1 for large
n limit. Moreover, after the success of the projection, since the states of the Bob’s
first (n — m) qubits are all in |0), those are unentangled with Alice’s qubits and are
redundant. Therefore, we can discard the first (n — m) qubits, and as a result, the
state of Bob’s n qubits is compressed into the remaining m = [n(h(p) + 6)] qubits.
Since § can be arbitrary small for large n limit, the compression rate in the limit of

n— oo is
m  [n(h(p)+9)]
—_—_——
n

n

h(p). (7.17)
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Fig. 7.5 Entanglement dilution

It will be found that this rate is optimal considering together with entanglement
dilution explained in Sect.7.3.5.
The state after the above compression of |1))®" is

|comp) = (0---00|U)®".

n—m

1
\% PSMCCC‘SS

To recover the original state, it is enough to add (n — m) qubits, which are all in |0),
to |comp), and apply unitary transformation U ! to the n qubits. The state after this
recovering operation is U ~!|0 - - - 00)g |comp), and the fidelity with the original state
[1))®" is then given by

(D" U0+ 00)glcomp)| = v/ Prucces (compleomp) = /T,

which asymptotically approaches to 1 for large n limit, and hence the original state
is certainly recovered. To summarize, it is possible to compress the state of n qubits
of Bob into nk(p) qubits and to later recover |1))®" without destroying the entan-
glement.

7.3.5 Entanglement Dilution

Entanglement dilution [11] is a converse process of entanglement concentration,
that is the LOCC conversion of |[EPR)®" — [¢))®" where |1)) is again given by
(7.11). To achieve the task of entanglement dilution, Alice first prepares 2n qubits in
the state of |1))®" (Fig.7.5). This state preparation can be done as her local operation,
because she has all 2n qubits in her hands. Alice then keeps a half of 2n qubits, namely
n qubits, and compresses the other half (this half will be teleported to Bob later) by
quantum data compression.

Next, the state of nh(p) qubits after the compression is transfered to Bob by
quantum teleportation (Fig.7.5). To achieve the teleportation, nk(p) pairs of |[EPR)
are necessary (whose number is the same as the number of qubits to be teleported).
The purpose of previously performing quantum data compression is to reduce the
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number of |EPR) used in the teleportation as far as possible. Finally, Bob recovers
the original state from the teleported state. To do this, n — nkh(p) qubits, which are
all in |0), are necessary, but Bob can prepare it by his local operation, because those
are unentangled with Alice.

In this way, the entangled half of |1))®" is compressed, teleported, recovered.
Finally, Alice and Bob can share the entangled state of |1))®". The entanglement of
|EPR) used in the teleportation is destroyed and it is changed to an unentangled state.
Instead of the state [EPR)®""(P) initially shared between Alice and Bob, they can
newly share [1/)®" and as a result, the LOCC conversion of

|[EPR)®(P) 5 |y @n (7.18)

is apparently achieved.”

In this protocol of entanglement dilution, one-way classical communication only
from Alice to Bob arises. Such LOCC with one-way classical communication is
called 1-way LOCC, and LOCC with two-way (bi-directional) classical communi-
cation is called 2-way LOCC. Concerning LOCC processing on bipartite pure states,
for every 2-way LOCC, there always exists 1-way LOCC equivalent to it as shown
below [13]. By virtue of the Schmidt decomposition (see Theorem A.4), a bipartite
pure state |¢) is written as

1) = (U V) D /pili)alils,

where (U ® V) is an appropriate local unitary transformation. Let Bob perform a
measurement on |¢)), whose measurement operators are written as

M; = "m V]j) kv,
Jjk
where »; MI.TM,' = . When Bob obtains the outcome iy, |¢)) is changed to
(I ®Mi)l) = (U V) D m'/pili)ali)s = (U ® V)IX)as.
ij

On the other hand, when Alice performs a measurement whose measurement oper-
ators are

M} =" my Ulj)kUT,
ik

and when she obtains the outcome iy, |¢) is changed to

2 The precise meaning of (7.18) is |[EPR)®AP)+o() s 14)®" (see e.g. (7.17)) as in the case of
entanglement concentration.
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(M}, @ DY) = U @ V) D ml/piljdali)e = (U V)Ix)Ba-
ij

Since |x)aB and |x)Ba have the same Schmidt coefficients, they are related through
IxX)aB = (Q ® R)|x)Ba With (Q ® R) being an appropriate local unitary transfor-
mation. From the above, we have

(I ® Mip)lw) = (UQU' ® VRV (M| & D)),

and therefore, Bob’s local measurement is always replaced by Alice’s local measure-
ment and Bob’s local unitary transformation. When Alice acts on behalf of Bob’s
measurement, classical communication from Bob to Alice becomes unnecessary.
However, since R depends on the outcome iy, classical communication from Alice
to Bob is still necessary. In this way, concerning the LOCC process on bipartite pure
states, it is enough to consider one-way classical communication from Alice to Bob.
In the protocol of entanglement concentration in Sect. 7.3.3, if Bob also performs the
same local measurements as Alice, Bob can obtain the same outcomes of Alice, and
hence classical communication itself becomes unnecessary in this case. Note that, in
the above discussion, it is assumed that Alice and Bob initially know what the state
|1)) is, and hence the above discussion cannot be applied to the case where |1)) is
unnkown.

7.3.6 Amount of Entanglement

Considering entanglement concentration (7.14) and dilution (7.18) together, it is
found that Alice and Bob can achieve the reversible conversion of

|EPR)®M(P) 5 |yy@n (7.19)

by LOCC (for large n limit). This reversibility plays a crucial role in quantifying
entanglement. Since LOCC cannot newly create entanglement, the fact that the con-
version cycle of

|EPR)&"(P) __ )@ _ |EPR)®"(P) (7.20)

is possible implies that there is no loss of entanglement during this cycle® (if there
would be loss of entanglement, the cycle does not complete because LOCC cannot
supply the loss of entanglement). Since there is no loss of entanglement, the amount
of entanglement contained in [¢)®" and |[EPR)®"1(P) ig equal to each other, and

3 Precisely, the exact cycle of (7.20) is impossible even in the limit n — oco. This is because the
two conversion rates coincide only in the leading order of n, and moreover the final state of (7.18)
is close to but not equal to the initial state of (7.14). To complete the above cycle exactly, we need
to consume the excess entanglement of the amount o(n) [14].
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hence the amount of a pair of |¢) is equal to the amount of A(p) pairs of |[EPR).
Namely, the amount of entanglement of |¢) is determined to be /i (p) ebits.

Moreover, the completeness of the cycle of (7.20) implies that /(p) is the optimal
rate for both entanglement concentration and dilution. This is because, if entangle-
ment concentration with a higher rate than A (p) would be possible, more pairs of
|[EPR) would then be obtained by LOCC than the initial [EPR)""(?) which contradict
that LOCC cannot newly create entanglement. A similar discussion can be applied
to the case for entanglement dilution. Moreover, if quantum data compression with
a smaller rate than i (p) would be possible, entanglement dilution with the smaller
rate would be possible, which causes a contradiction. Therefore, 4 (p) is the optimal
rate for quantum data compression also.

So far, the amount of entanglement for the state of (7.11) in two qubits was
shown to be i (p). What about the case where |v) is a general bipartite pure state
(with a higher dimension). In this case, denoting the reduced density operators of
[Y)aB by oa = Trg|¢) (¥ and op = Tra ) (2|, and replacing h(p) by H(oa)
(or by H(op)—it comes to the same thing due to the Schmidt decomposition), the
same discussions hold for entanglement concentration, dilution, and quantum data
compression. Here, H (o) is the von Neumann entropy of density operator ¢. Namely,
we have the following:

Theorem 7.1 Let 1)) be a bipartite pure state between Alice and Bob, and o and
o be the reduced density operators. The amount of entanglement of 1) is then
H(op) = H(op) ebits.

7.4 Multipartite Entanglement

7.4.1 GHZ and W State

Let us consider the entangled state on three qubits A, B, and C:

1
7 (10)a10)B10)c + [Dall)B[1)C) -

This state is called the Greenberger-Horne-Zeilinger state (GHZ state). The
reduced density operators of AB, BC, and AC are all equal to

IGHZ) =

1 1
oAB = 0BC = 0ac = 5[00)(00[ + S{IT)(11],

which is a probabilistic mixture of unentangled states, and hence every pair of three
qubits is not entangled. However, since |GHZ) is written as
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1 100)a + [11)aB _ 10)c +|T)c

NG 7
[00)aB — [11)aB _ 10)c — |1)c
+ ﬁ ® ﬁ

when C is measured in the basis of (|0) & |1))/ V2, the state of AB is then always
converted into |EPR)ap, despite that the state was initially an unentangled oap.
Indeed, when the measurement outcome corresponds to (|0) — 1))/ V2, for example,
Alice’s phase-flipped operation (]1) — —|1)) results in |EPR) op. In this way, much
more complicated operations are possible by LOCC in multipartite settings than in
bipartite settings.

Moreover, the Schmidt decomposition cannot be applied to multipartite entangled
states. This makes the properties of multipartite entanglement more complicated. For
example, let us consider the following entangled state in three qubits:

|GHZ) =

),

1
W) = —(|0)al0)B]1 0)all)g|0 1)al0)B|0)c),
W) ﬁ(l )al0)B[1)c +10)a[1)B[0)c + [1)A10)B[0)C)

which is called W state [15]. Contrary to the bipartite case, this state cannot be
expressed in the form of ,/p|000) + /T — p|111) no matter how select the local
basis of A, B, and C. As will be shown in the following sections, |GHZ) and |W) are
entangled in completely different ways (each has a different type of entanglement).

Note that the Schmidt decomposition (see Theorem A.4) can be applied even
for multipartite entangled states if the parties are grouped into two, such as A and
BC, and the Schmidt decomposition can be used to judge whether the two groups
are entangled or not. Let us denote, for example, the grouping by A:BC. When a
multipartite pure state is given, we can judge whether the state is entangled or not
by investigating the Schmidt decomposition for all possible groupings. For example,
in the case of a four-partite pure state on ABCD, if and only if any of the seven
groupings of A:BCD, B:ACD, C:ABD, D:ABC, AB:CD, AC:BD, AD:BC is not
entangled, the state is written as a product state of | f)A ® |g)p ® |h)c ® |i)p and
hence it is not entangled.

7.4.2 Stochastic LOCC

Suppose that a pure state |i) of three parties is converted into another pure state
|¢) by LOCC. As in (7.9), |¢) and |¢) must then be related through (except for
normalization)

6)bl =D (Xi® Y ® ZDIW) (WX ® Y ® Z))'.

l
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Moreover, since the state on the left hand side is a pure state, every term on the right
hand side must be equal to |@) (except for normalization). It is then found that the
LOCC conversion of |¢)) — |¢) is possible if and only if there exist operators X, Y,
Z suchthat |[¢p) = (X Q@Y ® Z)|v).

For example, for two bipartite pure states |¢)) = \/g |00) + \/g [11) and |¢) =

3100 + /1 111), if we put

X 1o Y=1
= 1 bl == 9
07

we have |¢) = /3/2(X ® Y)|v) (/3/2 is a normalization factor), and hence |1)) —
|¢) = |EPR) is possible by LOCC. Note that, since the amount of entanglement of
|¢) and |¢) is h(1/3) = 0.92 ebits and 1 ebit, respectively, the amount is increased
by LOCC, which seems to contradict that LOCC cannot newly create entanglement.
However, this is not the case, because the above conversion only succeeds with the
probability of 2/3 (see Exercise 7.3). LOCC cannot increase the average amount of
entanglement, but can do in a probabilistic way.* Indeed, in the above example, the
average amount after the LOCC conversion is 2/3 ebits, which is less than 0.92 ebits
before the conversion. This type of operations, which succeed only stochastically,
are called stochastic LOCC (SLOCC). On the other hand, since the probability of
success of entanglement concentration and dilution asymptotically approaches to 1
for n — o0, such operations are called deterministic LOCC.

Moreover, the above stochastic LOCC is physically realized by making qubit A
pass through a filter such that the transmittance of |0) is as two times as that of |1)
(the conversion succeeds when the qubit passes through the filter). In this sense,
stochastic LOCC is sometimes called local filtering.

Exercise 7.3 Show that the maximal probability of success of converting |¢) =
JE100) + /3111 016) = /3100y + /1 111) by A's local filiering is 2/3.

7.4.3 Classification of Multipartite Entanglement

When two pure states |¢)) and |¢) are interconverted by stochastic LOCC, namely
when |¢)) <> |¢) is possible, 1)) and |¢) are called comparable. Contrary, neither
the conversion of 1)) — |¢) nor [¢)) < |@) is possible, |¢)) and |¢) are called incom-
parable. Incomparable states cannot be compared of the amount of entanglement,
because they contain completely different types of entanglement.

4 However, even in a probabilistic way, it is impossible to create any entangled state from unentangled
states by LOCC.
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Here, let us consider the condition that |¢)) and |¢) are comparable [15]. The
reduced density operators of |¢)) and |¢) are denoted by like o A and o, e respectlvely,
and the rank of o is denoted by rank (o). If the operator X of satisfying |¢)

(X ® I ® I|Y) exists, rank(aA) < rank(UA) must hold because 0'/(2 = XO’KXT
Moreover since rank(JA) = rank(opc) holds for both pure states |¢)) and |¢),
rank(UBc) < rank(oBC) also must hold. Suppose now that the conversion of |¢)) —>
|@) is possible by stochastic LOCC, and hence operators X, Y, Z such that

0) =(X®YRDNY)=URYRZ)XQIQDIY)

exist. It will be found by repeating the above discussion twice that rank(afﬁ) <

rank(a}ﬁ) must hold. This is the case also for parties B and C. Namely, stochastic
LOCC, which converts a pure state into another pure state, cannot increase the rank of
the reduced density operator of any party. Since both conversions of |¢)) — |¢) and
|¢) — [1¥) mustbe possible so that |)) and |¢) are comparable, the two corresponding
reduced density operators must have the same rank for every party.

From the above, pure states on three qubits A, B, and C are classified by the ranks
of the reduced density operators as follows

(1) States with rank(oa) = rank(op) = rank(oc) = 1: Completely unentangled
states like |000) (A-B-C class).

(2) States such that rank(cs) = 1 but rank(op) = rank(oc) = 2: Two parties
among three are entangled like |0) s |EPR)gc (there are three possible classes
A-BC, B-AC and C-AB depending on which pairs of parties are entangled).

(3) States with rank(oa) = rank(op) = rank(oc) = 2: Three parties are genuinely
entangled. |GHZ) and |W) belong to this class.

Exercise 7.4 For a pure state on three qubits, show that there does not exist a class
such that rank(cs) = rank(og) = 1 and rank(o¢c) = 2.

Moreover, stochastic LOCC on a pure state has a property such that it cannot
increase the minimal number of expansion terms in product states. This is because,
when |1) is expanded in product states as

m
1) = D" Nilfi) ® lgi) ® |ha),
i=1
where the number of expansion terms is m, the following

6) = (X QY @ 2)P) = D NXIfi) ® YIgi) ® ZIhi)
i=1

3 In the case of bipartite pure states, the Schmidt decomposition is applicable and they are classified
by the number of terms in the Schmidt decomposition, because it is equal to the rank of the reduced
density operators.
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Fig. 7.6 Classification of GHZ w
tripartite pure states

A-BC B-AC C-AB

A-B-C

is also an expansion in product states, and hence |¢) can be necessarily expanded
in less than or equal to m product states. The minimal numbers of expansion terms
for |IGHZ) and |W) are different, 2 and 3 respectively [15]. It is immediate from this
that the conversion of |GHZ) — |W) is impossible. Moreover, if |[W) — |GHZ)
would be possible and hence operators X, Y, Z such that (GHZ) = (X ® Y ® Z)|W)
would exist, since the ranks of the reduced density operators of |GHZ) and |W) on all
subsystems are 2 (full rank), operators X, Y, Z must be also full rank and invertible.
We would then have (X' @ Y~! ® Z~1)|GHZ) = W), which contradicts that
|GHZ) — |W) is impossible. Therefore, it is concluded that |[W) — |GHZ) is also
impossible. The class of (3) above is then further classified into two subclasses by
the minimal number of expansion terms in product states:

(3A) The minimal number of expansion terms is 2 (GHZ class).
(3B) The minimal number of expansion terms is 3 (W class).

The classification is summarized in Fig. 7.6 [15], where the conversion by stochastic
LOCC is possible in the direction of arrows. It is then clear from the figure that
|GHZ) and |W) are incomparable, and they have different types of entanglement.
In this way, there can exist many types of entanglement in multipartite settings.
Note that, even in the asymptotic settings of n — o0, the reversible conversion of
|GHZ)®" « |W)®"E is also impossible by deterministic LOCC (no matter how real
parameter E is chosen) [16], which is quite contrast to the bipartite case of (7.19).
Moreover, more detailed classification of entanglement has been made from the view
point of LOCC convertibility [17].

7.5 Mixed-State Entanglement

7.5.1 Entanglement Criteria

Let us consider a mixed state, where two Bell states |¢") and |¢ ™) in (7.5) are mixed
with equal weight in a probabilistic way. Since the density operator of this mixed
state o is rewritten as

o= l|¢+>(¢+| + l|<15_)(<15_I = l|00><00| + l|11)(11I
2 2 2 2 '
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o is equivalent to the probabilistic mixture of two unentangled pure states. As a
result, the outcome of any measurement on o can be explained by the ensemble of
unentangled states, and hence o should not be considered entangled. In this way,
due to the ambiguity of the ensemble interpretation, the characteristics of entangle-
ment of mixed states are much more complicated than pure states. The definition of
entanglement including the case of mixed states is then as follows:

Definition 7.1 A state is entangled if and only if the density operator cannot be
represented by a probabilistic mixture of unentangled pure states [18].

By definition, a bipartite unentangled state is written as

o= pil i) fil ® lgi){gil, (7.21)

where p; > 0. Note that both | f;) and |g;) are not necessarily orthogonal sets. Note
further that the unentangled states of (7.21) are frequently called separable states
from its form.

The above definition of entanglement implies that, to judge whether a given mixed
state is entangled or not, we have to investigate all possible decompositions of the
density operator into pure states while searching for the form of (7.21). Contrary to
the case of a bipartite pure state where its entanglement is easily judged by using the
Schmidt decomposition, no universal method to judge mixed-state entanglement has
been found yet. However, there have been found non-universal but simple methods
as follows: The mathematical operation of transposing the basis of Alice only (or
Bob only) is called partial transposition, which is denoted by T (or 7). When
density operator o is expanded by using orthonormal sets of Alice and Bob as

o= Cijuli){jl ® k),

ijkl
the partially transposed operator 0’4 is given by

o™ =" Cijuli)il @ k). (7.22)
ijkl

Note that, contrary to o, the partially transposed operator is not necessarily positive
(Exercise 7.7). However, let us consider the case where o is unentangled. Since an
unentangled state is necessarily written in the form of (7.21), we have

o™ =3 pil )il ® lgi)ail.

This operator is still a positive operator (¢7A > 0). Conversely, if the partially
transposed operator of a given density operator is not a positive operator, the density
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operator is never written in the form of (7.21). Therefore, we have the following
theorem called the Peres criterion:

Theorem 7.2 A state o, which does not satisfy oTa >0, is entangled [19].

Exercise 7.5 Show TrX7A = TrX, TrX7AYTA = TrXY for any Hermitian operators
Xand Y.

Exercise 7.6 Show {(Y1 ®Y2) X (Y3®Y4)}'A = (Y] @ V) XA (Y] ®Y4), where Yy,
Y>, Y3 and Y4 are operators on C?,and X is an operator on C? ® C4. Moreover, show
that the eigenvalues of o7 do not depend on the choice of the basis to which a partial
transposition is applied (do not depend on the choice of the basis of |i){j| ® |k) (/|
in (7.22)).

Exercise 7.7 Find the eigenvalues and eigenstates of (|1/)(1)|)7A for any bipartite
pure state |¢)). Moreover, show that at least one of the eigenvalues of (|1)()|)7 is
negative when |1)) is entangled.

Now, denoting the transposed operator of an operator X by X”', we have X7 > 0
for any positive operator X > 0, and hence a partial transposition is a positive
map. On the other hand, a partial transposition is nothing but transposing a part of a
composite system (7 is transposing Alice’s subsystem of the composite system of
Alice and Bob), and it is found from the above Exercise 7.7 that a partial transposition
is not a positive map. Namely, a transposition is a positive map but is not a completely
positive map. When not only a transposition but general positive map ® is applied
to Alice’s part of an unentangled state (7.21), we have

> piOUf) i) ® lgi) il (7.23)

which is a positive operator since ® (| f;) ( fi|) > 0. Conversely, if the operator, which
is obtained by applying positive map @ to Alice’s part of state o, is not a positive
operator, it is concluded that the state o is entangled. In this way, a positive map
that is not completely positive provides a method to judge entanglement. A map of
X +— (TrX)I — X is also a positive map that is not completely positive, and the
operator obtained by applying this to Alice’s part of state o is given by /s ® op — 0,
where o = Trao. Therefore, we have the following theorem called a reduction
criterion:

Theorem 7.3 A state o, which does not satisfy In ® og — o > 0, is entangled [20,
21].

Note that, when o is a (bipartite) pure state, the converse of Theorem 7.2 and
Theorem 7.3 holds true. Namely, both 74 and 15 ® o — o have at least one negative
eigenvalue when the pure state o is entangled (Exercise 7.7). However, when o is
a mixed state, the converse of Theorem 7.2 and Theorem 7.3 do not hold true in
general. Indeed, mixed states that is entangled despite of o74 > 0 have been found.
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Fortunately, however, in qubit-qubit system (C?> ® C?) and in qubit-qutrit system
(C? ® C3), Theorem 7.2 and Theorem 7.3 become equivalent,6 and the converse
also hold true.” Namely, in those low dimensional systems, the Peres criterion and
reduction criterion become necessary and sufficient conditions to judge entanglement
[20, 22].

Exercise 7.8 Let [¥) be a maximally entangled state of (7.3). Show (¥ |o|¥) < (ll
for any unentangled state o by using (|&)(¥|)7A.

As shown above, since a transposition is not a completely positive map (i.e. it is
not a TPCP map), the operation of transposing a density operator cannot be directly
realized as a physical operation. The operation of partially transposing a part of a com-
posite system cannot be directly realized also. A partial transposition is absolutely a
mathematical operation. Therefore, to experimentally judge entanglement by the use
of the Peres criterion, we first need to experimentally determine all elements of the
density operator of the state to be judged, next mathematically construct the partially
transposed operator from it, and finally evaluate the positivity of the operator numer-
ically. However, a density operator on two d-dimensional systems contains d> — 1
independent parameters, and hence, for the determination of the density operator, we
have to experimentally obtain the expected values of d*> — 1 physical observables,
which becomes much more difficult for large d. On the other hand, there is an effi-
cient method to obtain the evidence of entanglement, that is called a entanglement
witness [22, 23].

For example, let us consider the following operator on two d-dimensional systems:

1
W= EI — &N, (7.24)
where [¥) is a maximally entangled state of (7.3). The operator W is an Hermitian
operator, and hence a physical observable. Let us denote the expected value of W

with respect to a state o by E;[W]. When ¢ is an unentangled state, we have (see
Exercise 7.8)

1 1
E,;[W] = Tra(gl — )Y = i (Wlo|¥) = 0.

Namely, we have E;[W] < 0 only when o is entangled, and hence the fact of
E,[W] < 0 can be used as the evidence (witness) that ¢ is entangled. An operator
of having such a property is called a witness operator. We can obtain the evidence of
entanglement by only investigating the expected value of a witness operator without
determining all elements of a density operator.

Note, however, that it is troublesome that an appropriate witness operator must
be chosen depending on the state to obtain the evidence. For example, considering

6 They are indeed equivalent in C?> ® C" for n > 2.

7 Due to the fact that any positive map I" in C2 ® C? and C> ® C3 is written as I' = @1 + @20 T
with ®; and @, being completely positive maps (7 denotes transposition).
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the case where d = 2 and |¥) is chosen to be the Bell state [¢™) given in (7.5),
the witness operator in (7.24) becomes W = %I — |¢T)(¢T|. When the state is
o = |¢pT)(¢T|, we have E,[W] = —1/2 < 0, and hence we can obtain the evidence
of the entanglement of ¢ in terms of the expected value of W. When the state is
the Bell state of ¢ = |¢7) (¢~ |, however, we have E,[W] = 1/2 > 0, and hence
we cannot obtain the evidence. To obtain the evidence in this case, we have to use
another witness operator such as W = %I — o7 ) (o™ |.

Exercise 7.9 Let o be an entangled state which does not satisfy o’/ > 0 (see
Theorem 7.2), 11 < 0 be a negative eigenvalue of 74, and | ) be the corresponding
eigenstate. Show that W = (|u) (,u|)TA is an entanglement witness that can provide
the evidence of the entanglement in 0. Moreover, show that |u) is entangled.

7.5.2 LOCC on Mixed States

Let us consider the LOCC conversion from a mixed state o to |[EPR) [3] as in the
case of entanglement concentration for pure states. This LOCC conversion is called
entanglement distillation, because the situation is as if distilling pure |EPR) from
an impure mixed state. When at most |[EPR)®"£? is distilled from 0®”, namely when
the conversion of

o®" — |EPR)®"ED (7.25)

is possible by LOCC for large n limit, Ep is called distillable entanglement. Note
that this LOCC conversion is asymptotically defined in the limit of n — oo. For
example, unless n is finite, the entangled mixed state ®" on two d-dimensional
systems (on C?®C4) cannot be converted exactly to [EPR)®! by LOCC, if rank (0) >
) [24, 25]. Even in such cases, however, it is frequently possible to distill a
state p, that asymptotically approaches |[EPR)®" such that

o®" — p, and lim (EPR®"|p,|EPR®") = | (7.26)
n—oo

in the limit of n — oo. This type of conversion in n — oo is called asymptotic con-
version (entanglement concentration and dilution for pure states are also asymptotic
conversions). To be precise, Ep is also defined as a maximal possible rate of m /n in
the asymptotic conversion of (7.26).

Now, since [EPR)®™ in (7.26) is a maximally entangled state on C?" @C? itis
invariant under local unitary transformation (Us ® Ug) due to the property of (7.4).
So, suppose that Alice and Bob randomly pick up U on C?" and apply (Ua ® Up) to
pn, but after the application, they forget which U is applied. These operations, called
twirling, convert p, to

1 - _
=5 [ AUUx® Ty Us @ T (7.27)
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. m .
where é JdU --- denotes the average over all unitary operators on C?". In this
conversion, since

F, = (EPR®"|p/ |[EPR®™)

1 _ o
=5 / dU(EPR®"|(Ua ® Ug)pn(Ua ® Ug)'|EPR®")

(EPR®™|p, [EPR®™), (7.28)

the fidelity with |[EPR)®" remains invariant. Moreover, by virtue of (7.27), p, is
invariant under unitary transformation of (Ux ® Ug) for any U. The states on C*" ®
C2" with this invariance are always written as a probabilistic mixture of [EPR)®"
and (I ® I)/2%" (Exercise 7.10), which is called an isotropic state. As a result, o
is expressed using F;, in (7.28) as

(I ® I) — ([EPR)(EPR|)®"
22m '

p. = F,(JEPR)(EPR)®" + (1 — F,) (7.29)

From the above, without loss of generality, the process of entanglement distilla-
tion can be considered as the asymptotic conversion whose final state is always an
isotropic state p;, such that

o® — pl and  lim F, = lim (EPR®"|p/|[EPR®") =1.  (7.30)
n—oo

n—oo

Exercise 7.10 Find an Hermitian operator A on C¢ @ C4 that is invariant under
unitary transformation (Ua ® Up) for any U by the following steps [20]: (1) Represent

Aas A = Z @mnop|lmn)(op| by using local bases, and consider the invariance
mnop
condition for U such that U|mg) = —|mg) only for a particular local basis |my). (2)

Consider for U such that U|mg) = i|mg). (3) Consider for U such that it exchanges
two local bases of |mg) and |m1) (my 7# my). (4) Consider for U such that U|mg) =

(Imo) + Im1))/+/2, and U|mo) = (Imo) — |m1))/~/2.

Contrary to entanglement distillation, when at least |[EPR)®"£C is necessary to
produce o®”", namely when the conversion of

|[EPR)®"EC s 51 (7.31)

is possible by LOCC, Ec is called entanglement cost (which is defined through an
asymptotic conversion as well as entanglement distillation). It has been shown that
Ec > 0 for any entangled state [26]. As shown in Sect. 7.3.6, when ¢ is a pure state,
the reversible conversion is possible and hence Ep = Ec = H(oa). When o is a
mixed state, however, the conversion becomes irreversible in general and Ep < Ec.
Namely, in the conversion cycle of
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[EPR)®"EC —s o®" — |EPR)®" P,

AE = Ec — Ep ebits of entanglement is lost per one pair of ¢. Once pure-state
entanglement is converted into mixed-state entanglement, a part of it cannot be
extracted as pure-state entanglement anymore. By analogy with bound energy in
thermodynamics, AE is called bound entanglement [27].

As mentioned in Sect.7.5.1, the converse of Theorem 7.2 does not hold true in
general, and there exists an entangled mixed state o despite o7A > 0. Let us consider
LOCC on such states. Applying partial transposition on both sides of the Kraus
representation (7.9), we have (Exercise 7.6)

(o)r = 2(1\711 ® NpoTa(M; @ N,
]

and hence (0/)™ > 0 for 7 > 0. On the other hand, (JEPR)(EPR|)7 is not a
positive operator. Therefore, entangled o of satisfying ¢74 > 0 cannot be converted,
in any way, to |[EPR), and we have

Theorem 7.4 Entanglement distillation is impossible (Ep = 0) for a state o which
satisfies T~ > 0 [27].

Namely, entangled mixed state o with o’4 > 0 has no distillable entanglement
(Ep = 0) though it is entangled, which implies that all entanglement in the state
is bound (the state only contains bound entanglement). This state is called a bound
entangled state [27]. In this way, strange phenomena appear by considering LOCC
on entangled mixed states [27-29].

On the other hand, according to Theorem 7.3, the state o which does not satisfy
Ipn ® o — o > 0 is entangled, but those entangled states can be converted to |EPR)
by applying a LOCC protocol (so-called BBPSSW protocol [30]) and local filtering,
and hence the following holds:

Theorem 7.5 Entanglement distillation is possible (Ep > 0) for state o which does
not satisfy In @ og —o > 0 [27].

7.5.3 Entanglement Measure

As shown in Sect.7.3.6, the amount of entanglement of a bipartite pure state o is
determined to be H (04 ) by considering entanglement concentration and dilution by
LOCC. In the same manner, both Ep and Ec represent the amount of entanglement
in a mixed state, but the amount in a mixed state is not unique, and as shown later,
there exist other quantities than Ep and Ec. In general, a function E (o) that satisfies
the following properties becomes a measure to quantify the amount of entanglement,
called an entanglement measure [31-33]:
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(1) Monotonicity: The average value of the function E (o) does not increase under
LOCC. Namely, when o; is obtained with probability p; by LOCC from o (this

is denoted by o — {p;, 0;} hereafter), E(o) > Z piE(oi).

i
(2) Concavity: The value of the function E (o) is not increased by mixing of states.

Namely, ZP[E(Ui) > E(ZPiUi)'

i i
(3) When o is unentangled, E (o) = 0.
(4) When o is a pure state, E(0) = H(oa) = H(oB).

However, it is unclear whether Ep satisfies the concavity of (2), and the concavity
is sometimes excluded from the properties that should be satisfied by entangle-
ment measures (Ec satisfies all the properties of (1)—(4)). Moreover, there are some
important properties related to asymptotic conversions as follows, though those are
not necessarily satisfied by all entanglement measures:

(5) Weak additivity: E(c®") = nE (o) for any state o.
(6) Asymptotic continuity for pure states: When p, asymptotically approaches to
|9)®" such that (1)®"|p,|®") — 1 for n — oo, +|E(|$))®") — E(pn)| — 0.

For a given entanglement measure E (o), the function produced from it by

®n
E®(0) = lim 29

n— 00 n

is called an asymptotic entanglement measure. An asymptotic entanglement mea-
sure automatically satisfies the weak additivity of the above (5) by definition.®

7.5.4 Entanglement of Formation

The function E (o) defined in the following way is an entanglement measure called
entanglement of formation (EoF) [3]:

Ep(o) =min ) MHa(1¢x)), (7.32)
k

where Hp (|¢)) = H(Tralv)(]), and minimization is performed over all possible
decompositions of ¢ into pure states as o = Z e |Ur ) (g |-

k
Here, to understand the operational meaning of Er, let us consider the following
LOCC process: First, Alice (or Bob) produces a random value k with the probability
of A\g. Next, depending on the random value k, Alice and Bob produce [¢k) from

8 Note that, even though E satisfies (1) and (2), E*° does not necessarily satisfy them. If E also
satisfies subadditivity, however, E* automatically satisfies the weak monotonicity (1) and (2) [34].
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|EPR) by entanglement dilution shown in Sect.7.3.5. Finally, Alice and Bob forget
the information of the random value k. The sate they share then becomes the mixed

state of o = Z Ak |k ) (Wr|. Since the number of |EPR) necessary to produce |¢/x)

k
by entanglement dilution is Ha (|%r)), the average number of [EPR) consumed in the
above LOCC process is Z A Ha (| )). The average number depends on how to

k
decompose o into pure states, and the minimal value is just Er (o). Namely, Er (o)

is the minimal number of |[EPR) necessary to produce o by the above LOCC process.
It has been proved that entanglement cost Ec is the asymptotic entanglement
measure of entanglement of formation Er, namely

Ep(c®"
Ec(o) = lim Zr@0) (7.33)
n— 00 n

holds for any bipartite mixed state ¢ [35]. Note that the existence of the limit
lim,,— 50 %‘W) is guaranteed by Lemma A.7 and the weak subadditivity Ep
(c®mtmy < Ep(c®") + Ep(c®"). Then, we have another expression lim,_ o
Ep@®) _ inf,>1 %'@n). Since Ef does not satisfy the weak additivity of the
property of (5) in Sect. 7.5.3 [36], Er (o) and Ec(o) do not coincide with each other,
and hence

Ec(o) < EF(o)

holds in general.

It is confirmed that E ¢ satisfies the properties of (1)—(4) in Sect.7.5.3 as follows:
The concavity of (2) and the property of (3) are obviously satisfied by definition.
Moreover, when o is a pure state, the satisfaction of Er(0) = H (o4) of the property

(4) is also obvious. Concerning the monotonicity of (1), let o = ZS\;{W}{)(Q&H

k
be an optimal decomposition that achieves the minimization, and hence Er (o) =
Z M Ha (|¥x)). Suppose now that Bob performs a local operation, which results in
k
. ~ k ~ &
the conversion of |¢x) — {pilk, al.( )}, and hence 0 — {p;, 0; = % Zl’i\k)‘kai( )}
k

where p; = Zp”kj\k. Then, we have
k

1 2 . @ ~ k
> piEr(oi) = zpiEF(__ZPHk)\kUi( ) = ank)\kEF(U,-( )
i i Py ik
(b) 2 () © 2 k)
< D pikMHa(o} ) £ D MHAQ piko )
ik k i

£ MHA(DR) = Er(0).
k
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Here, we used the concavity of Er for the inequality (a), the definition of Er for
(b), and the convexity of Ha for (c). Moreover, since the reduced density operator
of Alice remains unchanged by Bob’s local operation considered here, we have
Trg Zi p,-|kal.(k) = Trp |z/3k) ($k|, and hence the equality (d) holds. Since Ha (|¥)) =
Hg(|¢)) for a pure state, Ha in (7.32) can be replaced by Hp. Therefore, we have
the same inequality also for Alice’s local operation, and after all the monotonicity
under LOCC is satisfied.

In general, the calculation of entanglement of formation is a very hard task,
because we must perform the minimization over all possible decompositions into
pure states. For any state o on C? ® C2, however, the following formula for calcu-
lating E (o) has been obtained [37]: Let & = (0y ® 0,)d(0y @ 0y) where o is the
complex conjugate of o, and let o, I1, [, and I3 be four eigenvalues of //c5+/c in
decreasing order. According to the formula, the entanglement formation of o is then
calculated through Efr (o) = h(% + %\/1 — C?), where C =max{ly—I; —lr—I3, 0}
is called concurrence.

Exercise 7.11 Let |¢/) be an entangled state on C*> ® C?, and 1) = (oy®ay) ).

Show that |(1/1|@Z)| = 1 when |¢) is a maximally entangled state. Moreover, show
that |(1|¥)| = 0 when [1)) is unentangled.

Exercise 7.12 Find the concurrence for a pure state |¢) = ,/p|00) + /1 — p|11),
and for an isotropic state o = F|EPR)(EPR| + (1 — F)({ ® I — |EPR)(EPR])/3.

7.5.5 Relative Entropy of Entanglement

The function Er (o) defined in the following way is an entanglement measure called
relative entropy of entanglement [31, 38]:

Eg(0) = min D(o||p) = min [Tra logo — Tro log p] , (7.34)
p p

where the minimization is performed over all unentangled states p. Since the relative
entropy D(cl|p) is roughly considered as a distance between states o and p (to
be exact, it is not a distance as shown in Sect.6.3.2), Er (o) is roughly a minimal
distance from o to the set of unentangled states. The proof is not explicitly shown
here, but Eg (0) also satisfies the properties of (1)—(4) in Sect. 7.5.3. The monotonicity
under trace-preserving LOCC (TP-LOCC) is relatively easily confirmed as follows:
Denoting the map of TP-LOCC by A, and denoting p that achieves the minimization
of D(c||p) by p, we have

ERr(A(0)) = mgn D(A(0)llp) = D(A()||A(p) = D(allp) = Er(0),

by noting that A(p) is unentangled because A is LOCC, and noting the monotonicity
of relative entropy for a TPCP map (Theorem 6.7).
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For any bipartite mixed state o, the following inequality holds between Eg (o)
and Er(0):

Eg(0) < D MER(UR) = D MEF(Ux) = Er (o),
k k

where 0 = Z S\k |1/A)) (1/3k| is the decomposition of o that achieves the minimization

k
of Er (o), and the concavity of Er was used in the first inequality. Moreover, using

quantum Stein’s lemma (Theorem 8.1), the inequality of
Ep(o) = Eg(0)

has been proved [39, 40]. Namely, Er (o) has an important role as an upper bound
of Ep(o).

Contrary to EF, no closed formula for the easy calculation of Eg(o) has been
obtained even in the simplest case of C> ® C2, but it is possible to derive o such that
Er(c) = D(ol|p) for any given p [41].

Moreover, the definition of Er can be easily extend to the case of multipartite
settings. The multipartite E reflects the variety of properties of multipartite entan-
glement, and indeed it has been shown that it does not satisfy the weak additivity
even for a pure state, and so on [16, 42].

7.5.6 Relationship among Entanglement Measures

As shown in Sect. 7.3.6, the reversible LOCC conversion of
[)®" «— [EPR)®"H(04) (7.35)

plays a crucial role in quantifying the amount of entanglement for a bipartite pure
state [¢)). Let us take a look at this role from the viewpoint of entanglement measures.

Suppose that an entanglement measure E satisfies the monotonicity (1) and
asymptotic continuity for pure states (6) in Sect. 7.5.3. Considering then the asymp-
totic conversion in the direction of — in (7.35), we have

E([$)®") = E(IEPR)®"(OW),
However, considering the asymptotic conversion in the direction of <—, we also

have
E(|)®") < E(|EPR)®"H(On),
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and after all we have E (|1)®") = E(JEPR)®*H (7)) If E further satisfies the weak
additivity of (5), we have E (|v)) = H(oa)E(|EPR)). Since E (|EPR)) is a constant,
if the entanglement measure E is normalized such as
(4") Normalization: E(JEPR)) = 1,
we finally arrive at E(|¢))) = H(oa). Namely, when an entanglement measure
satisfies the monotonicity (1), normalization (4”), weak additivity (5), and asymptotic
continuity for pure states (6), the measure necessarily coincides with H(oa) for
bipartite pure states. This fact is called the uniqueness theorem for entanglement
measures [34].

In the case of mixed states o, if E satisfies the concavity (2) in addition to the
monotonicity (1), normalization (4'), weak additivity (5), and asymptotic continuity
for pure states (6), the following inequality then holds:

® E@®") @ 3 ME(e) (1),@1.6.6) 2x MEF(10x))
- n - n B n
_ Ep(c®")

E(o)

= Ec(0),

where E(|z/3k)) =F F(|1/A)k)) due to the uniqueness theorem, o®" = > 5\k|zﬁk) (QZJH
is an optimal decomposition for entanglement of formation, and (7.33) was used.
Moreover, considering the asymptotic conversion of (7.25), we have

E(o®") ()6 E(|[EPR)®"ED@))
E(@) 2 (@) ) (IEPR) ) @).05) Ep(o). 736)
n n

It is concluded from the above that, when an entanglement measures E satisfies
the monotonicity (1), concavity (2), normalization (4'), weak additivity (5), and
asymptotic continuity for pure states (6), the measure necessarily bounded as [43]

Ep(o) < E(0) < Ec(0).

Note that it is possible to loosen the satisfaction conditions for the inequality for
Ep (7.36). Since the LOCC process of entanglement distillation is trace-preserving,
the monotonicity (1) can be replaced with the weaker condition of
(1) Weak monotonicity: E(c) > E(A(0)) for trace-preserving LOCC A.
Moreover, since the final state of entanglement distillation can be considered to be
an isotropic state as (7.30) without loss of generality, the asymptotic continuity for
pure states (6) can be replaced with
(6") Continuity for isotropic states: Fliml E(p,,) = m with p, being the isotropic state

n—>
of (7.29).
Namely, when a function E satisfies the weak monotonicity (1”), normalization (4'),

weak additivity (5), and continuity for isotropic states (6"), the function E provides
an upper bound for distillable entanglement Ep [43].
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7.5.7 Entanglement Monotone

The calculation of the entanglement measures shown so far, such as Ep, Ec, EF,
and Eg, is a very hard task for general mixed states. It is then convenient to introduce
a function that only satisfies the most important property of the monotonicity (1),
among the properties (1)—(4) in Sect.7.5.3. This function, called an entanglement
monotone [44], can also be used as a simpler measure to quantify the amount of
entanglement. For example, the concurrence appeared in the formula for calculating
EF is an entanglement monotone, because it satisfies the properties (1), (2), and (3),
while it does not satisfy the property of (4). Moreover, the following function

LN (o) = log Tr|o ™A,

is also an entanglement monotone, called logarithmic negativity [45]. It is found
that LN (o) = 0 for an unentangled state, because an unentangled o satisfies ¢74 > 0
according to the Peres criterion (Theorem 7.2), and hence Tr|o 74| = Tro A = Tro =
1. The logarithmic negativity provides an upper bound of Ep as

Ep(o) < LN(0),

because it satisfies the weak monotonicity (1”), normalization (2'), weak additivity
(5), and continuity for isotropic states (6').

Exercise 7.13 Express the logarithmic negativity for a bipartite pure state |¢)) by
using the Schmidt coefficients of |¢/). Using this result, find the logarithmic negativity
for a maximally entangled state |¥) on two d-dimensional systems.
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Chapter 8
Classical-Quantum Channel Coding

8.1 Introduction

The transmission of messages over classical channels from a sender to a receiver
is called classical communication. On the other hand, quantum communication
has two different formulations according to what is transmitted over quantum
channels. One is classical-quantum channel coding (cq channel coding), that
is, message transmission using carriers governed by quantum mechanics, and the
other is quantum-quantum channel coding (qq channel coding), which is faithful
transmission of quantum states over noisy quantum channels.

Historically speaking, the theory of classical-quantum channel coding [1, 2] was
developed partially in the studies from 1960s to 1970s, motivated by the invention of
lasers in 1960. Later the classical-quantum channel coding theorem was established
in the middle of 1990s by Holevo [3] and Schumacher-Westmoreland [4]. On the
other hand, quantum-quantum channel coding derives from the studies of quantum
error correcting codes [5, 6] in 1990s. Quantum error correction is a method to
protect quantum states used in the memory of quantum computers, which are apt to
be disturbed by quantum mechanical noises.

In this chapter, we study classical-quantum channel coding, while quantum-
quantum channel coding will be studied in Chap.9. In classical-quantum channel
coding, the optimization of measurements is required at the receiver’s side, which
is the crucial difference from classical channel coding, since the receiver should
perform quantum measurements on the transmitted carrier to recover the message
from the sender. As is different from classical systems, the states of carriers change
inevitably by measurements. Thus it is important to obtain the measurement outcome
at once as effectively as possible. The essential difficulty in the detecting process is
to discriminate the states received in the receiver’s side. This type of discrimination
problem can be essentially converted to the quantum hypothesis problem between
two states in an enlarged system. From this reason, the theory of quantum hypothesis

M. Hayashi et al., Introduction to Quantum Information Science, 205
Graduate Texts in Physics, DOI: 10.1007/978-3-662-43502-1_8,
© Springer-Verlag Berlin Heidelberg 2015
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testing plays an important role in classical-quantum channel coding. In the following,
the theory of quantum hypothesis testing is described first, and then, the classical-
quantum channel coding theorem is studied.

8.2 Quantum Hypothesis Testing

8.2.1 Problem of Quantum Hypothesis Testing

Quantum hypothesis testing is a method to determine the true state based on data
given by a quantum measurement when two hypotheses of quantum states are given
on a Hilbert space. It is sometimes called simple quantum hypothesis testing to make
difference from composite hypothesis testing where the hypothesis to be tested is
composed of more than two density operators. In quantum hypothesis testing, the
difficulty derived from non-commutativity in quantum information theory appears
in the most simple manner, and the asymptotic theory of quantum hypothesis testing
provides fundamental tools for various problems in quantum information theory.

We assume from prior knowledge that either p € S(H) or 0 € S(H) is the
true state, where S(7H) is the set of density operators on a Hilbert space H. To
determine which is true, we need to obtain data from a quantum measurement on 7.
Since the decision is alternative, “p is true” or “o is true”, the whole process can be
considered as a two-valued quantum measurement (i.e., a two-valued POVM) with
the form {7', I — T} without loss of generality, where T is an operator on 7 satisfying
0 < T < I. Since we can identify 7 with the two-valued POVM (T, — T}, an
operator T satisfying 0 < T < [ is called a test. For a test 7', there are two kinds
of error probabilities; the error of accepting o when p is true and the error of the
converse situation, which are, respectively, written as

a(T) :=Tep(I —T), B(T):=TroT. 8.1)

Astreated in Sect. 5.3.2, it is impossible to determine the true state with probability
one from one trial in general, except that two states have orthogonal supports, i.e.,
po = 0. In the general case of two states with non-orthogonal supports, it is required
to study the asymptotic theory with a large number of samples in the same way as the
ordinary statistics theory. Among the asymptotic theories, the most simple setting is
the i.i.d. case where either of p or ¢ is given independently and identically » times. In
other words, when a certain apparatus keeps generating particles with the identical
state described by p or o, we want to distinguish these states, in which the apparatus
is prepared, by quantum measurements on these particles.

Hereafter, the n-fold tensor product of a Hilbert space 7 is denoted by HO =
HQH® --- ® H in the same way as the exponential function of a scalar. Similarly

n
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n-fold tensor products of density operators p and ¢ are, respectively, written as

P =pRp®---Qp, ¥ =0Q0Q---Q0. (8.2)
————— ——— ———
n n

We consider hypothesis testing of p,, := p®" and 0,, := o®" on the composite system
Hy = H®". In the asymptotic theory of quantum hypothesis testing, it is important
to optimize the measurement as a POVM on the composite system 7, rather than
making plural measurements on H individually. For atest 7, (0 < T, < I;) on ‘H,,
we can define two kinds of error probabilities:

o (Ty) == Trp, (I, — Ty), Bu(Ty) = Tro,T,, (8.3)

in the same way as the one-shot case, i.e., the case when n = 1. Since there is
a trade-off between these error probabilities, we can not minimize these two error
probabilities simultaneously. Thus we will impose the constant restriction on v, (7},)
as o, (T,) < € (0 < € < 1), and we consider the optimal error probability for 3, (7},):

By (€) = min{B,(T,)) | Ty, : test, an(Ty) < €} (8.4)

We will study the asymptotic behavior of (3 (e). For the problem of the constant
restriction, the following theorem holds, which is called the quantum Stein’s
lemma.

Theorem 8.1 ([7, 8]) For any 0 < Ve < 1,

1
Jim_ —log 3(6) = ~D(pllo) (8.5)

holds, where D(p||o) is the quantum relative entropy.

We can see from this theorem that the quantum relative entropy is an operational
quantity for discrimination of two quantum states. The quantum Stein’s lemma
(Theorem 8.1) is composed of two inequalities:

1

lim sup — log B (6) < —D(pllo), (8.6)
n—oo N
1

liminf — log B(¢) > —D(pl|0). (8.7)
n—-oo n

In this section, we prove the former inequality [7] that is utilized in the later section.
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8.2.2 Trace Inequality for Quantum Hypothesis Testing

Since quantum hypothesis testing can be considered as the problem of optimizing
the trade-off between error probabilities, we often focus on the weighted sum:

wi-a(T)+wy-B(T)=wTrp(I —T) + wrTro T, (8.8)

where w; and w, are positive real numbers. Let A = wp and B = wyo. Then the
solution of the minimization is characterized as follows. Hereafter, for a Hermitian
operator A — B, let {A — B > 0} be the projection to the positive part of A — B as
defined in Appendix (A.60). Similarly let (A— B) and (A — B) _ be, respectively, the
positive and negative parts of A — B, and |A — B| be the absolute value operator. It is
recommended for readers who are not familiar with them to review the corresponding
description in Appendix (A.6.3).

Lemma 8.1 For any non-negative operators A and B,

max TrX = min {TrA(I — T)+ TrBT} (8.9)
X<A 0<T=<I
X<B
1 1
= ETr(A + B) — 5Tr|A — B (8.10)

holds, where the minimum in (8.9) is attained by S == {A — B > 0}.
Proof For any operator X satisfying X < A, X < B and for any operator T
satisfying 0 < T < I, we have

TrX=Tr XT+TrX(I—-T)<TrAT +TrB(I —T). (8.11)

Thus, it must hold that

maxTrX < min {TrA(/ —T)+ Tr BT}. (8.12)
X<A 0<T<I

X<B
On the other hand, letting S = {A — B > 0}, Y = A({ — S) + BS, we have

Y=A—(A—B)S=A—(A—B)y <A, (8.13)
Y=B+(A—B)YI—-S)=B—(A—B)_<B, (8.14)

Since Y is an operator satisfying ¥ < A, Y < B and S is an operator satisfying
0 <S8 <1, wehave

g{laz(TrX >TrY =TrA( — S)+TrBS
X<B

> min {TrA(I — T) + Tr BT}. (8.15)
0<T<I
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Combining (8.12) and (8.15) leads to the assertion (8.9) with the maximum in the
left hand side attained by Y and the minimum in the right hand side attained by
S = {A — B > 0}. Summing the both sides of the second equations in (8.13) and
(8.14) leads to

2{Al —8S)+BS}=A+B—-{(A-B)y +(A—-B)_}
=A+B—|A-B| (8.16)

Taking the trace of the both sides, we obtain (8.10). U

In the asymptotic theory of hypothesis testing, the trace inequality for operators
in the following lemma takes an important role as a rigorous upper bound for (8.9).

Theorem 8.2 (Audenaert et al. [9]) For any non-negative operators A and B, let
S={A—B>0}andY = A(I — S) + BS. Then for 0 < Vs < 1 we have

TrY =TrA(I —S)+TrBS

1 1 .
= STe(A + B) — S Tr|A — B| <TrA'"™B°. (8.17)

Proof The equalities have already been proved in the previous lemma. Here we show
a simplified proof [10, 11] by Narutaka Ozawa for the inequality. From A — B <
(A— B); wehave A < B+ (A — B)4, which leads to A* < (B + (A — B)3)*
because f(x) = x* is an operator monotone function; see Appendix A.6.4. Hence
we obtain

TrA—TrA' B =TrA'*{A* — B*}

<TrA'"™ {(B+ (A - B);)' — B} (8.18)
<Tr(B+(A—B))' ™ {(B+(A-B)})' — B} (8.19)
=Tr(B+(A—B)y) —Tr(B+ (A — B),) B
<Tr(B+(A—B)y)—TrB'*B* (8.20)
=TrB+Tr(A—B), —TrB, (8.21)

where (8.19) follows from A'™* < (B + (A — B);)'™® and the fact that
B+ (A— B)y > Byields (B + (A — B)4)* — B® > 0. Similary, the last inequality
(8.20) follows from (B + (A — B),)'™ > B!'~%. Taking (8.13) into account, we
have from (8.21) that

TrY =TrA(I -S)+TrBS=TrA-Tr(A—-—B);+ <Tr A= B, (8.22)

O

This inequality is shown easily when A and B commute each other. In this case,
since § = {A— B > 0} alsocommutes with A and B, wehaveY = A(/ —S)+BS >
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0. Thus we can define Y* (0 < s < 1), which satisfies Y15 < A1=S and Y* < B*
from (8.13), (8.14) and the operator monotonicity of x* (0 < s < 1). Consequently
we have

TrA(I — S)+TrBS=TrY =TrY' ™Y <TrA!*Y* <TrA'~*B*,

which asserts (8.17). However, in the general case, this argument is not available,
since ¥ > 0 does not always hold when A and B are not commutative. For the
original proof of the theorem, we can refer to the paper [9] and the textbook [12],
in which several strong techniques for operators are developed, while the alternative
proof written above is considerably simple.

Exercise 8.1 We consider the case where two pure states p and ¢ in (6.107) arise
with the equal probability % Let A = % pand B = %a. Calculate S = {A — B > 0}
specifically, where we assume 0 < a, b < 1, a?+p?=1.

Exercise 8.2 (Continued) Calculate Y = A — (A — B)S and prove that Y is not
always non-negative definite. Note that TrY is the optimal (minimum) average error
probability from (8.8) and (8.9). Calculate TrY specifically.

Exercise 8.3 Give an alternative proof of (6.109) using the inequality (8.17).

8.2.3 Asymptotic Theory of Quantum Hypothesis Testing

Quantum hypothesis testing can be regarded as the problem of minimizing the
weighted sum of error probabilities in (8.8). Here we consider the weights w; = 1
and wy = € with an arbitrary real number a, so that the weighted sum is given by

an(Ty) + " 3, (Ty) = Trp, (I, — T,) + €"“Tro, T,,. (8.23)
From Lemma 8.1, (8.23) is minimized when T, is equal to
Sn.a :={pn — €0, > 0}. (8.24)

The test S, 4 corresponds to Neyman-Pearson test in the classical hypothesis testing
and is called the quantum Neyman-Pearson test. The quantum Neyman-Pearson
test has the following properties, and it plays an important role in the theory of
quantum hypothesis testing.

Lemma 8.2 We have the following properties for the quantum Neyman-Pearson test
(8.24).

(i) Foranytest0 < T, < I, it holds that

Tr(pn — €™ 04)Sn.a = Tr(pp — €™ oy)T,. (8.25)
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(ii) We have
Tr(pp — €"0,)Sn.a > 0. (8.26)

The property (i) follows from Lemma A.6 in Appendix. Especially, taking 7, = 0
yields (ii). From (ii) in the above lemma,

Tr(pn - enagn)sn,a = Tf,Dn Sn,a - enaﬂ(sn,a) >0 (8.27)
holds. Thus for any a € R we have
ﬁn(Sn,a) =< e_naTrann,a <e ", (8.28)

As an evaluation of (S, 4), the following upper bound is important.

Lemma 8.3 Let us define functions 1 (s) = log Trpl_s o and g(s) = —(s). Then
foranya € Rand 0 < Vs < 1, we have

Qp (Sn,a) < e—n{g(s)—as}. (8.29)

Proof Applying the inequality (8.17) to A = p, and B = ¢"%0y, it holds for
0 <Vs <1 that

Trpn(Iy — Sp.a) + €"“TroySp.q < e”“‘YTrp,ll_safl. (8.30)
Note that the trace in the last term is written as follows:

TI‘p,iiSO'Z — Tr(p173)®n (O_S)®n

=Tr(p'~*0*)®" = (Trp' 7 o*)" = "', (8.31)
Hence from o, (Sy.4) = Trp, (1, — Sn.4), we obtain

an(Sn,a) =< Trpn(]n - Sn,u) + enaTrUnSn,a

— enasem/;(s) — e—n{g(s)—as}’ (832)
which proves the lemma. (]
To study the exponent in (8.29), let us examine the function g(s) = —(s). We

can show the following properties for g(s), and ¥ (s) is called the relative Rényi
entropy, although detailed derivations are shown in the next subsection.

g(0) =0, g(1)=0, gs)>0 (0O=<s=<1), (8.33)
g (0) = D(pllo), ¢"(s) <O. (8.34)



212 8 Classical-Quantum Channel Coding

y=D(pllo) s

0 108

Fig. 8.1 The graph of y = g(s) and y = as

From these properties and Proposition A.12, we can illustrate the graph of g(s) as
shown in Fig. 8.1, and we can see that it is a continuous and concave function. Note
that the exponent in (8.29) equals the difference between the function y = g(s) and
the line y = as. Since the tangent of y = ¢(s) at s = 0 is the quantum relative
entropy D(p||o), there exists s such that g(s) — as > 0 if a < D(pl||o). Thus we
have the following theorem.

Theorem 8.3 For any a < D(p||o), it holds that

an(Sn,a) = TTP®"(In - Sn,a)

= Trp®" {p®" — "¢®" < 0} =57 0. (8.35)

As a consequence of the above discussions, we can show (8.6) as follows. Let
0 > 0 be an arbitrary (small) real number, and let « = D(p||o) — . Then, for any
e > 0 and for any sufficiently large n, a,,(S,.4,) < € follows from Theorem 8.3.
Hence by the definition of 3} (¢), we have

1 1
- log Byle) < ;log/@n(sn,a) < —a=—-D(pllo) +9,

where the last inequality follows from (8.28). Taking lim sup of the both sides, we
obtain

1
lim sup — log 5 (€) < —D(pl|o) + 6.

n—oo N

Since > 0 can be arbitrary, we have shown (8.6).
The inequalities (8.6) and (8.7) are known to be equivalent to the limit theorem
below [13].
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Theorem 8.4 (Asymptotic behavior of Neyman-Pearson test [7, 8, 13])

1 a < D(pllo),

(8.36)
0 a> D(p|lo).

Trp®n{p®n _ M8 0} "o [

In the theory of classical hypothesis testing with two hypotheses P and Q, the
asymptotic behavior of the normalized likelihood ratio function % log % charac-

terizes the asymptotic optimal performance, where P and Q" are the n-fold i.i.d.
extensions of P and Q. In the i.i.d. setting, the asymptotic behavior can be obtained
by the weak low of large numbers. In fact, the former characterization holds without
assuming the i.i.d. setting because it can be derived from the method of information
spectrum [14], which requires no assumption for the form of the distributions of
hypotheses.

It can be shown by the quantum version [13] of the method of information spec-
trum that the asymptotic optimal performance of the quantum hypothesis testing can
be characterized by the asymptotic behavior of the above probability. In the i.i.d.
setting, in stead of the weak low of large numbers, the above theorem characterizes
the asymptotic behavior of the above probability. That is, the above theorem can
be regarded as a quantum counter part of the weak low of large numbers for the
normalized likelihood ratio.

8.2.4 Properties of Relative Rényi Entropy

We will investigate the behavior of the function ) (s) used in the previous subsection
as g(s) = —(s). In this subsection, the function is written as

Y(slpllo) = log Trp' o, (8.37)

by specifying the dependence on p and o. This function is known as one of the
quantum f-divergence (quasi-entropy) [15], which is a natural generalization of the
classical f-divergence treated in Sect.6.2.6. It is important to note that ¥ (s|p|o)
obeys the monotonicity, i.e.,

U(slpllo) = (slA(p) [ A(o)), Vs € (0, 1], (8.38)
U(slpllo) = P(s|A(p) 1 A(0)), Vs € [-1,0)U (L, 2], (8.39)

holds for any TPCP map A. Although the monotonicity of the quantum f-divergence
plays an important role in quantum information theory, we only prove elementary
properties of ¥ (s|p|lo) needed in this chapter. As the monotonicity of the classical
f-divergence follows from the convexity of the function, the monotonicity of the
quantum f-divergence is derived [15] from the property of the operator convex
function as well (see also [8, 12]). In Appendix A.6.4, the definition and some
examples of the operator convex function are reviewed briefly.
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To show several properties of 1(s|p|lc), we introduce an argument to relate the
quantum f-divergence to the classical one. Let

pZZa,‘E,‘, UZijFj (8.40)
i J

be the spectral decompositions (Theorem A.3) of p and o, respectively. Then we can
define probability distributions:
P@, j)=aTEFj, QG,j) =b;TrE;F;, (8.41)

since we have
2D PE)=TeQ aENQ Fp)=Tip=1
i i j
and the same for Q(i, j). Using P (i, j) and Q(i, j), we have

Trp' =S¢ = Zza}*Sbj.TrE,- Fj = zz PG, ) 0Ga, j)°. (8.42)
i J i J

For simplicity of the notation, let X denote the range of (i, j) and write P (i, j) and
Q(, j) as P(x) and Q(x), respectively. Using this notation, we study the function
P(s) =log> ey P (x)!75Q(x)*, which is called the relative Rényi entropy of P
and Q.

First we show that > P(x)'™*Q(x)* is the classical f-divergence

(Sect.6.2.6). Since f(t) = —t* is a strictly convex function for 0 < s < 1, we
have
_ 0\
Dy (P||Q) = er)j(P(x) (P(x))
=— > P 0 = f() =1, (8.43)
xeX

where the last inequality follows from non-negativity of the f-divergence. In the
same way, since f(t) = t* a strictly convex function for s < 0 or s > 1, we have

o) °
Dy(PIIQ) =D P(x)[ }
xeX Px)
=D P®'TOW = f() =1 (8.44)

xeX
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The relative Rényi entropy 1 (s) plays an important role in both classical and quantum
hypothesis testing. In the previous subsection, we used the following properties for

P(s).
Lemma 8.4 For ¢ (s) =log> .y P(x)'=5Q(x)*, the following properties hold.

(i) ¥(0)=0,v(1)=0.
(ii) P(s) <00 <s<1),¢(s)>0(s <0,s > 1).
(iii) ' (0) = —=D(P[|Q), ¥'(1) = D(QI|P).
(iv) If P # Q, then v (s) > 0 holds, i.e., 1)(s) is a convex function.

In the following discussion, we take the base of the logarithm to e, which will make
the calculation of derivatives easier, since the above properties are independent of
the bases. The property (i) is easily verified by making the substitution s = 0 and
s = 1, and (ii) follows from (8.43) and (8.44). Now we show (iii). By definition,
eV =3 v P(x)!7Q(x)* holds. If we define

P(x)' =0 x)
Yvex POI=0)s’

P;(x) is a probability distribution, and Py(x) = P(x) and Pj(x) = Q(x). We can
calculate the derivative as follows:

Pi(x) = e YOPx)! T 0x) =

> ex PO 0(x) {—log P(x) +log Q(x)}
er)( P(x)l_XQ(x)S

= —"O > P! 0)° (log P(x) — log Q(x))

Y'(s) =

xeX
=— > Py(x){log P(x) —log Q(x)}
xeX
= —Ep, [log P(X) —log O(X)], (8.45)

where Ep [ -] denotes the expectation when X is the random variable subject to
P, (x). Making substitution s = 0 and s = 1 gives (iii). Calculating the derivative
further, we can show (iv) as follows:

U (s) =1/ ()e "D D7 Px)! T Q(x)* {log P(x) —log Q(x))

xeX
+e O ST P@)' Q@) (log P(x) — log Q(x))
xeX
= > Py(x){log P(x) — log Q(x)}*

xeX

+14/(s) D Po(x) flog P(x) — log Q(x)}

xeX
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=Ep, [{log P(X) —log Q(X)}z] — {Ep, [log P(X) — log 0(X)]}*
= Vp, [log P(X) —log Q(X)] > 0, (8.46)

where Vp [ - ] means the variance of arandom variable when X is the random variable
subjectto Py (x), and we used the fact that the variance of a random variable is positive
except for the deterministic case.

8.3 Classical-Quantum Channel Coding

8.3.1 Message Transmission over Quantum Channels

In classical communication, the channel coding theorem by Shannon! characterizes
the maximum transmission rate of channels at which reliable communications are
possible. In this section, we treat the classical-quantum channel coding theorem
established by Holevo [3] and Schumacher-Westmoreland [4]. Suppose that a sender
wants to convey classical messages to a receiver by sending quantum mechanical
carriers through a quantum channel A : S(Ha) — S(HB). The sender will use
input signals represented by density operators py, ..., py to induce output states
A(p1), ..., A(pn). As shown in Fig. 8.2, once these density operators are fixed, we
can consider the map from the input alphabet X = {1, ..., N} to the output states,
ie.,

W:ixeXr— W, := A(py), (8.47)

which is called the classical-quantum channel.

For a given quantum channel A, the choice of input states {py},ex should
be optimized for effective transmission of messages. We assume that a suffi-
cient variety of input states can be prepared and fixed. Indeed, it is known that
N = dim A(S(Ha)) + 1 kinds of input states are sufficient for the optimization of
the channel capacity [16].

We will discuss the encoding and decoding system of message transmission and
its asymptotic efficiency when the channel can be used repeatedly. For simplicity,
let H = ‘Hp denote the Hilbert space of the output of the quantum channel. When
the same classical-quantum channel x € X —— W, € S(H) is used n times, we
consider the extended channel:

WOy = xixp e x, € X s W = Wy @ Wy -+ ®@ Wy, € S(H®),

xn

1 We treat the classical channel coding theorem for a class of channels with a certain symmetry in
Sect.9.2
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Fig. 8.2 Classical-quantum channel
ke{1,2,---,M,} message

| encoder d)(")

oM(k) = wi(k) , wa(k) , -, walk)
. 1 ! 1
n
Wiy = Wark) @ Waa(k) ® -+ @ Wo(r)
b decoder X = {X{™, x{(™ ... X{} (POVM on H®")
1€{0,1,2,--- ,M,} measurement outcomes (0 indicates the failure of decoding)

Fig. 8.3 Encoding and decoding process of messages

which is called the stationary memoryless classical-quantum channel. The informa-
tion to be transmitted is called a message and is randomly chosen from {1, 2, ..., M, }.

The problem to send the message via the above channel is called stationary memo-
ryless classical-quantum channel coding. Figure 8.3 describes the process of message
transmission. Prior to the message transmission, each message k € {1, ..., M,} is
assigned to an input sequence W (k) = (x1(k), x2(k) ..., xp(k)) € X", namely the
codeword, and the sender and the receiver agree the list of these assignments, which
is called the codebook. In the communication stage, the message k € {1, ..., M, }is
mapped to the sequence of quantum states corresponding to the codeword ¢ (k) =
(x1(k), x2(k) ..., x,(k)) € X", where the map ¢ is called the encoder, and then
the receiver obtains the sequence of quantum states W;’(Z,z) W= W0 ®- - - @ Wi, (k)
The receiver will apply a quantum measurement on the system under the state
W;’Z,l)) W © decide which message was sent. In classical-quantum channel coding,
it is important to optimize the quantum measurement over the whole composite sys-
tem, rather than to make individual measurements on each system at the output.
Thus the decoder is represented by a POVM X™ = {X(()"), X Yl), e XS‘Z } on
the composite system H®", where the measurement outcomes 1, ..., M, indicate
decoded messages and 0 indicates the failure of decoding. A pair of the encoder and
the decoder ®,, := (¢, X™) is called a code.

When the message k was sent, the success probability of decoding is given by

TrW;'Z,f) (k)X ,E"). Assuming that each message arises with the uniform probability, the

average error probability of the code ®, = (¢, X)) is defined by
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M
| § )
Pe(®n) = 3 > (1 —TeW ) X ) . (8.48)
k=1
The transmission rate or coding rate is defined by R, := % log M,,, which means

how many bits can be sent per one-shot usage of the channel. If the channel is used Ny
times in a second, No R, is the transmission speed and has the unit bps (bit/second).
For a code ®,, = ((b(”), X (”)), let |®,| denote the number of messages M,,. There
is a tradeoff between the error probability P,(®,) and the transmission rate R,,. Our
goal is to make the transmission rate R, as large as possible, under the condition that
the error probability goes to zero asymptotically. The channel capacity C is defined
as the supremum of such transmission rates.

Definition 8.1 (classical-quantum channel capacity)
1
C = sup{R ‘ 3{®,}°° . lim P.(®,) =0, liminf — log |®,]| > R}. (8.49)
=" n—o0 n—-oo n

Note that the channel capacity is defined in the operational manner. Surprisingly,
the classical-quantum channel coding theorem states that the channel capacity is
equal to the maximum of the Holevo mutual information (Sect. 6.3.3), though there
seems to be no apparent relation with mathematical information quantities.

Theorem 8.5 ([1-4]) For a classical-quantum channel W : x € X — W, €
S(H), it holds that

C = I(P; W), 8.50
Pg;g&) ( ) (8.50)

where 1 (P; W) is the Holevo mutual information and P(X) is the set of probability
distributions on X.

The classical-quantum channel coding theorem is composed of two parts:

C < I(P; W), 8.51

R I b

C> max I(P;W). (8.52)
PeP(X)

The inequality (8.51) shows the limitation on reliable transmission rates and is called
the Holevo bound, since it was shown by Holevo [1, 2] in 1970s. On the other hand,
the inequality (8.52) means the achievability of the transmission rate, and it was
proved in the middle of 1990s [3, 4]. After alternative proofs have been developed
[17, 18], a transparent proof based on quantum hypothesis testing has been obtained
[19, 20], which will be introduced in this section. The facts (8.51) and (8.52) are called
the converse part and the direct part, respectively. In the subsequent subsections,
we show the both inequalities.
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8.3.2 Proof of the C-Q Channel Coding Theorem
(Converse Part)

In this subsection, we prove the inequality (8.51) called the Holevo bound
[1, 2], which implies the limitation on reliable transmission rates in classical-quantum
channel coding. Among several proofs of the inequality known so far, we introduce
the original argument by Holevo [1, 2], from which we can clearly understand the
difference between the classical case and the classical-quantum case.

First we show so called the super additivity in classical-quantum channel coding.
Consider n-fold extension of the channel, as shown in Fig. 8.3,

W o x" = xixp-x, € X" > w =

X =

le ® sz e ® Wx” € S(H®n)

For an arbitrarily fixed measurement (POVM) {Y k(")} . On H®", we can define the
classical channel (conditional probability) by

VO k") = Tw Py ™. (8.53)

For an input probability distribution P® = {P (x™)} ncxn on X", the classical
channel V™ induces the output probability distribution Q" defined by

QW)= D PYE"VY (k|x") (8.54)
xtexn
> PO Wy = Tew o v, (8.55)
xteXn

pimy = D nexn P(")(x”)W;Z). Then we can define the classical
mutual information by

where we put w

IO (P™ W™y = 3" PO Dyw (WS | WHD).  (8.56)
xneXn

where Dy(n)(Wx(;l) H W(")

P(,,)) is the classical divergence defined by

(n) n
Zv<”>(k| ") log L KIX) (8.57)

(n)
Dy(n) (W n | W Q(n)(k)

x p(n)

which is the divergence between the probabilities of measurement outcomes, for

density operators W;Z) and W) when the measurement Y™ is performed. We

pm>
now focus on the maximization of the mutual information / ;’(’3> (P (OF W(")) over the

input probability P and the measurement ¥ ™ i.e.,
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c™ .= I})l%( r;lgg( I)%) (P("); W(”)). (8.58)

This quantity satisfies the super additivity.

Lemma 8.5 (super additivity [2])
clmtm > ¢ 4 ctm, (8.59)

Proof Note thatindependent measurements, ¥ ) = {Y " (k)}; on H®" and Y =
(Y™ (1)} on H®", are totally represented by

Y™ @y®™ .= {y™ k)@ Y™ ), (8.60)

and that it is a special case of generalized measurements ¥ ") on @+ In the
same way, the product of probability distributions, P = {P") (x™)} on X™ and
P = (P (x")} on X", is defined by

(P(m) ° P(n))(-xlv e X Xm+1s ""xm-‘rn)

=P™(xy, ..., xn) P(n)(xn-i-l, oo Xngm)s (8.61)

and it is a special case of probability distributions P+ on X™*" Taking them
into account, we have

C"*t — max max I(m+n)(P(m+”)' W(m+n))
P (m+n) y(m+n) y (m-tn) ’

(m+n) (m) | p(). yy(m+n)
> max max [ PPV W . 8.62
el P ’”),P(”) Y(W‘),Y(”) Y(m)@Y(n) ( ) ( )

Note that from the additivity of the classical divergence we have

(m+n) . .
IY(m)®y(n) (P(m) . P(n)vw(m n )

= 100 (P™ W) + 100 (P wm).
Maximizing the both sides over measurements Yy and the probabilities
P™ P the left hand side yields (8.62), while the right hand side leads to
C™ + C" _ Thus we have shown (8.59). O

The operational meaning of C ™ is explained as follows. If we fix a measurement
Y™ on the whole composite system at the output side of the extended channel
W the capacity of the total classical channel from the input to the measurement
outcome, is given by max pu I;’ZZ) (P™; W™) from the channel coding theorem
by Shannon [21, 22]. Then optimizing the channel capacity over the measurement
Y@ yields C ) In other words, C™ is the best achievable transmission rate of the
classical-quantum channel W when any measurements over the n-fold composite
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system are allowed. From the above lemma, the larger composite system we utilize
for the optimization of the measurement, the better performance we obtain for the
transmission rate.

In fact, Fano inequality (Theorem 6.6) in the classical theory leads to the follow-
ing theorem.

Theorem 8.6 (Holevo [2])

cm cm
C < lim = sup (8.63)
n—oo n n>1 N
Remark 8.1 In fact, Holevo [2] showed the equahty C = 11mn_>Oo . However,
we only show the inequality C < lim,,_, oo S~ " here because we use only the inequal-

ity in our context.

. . . o .
Proof From Lemma A.71in Appendix, we can see that lim,,_, oo Cn exists and equals

to supn>1 " We show the converse inequality using Fano inequality in the classical
theory. Assume that R < C. Then, from the definition of the classical-quantum
channel capacity, there exists a sequence of codes ®, = (6™, X™) (n =1,2,...)
satisfying

1
lim P,(®,) =0, liminf—log|®,| > R. (8.64)
n—o00 n—oo n

In the following, we fix the code ®,, = (¢, X)) and let M,, = |®,,| be the number
of messages. Let P be the uniform distribution P (k) = MLM k=1,2,..., M)
on the messages {1,2, ..., M,}, and V" be the conditional probability defined by
VO (k) = Tr W;’(’,f) (k)X,(”). If (K™, L™) is the joint random variable subject to
P™ (k)V ™ (I)k), Fano inequality implies

log2 4 P.(®™)log M, > H(K™|L™) = H(P™) — [(P™; V()
> log M,, — max max I( ) (P(") W),
pm ym
(8.65)

where we used the fact that the maximum of the binary entropy is log 2, H(P™) =
log My, and I(P®™; V™) = 17 (P™; W) Thus we have

log M c™  log2
{I—Pe(cb(”))} o8 = 08Z (8.66)
n n n

It must follow from this inequality and (8.64) that
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log M, c™
R <liminf —22" < Jim — (8.67)
n—00 n n—-oo n
since lim P,(®™) = 0. Thus we have shown that R < C implies R < lim %,
n— o0 n—oQ
which means C < lim C:ln). U
n—0o0

We show a useful lemma concerning the maximization of the Holevo mutual
information.

Lemma 8.6 Given two classical-quantum channels WA x e X > WxA € S(Ha)
and WB :y € Y 1> WP € S(Hp), let

WA (r,y) € X x Vi WY = W2 @ W) € S(Ha ® Hp)

be the tensor product of the channel. Then, for any joint probability Pxy(x,y) on
X x Y, we have

I(Pxy; WAB)Y < I(Px; WA) + 1(Py; W), (8.68)

where Px(x) and Py(y) are the marginal probability distributions of Pxy(x, y).
Especially, we have

max I (Pxy; WAB) = max I (Px; W™) + max I (Py; WB). (8.69)
Pxy Px Py
Proof From the additivity of the von Neumann entropy, we have
> ey HWE) =3 Py ) [HOWD + HOWD))
X,y X,y

=D Px@HWM + D Py(MHWE).  (8.70)
x y

Hence, the assertion can be shown as follows:

I(Px; W) + I (Py; WP) — I(Pxy; WAP)
= HWp,) = D Px()HW}) + HWE,) = > Py(»)H(WY)
x y

— H(Wpe) + > Pxy(x, H(WED)

X,y

=HWp)+HWp)—HWpE) >0, (8.71)

where we used Trg Wﬁfy = W?X, Tra Wﬁfy = Wgy, and the subadditivity of the
von Neumann entropy (Lemma 6.7). ([
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Lemma 8.6 and the monotonicity of the quantum relative entropy (6.53) lead to

(n) n). yy(n) (n). yy(n) .
I (P, W <I(P"; W <n max [(P;W). 8.72
yon ) =1I( ) o max ( ) (8.72)

Combining Theorem 8.6 and (8.72), we can show the converse part of the classical-
quantum channel coding theorem.

Theorem 8.7 (Converse Part [1, 2])

C< max I(P;W). (8.73)
PeP(X)

Proof Since (8.72) implies that % < maxpcpx) I (P; W), Theorem 8.6 yields
the desired inequality. [

8.3.3 Proof of the C-Q Channel Coding Theorem
(Direct Part)

In this subsection we show the proof of the direct part (8.52), in which the existence of
efficient codes to attain the channel capacity is proved. Here we follow the transparent
method by Hayashi-Nagaoka [19], in which the following operator inequality plays
an important role.

Lemma 8.7 (Hayashi-Nagaoka [19]) Let S and T be Hermitian operators such that
0<S<IlandT = 0. Then we have

I—VSHT 'SYS+T ' <2(I—S)+4T, (8.74)

where JSTT " is defined as the operator satisfying Ker+/S + T ' =Ker(S+T)
and JS+TVSTT VST =/STT.2

Proof Let P be the projection to Ran(S + T), i.e., the support of S + T'. Then it
is clear that P commutes with S and 7', and it holds that PS = §, PT = T, and
PJS+T = NS+T y Similarly, let P+ = I — P, then P is the projection to
Ker(S+T). Obviously PL commutes with S and T, and we have PSS =0, P1T =
0,and Pr+/S+ T ' = 0. Thus it is enough to show the following inequalities:

P{I—«/S+T 'SVSFT 1}§P{2(1—S)+4T}, (8.75)

PL{I—«/S—i—T 'SVS+T 1} < PL{2(I — 5) +4T). (8.76)

2 For matrices S and T, /S + 7' is called the generalized inverse.
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Since it is easy to verify (8.76), we show (8.75) below. We can assume that S + T has
the inverse without loss of generality, by restricting the Hilbert space to Ran(S + 7).
Note that, since (A — B)T(A — B) = ATA — A"B — B"A + BB > 0, we have
ATB4+BTA<ATA+B'B.LetA=Tand B = vT(VS+T ' —I). Then we
have

TWS+T ' =D+ (S+T ' = DT
<T4+(SHT ' = DTWS+T '— D). (8.77)

and hence, it holds that

1

[—VS+T 'SVS+T '=S+T 'TVS+T
=T+TWS+T D+ WS+T  -DT
+WSHT  —DIWS+T =1
o 42 /SHT = DTWSFT =1
< +2SHT  —DES+DWS+T =1
=2T +2(I — S+ T)2
=2T +2(S+T+1—-2JS+T)

(b)
<2T +2(S+T +1—28)=2(I—S)+4T
(8.78)

Here, the inequality (a) follows from (8.77), and the inequality (b) is derived from
VS+T > /S > S which follows from the fact that ./x is an operator monotone
function (Appendix A.6.4)and 0 < § < I. O

Lemma 8.8 (Hayashi-Nagaoka [19]) Given n-fold extension W™ : x" € X" —
(n) ; .- .o
fo,' € S(H®") of the classical quantum channel, for any probability distribution
P®™(x) on X" and any real number ¢ > 0, there exists a code ®,, = (¢(”), X ™)

such that

Po(®) <2 > POGHTIWS (Wi —ewl) < 0)
xneXn
+aM, > POETIW I (WS — W)

o) >0}, (8.79)
XneXn

where M, = |®,| is the number of the messages and we put ngz) = D iexn
PO myws.

Proof The proof is shown using the random coding argument by Shannon. First,
we consider an ensemble of codes @, = (4", X)) and show that the expectation
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of the error probability with respect to the ensemble has sufficiently good perfor-
mance. Then there must be, at least, a good code that has better performance than
the expectation.

To make the ensemble of codes, for each message k € {1,2,..., M,} let the
codeword ¢ (k) € X" be generated randomly subject to the probability distri-
bution P (x") independently. The sender and the receiver agree the codebook
{op™ (k)},iu:"1 . The decoder X ™ is made from

S = (W —cWl) >0} (" eam), (8.80)

by regularizing it to be a POVM. For each message k = 1,2, ..., M, let

1 1

2 M, 2
X" (Z S¢<"><z>) S k) (Z S¢<m<;)) : (8.81)
=1

and X m_ - Z i1 Xi (n) , then these operators satisfy the condition to be a POVM.
Applylng Lemma 8. 7 for S=Symp and T = Zl# S (1), We obtain

Pe(®y) = — ZTrW(”)

(n)
g o In = X3

| A

4
E (n) 2 z : (n)
_ TrwW (n) (k) S¢(")(k)) + — Mn Trw Q‘)(’”(k) Sd)(n)(l).
k 1#k

Since ¢ (k) and ¢™ (I) (k # [) are subject to P (x") independently, taking
the expectation with respect to the random coding method, we have the following
relations:

E[P (Pn)]

2 z E[Tew) o Un = Syma) | + —n S S E[TWE S ]

k I#k
= Z Ex» [TrW}{?(I - an)] + — Z Z Eg, [TrExn [W;((,?] SX]

=2 Z P<">(x")TrW;:7)(1n—an)+4(Mn—1) > POGTW ) Sen

xheXn xheXxn

I A

Thus the expectation was evaluated, and hence, there must be a code ¢, =
(¢, X™) satisfying the assertion. O
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Theorem 8.8 (direct part [3, 4])

C> max I(P;W 8.82
z pmax ( ) (3.82)

Proof We show the proof by Hayashi-Nagaoka [19]. Let us apply Lemma 8.8 to the
stationary memoryless probability distribution P"* (x") = P(x1)P(x2) - -+ P(x,) on
X" and ¢ = " (a € R). Then, since we have WI(J'L) = Wf?”, there exists a code
@, = (6™, X™) such that |®™| = M, and

Po(@™) <2 37 PG TEW (W — W < 0)
X"EX"
+AM, D PTG TIWEH W — WET > 0}, (8.83)

xheXn

Let us see that the right hand side is related to the error probability of quantum
hypothesis testing. In the same way as the discussion in (6.63) and (6.64), let {a be
the Hilbert space with the dimension dim 4 = |X|. Let {|x)},cx be an orthonormal
basis for Ha and put Hp = . Then we can define the density operator on Ha ® HB
by

pAB = D P(x)x)(x| ® W. (8.84)
xeX

Since we have ppo = Trglpapl = > ,cx P(X)Ix)x| and pg = Tralpasl =
> vex PX)Wy = Wp, it holds that po ® pg = > cxv P(X)|x) x| ® Wp. Let
p = paB and 0 := pa ® pp. Using the notation [x") = |x1) ® |x2) @ -+ ® |xp),
their n-fold tensor products are calculated as

P = >0 P M @ WY, (8.85)
xteXxn

o= D PN @ W (8.86)
xteXn

Consider simple quantum hypothesis testing between p®" and o®". Then the
Neyman-Pearson test is given by
Sp.a i=(p®" — "0®" > 0}

= > " @ (W — " WE" > 0). (8.87)

xteXn

Thus the error probabilities of the test S, , are written as follows:
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n(Sp,a) = Trp®* (I, — Sn.q)

= > PaTIWI W — e wEn <0}, (8.88)
xheXn
Bn (Sn,a) = Tro®" Sn,a
= > PaMTIWEWE — " WE" > 0}, (8.89)
anX)‘l

Consequently, (8.83) is written by using the error probabilities of quantum hypothesis
testing as

P.(®,) < Zan(Sn,a) + 4Mnﬂn(Sn,a)~ (8.90)

Here note that, from (6.65), the quantum relative entropy between p and o is nothing
but the Holevo mutual information 7 (P; W). Let P be the probability distribution
that attains maxp I (P; W). For any R < I(P; W), we can take a real number a
satisfying R < a < I(P; W). It follows from Theorem 8.3 and Lemma 8.28 that

lim an(Sn,a) =0, 5n(Sn,a) =< e . (8.91)
n—00

From (8.90), there exists a code ®,, with M,, = "X messages such that

Pe(®,) < 2ay (Sn,a) + 4Mnﬁn(sn,a)

_ (n—00)
na

<20, (Sp.q) +4e"R e 0. (8.92)

Thus we have shown that, if R < maxp I (P; W), there exists a sequence of codes
®, = (¢, X™M) satisfying

1
lim P,(®,) =0, liminf —log|®,|> R. (8.93)
n—oo n—-oo n

From the definition of the classical-quantum channel capacity (8.49), we have

C = sup(R| R < max [(P; W)} = max (P W), (8.94)

which asserts the theorem. O

Exercise 8.4 The evaluation of the average error probability can be changed into that
of the maximum error probability by discarding some bad codewords with a certain
ratio (expergation technique). Suppose that a message i = 1,2, ..., M arises with
probability P (i), and each message has an error probability ¢; > 0. Let us rearrange
the messages in ascending order of the error probability e; > 0, and discard the bad
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part of the messages with the ratio 0 < ¢ < 1. That is, the set of the messages can
be dividedinto G = {1,...,(1 —t)M}and B={(1 —t)M + 1,..., M}, and B is
discarded. Let m = max;c; ¢; be the maximum error of the remaining part (good
part). Show that, if the average error probability satisfies zlﬂi { P()e; < e, then

m < ﬁ holds for the maximum error probability. Especially the probability P (i)

is uniform fori = 1,2,..., M, wehavem < .

Exercise 8.5 Show the following properties for the Holevo mutual information.

(1) I(P; W) has concavity with respect to P for any fixed W.
(2) I1(P; W) has convexity with respect to W for any fixed P.

Exercise 8.6 Show the following properties for the Holevo mutual information.

(1) For any density operator 7, we have I(P; W) < > P(x)D(Wy||7).
(2) I(P; W)= min > Px)D(Wl||T).
TeES(H)

Exercise 8.7 If the function of two variables f(x, y) has concavity with respect
to x for any fixed y and has convexity with respect to y for any fixed x, then
max, miny f(x,y) = miny,max, f(x,y) holds [23]. Applying this fact to
f(P, 1) = Zx P(x)D(Wy||7), show the min-max representation of the classical-
quantum channel capacity.

max [(P; W)= min max D(W,||7). 8.95
PeP(X) ( ) TeS(H) xeX (WxlIm) ( )
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Chapter 9
Quantum Error Correction and Quantum
Cryptography

9.1 Introduction

When we send a quantum state via a quantum channel, it is usual that the state
is demolished due to the noise. Quantum error correction is a method to keep the
quantum state from the effect by the noise. In quantum error correction, we transform
the n-qubit quantum system to another quantum system with a larger dimension,
which has a redundancy. Utilizing the redundancy, quantum error correction enables
us to transmit the quantum state precisely by decreasing the effect by the noise. As
the most typical method, we consider the method that uses the three-qubit system
for transmitting the one-qubit system [1], in which, we transform a one-qubit state
a|0) + b|1) to a three-qubit state a|000) + b|111), which is transmitted via the given
quantum channel.

In this case, when the error occurs in only one qubit system, the error can be
corrected as follows. First, we define the projection Py to the subspace spanned by
|000), |[111) corresponding to the no-error event, the projection Pj to the subspace
spanned by [100), [011) corresponding to the event of the error occurring in the first
qubit, the projection P, to the subspace spanned by |010), [101) corresponding to
the event of the error occurring in the second qubit, and the projection Pz to the
subspace spanned by [001), |001) corresponding to the event of the error occurring
in the third qubit, Then, we apply the measurement corresponding to the instrument
{Pi}?zo. When the outcome i is not 0, the error can be corrected by flipping the ith
basis |0) and |1) if the number of errors is less than one. However, the error might
occur in more than two qubits. The above method does not necessarily work well
against a general noise, which is written by a general TP-CP map.

In the following, we treat quantum error correction for the case when the state
reduction by the noise in the quantum communication is given as a quantum channel,
which is mathematically written by a TP-CP map. The sender transforms a quantum
state in the original quantum system to be sent (the message system), to a quantum
state in the input system of the given quantum channel. This process is called the
encoding, and the device to encode or the map is called the encoder. On the other

M. Hayashi et al., Introduction to Quantum Information Science, 231
Graduate Texts in Physics, DOI: 10.1007/978-3-662-43502-1_9,
© Springer-Verlag Berlin Heidelberg 2015
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hand, the receiver transforms the received quantum state in the output system of the
given quantum channel, to a state in the message system. This process is called the
decoding, and the device to decode or the map is called the decoder. In quantum error
correction, the pair of the encoder and the decoder is called a code. We often restrict
our encoder to the isometry into a larger system, in which, the message system can
be identified with the subspace of the input system of the quantum channel. In the
remaining part of this chapter, we summarize the fundamental knowledge of error
correction of the classical system. Then, we discuss quantum error correction. Finally,
we treat quantum cryptography as an application of quantum error correction.

9.2 Algebraic Error Correction in the Classical System

9.2.1 Formulation

We first treat the problem to transmit a bit sequence X" = (X1, ..., X,) taking values
in {0, 1} via a classical communication channel. In the following, for an algebraic
treatment, we treat a bit consisting of {0, 1} as the finite field F, = Z/27Z, in which,
the addition is defined by Fig. 3.1 and the multiplication is defined by Table 3.1. Then,
an n-bit sequence can be treated as an element of the vector space [F; over the finite
field [F», whose detail is explained in Appendix A.7. Hence, we can define the sum
X"+ Y =(X1®Y1,...,X, ®Y,) for arbitrary two elements X", Y" € IF’;.I

In the following, we treat the case when the noise is symmetric. That is, the noise
Y" = (Y1,...,Y,) in the channel occurs with the probability P (¥Y™), and the
signal X" := X" + Y" is received at the output system.” In order to recover the
original message in the presence of the noise, we apply error correction, which is
given as a combination of the encoder and the decoder. The sender transforms the
original message to the input bit sequence, and the device or the process is called
the encoder. The encoder is constructed as a one-to-one map so that there is no
duplication among original messages corresponding to the input bit sequence. The
receiver transforms the received bit sequence to the original message, and the device
or the process is called the decoder. The pair of the encoder and the decoder is called
the code.

When the set of messages to be sent is {1, ..., M}, generally, the encoder is
described as a map ¢ from {1,..., M} to F;, and the decoder is described as a
map 7 from F; to {1, ..., M}. However, when we construct a code by the algebraic
method, we can identify the encoder with the range of the encoder ¢, which is a subset

' The sum in the vector space is written as +, and the sum in the finite field F, is written as @.
Since the sum + has the same meaning as the difference — in a vector space over the finite field F»,
we unify them to +.

2 In the general noise, the probability flipping 0 to 1 dose not coincide with that the probability
flipping 1 to 0. In the following, we assume that these two kinds of flipping probabilities are the
same. Then, the above type description is possible.
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¢ P(n) ) . /4
i fomore - o[ G | Y e}y )

Fig. 9.1 Error correction in the classical channel

[eretertx [ G X" + ¥ st > X" +Y" = J (YD

Fig. 9.2 Error correction with the algebraic structure in the classical channel

of IF’;, and we often define the encoder as a subset of Fg In our case, as is shown in
Fig. 9.1, the message i is transformed to ¢(i) and is changed to X" = ¢(i) + Y" by
the addition with the noise ¥”. When the recovered message 1/ (X'") is different from
i, the error correction is not successful. That is, the error correction is not successful
if and only if Y" = X"" + ¢(i) with ¢(X"") #i.

Since the noise Y”* obeys the distribution P, the (decoding) error probability is
given as ZX/nE]F;:w(X/n)#i P (X™ + ¢(i)) when the original messgae is i. Hence,
the average error probability is given as

M

1 n .

Pe(¢, 1) == D 7 > PPX™ + 6(i))
i=1

X" EFLab (XY i

M
- Zi S POXT 4600

— M
i=1 X" ey ap(X™)=i

The performance of the code is characterized with the pair of the size M of the
message and the average error probability P, (¢, 1). The larger size M guarantees
that we can send more information, and the smaller average error probability P, (¢, 1)
does that we can send information more precisely. As the most popular decoder, we
introduce the maximum likelihood decoder i, which is given by 1y (X'") 1=
argmax; P (X" 4 ¢(i)). The maximum likelihood decoder minimizes the above
average error probability P, (¢, 1) with a given ¢. Hence, we can evaluate the optimal
performance of the encoder ¢ by the average error probability with the maximum
likelihood decoder. When the number n of transmitted bits is larger, a larger size
M of message can be transmitted. In this case, we focus on the transmission rate
log M /n.

Generally, a larger number 7 is required for a code whose transmission rate is large
and whose average error probability is small. However, the calculation amounts of
the encoder and the decoder are larger if a larger number n of transmitted bits is
larger. It is hard to realize the above pair of the encoder and the decoder.

In order to reduce the complexity , we choose the image of ¢ (the codebook) as
a vector subspace C of 3 according to Fig.9.2. In this case, we call C the code
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space. Then, the message set is given as a vector space ]F'; with the size 2€. When the
code space C is a k-dimensional vector space over the finite field I, for reducing
the complexity, the encoder ¢ is restricted to a one-to-one linear map over the finite
field F> from IE"; to C, which is represented by an n-row k-column matrix called the
generating matrix of the code space C. The linear map can be determined by k
basis vectors of C. Hence, the generation matrix can be given by arranging k basis
vectors of C. However, since the choice of k basis vectors is not unique for C, the
generating matrix is not unique for the code space C.

In this construction, the error probability with the maximum likelihood decoder
does not depend on the message. It is also independent of the choice of the map ¢
and depends only on the vector subspace C as long as the map ¢ is a one-to-one
map. In the following, we assume that the encoder is linear map and is give by the
generating matrix G. To see the structure of a decoder, we focus on an n — k-row
n-column matrix H satisfying HG = 0, which is called a parity check matrix of
the code C. A parity check matrix is not also unique for the code space C. When
the received bit sequence X" € I} does not belong to C, we guess that the bit
sequence is changed due to the noise Y". If we correctly identify the noise Y”, we
can recover the original message correctly. Since the original input bit sequence
belongs to the kernel Ker H = H~'(0) = C, the occurring noise Y" belongs to
H Y (HX"™) = H Y (HY").

Hence, given the image of the parity check matrix H X", we can decide the
decoder 1 by choosing the bit sequence J(HX"") e HYHX™ C IF; that has
the largest occurring probability. That is, the received bit sequence X" is decoded
to X" + J(HX'™) € C. If and only if the decoded message coincides with the
original message, the occurring noise Y" belongs to the subset {J(Z)}, ey -

Thus, the correctly decoding probability is given as ZZ e P™(J(Z)), and

does not depend on the original message. That is, the error probability is given

as 1 — zzan—k P™(J(Z)).In particular, when J(Z) is given as argmax yne -1z
2

P (X™), it is written by Jyr (Z) because it gives the maximum likelihood decoder.
In the following, we use the subspace C of Fg as the encoder, and denote the
error probability with the maximum likelihood decoder by 6 px) [C]. When there
is no possibility for confusion, we abbreviate the probability distribution P for
the noise. Since the error probability does not depend on the element X" € C,
0[C] coincides with the average error probability with the maximum likelihood
decoder.

One may consider that the construction of the decoder depends on the choice
of the parity check matrix H. Mathematically, the above discussion can be made
without use of the parity check matrix H as follows. For this purpose, we employ
the quotient space I;/C, which is given as the quotient of 5 by C. (For the
detail, see Appendix A.7.) We denote the element of the quotient space F;/C
whose representative element is X" e [} by [X"]. Since the input bit sequence
belongs to the subspace C of F%, the occurring noise Y” belongs to [X""] (See
Exercise A.29.).
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Hence, given an element of the quotient space [X""] € F3/C, we can decide
the decoder v by choosing the bit sequence J([X'"]) e [X""] C [ that have the
largest occurring probability. In this discussion, when [ X""] is regarded as an element
of the quotient space F/C, it corresponds to HX'". When [X'"] is regarded as a
subset of I, it corresponds to H “L(HX™.In particular, [0] does to the kernel Ker
H = H~'(0). Using this correspondence, the above discussion can be reconstructed
by use of the terminology of the quotient space instead of a parity check matrix. In
the following, we discuss the decoder by using the quotient space.

Example 9.1 (three-bit code) In the case of n = 3, we can consider a typi-
cal code C3y = {(0,0,0)7, (1, 1, 1)7}, which is given by the generation matrix
(1,1, DT. The vector space IF% can be divided to the union of elements of quotient
space as {(0,0,0)7, (1,1, DTYU{(1,0,07, (0,1, DTYU{(0, 1,07, (1,0, DT} U
{(0, 0, l)T, (1,1, O)T}. The representative elements of the respective subsets can be
given as (0,0,0)7, (1,0,0)7, (0, 1,0)7, (0,0, 1)7. Hence, 3/ C 3, can be charac-
terized as {[(0,0,0)"1, [(1,0,0)71, [(0, 1,0)7],[(0,0, DTT}.

In the code, the original message is encoded to (0, O, 07 or (1,1, 1)T. Then,
when the receiver receives (0, 0, 0)7, (1,0, 0)7, (0, 1, 0)T, or (0, 0, 1), the receiver
decides that only the error occurs only in one bit, and decodes it to (0, 0, O)T. Simi-
larly, when the receiver receives (1, 1, )7, (1,1,0)7, (0, 1, )T, or (1,0, D7, it is
natural to decode it to (1, 1, l)T. The decoder is described by the map J defined in
the following way:

J({0,0,007, (1,1, D7} =(0,0,0)7, 7({(1,0,0)7, (0, 1, DT}) = (1,0,0)7,

J({0, 1,07, 1,0, DTH =, 1,07, 7({0,0, DT, (1, 1,00} = (0,0, DT.
9.1)

Exercise 9.1 1In the three-bit code, we assume that the noise Y3 € F% obeys the 3-trial
independent and identical distribution of the probability distribution P = (1 — p, p)
over [F>. Give the map Jyp, corresponding to the maximum likelihood decoder.

When the noise Y € I} obeys the n-trial independent and identical distribution
P of the probability distribution P = (1 — p, p) over I, for p € (0, 1/2), the map
JumL corresponding to the maximum likelihood decoder can be defined as the choice
of the bit sequence with the minimum number of 1 among the equivalent class [ X" ].
Such a decoder is called the minimum distance decoder.

Exercise 9.2 Under the three-bit code, we assume that the noise ¥3 € IF‘% obeys
the 3-trial independent and identical distribution of the probability distribution
P = (1 — p, p) over [F». Calculate the correctly decoding probability with the
maximum likelihood decoder when 0 < p < 1/2.

Example 9.2 (Hamming code) We consider the code space Cg,1 C ]F% defined by
the following generating matrix:
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1000
0100
0010

Gi:=|0001]|. 9.2)
1011
1101
0111

Then, the element of Cg,1 whose first, second, third, and fourth entries are
zero is limited to (0, 0,0, 0, 0, 0, O)T. Hence, in order to give representative ele-
ments of the three-dimensional space IFZ /Cg.1, we can choose them among bit
sequences whose first, second, third, and fourth entries are zero. That is, all of
elements of F}/Cg i are given as [(0,0,0,0,0,0,0)7], [(0,0,0,0,1,0,0)77,
[(0,0,0,0,0,1,077], [(0,0,0,0,1,1,00"], [(0,0,0,0,0,0, H7], [(0,0,0,0,
1,0, 1H71,[(0,0,0,0,0,1, D771, [(0,0,0,0,1, 1, HT].

Exercise 9.3 Give the minimum distance decoder for the above Hamming code C¢ |
with 7 bits. Further, show that the original message can be recovered whatever error
occurs among one-bit errors if the minimum distance decoder is applied.

Exercise 9.4 Under the above Hamming code Cg,; with 7 bits, we assume that
the noise Y’ € IF; obeys the 7-trial independent and identical distribution of the
probability distribution P = (1 — p, p) over F;. Calculate the correctly decoding
probability with the maximum likelihood decoder when 0 < p < 1/2.

9.2.2 Evaluation of Error Probability Under Code Ensemble

As is mentioned in the above section, since the maximum likelihood decoder can
realize the minimum error, the optimal performance of the code space C can be
characterized by the minimum average error probability 6[C] with the maximum
likelihood decoder. However, it is not so easy to evaluate the average error probability
0[C]. Inparticular, when n is larger, the evaluation is more difficult. In order to resolve
the problem, Shannon [2, 3] introduced the idea of random coding. In this method,
we give up to evaluate the respective average error probability [C] for a given code
C, and focus on the ensemble of codes and the expectation value of the average
error probability d[C] with respect to the ensemble of codes. One might consider
that the evaluation of the expectation of J[C] is more difficult than that of 6[C]
for a specific code C. However, a probabilistic method enables us to evaluate the
expectation. Since the original ensemble by Shannon is not an ensemble of code
spaces, we treat an ensemble different from his original ensemble. In particular, we
treat not a specific code ensemble but a code ensemble satisfying a certain condition.
The code ensemble satisfying the condition is closely related to privacy amplification
in the quantum cryptography, and plays an important role in the applied viewpoint.
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In order to give the condition for the code ensemble, we choose the code space
C C I} according to a random variable Z. That is, we denote the code space Cz
determined by the random variable Z. When the code ensemble {Cz}, satisfies the
following condition, we call it e-universal2 [4-6].

Pr{X" € Cz} <e, VX" #0¢eT. (9.3)

The condition for the code ensemble means that the code space Cyz is distributed
almost uniformly in a sense, i.e., there is less bias for the choice of elements of
C7 except for the origin 0. In particular, a 2¢~"-universal2 code ensemble plays an
important role among k-dimensional code spaces, and the example will be concretely
given in Sect.9.2.3. Then, we obtain the following theorem [6, 7].

Theorem 9.1 An e-universal2 code ensemble Cyz satisfies the inequality
Ez0[Cz] < min e206P™), 9.4)
0<s<l

where Ez is the expectation with respect to the random variable Z and
. pn)y . n)yn % 145

o(s : P) = log(ZXne]Fg(P (X)) s )5,
For the proof, we prepare the following lemma.

Lemma 9.1 (Gallager [7]) Given a code space C, the error probability §[C] with
the maximum likelihood decoder can be evaluated as follows with arbitrary real
numbers s, t > 0:

S

glcr< > PmmI ST PO XY ) . ©95)
Xnely X" eC\{0}

Proof of Lemma 9.1 When the code space C and the maximum likelihood decoder
are used, the error probability is given as 6[C] = >y cF P® (X" AmL(X™), where
the indicator function Ay (X™) is given as

Anp(x™) = 1 01F P™W(X") > PMW(X"+X™), VX" eC\{0}
ML " | 1 otherwise.
Using

0if P (X") > P (X" 4+ X'™),

ny .__
Axm(XT) = [ 1 otherwise,

we can evaluate the indicator function Ay (X™) as follows.
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AvL(X™) < D Aym(X"). (9.6)
X" eC\{0}

Then, taking the sth power in the both sides of (9.6) for s > 0, we obtain A,
)
(X" =< (ZX’”EC\{O} Axm (X”)) , which implies that

PM(X" +X™)

n
Bx(X0) = =55 xom)

9.7)
Similarly, taking tth power in the both sides of (9.7) for t > 0, we obtain A ym

) (xn 4 xmy! .. . .
(X" = Agn (XM < %. Summarizing the above inequalities, we have

N

P(n) (Xn 4 X/Vl)t

n
G e I Ty 9.8)
X"eC\{0)
Hence, the error probability can be evaluated as
) '
PW(X" + XMy
(n) yn [ e
5[C] = Z P (X ) Z P(”)(X")’
Xnelf) X" eC\{0}
N
— Z P(n)(Xn)l—st Z P(n)(Xn+X/n)t . (99)
X"el} X'""eC\{0} 0

Proof of Theorem 9.1 Substituting t = 11? into (9.5) for 0 < s < 1, we have

N

BC = X (PO [>T PO+ X"

Xxn EF; X/n ECZ\{O}

Then, taking the expectation with respect to the random variable Z and applying
Jensen inequality (A.13) to the concave function x — x* and the random variable

1
(ZX’”eCZ\{o} P (X" + X’")IT-V), we obtain
Ez0[Cz1<Ez > PP [ > PO 4 x")m
Xnel; X"eCz\(0}

<> Poxmw (B, > POXT 4 X"
XncF X"eCz\(0)
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= > P[> PrX" e C)PM(X" 4 X"

XneF} X"F3\{0}
s
< > PP (e 3 PR E X (9.10)
XneF} X" el

where the final inequality follows from the condition of e-universal2 (9.3). Since
N
(e D oxm eI P (X" + X'™) ﬁ) does not depend on X", the above value coincides
S S
with (€ Xy PO XMT) =€ (Symepy PO X)) Hence, the right
hand side of (9.10) equals the following value.

s 1+s
Z P(n)(Xn)l—_:_xes Z P(n)(X/n)ﬁ —¢ Z P(n)(Xn)ﬁ
X"elF3 X" el X"elF3
— $0(:P™) 9.11)
(]

9.2.3 Examples of Code Ensemble

In the following, we give concrete examples for an e-universal2 code ensemble of
k-dimensional subspaces of I; when € = 25" _Since a code space is determined by
a generating matrix, we construct a code ensemble by constructing an ensemble of
generating matrices.

Lemma 9.2 Let By be the (n — k) x k matrix whose (n — k)k entries are inde-
pendent uniform random variables taking values in IF2. We choose the code space

! ) Then, the code ensemble Cyz is

Cz generated by the generating matrix ( B
z

2k=1_yniversal2.

Proof of Lemma 9.2 In the following, we give a proof for a fixed X" :=
(X1,...,Xy) # 0 e . the probability that X" belongs to the code space Cz
is 0. We also assume that (/, j)th entry of the matrix Bz is given as Z; ;. Hence,
the bit sequence X" belongs to the code space Cyz if and only if there exists a bit
sequence (Y71, ..., Yx) such that 3

k
X;=Y., Xep=@zijry, I=1...n—k t=1..k
j=1

3 Ais the multiplication over the finite field F,, and is given in Table3.1.
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which is equivalent with
k
Xep =@ ZijAXj I=1,....n—k (9.12)
j=1

When the initial k entries of X" are zero, the random variable Xy is independent
of the random variable X, with [ # [/, and takes 0 and 1 with the probability 1/2.
Therefore, all of the above conditions for / hold with the probability 1/2"~*. (]

The above construction requires (n — k)k independent uniform random variables.
However, the number can be reduced at least up ton — 1 [8].

Lemma 9.3 Let Z = (Zy, ..., Z,—1) be n — 1 independent uniform random vari-
ables over . We define the (n — k) x k Toeplitzmatrix Az by (Az);,j = Zn—k—i+js

. . 1
and the code space Cz as the code generated by the generating matrix ) Then,

Az

the code ensemble Cy is 2" -universal2.

Proof of Lemma 9.3 When the initial k entries of X" := (Xy,..., X,) #0 € F;
are zero, the probability that X" belongs to the code space Cz is 0.

Hence, in the following, we consider the case when the initial k entries of X"
contain 1. Similar to Lemma 9.2, we treat Condition (9.12), but we need a modified
treatment. For this purpose, we pick up bits whose value is 1 from & bits X1, ..., X,
and denote the bit with the largest index by X;. Since X; = 1, X" belongs to the
code space C7z if and only if

k
Xist = @D Zns-r47 A X))
j=1
t—1
=Bkt ANX) O Znkrys I=1.....n—k  (9.13)
j=1

because X; =0 and X; = O for j > r.

Now, we focus on Condition (9.13) with [ = n — k. Since Z; is independent
of Z,_1,...,Z1 and Z, takes the value 0 and 1 with the equal probability, the
condition holds with probability 1/2. Next, we focus on Condition (9.13) with / =
u when Condition (9.13) holds with [ = u + 1,...,n — k. Since Z,_j_y,4¢ 1S
independent of Z,, _y_y+¢—1, ..., Z1 and Z,_j_, 4. takes the value 0 and 1 with the
equal probability, the condition holds with probability 1/2. Hence, Condition (9.13)
holds with probability 1/2"%. ]
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9.2.4 Asymptotic Theory

Up to now, we have treated the classical communication channel over the vector
space [, when the noise obeys a general probability distribution on P over the
vector space . In the following, we will treat the case when the probability distrib-
ution P is the independent and identical distribution of the probability distribution
P = (1 — p, p) on the finite field F,. Then, we have

1

d(s : P") =ng(s : P) =n(l + s)log((1 — p)ﬁ + pT). 9.14)

In particular, the analysis of the above case with infinitely large n is called the
asymptotic theory. For the analysis, we treat a code space C, as a subspace of
IF’; for respective n, and focus on the sequence {C,}. Then, we discuss the limit
lim;,— oo [C,] of the error probability with the maximum likelihood decoder and
the transmission rate lim,_, %log |Cy|. The entropy (Shannon entropy) plays an
important role in the asymptotic theory, and is characterized as

H(P) = lim M. (9.15)
s> N

Although we choose the codebook as a subspace of F5, when we choose the
codebook as a subset of ]Fg, the following theorem is known as Shannon’s channel
coding theorem.

Theorem 9.2 ([2, 3]) For a sequence of codes whose nth codebook is chosen as a
subset of I, we impose the condition that the error probability of the code goes to
zero. The maximum transmission rate under the condition is 1 — H(P).

Next, we choose R satisfying
R > H(P), (9.16)

and choose an integer k for n satisfying k = [ (1 — R)n]. Then, we apply Theorem 9.1
to the 2¥~"-universal2 code ensemble given in Lemma 9.3. Since the left hand side of
(9.4) is the expectation of error probability with respect to the code ensemble, there
exists a code space whose error probability with the maximum likelihood decoder is
less than the right hand side of (9.4).

In the following, we treat a sequence of code spaces given in the above. The
transmission rate of the above sequence of codes is 1 — R, Relation (9.14) implies
that the right hand side of (9.4) is 27" M&0=s<1 s R=6(s:P)) Gince Relation (9.15) holds,
due to Condition (9.16), the relation R > @ holds with a sufficiently small s > 0.
Hence, we have maxo<s<1 SR — ¢(s : P) > 0, which implies that the right hand side
of (9.4) goes to zero exponentially for n. Thus, there exists a sequence of codes such
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that the error probability goes to zero and the transmission rate is close to 1 — H(P).
Due to Theorem 9.2, the sequence of codes given here attains the asymptotically
optimal transmission rate.

9.2.5 Error Correction with Confidentiality

If the transmitted information is partially leaked to the the eavesdropper, we need
an additional art to disable the eavesdropper to obtain any meaningful information
from the leaked information. For this purpose, we choose a space C in 5 and a
subspace N of C, and consider the following coding method; the message to be sent
is represented to not an element of C, but the element of the quotient space C/N [9].

The method to encode the message to the quotient space C/N is called privacy
amplification. In the following, we denote the equivalent classes for the division
by the subspaces N and C by [X"]y and [X"]c, respectively. In this case, even
when the received bit sequence is decoded to another element of the same equiv-
alent class with respect to N as the original message, the decode is regarded as
successful. Hence, when the noise Y” obeys the distribution P the correctly
decoding probability with the decoder J := {J([X"]c)}xnceri/c is given as

PU(T + N) = X xncerycxmen PP UAX o) + X™).

In particular, the probability that the message [X"]y € C/N is erroneously
decoded to [X" ]y + [X"" 1y € C/N is given as P {7, N}([X""1y) :== P (T +
X" 4+ N). In this case, if we replace J([X"]c) by J([X"]c) + X" with X" e
N, the finally decoded information is not changed, and then the error probabil-
ity is not changed. The pair of subspaces N C C given here is called a code
pair. In particular, when the representative J(x) of x € [F;/C is given by
argmax yne, > ey PO (X"+X""),itis called the maximum likelihood decoder
for the code pair N C C under the distribution P . The choice of the represen-
tatives yields the maximum correctly decoding probability, and we denote the error
probability with the choice by d p) [C/N]. If there is no possibility for confusion,
we abbreviate the probability distribution P,

Example 9.3 Consider the case with C = F3 and N = C(3). Even if the eavesdrop-
per obtains any one-bit information from three-bit sequence X € ]Fg, the eavesdrop-
per cannot obtain any information for [ Xy € IF% /C3).

For example, assume that the eavesdropper knows only the first bit. If the first bitis
0, since the eavesdropper does not know the remaining two bits, the number of possi-
ble cases is 4. Then, in the respective one case, [ X ]y coincides with the respective ele-
ment of F3/C) = {[(0,0,0)71,[(1,0,071, [(0, 1,0)71, [(0, 0, 1)T]}. Similarly,
if the first bit is 1, in the respective one case, [X]y coincides with the respective
element of F3/C(3) = {[(0,0,0)71, [(1,0,071, [(0, 1,0)71, [(0, 0, 1)T]}. Hence,
even if the eavesdropper knows the first bit, the eavesdropper does not know what
element of ]F% /C3) equals [X]y. The same fact can be shown for the case when the
eavesdropper knows only the second bit or the third bit.
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We consider the above kind of security in the general setting. For this purpose,
we assume that X is the uniform random number on C and the eavesdropper knows
only the iyth bit, the i>th bit, . . ., the i), th bit. Then, we denote the map from an n-bit
sequence to an m-bit sequence of the i;th bit, the i»th bit, ..., and the i,,th bit, by
Piviaim T this case, we can consider that the information [X ]y is secure for the
above eavesdropper when the random variable P'1:22:m (X) is independent of the
random variable [ X]y. To discuss this issue, we define the matrix G/N consists of
the i1th column, the ith column, ..., and the i,,th column of the generating matrix
of the subspace N. Similarly, we define the matrix G- for the subspace C. Then, the
security of the information [X ]y is characterized as follows.

Lemma 9.4 Under the above assumption, the random variable Pivi2esim (X ) is
independent of the random variable Xy if and only if the image of G'y, is the same
as the image of G.

Proof Firstly, we notice that the random variable P72 (X) is independent
of the random variable [X]y if and only if the conditional probability distribu-
ton Ppiyiy...im (x)|[x]y=a ©duals the probability distribution Ppi.iy....im () for any
aeC/N.

Assume that the image of G’y is the same as the image of G-, and choose an
element b € Ran G, = Ran G Under the condition [X']y = [0]y, the number of
cases of Pi1-i2:im (X") = b equals the cardinality of Ker Pi1-22--~im which does not
depend on b. Then, under the condition [X ]y = [x]y, X canbe writtenas X = X'+x
with X’ € N = [0]y. Since PiV:i2oim(X) = Pibizesim (X' 4 Pibizeoin (x), the
number of cases of P12 im(X) = b 4+ Pili2:+im(x) also does not depend on b
under the condition [X]y = [x]n. Hence, the conditional probability distribution
Ppiyig..cim (x)1x7y €duals the probability distribution Ppi.iy....im (x-

Next, we assume that the conditional probability distribution Ppiy.iy....im (x)|[x1y=a
equals the probability distribution Ppiy.ij....im x) for any a € C/N. Since X is the

1 /
IRTG/Cl for any b € Ran GC

Hence, Ppiyiy...im (x)|1x1y=[01y ?) = \Ran]—G’C\ for any b € Ran G/, which implies
that Ran G. = Ran G O

uniform random number on C, Ppiy.iy....im (x)(b) =

Therefore, we can conclude that even when the eavesdropper obtains the i th bit,
the ixth bit, . . ., and the i,,th bit, the eavesdropper cannot obtain any information for
C/N as long as the image of the matrix G'y, is that of the matrix G..

Example 9.4 Define the code space C 3 by the following generating matrix.

111
101

Gy:=|100]. 9.17)
010
001
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We choose the code pair N C C in ]Fg such that N = Cg 3 and Cg 3 C C. (For
example, C = Fg.) A 2 x 3 matrix consisting of arbitrary two row vectors of G3
has the image IF% Hence, under the condition that two bits of X € C are fixed, the
probability that [X]y coincides with an element [X']y of C/N does not depend on
the choice of [X']y. That is, we cannot obtain any information for [X]y when we
obtain only arbitrary two bits of X.

Exercise 9.5 Define the code C¢ 7 by the following generating matrix.

110
011
101
Gy=|111]. (9.18)
100
010
001

Then, show that the code space Cg, contains the code space Cg >.

Example 9.5 As is discussed in Exercise 9.3, any one bit error can be corrected
under the code Cg,1. Hence, when we employ the code Cg,1/Cg,2, we can correct
any one bit error. Cg,1/Cg,2 has the following two elements.

[(0,0,0,0,0,0,0)7]

={(0,0,0,0,0,0,0),(1,0,1,1,1,0,0), (1,1,0, 1,0, 1,0), (0,1, 1, 1, 0,0, 1),
0,1,1,0,1,1,0),(1,0,1,0,0,1,1),(1,1,0,0,1,0, 1), (0,0,0,1, 1, 1, 1)}
((1,1,1,1,1,1, )7

={1,1,1,1,1,1,1),(0,1,0,0,0, 1, 1), (0,0, 1,0, 1,0, 1), (1,0,0,0, 1, 1, 0),
(1,0,0,1,0,0,1),(0,1,0,1,1,0,0), (0,0,1,1,0,1,0), (1,1, 1,0,0, 0, 0)}.

Exercise 9.6 Let N be the code Cg 2. Given two cosets [x]y, [x']v € IFZ/N , We
assume that X and X’ are subject to the uniform distribution over the cosets [x]y
and [x']y, respectively. We choose two bits among seven bits. Show that the two bits
of X coincide with those of X" with probability 1/4.

Exercise 9.7 Let N be the code Cg 2. List up all combinations of three bits that give
a part of information for [X]y.

Exercise 9.8 Let N be the code Cg,1. Given two cosets [X]y, [X ]y € ]F;/N, we
assume that X and X’ are subject to the uniform distribution over the cosets [X]y
and [X']n, respectively. We choose three bits among seven bits. Show that the three
bits of X coincide with those of X’ with probability 1/8.
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Exercise 9.9 Define the code Cg 4 in IF% by the following generating matrix.

1000
0100
0010
0001
0111
1011
1101
1110

Ga = (9.19)

Let N be the code Cg 4. Given two cosets [X]n, [X']y € IF%/N, we assume that
X and X' are subject to the uniform distribution over the cosets [X]y and [X']y,
respectively. We choose three bits among eight bits. Show that the three bits of X
coincide with those of X’ with probability 1/8.

Next, we consider the following setting, which might be strange, but is related to
quantum cryptography. The subspace N is fixed priorly, and we can randomly choose
the code space C containing N according to a random variable Z. In the following,
we call a code ensemble Cz in I satisfying N C Cz and the following condition
e-universal2 extended code ensemble of N [6].

Pz{X" e Cz} <e, VX" €F,\N. (9.20)

Lemma 9.5 For given a subspace N of I, we denote the homomorphism from I
toF5 /N by wy. When a code ensemble Cz of ¥ /N is e-universal2, 71';,1 (Cz)isan
e-universal2 extended code ensemble of N.

Due to this lemma, we can construct a code ensemble required in this subsection,
based on a code ensemble given in Sect. 9.2.3. First, we obtain the following lemma
as a generalization of Lemma 9.1. Its proofis available by replacing T3\ {0} by F5\N
in the proof of Lemma 9.1.

Lemma 9.6 Given a code space C containing N, the error probability 5[C/N] of
the code pair with the maximum likelihood decoder is evaluated by

6[C/N] S Z P(n)(Xn)l—st Z P(n)(Xn +X/l1)t
X"elF X"eC\N

with arbitrary real numbers s, t > Q.

Then, we obtain the following lemma as a generalization of Theorem 9.1. Its
proof is available by replacing F3\{0} and e-universal2 code ensemble by F5\N
e-universal2 extended code ensemble in the proof of Theorem 9.1, respectively.
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Theorem 9.3 When a code ensemble Cz is an e-universal2 extended code ensemble
of N, the inequality Ez0[Cz/N] < ming<s<i es27’(‘“P(n)) holds.

9.3 Quantum Error Correcting Code

9.3.1 Pauli Channel

When we transmit a quantum state via a quantum channel (TPCP map) A, we discuss
how to protect the quantum state from the noise of the quantum channel A. We
introduce the Pauli channel as a typical noisy quantum channel. Since the Pauli
matrix o, given in (2.22) satisfies 0,|0) = [1), ox|1) = |0), we can consider that it
represents bit flip.

On the other hand, the Pauli channel o, gives the flip with respect to the phase
basis |¢;) := \/LE(|O> + (=1)7|1)), i.e., the phase flip 0.|é9) = |é1), 0.|é1) = |éo).
These two matrices satisfy the following commutation relation.

Ox0; = —0;0%.
Hence, letting W(s, t) := 0;02 for (s, 1) € F2, we obtain
W(s, OW(s', 1) = (= 1) " SW(s', £ )W(s, 1).
Next, we focus on the n-qubit system (CHy®n, Denoting the action of W(s, 1) to
the ith qubit system by W; (s, ¢), we define the unitary W" (5) on the quantum system
(C?)®" with 5 := (s,¢) € F3" and s := (51, ...5:), ¢ := (11, ...1,) € F% as follows.

Wn(E) = Wl (Sla tl) R Wn(sn’ tn)-

Hence, defining the symplectic inner product (s;,5p) := D7 ((Sp,i A tai)
® (tp.; A 5q.0)) for5,, 5, € F2", we obtain the commutation relation [10]:

W (5,)W" (5) = (—1) S5 W (5,) W 5,.). 9.21)

Thus, when two vectors s, 5, € F%” are orthogonal in the sense of the above inner
product, the two matrices W" (s,,) and W" (5;,) are commutative with each other.

Now, we consider the case when the unitary W"(s) operates on the quantum
system (C?)®" as the noise with the probability P (5). The state reduction can be
described by a Pauli channel A[P ], which is defined by

AP () = D PPEHW E)pW" (). (9.22)

ScT2n
self3
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(o T | (p)-{mor - Ap)

Fig. 9.3 Error correction with quantum channel

In particular, when the distribution P™ is given as the n-trial independent and
identical distribution P" of the distribution P on F%, we obtain A[P"] = A[P]®".

Further, the entanglement fidelity given in Sect. 6.3.8 of the Pauli channel can be
calculated by use of the formula (6.118) as follows

F2(pmix, A[P™]) = P™(0) (9.23)

because Tr pmix W (0) = 1 and Tr pmixW" (5) = 0 for 5 # 0. Finally, we introduce
a notation for a Pauli channel. When a Pauli channel A is written as the form (9.22),
we denote the probability distribution P deciding the channel by P[A].

9.3.2 Stabilizer Code

Now, we treat quantum error correction, which protects the quantum state when it is
transmitted via a quantum channel (TPCP map) A. In the following discussion, both
of the input and output systems of the quantum channel A are assumed to be written as
the same Hilbert space 7. First, we fix the quantum system to be transmitted, which
is called a message system. Then, we call the device or the process transforming the
message system to the input system of the quantum channel the encoder, and call
the device or the process transforming the output system of the quantum channel to
the message system the decoder [11].

Generally, since the encoder and the decoder change the state, they are given as
TPCP map. When we construct a quantum error correction code by an algebraic
method, it is very often to restrict the encoder to the isometry embedding from the
message system to the input system.* In this case, the encoder can be characterized
by restricting the input system of the given quantum channel.

Hence, when we restrict the input system of the given quantum channel to the
sub-Hilbert space H of 7, we call the sub-Hilbert space H a code space. In this
case, the decoder is given as a TPCP map D from the output system of the channel
to the sub-Hilbert space H), as explained in Fig.9.3.

In the following, we concretely give stabilizer codes, which are the most impor-
tant class of quantum error correcting codes [13—16]. In the case of classical error
correcting codes, we give a code by using the subspace of I/, and call it a classical
code space for distinguishing it from a quantum code space.

Since we need to treat the bit and phase flips in the quantum system, when we
treat the n qubit systems, we treat a subspace N of IF%” The subspace N is called

41t is known that this assumption does not change the asymptotically optimal transmission rate [12].
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self-orthogonal if (5,,5,) = 0 holds for arbitrary s,,5, € N. The orthogonal
complementary space N© of N is definedas N~ := {5, € F2"|(5,,5,) =0, Vs) €
N}. Then, N is self-orthogonal if and only if N C NF.

In the following, we construct a quantum error correcting code based on a self-
orthogonal space N C IF%” Due to the property (9.21), all of elements of {W" (5)}5en
can be diagonalized simultaneously with the form W"(s) = >, fi(5) P;, where
P; is the projection to the simultaneous eigenspace and f; is the map giving the
eigenvalue. Now, we denote the set of the liner map from N to I, over the finite
field F, by N*. Then, the map f; satisfies f;(5,)fi(5p) = fi(s, + 5p) because
W (5 )W (5p) = W' (s, + 5p) holds for s5,,5, € N. Hence, the map f; is given
as f;(5) = (=1)%® with x; € N*. That is, since the eigenvalues of W"(5) are
41, we can assign the simultaneous eigenspace H, C (C?)®" corresponding to
x € N*. Denoting the projection to H, by P, we obtain the following simultaneous
diagonalization:

WG = > (-D)"OP, VieN. (9.24)

xeN*

Since the scalar [5,](5;) := (5, 5;) does not depend on the choice of 5, of the
equivalent class [sp] € F%”/N ':, we can regard [5,] as an element of N* via the
relation [55](5,) = (5p, 5,). Conversely, since an arbitrary element of N* can be
represented by use of an element of ]F%”/N ¥, we can identify IF%”/N Fand N*. In
particular, given 5, € N and 5, € F5", we obtain

D (=D EOW (5) POW" )T = W (5p) W (5)W" )
xeN*

— (_1)[§b](§a)wn(§a) — Z (_1)[§b](§a)+x(§a)Px

xeN*
— Z (_1)([5h]+x)(sa)Px — Z (_I)X(Sa)Pngb]‘
xeN* xeN*

(9.25)

Thus, the unitary W” (5;) maps the sub-Hilbert space H, to the sub-Hilbert space
Ht15,)-

Using the structure, we construct a quantum error correcting code. First, we
choose a sub-Hilbert space Hy corresponding to 0 € N* as our code space . Then,
we choose the representative 5, for a given x € N* = ]F%"/N F, and define the
decoder D(p) := > .+ W" 50 PcpP,W"(5,). Here, we do not have to choose
the representative §, satisfying sy + 5, = Sy, /. In order that our quantum error
correcting code works against the noise effectively, it is better to choose the rep-
resentative 5, such that the relation §, + 5,v = 5,4, does not necessarily hold.
The above constructed quantum error correcting code from a self-orthogonal space
N is called the stabilizer code whose stabilizer is the self-orthogonal space N.
In particular, since we can identify the encoder Hp with the self-orthogonal space
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N in the stabilizer code, we often call N the encoder. In the case of Pauli channel
A[PM™(p) = zmgn P (EW"(5)pW" (5)T, we can think that the error W”(5)
occurs with probability P (5).

When N is a k-dimensional subspace of F,, we have |[N*| = 2k and every
simultaneous eigenspace H, has dimension 2", That is, the code space H has
dimension 2" % Since [NF| = 22"~k we obtain the following formula

T [iNE
TrHy=2"*F="2 - |, 9.26
o IN| IN] ©:20)

Further, we obtain Tr W" (5) |7, = 0 for 5 € ]F%”\N F because the unitary W” (5)
maps an element of the code space Hy to an element of 5. On the other hand,
W"(5) |7, is not a constant scalar for s € N F\N although the unitary W" (5) maps
an element of the code space Hy to an element of Hj.

As a summary, we obtain

0 if5—5c ¢ N

Tr Py ifs—35.€N. ©.27)

TW G =5, = |

Denoting the quantum channel A with restricting the input system to Ho by Az,
and letting J := {5y}ren+, due to (6.118), we can characterize the entanglement
fidelity of the quantum channel D o A, as follows.

Fl(pmix: Do Ap) = D PWG+5) =P"(T +N). 9.28)

xeN*,5eN

Under a given code space H and the Pauli channel A[P"V], the decoder realizing
the maximum entanglement fidelity is given by choosing the representative to be
argmax; o, > sy P™ Gy +5) for x € N* = F3"/NF. The decoder is called the
maximum likelihood decoder for the code space N under the probability distribu-
tion P, As the above mentioned way, the construction of the decoder of a stabilizer
code and the evaluation of entanglement fidelity can be obtained by the classical dis-
cussion for the distribution P,

We employ the sub-Hilbert space H,’ as a code space instead of H and define
the decoder by

Dy(p)i= D W'Ge_) PepP W Gey). (9.29)

xeN*

Then, the quantum error correcting code has the same performance as that defined
with the code space H. For any element [5] € N©/N, the unitary W" (5) preserves
the sub-Hilbert spaces Ho and H,. The operations for these sub-Hilbert spaces do
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not depend on the choice of the representative except for the scalar times. Then, we
denote the action to the sub-Hilbert space H, by W" | _([5]).

Defining the distribution P {7 + N}([5]) := P (J +5+N) for[5] € N7/N,
we have

P[Dy o Ay 1([5])

((W" |24, (ISDIDx 0 Apg,) @ IR)(| I, ) {{Tre, DIW" 3, (ISD))

= dim H2
= P(T +5+N) = PUT + NY(5D, (9.30)

where the vector | X)) € H ® Hpg is defined as | X)) := Zi,j X; jli, j) for a given
matrix X. That is, the application of the above quantum error correction to the Pauli
channel A[P )] yields the Pauli channel with the distribution P {7 + N}.

9.3.3 CSS Code

In this subsection, we concretely give a stabilizer code by use of the structure
IF%” = I} x I} [17-19]. In the following discussion, when we need to distinguish
the first part and the second part in ]F%" = 5 x I3, we denote them by F3 | and
Fg,z’ respectively. Based on the inner product (s[t) := s1#; + - - + 5,1, in F5, we
define the orthogonal complementary space C"™ := {s € F5|(slt) =0, Vt € C} of
a subspace C C %, which is a classical code space . Then, the dimension of C is
n minus the dimension of C, and we obtain the following lemma.

Lemma 9.7 The relation C5 x C = (C| x C2)F holds.

Proof of Lemma 9.7 We can check that C'2" X C'l_ C (Cy x C2)F by showing that
any element of C; x C IF is orthogonal to any element of C1 x C».

Conversely, any element (s,#) € (C; x C»)F satisfies (s'f) = (s|t’) for any
elements s’ € Cy and ¢ € C,. Whens’ = 0, we have s € C;- When ¢’ = 0, we
obtaint € C '1_, which implies the desired argument. (]

Exercise 9.10 Show that Cg1 = Cg,z.

When two subspaces Cy, Co C I satisfy the torsion condition C; C C'Z_ , the
relation C, C C '1" holds and C; x C, C IE‘%” is a self-orthogonal subspace. We call
the stabilizer code based on a self-orthogonal subspace Calderbank-Shor-Steane
(CSS) code. Lemma 9.7 guarantees that (Cy x C)* isisomorphic to F3 / C5 xF4 /CY.
Due to the fact and (9.26), the dimension of the code space Hg of the CSS code can
be given as

Bl |IF2|" IReyRaley ©31)
Cix Cal — [F3/ChI-IF3/Cl IRl '
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In particular, when the dimensions of C lk and C; over the finite field IF, are k1 and
ko, respectively, the dimension of Hy is 2kitky—n
Then, given [s] € C'z_ /C1, we define the vector

IIs]) := D

s'els]

1
y. 9.32
Jic® ©-32)

The orthonormal basis of Hy is given by {|[s])} ech/cr As a generalization of the

vector |[s]), we define the vector based on ([x], [y]) € ]I*’“‘S/CEX]I*?";/CIF = (C; xCy)*
and [s] € C /Cy as follows.

1 /
|[s], [x], [yD) == Z ﬁ(—l)s YIs" +x). (9-33)

s'els]

Then, the orthonormal basis of H x),[y)) is given by {|[s], [x], D’])}[s]ecg/cl-

Example 9.6 When C; = Cy = Cg,2, the above exercise guarantees the torsion

condition Cg2 = C; C C'Z" = Cg’z = Cg.1. Hence, we can define the CSS code

with the stabilizer Cg 2 x Cg 2, and obtain

[(0,0,0,0,0,0,0)71,0,0)
= %O0,0,0,0,0,0, 0)+11,0,1,1,1,0,1) +1,1,0,1,0, 1, 0)
+10,1,1,0,1,1,1)+10,1,1,1,0,0, 1) + |1, 1,0, 0, 0, 0, 0)
+11,0,1,0,0,1,1) +10,0,0,1,1, 1, 0))
1, 1,1,1,1,1,H71,0,0)
1
NG
+11,0,0,1,0,0,0)+11,0,0,0,1,1,0) +10,0,1, 1, 1, 1, I)
+10,1,0,1,1,0,0) +1,1,1,0,0,0, 1)).

(1,1,1,1,1,1,1) +10,1,0,0,0, 1,0) + 10,0, 1,0, 1,0, 1)

In particular, the encoder from C? to Hy is given by
10) = 1[(0,0,0,0.,0,0,0)71,0,0), |1) = [[(1, 1, 1, 1,1,1,1)T],0,0).

Given x € 7}/ C; andy € F}/C ’1_ , we choose representatives s € x C F} and
t € y C ;. Due to Lemma 9.7, a representative of (x, y) € (C; x C2)* is given by
(s,8) € (x,y) C F%". In this case, we can choose the representative s of x depending
on y. This choice can be applied to the case of representative # of y.

When the noisy channel is given by a Pauli channel, we can consider that the error
5 = (s, t) occurs with probability P (5) = P™ (s, t). In this case, the error s for
the first part concerns about the bit basis and is called the bit error, and the error
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t for the second part concerns about the phase basis and is called the phase error.
Hence, in the case of CSS codes, we can apply error correction to the bit error and the
phase error, separately. When two errors s and ¢ are independent of each other, i.e.,

the distribution P (5) is given as the product distribution of two distributions Pl(")

and Pz(") on [F7, we can independently choose representatives s, and ¢, of x € C7
and y € Cj, and can calculate the entanglement fidelity of the quantum channel
D o Ay, as

Fpmi: Do Aw) = D D D> PP, t,) + (5,))

xelFy/Ch yeFs/Cl s'eCrt’eCy

= Z Pl(n)(sx +S/)

xeFy/Ch s'eC;

> P+t . (9.34)
yeF3/Ch reC,

The probability > P/ Pl(n) (sx +§’) realizes the maximum value when

,8'eCq
the maximum likelihood decoder of the classical code pair C; C C’z_ is applied. The
probability Zy €1/ Ch reC, Pz(") (ty + 1) realizes the maximum value in the similar
case. Hence, the maximum likelihood decoder of the CCS code can be realized by the
simple combination of the both maximum likelihood decoders of the both classical
code pairs C| C C; and Cp C CT.

Of course, even though the two errors s and ¢ are not independent of each other, the
relation (9.34) holds as a relation for the respective marginal distributions for s and
t. In this case, when we choose the representatives by use of the correlation between
s and ¢, we obtain a better decoder than the decoder with independent decoding.

When Pl(") (s) is the marginal distribution for the first part IF’z”l and Pz(ﬁ) (tls) is
the conditional probability distribution for the second part Fg’z under the condition

for the first part F7 |, using P2(|nl) (t|s), we can realize a larger (better) entanglement
fidelity than (9.34).
In this construction, we choose our decoder s, € x and £, € y as follows.

We, first, decide the representative s, € x for x € [} /C; based on Pl(") (5). Next,
we decide the representative £, , € y of y € [} /ClF depending on x based on

P2(|nl) (¢]s). Then, the entanglement fidelity of the quantum channel D o A7y, can be
characterized as

Flpmis Do Ang) = D D D0 D> PP(sx, b)) + 6, 1)

xeFy/Ch yeFs/Cl s'eCit’eCy
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= Z P™ (s, +5)

xelFy/Ch s'eCy

> PZ(‘"l) (tey +1]5: +5)
yeF3/ChteC,

Indeed, it is easier to treat 1 minus the entanglement fidelity than the entanglement
fidelity itself because the former value corresponds to the error probability.

In the following, we consider the case when ¢ obeys the distribution P2(|nl) (t|sy)
and ¢, , € y is decided to be #,.s, , which depends on x. That is, we define #,.; :=

argmaxe, > ycc, Pz(‘"]) (t +1t'|s). Restricting the range of the summand for s’ to {0},
we obtain

1 — F2(pmix» D o Aryy)

1= > PGy > Pty +1s0)
xeFs/ch yeF3/Ch reC,
=l1- > P"ew
xeFy/ch
+ > PP |- D Py, + s
xeFs/ch yeFi/Ch teC,
<|t= > P"ey
xelF3/ch
+> PP [1= > Pttt | (9.35)
self; yeFl/Ch e,

The evaluation of the entanglement fidelity can be reduced to the evaluation of the
error probability of the classical code determined by the subspace C2F and the quotient
space C’I_/Cz in this way.
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9.3.4 Asymptotic Theory

In the following, we treat the Pauli channel given by the n-trial independent and
identical distribution P" of the distribution P on IF% Similar to the classical case, the
theory for the above channel with infinitely large 7 is called the asymptotic theory, in
which, we treat a sequence of codes. We treat only CSS codes, i.e., treat a sequence
{(C1,n, C2.n)} of code pairs satisfying the torsion condition. The most important
quantities in the asymptotic theory are the limit of the entanglement fidelity and the
transmission rate, which describes the asymptotic behavior of the dimension of the
quantum system to be transmitted. Since it follows from (9.31) that the dimension

. N leinmleiy o
of the quantum system to be transmitted is GG l‘l’fFlz‘lnz‘”l , the latter is given as
- - - -
. 1 |Cln|'|C2n| . 10g|C1n||C2n|
lim —log————— = lim —M— — 1. (9.36)
n—00 n |Fap | n— 00 n

We also require that the former converges 1.

We suppose that the first part and the second part are independent of each other
in the distribution P on IF% and denote their marginal distributions by P; and P;.
We choose R and R; satisfying

Ry > H(P)), Ry > H(P), (9.37)

and choose k1 := [ (1 — Ry)n] and kp := | (1 — Rp)n] for given n. Then, we choose a
2k1="_yniversal2 code ensemble C ’1_ Zn given in Lemma 9.3, which decides the code
ensemble Cy,z ,. Next, combining Lemmas 9.3 and 9.5, we give a 2k2=1_yniversal2
extended code ensemble C; Zn of C1,z., [20, 21], where the random variable Z’

is independent of the random variable Z. The dimension of C'i Zn is k1, and that

}_
of C2,Z’,n

2kitka—n_ \which implies that the transmission rate is | — Ry — R».
Using discussions similar to proofs of Theorems 9.1 and 9.3, we can evaluate the
expectation of right hand side of (9.35) with respect to the code ensemble as

is k. Hence, the dimension of the quantum system to be transmitted is

Ezz[1- > pPP6o|+|[1- > PPe+r)
xeF3/Cy yeF3/Cl 4
t/ECZ,Z’,n

< min 2°k1=m 0GP -+ min pstha=m)pa(s:Py")

0<s<l 0<s<l

Hence, due to Condition (9.37), the above value converges zero exponentially with
respect to n. Thus, the following rate can be attained [19]:
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l—H(P)—-H(P)=1-H(P),

which coincides with coherent information 1, (pmix; A[P]) given in (6.67).

On the other hand, when the first part and the second part are not independent of
each other in the distribution P on ]F%, we can apply the same discussion to the right
hand side of (9.35). A similar discussion yields that the rate 1 — H (P) [19] can be
attained [22].

9.4 Application to Quantum Secret Communication

9.4.1 Channel to the Environment System

If we succeed in transmitting a quantum state with keeping the coherency and with-
out any error in the quantum channel, the information transmission has the perfect
secrecy [23]. However, the real quantum communication does not necessarily keep
the coherency. In order to treat the secrecy for such a case, we need to clarify how the
information is leaked to the environment system. In this subsection, when a quan-
tum channel A is given, we treat the quantum channel whose output is the quantum
state leaked to the environment system of the given quantum channel A. For this
purpose, we consider the Stinespring representation (5.71) of the quantum channel
A, in which, Hg is the environment system, pg is the initial pure state in the envi-
ronment system, and U is the unitary evolution of the composite system H & HE.
Then, the information leaked to the environment system can be given by the quantum
channel to the environment system Ag(p) := Tryy Up ® peU . Note that the quan-
tum channel Ag does not depend on the choice of Stinespring representation. That
is, the quantum channel to the environment system based on a different Stinespring
representation is given by addition of isometry to the quantum channel to the original
environment system.

Then, applying the Kraus representation { F;, }, we can characterize Ag as follows
because U = 3, Fulm).

AE(p) = D (Tt FupFy)|m) (m'|. (9:38)

m,m’

Then, due to (9.38), the quantum channel A[P™]g to environment system of the
given Pauli channel A[P ] is given by use of the basis |5,) of environment system
as follows

ALP™Ig(p) = D" VPO GEa)V PO Ep)[Tr W (50) pW" (—35)115) (5.

Sa.5p
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When the input state is given by a bit base |s), we obtain W (5,)|x) = (=1)'*
|x+s), where 5, = (s, £). Hence, we can characterize the output state of the quantum
channel A[P®™]g to the environment system as

AP Ig() D) = D /PO Ga)y/ PO () (W (=55) W" () ) [5a) (55|

SasSh

= 3P0y PO ) )5 ) )

st t

> VPO s, 0 PO s, 1) (1O (5, )65, )

sttt

=> e \/ Py (t|s>\/ L€ 1) (=D s, 0) (5, )
s

tt

=>" P (5)pE,s ).
N

where i« (1) i= 3/ P51 tls)y PR @) (= D s,0)) (5. ).

Finally, we introduce the coherent information I.(p; A) as the quantity
describing the amount of the coherency kept by the quantum channel. We treat
the coherency of the channel A, here because the channel Ag to the environment
system is closely related to it. Let the input system of A be Ha, the output system
be Hg, the state on the input system Ha be p, and the purification of p by extending
the input system from Ha to Ha ® Hr be |®). That is, |®) is the pure state on
Ha ® HR satisfying Trg |®)(P| = p. Then, the coherent information is given by
Ic(p; A) == H(A(p)) — H(A @ Ir(|P)(®])) [24].

Using the Stinespring representation U, pg of the channel A (pg is a pure state),
we obtain H(Trgr U ® [(|P)(P| ® pE)UJr QI = HA ® Ir(|P)(P])) because
U®I(|PHP| ® pE)U% ® I is the purification of the state A ® Zr(|P)(®P|) on
the system Hp ® H. Since Trgr U @ I1(|ON(PNUT @ I = Trg UpUT = Ag(p),
we have I.(p; A) = H(A(p)) — H(Ag(p)). In particular, when p is the completely
mixed state ppix and A is a Pauli channel A[P™], we obtain I.(pmix; A[P™]) =
n — H(P™) because of

H(Ag(pmix)) = H(P™). (9.39)

Exercise 9.11 Show (9.39).

9.4.2 Leaked Information Without Privacy Amplification

In general, it is not easy to know what amount information the eavesdropper obtains
from the information leaked to the environment system. Hence, we need to discuss
the secrecy by assuming that the eavesdropper obtains all of the information leaked
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to the environment system of the channel A. In the following, we evaluate the leaked
information. For this purpose, we give a framework for discussing the secrecy of the
respective channel, quantitatively.

The information leaked to the eavesdropper can be evaluated by the correlation
between the input and output systems of the channel AEg to the environment system.
The first criterion is the Holevo mutual information given in (6.60). When the state
|x) is generated in the input system with probability Q™ (x), the quantum state
of the diagonal elements of the eavesdropper’s average state >, Q(")(x)pE,s (x) is

> P2(|nl) (t]s)|(s, 1)) {(s, t)|. Hence, due to (2) of Exercise 5.12, we have

HO 0" )pes()) < HO PV Es)|6.0) (6. 0D, (9.40)
X t

where the equality holds when Q™ is the uniform distribution.
Since pg ¢(x) is a pure state, the Holevo mutual information is calculated as

1(Q™; Ap) : H(AE(Z Q™)) (x1)) — Z 0" (x)H (A (Ix)(x])
= H(Z 0" (x) Z P ®)pes) = D 0" @HS P (9)pgs (1)
=> Pf”><s)<— log 2" ) + HS_ 0™ (1)pp.s(x)))
; R

~>0M@ > P ()(~log P"(5) + H(pp 5 (x)))

<> P s)(~log P (s) + H(Z PYR €ls)1(s,0) (5,01 > 0™ (x)pE (1)
-> 0" Z P (5)(—log P{" (s) + H (pE5 (x)))

=> Pf”><s)H(Z P @ls)1(s, 0){(s, D). (9.41)
;

Theorem 9.4 [21, 25] Let X' and X’} be the random variables of the first and second

parts of ¥, and H pw (X51XT) be the conditional entropy under the probability
distribution P Then, the distribution Q™ for the input satisfies

1(Q™; A[P™]g) < Hpw (X51X}) < Hpw (X) = H(P\™). (9.42)

The equality in the first inequality holds when Q™ is the uniform distribution Py;y.

Applying Inequality (6.45) to the random variable X/;, we obtain

H(P) < (1= P 0))n + k(1 — P (0)). (9.43)


http://dx.doi.org/10.1007/978-3-662-43502-1_6
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Theorem 9.4 implies
1@™; ALP™IE) < (1= PV O)n+h(1 = P (0). (944

Due to this inequality, we can evaluate the information leaked to the eavesdropper
by the error probability 1 — P2(") (0) with respect to the phase basis.

Proof of Theorem 9.4 Using (9.41), we have
10" Ap) <> PO HO Py tl9)l(s. 0) (5. 1))
s t
= Hpw (X31XY) < Hpo (X3) = H(P"),

where the final inequality follows from (6.39). The equality condition can be obtained
from the equality condition of (9.40). U
Now, we define states pag, pa, and pg as

PAE = Z 0" (x)|x)(x| ® Ag(Ix){x]), pa :=Tre pag, pE = Tra paE.

X

Then, the Holevo mutual information / (Q("); AEg) is given as the quantum relative
entropy D(patllpa ® pg) between the real composite state pag and the product state
pa ® pg of reduced densities.

Based on the fact, as another criterion, we consider the trace norm of the difference
between pag and pa ® pE as follows.>

di(Q"™ : Ag) =llpaE — pa ® pEll;
=> 0" @IAE(x)x]) — A QP @) x) Dl (9.45)

Taking the maximum for the trace norm, we obtain the following criteiron.

dimax(Q™ 1 Ap) == max  [Ap(x)(x]) — Ap(x)(x'DI1-
x,x:0M (x)>0

This quantity represents the best situation for the eavesdropper. Then, the following
theorem holds.®

5 Renner [26] proposed the criterion ||pAE — pmix @ pEll1 so called universal composability, in
which, the reduced density pa is replaced by the completely mixed state ppix. In our case, since pa
is the completely mixed state, both criteria coincide with each other.

6 An evaluation formula slightly different from Theorem 9.5 is known [27].
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Theorem 9.5

di (Pmix - A[PPg) < 3\/1— P (0) (9.46)
dimax (Q™ : ALP™1g) < 4/1 — PI(0). (9.47)

Proof of Theorem 9.5 Since the matrix of the diagonal elements of pgs(x) is
>, Pyf) @19)[(s. £))((s. £)]. applying (A. 59) to the case of E; = |(s. 0)){(s, 0)], we
obtain

lpE.s(¥) = D Py (Els)] (. ) (5. D11 < 3,/1— P57} (Ols). (9.48)
t

Applying Jensen inequality (A.31) to the concave function x — 4/x, and taking the
expectation with respect to s, we obtain (9.46) when Q(”) = Pnix.

Since trace distance d(A, B) := %HA — BJ|; satisfies the axiom of the distance,
applying (A.48) to the same case as the above, we obtain

llpE,s (x) — PE,s(x/) Il

<llpe.s(x) = P51 (0Is)1(s, 0)){(s, )]l
+ 1125 (019)](s. 0))((s. 0)] — pE.s (X1

<4,/1- P} (Ols).

Applying Jensen inequality (A.31) to the concave function x +— 4/x, and taking the
expectation with respect to s, we obtain (9.47). ]

In the case of Pauli channels, the information leaked to the environment system
can be evaluated by error probability 1 — Pz(n) (0) concerning the phase basis.

This type evaluation can be extended to the case of a general quantum channel A
as follows. We define the twirled channel A of the quantum channel A as

_ 1 - - R R
Ap) = Z ”F%n'W”(—s)A(W”(s)pW"(s)T)W"(—s)T. (9.49)
5eF3"

Then, the quantum channel K_is a Pauli channel. Hence, we can choose a probability
distribution P™ such that A = A[P™]. The following theorem holds for the
probability distribution P [22, 28, 29].

Theorem 9.6 The twirled channel A[P"™] for any general quantum channel A
satisfies

I(Pmix: Ag) < H(PY”) < (1 — PSP (0)) log [F4| + h(PSV(0))  (9.50)
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di(Pmix - AE) < 31— P (0). 9.51)

In the above case, when the message to be transmitted obeys the uniform
distribution, we obtain an evaluation similar to the case of Pauli channels under
the criteria I (Pnix; Ag) and di(Pnix : Ag). However, when we adopt the criterion
d1.max(Pmix : Ag), which focuses on the best situation for the eavesdropper, we
cannot obtain a similar evaluation.

9.4.3 Leaked Information With Privacy Amplification

When the error probabilities with respect to the bit and phase bases are sufficiently
small for a given quantum channel A, a reliable and confidential communication
with small error and small leaked information is available. However, when these
error probabilities are large in a given quantum channel A, and we use the channel
A directly, our communication is not reliable or confidential, i.e., it might have a
large error probability and be leaked to the third party. However, if we correct the
errors in the bit and phase bases by applying quantum error correction explained in
Sect.9.3.2, we obtain a reliable and confidential communication with small error and
small leaked information. In this scenario, the leaked information can be evaluated by
the error probability in the phase basis of the quantum channel obtained by application
of quantum error correction to the original quantum channel.

When a quantum channel is given as a Pauli channel A[P"™], we apply the
quantum error correction by the CSS code based on the classical code pair C; and
C satisfying the torsion condition. Then, we consider the decoder D based on the
representative (Spy], fjx],[y)) of ([x], y]) € IE‘;/C'{ X ]Fg/C'_ = (C; x C2)*. In this
case, we can define the code space H y],[y}) depending on the element ([x], [y]) €
F4/C5 xF3/C = (C1 x C2)*. The bit basis of the code space H,(jx],[y)) is generated
by the vectors |[s], [x], [y]), which depends on [s] € C'z_ /C1. When the input state
is a bit base of the code space H x1,[y7), we define two output states as follows.

Wi 1 (8D :=ALP ™ Is([s], [x], [y1) (Is], [x], y])
Wi ([8]) :=(D o ALP™ e (|[s], [x], [y1)([s], [x], [¥])).

The former represents the eavesdropper’s state when the eavesdropper can access
only the environment system of the channel A[P"]. The latter represents the eaves-
dropper’s state when the eavesdropper can access the environment system of the
decoder D as well as the environment system of A[P™]. The latter is not real-
istic, but can be easily treated by the discussion in Sect.9.4.2 because the channel
Do A[P™]is the Pauli channel defined by the probability distribution P {7 + N},
as is mentioned in Sect. 9.3.2. Further, since the latter has wider accessibility than the
former, the amount of information leaked to the latter is larger than that to the former.
That is, the environment system of the channel D o A[P™] is written as Hg ® Hp
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Fig. 9.4 Virtual receiver and quantum
virtual eavesdropper channel decoder with dual basis
sender A[P™] D .

. receiver=ssgssssass » Virtual
encoding : receiver
with code :

1 v
C2 /C1 eavesdropper virtual eavesdropper
f ‘e, ‘o" D
‘A »
stronger eavesdropper

£, ®@F

when the environment system of the decoder D is H p and the environment system
of the channel A[P™] is Hg, which can be operated by the eavesdropper. Thus,
the above argument is a conclusion obtained mathematically from the information
processing inequality with respect to the partial trace for 7 p. The situation can be
easily understood by considering the virtual receiver, the virtual eavesdropper, and
the stronger eavesdropper, as is explained in Fig.9.4. That is, the above argument
can be summarized as the Holevo mutual information 7 (Q; Wix [y)) between the
eavesdropper and the transmitted message in bit basis subject to the distribution Q
on Ch /Cy in the following inequality (9.52).

1(Q; Wiy < 1(Q; Wixg 1) (9.52)
<H(P™{J + N}) (9.53)
<(1 = P™{T + N} (0) logdim Hyp y) + £(P™{T + Nh(0),  (9.54)

where (9.53) follows from the application of Theorem 9.4 to the case of N = C1 x C»
and J = {(Six], Eix1,[y) ) (i1, [y) en* - Inequality (9.54) follows from Inequality (9.43)
for the binary entropy A (p).

When we define 7. [x] := {t[x].[y}[y]> the probability P {7 + N}»(0) is the
probability that no error occurs in the phase basis with the quantum error correction,
and is calculated as

PT+NpO) = > P (xD Py (Ta e + Callx]). (9.55)
[x]eFs/Ch

Then, Theorem 9.5 and the information processing inequality yield that

di (P - Wiel, 1) < i (P - Wiey) < 31— POLT + NJ(©)  (9.56)

d1.max(Q : Wixpp1) < di,max(Q : W[x],[y]) < 4\/1 — PO{T + N} (0). (9.57)
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Hence, when we choose our quantum error correcting code so that the probability
1— PM{ T+ N},(0) is sufficiently small, we obtain a reliable communication whose
secrecy is guaranteed.

However, in order to perform quantum error correction, we need a quantum
operation, which requires a large amount of cost. When the quantum channel is
given as a Pauli channel A[P™], applying the classical error correction with the
privacy amplification based on the code pair C; C C ’2_ in I} explained in Sect.9.2.5,
we can guarantee the security that is equivalent with the security based on the above
quantum error correcting code by the CSS code [30]. For a given [x] € [}/ C'z_ and
[s] € C; /C1, we consider the case when Alice generates an element s’ € [x + bx]
with equal probability. In this case, Eve receives the averaged state

1
Winix, (] () 1= > WA[P<">]E(|s/+x><s’+x|).

s'els]

When [x] = [0], the averaged state Wpix [0j(s) has another mixture form as follows

1
Winix,0/8) = | Gl 01,1 ([sD-

yleF;/Cy

Then, using the joint convexity of quantum relative entropy and the trace distance
((iv) of Lemma 5.5 and (ii) of Lemma 5.9), we can evaluate the information of the
classical-quantum channel Wx (0] from Alice to Eve, which can be regarded as the
leaked information to Eve [21, 27].

1
1(Q; Whix,j0) < Z —1(Q : Woyly)

C
Ly]eng/cfl 2|
1
A (Q : Waixjo) < D, ﬁdl(Q : Wiop.iy)
leFy/Cl 2
1
di,max(Q : Whix,[0) = Z ﬁdl,max(Q : Wionpy)-
leF;/Cl :

Thus, due to (9.52), (9.54), (9.56), and (9.57), the respective right hand sides can be
upperly bounded by the right hand sides of (9.54), (9.56), and (9.57).
Now, we define

Spm[[C1 x Ca]] :=1 — max P™AT 4+ C1 x C2}2(0) (9.58)

jz{i’r}xe(Cl xCop)*

for a given code pair C; C C'z_ in [F7. Then, the following theorem holds.
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Theorem 9.7 When we apply the classical error correction with the privacy ampli-
fication based on the code pair C1 C C'z_ in % to the Pauli channel A[P™], the
following relation holds for an arbitrary probability distribution Q on the input
system C'Z_/Cl.

1(Q; Whix,10) <dpm[[C1 x C2]llogdim Ho + h(6pm[[C1 x C2]])

d1(Q : Whix,j0) <3v0pm[[C1 x C3]]
d1,max(Q * Whnix,j01) <4v/0pw[[C1 x C2]].

On the other hand, similar to the case of a Pauli channel, we define the output
states Wiy, y1([s]) and Wix, [x] (s) for the environment system of the general quantum
channel A. Then, we can show the following theorem by using Theorem 9.6 [22].

Theorem 9.8 When we denote the twirled channel of a general quantum channel A
by A[P™], we obtain

1 .
> ——1(Q: Waixx)) <0pm[[C1 x C2]]logdim Mo

C
[x]eIF’z’/C’2'| 2|
+h@pmwl[C1 x C211) (9.59)
1
> Gy 1 Prix : Wi ) <33/8pm[1C1 x Call. (9.60)

[x]eF3/Ch

Since (C; x C3)* is isomorphic to FS/C'Z_ X FS/C'_, assuming that s , has the
form (s, ty) for (x, y) € ]Fg/C'z_ X Fg/C’_, we have the following from (9.55).

P(n){{(sx’ty)}(x,y)eIFg/c;ng/c; + C1 x C2}2(0)
= Pz(")({ty}yewg/q + ). 9.61)
because the  probability  distribution of the second input of
P {{(sy, )} .yyerctxim e + €1 x Co} can be characterized by the distrib-

ution Py of the second input.
Hence, comparing the range of the maximization with respect to
J = {Sx}xe(c, xCy)*» We obtain the inequality

dpwllCrx Call < 1= max  P"(Jo+C) = d,mICT/Cal. (9.62)

Jo=lty yeRs/ch
When the errors in the bit and phase bases are independent in the probability
distribution P™ even when the representative E(x, y) has the general form (s y, £y y),

Relation (9.55) yields

PO {2y tr)) vyt et + C1 % C212(0)
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= > Pf’”(x)P;”>({tx,y}yng/cT+Cz), (9.63)

F
xelf;/Cy

which implies the equality in (9.62).

On the other hand, when we know only the marginal distribution Pz(”) and do not
know the correlation between the bit and phase bases while there exists a stochastic
correlation between both bases, we can evaluate only § p () [[C1 x C2]]. However, since
Relation (9.62) holds, we can use the formulas (9.59) and (9.60) with substituting
0 p[CY/Calinto dp [[C1 x C21l,

In the following, we consider a more practical setting, in which, we can perform
only operations for the bit basis. The code Cg is used for the error correction in the
bit basis and the subcode C is used for the privacy amplification in the bit basis.

For the error correction, we need to use a code whose encoding and decoding
algorithms have been established because the code for the error correction has the
problem of the decoding complexity. However, we do not have to consider the decod-
ing time for the code C; for the privacy amplification. Hence, we choose an m-
dimensional code ensemble for C; such that the dual code C ']_ is a 27 ™-universal2
extended code ensemble of C>. The above code ensemble of C is denoted by C; 7.
Then, Theorem 9.3 yields

o p)
Ez6,m[C,/Ca] < min 2062 )—m
VA Pz()[ 1,Z/ 2]—05s51

which enables us to evaluate the average performance.’

9.5 Application to Quantum Cryptography (Quantum Key
Distribution)

Thanks to the previous discussion, when the bit and phase error rates are known,
we can realize secure and reliable communication by applying the classical error
correction and the privacy amplification. However, it is difficult to guarantee that
the phase error rate is less than a certain level. Quantum key distribution (QKD)
is a protocol enabling us to check that the phase error rate of the communication
channel is less then a given threshold. Hence, the protocol enables two distinct
parties to securely share secret random number. The most fundamental QKD protocol
is the attachment of the classical error correction and the privacy amplification to
BB84 protocol proposed by Bennett and Brassard in 1984 [31]. In this book, we
identify quantum cryptography with quantum key distribution because we do not
treat any quantum cryptographic except for quantum key distribution while quantum
cryptography means all of cryptographic protocols based quantum system, in general.

7" As another method for the security analysis, the method based on the universal2 property of the
Hash function is knwon [26].
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First, we describe a QKD protocol given as an attachment of the classical error
correction and the privacy amplification to the original BB84 protocol, which is
called modified BB84 protocol [30, 32, 33].

(1) Transmission:

(2) Reception:

(3) Basis matching:

(4) Error estimation:

*)

(5) Error correction:

(6) Privacy amplification

Alice (sender) randomly selects the bit or phase basis
with probability %, randomly chooses a bit 0 or 1, and
decides the state with the the selected basis. Then, she
sends the state via the quantum channel. She repeats the
process many times.

Bob (receiver) randomly selects the bit or phase basis
with probability %, and performs the measurement cor-
responding to the selected basis. Then, he obtains a ran-
dom bit O or 1. He also repeats the process many times.
Alice and Bob exchange their basis via the public chan-
nel. They keep the bits corresponding to the matched
bases,’ and discard the remaining bits.

Alice randomly chooses check bits with the ratio «
among the matched bases with respect to the both bases.
She sends Bob what bits correspond to the check bits via
the public channel. Alice and Bob exchange the check
bits via the public channel. They estimate the bit error
rate py; and the phase error rate pphase.

In the following, we describe the protocols for error cor-
rection and privacy amplification. While steps (5) and
(6) deal with the bit basis, we apply the same process
to the phase basis after steps (5) and (6). We call the
obtained bits in the bit basis the raw keys and denote
their length by n. We denote Alice’s and Bob’s raw keys
by s and s’

Alice and Bob choose a classical code C'2_ in I} that cor-
rects the error between s and s’ dependently of the esti-
mated bit error rate py;;. They prepare a set of representa-
tives {s[zs] }[s] Ry which will be used for the decoding

of the code space C2F . They also prepare another set of
representatives {slls] Ys) Ry /Ch They exchange the infor-

mations [s], [s'] in the quotient space IFg/C'z_ via the
public channel. Alice obtains the element x := s — s[ls]

in C'Z_, and Bib obtains the elementx’ := s’ —s[ls] —s[zs,_s]
in C5.

Alice and Bob choose a subspace C; of C'Z_ such that
the code pair ClF /C> can correct the error subject to

the probability distribution P2("). Alice and Bob keep

8 In this book, when Alice’s basis is the same as Bob’s basis, the basis is called matched.



266 9 Quantum Error Correction and Quantum Cryptography

the elements [x], [x'] in the quotient space C; /C1 as
the final keys, respectively.

Here, since the representatives {s[zs]}[s]ng Jci are used for error correction, they
choose them by taking into account the complexity so that the error probability is
sufficiently small. On the other hand, since the other representatives {slls]}[s] eFy/Cy

are used for transforming s to the element s — s[ls] of C2F , the error probability does
not depend on their choice. Hence, they can choose them with small complexity.
Due to the above discussion, they need to choose the code C, with representa-
tives {s%s]}[s]e]Fg ey whose complexity is sufficiently small. Since the code space C
does not require the decoding, they can randomly choose C under the condition that
C,ccC '1_ More concretely, they choose C ']_ as an e-universal2 extended code ensem-
ble of C7 [6, 27].

When A is the quantum channel transmitting the n raw keys, the security of the
obtained final keys is equivalent with the security of the message transmitted via the
quantum channel A, which is evaluated by Theorem 9.8 [30]. Hence, when A[P™]
is the twirled channel of A, the security can be guaranteed by use of (9.59) and (9.60)
based on the probability distribution P, The process for estimating P is Step (4)
Error estimation. In the method, it is impossible to estimate the correlation between
the phase error and the bit error even though there exists a stochastic correlation
between both errors. However, due to (9.62), the security can be evaluated by (9.59)
and (9.60) with replacing d p [[C1 % C2]] by 6P2(n) [C]F/Cz].

When Cj is chosen from the above ensemble, the average performance can be
evaluated as follows. The right hand sides of (9.59) and (9.60) are convex functions for
) P [C IF /C>]. Letting WE(x) be the eavesdropper’s state corresponding to Alice’s

final key x and Q be the probability distribution of Alice’s final key x, we obtain the
following inequality from (9.59)

Ec,1(Q, WF) = (Ec,0,0[Cy/Ca])logd + h(Ec,d,m[Cr/CaD),  (9:64)

where d is the size of the final keys. When Alice chooses the bits subject to the
uniform distribution in Step (1) Transmission, Alice’s final key x obeys the uniform
distribution Ppix. Then, due to (9.60), we obtain

Ecdi (Pmix, WE) < 3,/Ec; 0,0 [C / Cal. (9.65)

On the other hand, the above evaluation cannot be applied to the criterion
Ec, d1,max (Pmix, WE), which describes the best case for the eavesdropper. Hence,
we need a little modification. That is, Alice generates the bit subject to the uniform
distribution in Step (1): Transmission, and modifies Step (5) Error correction as
follows. We call the protocol obtained from the modification BB84 protocol with
twirling modification [21, 27].
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(5) Error correction Alice and Bob generate random numbers from s and s in the
following way, respectively. Alice generates other random
numbers x € C’Z_ ,and sends y := x — s via public channel to
Bob. Bob performs the error correctiontoy +s = x —s +5/,
and obtains the random numbers x’ € Cg .

We denote the quantum channel transmitting the n bits raw keys by A. The eaves-
dropper’s information for x € I in the above modified protocol coincides with that
of the following protocol. This fact can be shown because the state in the bit basis is
invariant with respect to the action of the unitary W" (s, 0).

Protocol A Alice generates the random number x subject to the uniform distrib-
ution on C'z_ , and the random numbers y and z subject to the uniform
distribution on [F}. She sends Bob y and z via the public channel. She
sets the initial state to be |x), and operates the unitary W" (—y, —z) to
the initial state. Then, she sends Bob the quantum state via the quantum
channel A. Bob receives the output state of the quantum channel A,
operates the unitary W”(y, z) to the output state, measure it with the
bit basis, and obtains the bit sequence x”. Finally, Bob applies error
correction to the bit sequence x”, and obtains the bit sequence x’ € C5 .

In the above Protocol A, Alice’s operation is equivalent with the operation sending
the bit sequence x € C; via the twirled channel A[P ] of the quantum channel A
[19, 27].

If the eavesdropper can control the environment systems of the quantum channel
A and knows the choice of (y, z), the eavesdropper’s information coincides with
the information in the environment system of the Pauli quantum channel A[P ],
Hence, since the security analysis of BB84 protocol with twirling modification can
be reduced to that of Protocol A, it can be reduced to the security analysis of Pauli
channel A[P™], and can be analyzed by the formula (9.47). Hence, letting Q be
the probability distribution of Alice’s final keys x, we obtain the following relation
from the concavity of the right hand side of (9.47) [27].

Ecidimax(Q : W) <4, /Ec, 0,0 [CT/Cal.

The true distributions Pl(n) and Pz(") are sufficiently close to the n-trial indepen-
dent and identical distributions of (1 — pyit, pbit) and (1 — pphase, Pphase)> Which are
estimated by Step (4) Error estimation. Thus, in order that Ec, § P [C '1‘ /C>] con-
verges to 0, due to discussions in Sect.9.3.4, it is asymptotically enough to choose
the size of C; to be 2" (Prhase) If they could choose an ideal code for the code C'2"
for error correction, it is enough for correcting errors to choose the size of C; to
be 2™(Pvi) | Hence, it is possible to attain the asymptotic secure key generation rate
1 — h(pyit) — h(Pphase)o

However, in the real setting, it is impossible to make a code with infinitely many
n. Hence, we need to evaluate the right hand side of (9.64) and (9.65) with a finite
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n. Such an analysis is called finite size security and have been studied recently. For
this analysis, we need to evaluate the relation between the true distributions Pl(") and

Pz(") and the distribution obtained by Step (4) Error estimation. This evaluation
requires very complicated discussion based on hypergeometric distribution [21, 34].
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Appendix A
Foundations of Linear Algebra and Basic
Mathematics

A.1 Symbols

C, R, Z, N are the sets of complex, real, integer, and natural numbers, respectively.
e The absolute value, complex conjugate, real part, and imaginary part of a complex
number ¢ are denoted by |c|, ¢, Re ¢, Im c, respectively.

We use V, 3, and 31 to mean “for all”, “there exists”, and “there uniquely exists”,
respectively. We sometimes omit the symbol V when it is clear from the context.
For statements A and B, A = B (or B <= A) means that the statement A implies
statement B; A < B means that A and B are equivalent; A s.t. B means A
satisfying B where s.¢. is the abbreviation of “such that”.

A:=B,B=:A,and A @ B mean that A is defined by B.
For sets X, Y, the direct productis X x ¥ :={(x,y) |x € X,y € Y}.

A.2 Hilbert Space and Linear Operators

In this appendix, we review a vector space, especially Hilbert space, and linear
operators on it, which are necessary for the study of quantum information science in
a logically closed manner as much as possible.

A.2.1 Vector Space

Let K be R (the set of real numbers) or C (the set of complex number).! We call V
a vector space (or a linear space) if V entails two operations, the addition |¢), |¢) €

! Though K can be any field, but for the moment, it is enough to restrict it to R or C. See Sect. A.7
for a vector space on a finite field.

M. Hayashi et al., Introduction to Quantum Information Science, 269
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V — |¢) + |¢) € V and the scalar multiplication [¢)) € V,a e K — a - [¢) € V
that satisfy the following properties (v1)—(v8)?:

1) ) + 19y = |¢) + |¥) (commutative law),

(v2) [9) + (19) +1€) = (1¥) + |#)) + [€) (associative law),

(v3) A1 |6) € V st. Vi) € V, |[¥) + |6) = |¢) (existence of the zero element),’
(v4) Vi) € V, 3L |€) € V s.t. [¥) + |€) = |) (existence of the inverse element)*
v5) a- (b- 1)) = (ab) - |¥) (associative law),

(v6) 1Y) = |v),

~T) a- (1Y) + o) =a-|¢Y)+b-|¢) (distributive law 1),

v8) (a+b)-|yp) =a- |¥)+ b - |¢) (distributive law 2),

where a, b € K. V is called a real (or complex) vector space if K = R (or K = C).
Elements of V and K are called a vector and a scalar, respectively. |6) in (v3) is
called the zero vector and is simply denoted by |#) = 0. |£) in (v4) is called the
inverse vector of |1), and is denoted by —|v). We omit the symbol “.” for the scalar
multiplication.

Exercise A.1 Show that for all elements |¢) of a vector space V, 0 - |¢) = 0 and

—1-1¥) = —[¥).

In the following, |¥), |9), |£), ... always represent vectors while a, b, c, x, y, z
represent scalars, and d, k, [, m, n represent natural numbers.

X1
Example A.1 Let K¢ be the set of all the column vectors |¢)) = : =
Xd
(x1,...,xg)T with x; € K. We can introduce an addition and a scalar multipli-
cation on K¢ by
X1 V1 X1+ 1 X1 axi
+1 | = : coal = : . (A.1)
Xd Yd Xd + ya Xd axq
It is easy to show that K4 is a vector space where the zero vector 0 = (0, ..., 0T
and the inverse vector of |¢)) = (x1,...,x9)T is —|¢)) = (—=x1, ..., —xg)T. (The

reader should check all the properties (v1) — (v8).)

By applying the associative law of the addition (v2) repeatedly, the addition of
more than two vectors is defined irrespective of the order of the addition. For subsets

2 See Sect.2.2.2 for the notation of vector.

331 means that there uniquely exists. You can remove the uniqueness here as it automatically
follows.

# The uniqueness of the inverse element also automatically follows.
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{|¢,)}1_1 C Vand {a;}!_, C K, theelement >/ a;[);) 1= ai|t1) +- - aplibn) €

V is called linear combination of {|¢;)}?_,. If a nonempty subset W of V is closed
under the addition and the scalar multlphcatlon, ie, V|Y), o) € W,a € K, |¢) +

|¢) € W,aly) € W, W is called a subspace of V. A subspace W is a vector space
with the addition and the scalar multiplication of V. The linear span of a subset
X C V is the set of all the linear combinations of the elements of X, and is denoted
by spanX := {>; a;|¢;) | a; € K, [¢h;) € X}.

A set of vectors {|1;)}7_, is called linearly independent if >ijaili) =0=
Vi, a; = 0; Otherwise, it is called linearly dependent. A vector space V is called
finite-dimensional if there is an upper bound of the number of linearly independent
vectors, and the maximum number is called the dimension and is denoted by dim V.
In the following, we assume that V is a finite-dimensional vector space, i.e., d :=
dim V' < oo. A set of vectors {[1);)}_, is called complete (or the generating system
of V) if any vector |¢) € V is written by a linear combination of {|+;)}_;; 3a; € K,
s.t.[¢) = >.7'_; ailv;). Thisis equivalent to span {|1);) }_; = V.Moreover, {|{;)}_,
is called a basis of V if it is linearly independent and complete. One can show that
a set of d linearly independent vectors is a basis.”> This also implies the existence
of a basis for d-dimensional vector space. Conversely, if {|+);)}!"_, is a basis of d-

dimensional vector space V, then d = n.0

Exercise A.2 Let {|¢i)}fl:1 be a basis of a vector space V. For any |¢)) € V, show
that coefficients a; of the expansion ) = >, a;|+;) are uniquely determined.

Exercise A.3 Given a linearly independent set {|1);) };le in a d-dimensional vector
space V (n < d). Show that there exists n — d vectors |{,+1), ..., [t)g) in V such
that the set {|1/Jj)}‘f:1 forms a basis of V.

Exercise A4 Let |e;) := (1,0,...,0)7, |ea) := (0,1,0,...,0T, ..., leq) =
,...,0,)T. Show that {|e,-)}l‘.’:1 is a basis of K<. This is called the standard
basis or computational basis. From this, the dimension of K¢ is d.

5 To show this itis enough to see the completeness of {|1); )} l |- With an arbitrary vector |¢) =: |to),
the set {|;)} _0 is linearly dependent by the definition of the dimension. Thus, Z —0ailvi) =0
implies that at least one of {a;} is non-zero. Moreover the linear independence of {|1);) } _; implies

that ap # 0. Therefore, we get |¢) = [vo) = > i ;fj‘ |1i), which implies that {|7);) }l | s
complete.

6 By the definition of dimension, we have n < d. Let us assume n < d. Let {\z/);.)}‘;:l be a basis
of V. (See footnote 5). The completeness of {|+);)}7_, implies that |1j/ 27:1 aijlvi) (j =
.,d) with a;; € C. Now consider the equation ijl Xj |1/Jj> = 0, which implies that 0

Z xi Qo aijli)) = X, (Z aijxj)|i). So, the linear independence of {|¢);)}/_, yields that
Z ajjxj = 0 (Vi). Itis well- known that simultaneous linear equations of x; have d — r nontrivial
solutlons where r is the rank of the matrix [a;;]. Byr <n <d,d —r > d —n > 0. Thus, there

is at least one nontrivial solution. On the other hand, the equation Zilzl x;|1!) = 0 can have only

trivial solution x; = 0 by the linear independence of {|7);)
we getn =d.

/ 1» which leads to contradiction. Thus,
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Vector spaces V1 and V> on K are called isomorphic if there exists a bijecti0n7
f: Vi — V, such that f preserves the linear structure: f(|v) + |¢)) = f(|¥)) +

FAe), flaly)) = af () forall [¢), [¢) € Vi,a € K.

Proposition A.1 d-dimensional vector spaces on K are all isomorphic.

Proof Let V}, V; be d dimensional vector spaces on K and let { |7,ZJ,')}?:1 , {|<;5,')}f.l:1 be
bases of Vi, V,, respectively. Defineamap f: Vi — Vo by f|y) = f(Zi ailyi)) =
> ailoi) (See Exercise A.2). Then, the bijectivity of f is trivially satisfied. The
preservation of linear structure are left for readers’ exercise. (|

This implies that any d-dimensional vector space V on K is isomorphic to K¢. In
particular, using the standard basis {|e,~)}§i:1 of K¢, a bijection map f:V — K% is
naturally defined by f(zi ai|i)) == (ar, ...,aq)T, which is called a representa-

tion of a vector by a column vector of K¢.

A.2.2 Hilbert Space

A vector space V is called an inner product space if V has an operation |}, |¢) €
V — (¥|¢) € K with the following properties (p1)-(p3):

(pD) (¥|¥) > 0O (positivity); the equality holds iff |¢)) = O (non-degeneracy)

(p2) (016) = (6]v) (symmetry),

(P3) (V]ad + b€) = a(y|p) + b(y|€) (linearity).®

In particular, when K = R (K = C), V is called a real (complex) inner product
space. When K = (, the inner products satisfying the above properties are sometimes
called (Hermitian) inner products. From (p3), an inner product between zero vector
and an arbitrary vector is zero. Applying (p3) repeatedly, we have (| >; a;);) =
> ai ).

If K = C, from (p2) and (p3) the inner product is anti-linear for the left vector:
(ag + b)) = a(gly) + b(&lyY).

An inner product space has a norm (a magnitude of a vector) defined by
[1¥]| == /{@W¥). A vector with a unit norm is called a unit vector. We say
a sequence of vectors (|¢)),en converges to a vector [¢) if |[¢p — Y, — O
as n — 00.” A sequence of vectors (|1),))nen is called a Cauchy sequence if
1Yp — Ymll — 0asn,m — 00! and is called a convergent sequence if there

7T Amap f: V| — Vs is called surjective, or onto, if for all [1)) € V5 there exists |¢) € Vi such
that |¢) = f(|¢)). f is called injective, or one-to-one, if f(|¢))) = f(|¢)) implies |¢)) = |¢).
f is called bijective if f is surjective and injective. Note that the inverse map f~': V5 — Vj is
well-defined for a bijective map f.

8 We follow the physicist convention where the linearity holds in the right element in an inner
product.

9 Namely, Ve > 0, 3ng € N, s.t. Vi > no, ||t — || < €.

10 Namely, Ve > 0, 3ng € N, s.t. Vn, m > ng, ||, — Ym|| < e.
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exists a vector [¢)) € V such that ||t — ¢,|| — 0 as n — o0. An inner prod-
uct space is called complete if any Cauchy sequence is a convergent sequence.
A complete inner product space is called a Hilbert space. A finite-dimensional
inner product space on K is automatically complete from the completeness of real
(or complex) number [1]. Therefore, it is not necessary to distinguish an inner product
space and a Hilbert space for finite-dimensional cases. In what follows, H denotes a
d-dimensional Hilbert space.

Vectors |¢), |¢) € H are called orthogonal if (¢)|¢) = 0. A set of unit vectors
{I%i)}}_, orthogonal to each other is called an orthonormal system. The orthonor-
mal condition can be written as (1;|¢;) = 0;;.

We can show that an orthonormal system is linearly independent.!! Thus, when an
orthonormal system consists of d vectors, it forms a basis of a d-dimensional vector
space and is called an orthonormal basis (or complete orthonormal system) and
is abbreviated by ONB (or CONS).

Exercise A.5 Show that the coefficients of the expansion of |)) with respect to ONB
(i)}, are (]¢). Namely, we have ) = 35_, (1i|9) ).

The Gram-Schmidt orthogonalization is a method to make an orthonormal
system from a linearly independent set {|¢;)}7_, of vectors as follows. Let [¥]) =

[¥1)/11¢1]] andlet [¢5)) (i = 2, ..., n) be anormalization of |¢b;)— 3} (1[4 1)

Then, the set {|1/) }" | satisfies the orthonormal condition. 12 The reader should also
consider the geometric meaning of the Gram-Schmidt orthogonalization.

Exercise A.6 Given an orthonormal system {| j)}’}: | of a d-dimensional vector

space V, show that there exist d —n vectors [1),+1), . .., [¢4) in V such that {|’(/Jj>}lj:1
is an orthonormal basis of V.

Exercise A.7 Show (¢|£) = (Y[x) (YY) € H) < [§) =
Example A.2 The set K¢ (See Example A.1) has a natural inner product defined by

d
@Wlo) =D Ty (1¢) = (1, x)",16) = G oya)” €KY (A2)

i=1

This is called the Euclidean inner product and K¢ is called (real or complex)
Euclidean space. The readers should check the properties (p1)-(p3) and also that
the standard basis of K¢ is an orthonormal basis.

! Taking the inner product between [t);) (j = 1,...,d) and 0 = > I a;l1hi), we get 0 =
S ai (Wil = aj. .

12 It follows from the linearly independence of {|1);)}!"_; that the vector |¢);) — Z’];ll ('z/}} I’l/Jl'>|1/}})
is not the zero vector. So, we denote its normalization by [¢}). In the following, we show the
orthogonality condition of {|¢/)}"_, by induction. First, (¢]|¥5) o (|2 — (@1ln)d)) =
(W11a) — (W l) (W) 1Y)) = 0. Next assume (¢ |) =0 (Vi =1,..., k — 1) for k > 2. Then,
foralli =1,..., k, we have (471, 1) o (&ilhrs1 — Z]=1 W 1)) = (Wileqr) —
(W} 1thrq1) (¢ |¥]) = 0. This completes the proof.
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Theorem A.1 (Pythagorean Theorem) Orthogonal vectors |v), |¢) € H satisfy

1+ ol1* = 11112 + 1111

Proof From (1)|¢) = (¢[1)) = 0 and the definition of norm, we have || + ¢||*> =
W + Bl + @) = (WYl) + (Y9) + (Dlv) + (Ble) = [[0]1* + [I8][*. U

Theorem A.2 (Schwarz inequality) For any vectors 1), |@),

K1) < NIl (A.3)

The equality holds iff {|1)), |$)} are linearly dependent.3

Proof The inequality (A.3) follows from the positivity of norm of a vector |£) :=
[19]121¢) — (1)]¢)|1p). The equality condition also follows from the non-degeneracy
of it'4 O

We say that subspaces W; and W» of 7 are orthogonal, which is denoted by
W1 L W, if all vectors from Wy and W, are orthogonal. Given two Hilbert spaces

Hi and Ho, the set H1 @ Ha = {IS, ) | 1§) € Hi, [n) € Ha}is a Hilbert space
when the addition, scalar multiplication, and inner product are defined as

alg,n) = la, an)
&m +1E 7)) =1E+& . n+n)
&l ')y = €E) + nin').

Then, we say that the Hilbert space 7| @ 2 is the direct sum of two Hilbert spaces
‘H1 and Ho,

We say Hilbert spaces 71, H> are isomorphic if there exists a bijection f : H| —
‘H> such that the linear structure and the inner product are preserved; f(|1)) +|¢)) =

FUAPY) + fUP)), fal)) = af (1¥)), and (¥|g) = (f (1Y) f (1)

Proposition A.2 All Hilbert spaces with the same dimension are isomorphic.

Proof Let 7 and > be d-dimensional Hilbert space and let {|¢;)}¢_,, {|¢:)}_, be
ONBs of H1,Hz2, respectively. One can use the same map f in Proposition A.1, which
satisfies the bijectivity and preservation of the linear structure. Moreover, for |¢)) =
> aildi).6) = 3 bjlus), we have (Wlo) = 3, @b (ildy) = X, @b =
Zi’j aibi(oilo;) = (f(¥Y)|f(|¢))) where we have used the orthonormal condition
(Wilj) = (ilo;) = dij. O

Therefore, any d-dimensional Hilbert space 7 is isomorphic to Euclidean space
K¢ In particular, by using the standard basis of 7, the map f: { — K in the above
proof is written as

13 This is equivalent to the condition that |¢)) = O or there exists a € K such that |¢) = al1).
Therefore, roughly speaking, this is the case where |1/) and |¢) have the same direction.

14 The reader should think of the geometrical meaning of the Schwarz inequality.
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FUPY) = (1), ..., Waly)! e K2 (A4)

Therefore, by fixing a basis, one can identify a vector of 7 to a column vector of K¢,

A.3 Linear Operators

In this section, let Vi, V5 be di, d>-dimensional vector spaces and 7, K be dy, d>-
dimensional Hilbert spaces, respectively.

A.3.1 Linear Operators

Amap A : Vi — V,iscalled a linear operator if it satisfies the linearity condition:

A(al) +bl9)) = aAlp) + bA|@) (YV[Y),|9) € H.a,b € K). (A.5)

The zero map 0: Vi — V, which maps arbitrary vectors of V| to the zero vector
of V; and the identity map /: Vi — V| which maps a vector to itself are examples
of linear operators. In the following, A, B, C - - - are used to denote linear operators.
The set of all linear operators from Vj to V5 are denoted by £(Vy, V). If VI = V>,
we simply denote it by £(V}) := L£(V1, V2). The range of A is defined as Ran A :=
{Alp) € Vo | |1)) € Vi}. The kernel of A is defined as Ker A := {|y)) € V| | A|lY) =
0}. It is easy to show that a necessary and sufficient condition for A to be injective is
that Ker A = {0}. Ran A, ker A are subspaces of V»,V], respectively. The rank for
A is the dimension of Ran A and is denoted by rank A.

Example A.3 A d x di complex matrix A = [a;;] gives an example of a linear
operator from H = €9 to K = C% where the map is defined by

d
vi= Y ayx; (Vi=1...d). (A.6)
j=1

Conversely, if one uses the vector representation of (A.4) for both 7{ and /, then
any linear operator from H to K is represented by a d» x d; complex matrix where
the map is given by (A.6). Let {|¢;)}9. |, {|¢ j)}?: | be ONBs of , K and define a

i=1

matrix by a;; := (¢;|Av ;). Then, we have

J

Vi = (il AY) = (Gl A xjli)) = D aijxj (xj = (i, [)).
J
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The matrix [a;; := (¢;|Av})] is called the representation matrix of A. Therefore,
by fixing bases, one can identify linear operators with matrices.

There are several methods to identify a linear operator: Most directly, one can
identify a linear operator A by specifying the output A|v) for an arbitrary vector |).
To do so, it is enough to specify outputs of a basis.'®

The following properties are quite useful in comparing linear operators on Hilbert
spaces:

Proposition A.3 (i) Forany A, B € L(H, K),

A =B & (9|AY) = (9|BY) (VIY) € H, [¢) € K).
(ii) For any A, B € L(H),
A =B & (Y|AY) = (Y|BY) (Y|Y) € H).
Proof (i) From Exercise A.7, we have (¢|Ay) = (¢|BY) (Vi € H. ¢ € K) &

AlY) = BlY) VY e H) & A= B.
(ii) [«=]: Note the following identity:

1
(9lAY) = Z(W + 9IAW + ¢)) — (¥ — dIA(W — ¢))
+i<w+i¢|A(¢;+i¢))—i(w—i¢|A(w—i¢>))). (A7)

Using this, if ({|A§) = (£|BE) for all [§) € H, then (¢|AY) = (¢|BY) (V|Y) €
H, |y € K) for all [¢)) € H, |¢) € K; from (i), we have A = B.
The opposite implication [=>] trivially holds. (I

For finite-dimensional vector spaces Vi, V2, if their dimensions are the same, then
the surjectivity and bijectivity are equivalent.!” Therefore, we have

AB =]y, & BA = [y, (A.8)

for A € L£(Vi, V2), B € £(Va2, V1). The operator B in (A.8) is called the inverse
operator of A and is denoted by A~

15 One can show that a linear operator on a linear vector space can be always represented by a
matrix as well. (Show this.)

16 Letting {|1/1,-)}7’:1 be a basis of Vi and |¢;) = [¢]) := Al1);), the linearity of A automatically
determines the output of A for an arbitrary |¢) by A|Y) = A ; aili) = 2 ailv)).

17 (1) Assume that A is injective. Then, by the injectivity of A, it is easy to see that {A|¢i)}§l
forms a basis of V, with any basis {|¢i)}§’l of Vj. Thus, an arbitrary |¢)) € V> can be written as
[y = > viAldi) = A, yilgi)), which implies that A is surjective. (ii) Assume that A is
surjective. Then, a basis of V; has a form {Alqﬁ,-)}?zl , and it is easy to see that {|qi>,-)}§1:1 is also a
basis of V;. From Exercise A.2, one can show that A is injective because Ker A = {0} is equivalent
to the injectivity of A.



Appendix A: Foundations of Linear Algebra and Basic Mathematics 277

A.3.2 Algebra of Linear Operators

One can naturally define an addition and a scalar multiplication of linear operators
by

A+BercVi.v) d (A+B)w) = Al) + BIg) (Vg) € V) (A9)
aA € L1 Vo) E (@A) = a(Al)) (YY) € Vi, a € K). (A.10)

In the case Vi = V, := V, a product of operators is also defined by

AB € L(V) ‘€ (AB)) 1= ABIY)) (V]Y) € V). (A.11)

The readers should check that these are indeed linear operators.

Exercise A.8 Let Vi, V; be d, d>-dimensional vector spaces, respectively. Show
that £(V1, V») is a d1d>-dimensional vector space with the addition (A.9) and the
scalar multiplication (A.10).

A.3.3 Adjoint Operator

Proposition A4 For any A € L(H, K), there uniquely exists a linear operator
B € L(IC, H) which satisfies

(9lAY) = (BolY) (VY € H, ¢ € K). (A.12)

Proof Let {|’l/}l'>}?1=1 be an ONB of H. Given A € L(H, K), it is easy to see that

amap B : |p) € K Z?':1<ij|¢)|wj> € 7H is a linear operator and satisfies
(A.12). The uniqueness follows from Proposition A.3. (]

The operator B € £(K, H) in (A.12), which is uniquely specified by A € L(H, K),
is called the adjoint operator of A and is denoted by B = AT!8:

(@lAY) = (ATly) (Vi € H, ¢ € K. (A.13)

Notice that the matrix representation of A™ is a conjugate transpose of the matrix
representation of A.19 Note that a set of linear operators L£(/C, H) forms a vector

18 1t is a physics convention to use the dagger symbol 1 to denote an adjoint operator, while the
asterisk symbol x is often used in mathematics.

19 Let [a;;] := (1i|Ad;) be a matrix representation of A. With the same bases, the matrix represen-
tation of AT is (¢;|AT¢;). By using (A.13), one has (1;|AT¢;) = (AT¢; i) = (¢AYy) = aji,
which is the conjugate transpose of the matrix [a;; ].
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space. If vector spaces H', K’ are given as sets of linear operators, e.g., £(KC1, H1)
and £(K2, Hz2), we sometimes call A € £(H', K') a map (or a super operator) from
H to k', and AT an adjoint map of A.

Exercise A.9 Show the following four properties for any operators A, B € L(H, K)
and any complex numbers a, b € C: (i) (AT)" = A, (i) (A + B)T = AT + BT, (iii)
(@A)t =aAT, and (iv) (AB)" = BTAT.

Exercise A.10 Show that |¢) (1T = |1) (6] (See (5.5)).

A.3.4 Eigenvalues and Eigenvectors

Let H be the d-dimensional Hilbert space. If a linear operator A on H (i.e., a linear
operator A from 7 to H) and a complex number a € C satisfy

Al = alp)

with a non-zero vector |¢)) # 0, the complex number « is called an eigenvalue
of the operator A and the vector [¢)) is called an eigenvector of A belonging to the
eigenvalue a. The subspace &, := {|v) € H | A|v) = a|y)}is called the eigenspace
of A belonging to the eigenvalue a. There exists at least one eigenvalue for any linear
operator, and at most d distinct eigenvalues.”’’ We denote by o(A) the set of all
eigenvalues of A.

A.3.5 Important Class of Linear Operators

[Normal Operators]. We say that operators A, B € £(H) are commutative if AB =
BA. An operator A is called normal if A and AT are commutative.

Exercise A.11 Show the following properties for a normal operator A € £(H).

(1) Let a be an eigenvalue of A with an eigenvector |¢): A|Y) = a|y). Then, a is an
eigenvalue of AT with an eigenvector [1): AT|¢) = @|1)).

(ii) Eigenvectors of A belonging to distinct eigenvalues are orthogonal.

[Unitary Operators]. An operator U € L(H, K) is called unitary if it satisfies
UUt = I and Utu = I When dim H = dim [, it is enough by (A.8) to check
either UU" = [ or UTU = I to show that U is unitary. A useful necessary and

sufficient condition for a linear operator U to be unitary is that {U| ;) }fl:] is an ONB

20 Iy linear algebra, it can be shown that eigenvalues are solutions of the eigenvalue equation
(det(x I —A) = 0) with degree d for a matrix representation of A.
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for any ONB {|¢i)}fl:1 of H.2! Note that a unitary operator U € £(7{) is normal
since UUT = [ = UU".

Exercise A.12 Show that for any ONB {|¢;) }?:1 and {|¥;) }?=1 , there exists a unitary
operator U satisfying |¢;) = Ul;) (i =1,...,d).

[Hermitian Operators] An operator A € () is called Hermitian (or self-
adjoint) if A = A'. A Hermitian operator is also normal since AAT = A = ATA.
The following proposition is quite useful sufficient and necessary condition for an
operator to be Hermitian.

Proposition A.5 A = AT & (¥|AY) € R (V|¢)) € H).

Proof Assume that A = AT, By (A.13), the relation (|AvY) = (AY|yY) =
(| ATY) = (1| Arp) holds for any |1)). Next, let (1)|Arp) € R (V|1)) € H). Then, it
follows that (10| ATe)) = (Awp|ep) = (1| Arp) = (1| Arp). By Proposition A.3 (ii), we
have A = AT. O

[Positive Operators] An operator A € £(H) is called positive (or non-negative)
if it satisfies ()| Av) > 0O for any |)) € H. By A > 0 we mean that A is positive.
By Proposition A.5, a positive operator is Hermitian.

Exercise A.13 Show that B'B > 0 for any B € £(H).

[Projection Operators] An operator P € £(H) is called a projection operator if
itsatisfies P2 = P = P'. One can show that a projection operator is positive. Indeed,
for any |)) € 7, it follows that (1| PY) = (| P?) = (PTY|Py) = (PY|Py) =
P> = 0.

For each subspace W C 7, one can construct the projection operator as follows:
Let {|¢;)}/_, be an ONB of W and let P := > 1Y) (i . By Exercises A.9-(ii)
and A.10, one has P = PT, and by Exercise 5.1, and the orthonormal condition, one
has P = P2. We call P the projection operator onto W.>> Note that Ran P = W.
Conversely, for any subspace W, there uniquely exists a projection operator P such
that Ran P = W.

The projection operator onto an eigenspace &, belonging to an eigenvalue a is
called the spectral projection.

Exercise A.14 Show that an orthonormal system {[¢;)}!"_, in H is complete if and
only if D70, [¥i) (il = 1.

Exercise A.15 Let P;, P, be projection operators onto subspaces Wy, W, which are
orthogonal to each other. Show that the projection operator onto W1 @ W is Py 4 Pa.

Exercise A.16 Show that the eigenvalues of a Hermitian operator, a unitary operator,
a positive operator, a projection operator are real numbers, complex numbers with
the absolute value 1, non-negative real numbers, and O or 1, respectively.

21 Show this. [Hint: For a unitary operator U, note the relation (U ¢; |U o) = (¢ilU fu o) =
(Pildj).

22 One can also define P by the operator to map any vector to the nearest vector on W.
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A.3.6 Spectral Decomposition

In this section, let H be a d-dimensional Hilbert space and A, B € £(’H) be normal
operators on H. A subspace W C ‘H is called an invariant subspace of the operator
A if W is closed under the operation of A, namely, for any [¢)) € W, we have
AlY) € W.

Lemma A.1 An eigenspace &, of a normal operator A is an invariant subspace of
both A and A”.

Proof Suppose |¢) € &, i.e., AlYp) = aly). Since &, is a subspace, and is closed
under the operation of a scalar multiplication, Al) € &,. Thus, &, is an invariant
subspace of A. Next, by Exercise A.11-(i), we have ATy = aly) e &, with the
same reasoning above. Thus, &, is also an invariant subspace of A (I

The orthogonal complementary space of a subspace W is the set of all vectors
orthogonal to any vectors from W and is denoted by W.

Ti={lY) € H | (Ylg) = 0V|¢) € W)

Let A be a normal operator and define £ := @4ecq(4)Eq, Which is the orthogonal
sums of all eigenspaces &, belonging to eigenvalues ¢ € o(A). Remind that £, L
&y (a # a’) by Exercise A.11-(ii). Then, we have the following lemma:

Lemma A.2 The orthogonal complementary space E* of £ is an invariant subspace
of A.

Proof Fix an arbitrary element [¢)) € L. Forany vector |¢) € £, wehave AT|¢) € €
by Lemma A.1, and thus (¢|Av)) = (AT¢|tp) = 0. This shows that A|¢) € . O

Proposition A.6 Suppose A is a normal operator and let P, (a € o(A)) be the
spectral projections. Then we have

Z P, = [ (completeness), (A.14)
aco(A)
P,P, =6,pP, (a,b € 0(A)) (orthonormality). (A.15)
Proof Notice that Zaea( ) Pa is the projection operator onto the subspace & =

@aco(a)€a by Exercise A.15. From this fact, the condition (A.14) is equivalent to
£ = . Suppose, on the contrary, £ # 7, then the dimension of £ is greater or
equalto 1. By LemmaA.2, & L is an invariant subspace of A, one can define the linear
operator Aon&t by restricting the operation of A to £*. Note that any linear operator
has at least one eigenvalue and its eigenvector: Let Alp) = alp), 0 £ |¢) € EL.
However, as A is the restriction of A to £+, we have also A|@) = a|p). The space €
is already constructed by summing all the eigenspaces, which yields contradiction.
Thus we have £ = H and the condition (A.14) has been shown.
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Condition (A.15) immediately follows from the property of projection operator
and Exercise A.11-(ii). [l

Theorem A.3 (Spectral decomposition theorem) Any normal operator A can be
written in the form

A=Y ar, (A16)

aco(A)

where P, is a projection satisfying P, P, = 4 P,. This is called the spectral decom-
position of A.>

Proof We show that, for any [¢)) € H, Aly) = (ZGGU(A)aPa)W) in order to
prove (A.16). By (A.14), we have A|y)) = A, Po)lY) = 2", A(P4l)). Since
P,|v) € &, we have A(P,|v)) = aP,|y). Therefore, Aly) = Zaa(PaWJ)) =
(Za aP,)|). Orthonormality of { P,} is already proved in Proposition A.6. O

Corollary A.1 (Eigenvalue decomposition) Any normal operator A has an ONB
{|z/1,-)}f: | composed of eigenvectors. In particular, letting a; be an eigenvalue corre-
sponding to the eigenvector |);), the operator A can be written in the form

d
A= aili) (. (A.17)

i=1
This is called an eigenvalue decomposition.**

Proof Note that the spectral projection P, can be written as P, = > ; [1);) (¢;| with
an ONB {|v;)} of &,. Therefore, one gets (A.17) from (A.16). (Il

Proposition A.7 A necessary and sufficient condition for an operator A to be pos-
itive is that the operator A is Hermitian and all eigenvalues are non negative.

Proof We have already seen the necessity in Exercise A.16. Suppose that the operator
A is Hermitian (and thus normal) and all eigenvalues are non negative. Let A =
>, aP, be the spectral decomposition of A. Then, noting P, > 0,a > 0, we have
(V|AY) = >, aly| Pyp) > 0 for any 1) € . This shows that A is positive. O

A vector |1) is called a simultaneous eigenvector of A and B if |¢) is eigenvector
of both A and B.

23 The PVM {P,} of A derived from this theorem uniquely gives a PVM measurement of a normal
operator A. In infinite-dimensional case, one can consider subnormal operator, which gives a wider
class of normal operators. It can be also shown that there uniquely exists a POVM measurement of
any subnormal operator [2].

24 In fact, it can be shown that this statement is equivalent to the elementary but important result

of diagonalization theorem of a normal matrix: any normal matrix A is diagonalizable with unitary
matrix U by UAUT (See also (A.21)).
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Proposition A.8 (Simultaneous diagonalization) If A and B are commutative nor-
mal operators, there exists an ONB {|1); >}1£'1=1 composed of simultaneous eigenvectors
of A and B. In particular, letting a;, b; be eigenvalues corresponding to the eigen-

vector |;) for A and B, respectively, A and B can be written in the forms

d d
A= "aili)(Wil, B = bili) (il (A.18)

i=1 i=1

This is called a simultaneous diagonalization of A and B.

Proof Let &, be an eigenspace of A belonging to an eigenvalue a. For any [¢)) € &,,
AB|Y) = BA|Y) = aB|y) as A and B are commutative. This shows that &, is an
invariant subspace of B. From this fact, one can consider the restriction Ba of B on
&4, Which is again normal on &,. By Corollary A.1, there exists ONB {|¢; )} of
&, composed of eigenvectors of Ea. From the completeness (A.14) of A, {|%4.5)}a.p
is an ONB of 7. Using this, one easily gets (A.18). ]

A.3.7 Function of Operator

In this section, for an arbitrary function f(x), we define a function f(A) of an
operator A. While information quantities in quantum system play an important role
in this book, these definitions require the concept of “a function of an operator” (See
Sect. 6.3).

For any operator A € £(), a polynomial function of A is naturally defined as
follows: Let f(x) := a,x" + a1 x" 1+ aix +ag be a polynomial function,
then f(A) € L(H) is defined by

FA) = apnA" + a1 A"+ aiAtag I (A.19)

by using (A.9)—(A.11).

When f is not necessarily a polynomial function, we recall the spectral decom-
position A = Zi a; E; of a Hermitian operator A, where {a;} is the set of disjoint
eigenvalues and E; is the projection corresponding to the eigenvalue a;. Then, the
Hermitian operator f(A) is defined as

f(A) =" fla)E;, (A.20)

where we assume that all of eigenvalues {a;} are contained in the domain of the
function f(x).

When the function f is a power x” (n = 0,1, 2,...), A" is given as the n-fold
multiplication of A in (A.19). We examine whether the operator A” defined in (A.20)

coincides with the operator A” defined in (A.19). For example, when f(x) = x2,
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the relation E; E; = ¢; ; E; implies that

A2 = (ZaiEi)(ZajEj) = ZaiajEiEj = Zaiin = f(A)
i,j i

i J

Hence, the both definitions coincide with each other. Similarly, we can check
that the operator A" defined in (A.20) coincides with the operator A" defined in
(A.19) for all natural numbers n. Hence, we can check the same fact when f is
a polynomial Zf:/ o anx". Moreover, when f(x) is given as the Taylor expansion

F) =300 L2600 (4 xo )1, we can show that f(A) = 3°% ) L260) (4 —x 7y
based on a sultable treatment for the convergence in the infinite summation. That
is, we can find that f(A) can be given as the Taylor expansion with replacement of
x by A. Further, when f(x) = x~!, the operator f(A) coincides with the inverse
operator A~! of A.

Here, we see the relation of a function of an operator with its diagonalization
in the d-dimensional case. We denote the eigenvalues of a given Hermitian opera-
tor Abyay (k =1,2,...,d), where we list eigenvalues with the duplicative way
when there exist duplicate eigenvalues. Then, we can choose orthogonal eigenvectors
|ok) (k =1,2,...,d) such that A = Zf=1 ar| ok X ok | (eigenvalue decomposition
(Corollary A.1)). When there is no duplicate eigenvalue, the eigenvalue decomposi-
tion is unique and coincides with the spectral decomposition. When we regard | ¢y )

as a column vector, V = (|¢1), |®2), ..., |0dq)) is a d-dimensional unitary opera-
tor. When we denote the diagonal matrix with diagonal elements ay, a, ..., aq by
diag(ai, az, ..., aq), the Hermitian operator A can be diagonalized as
d
A= aldonl = Vdiag(ar. az, ... a))V". (A21)

Then, the Hermitian operator f(A) can be diagonalized by using the same unitary
operator V as follows.

f(A) = Zf(ak>|¢k (] = Vdiag(f (@), f(@)..... fa)Vi.  (A22)

k=1

Therefore, we find that the Hermitian operator f(A) can be obtained by the
application of the function f to the eigenvalues of A after the diagonalization of A.
Now, we check whether the relation

FWUAUNY =UfFAUT (A.23)
holds for an arbitrary unitary U. In fact, when the spectral decomposition of the

Hermitian operator A is A = >, a; E;, the eigenvalue decomposition of UAU i
(Corollary A.1) is given as UAU " = > aUE; UT. Since
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FWAUY =3 fa)VEU =U (Z f(ai)Ei) Ut =UfAU’,
i i

we obtain (A.23). The relation (A.23) can be used for showing the unitary invariance
of various information quantities in the quantum system. A typical function, we often
use the square root /A := > \/a P, for a non-negative operator A. We can easily

2
check that /A is a non-negative operator and satisfies /A~ = A. Finally, we notice
that for a Hermitian operator A, exp(iA) = ), exp(ia) P, is a unitary operator.

Exercise A.17 Suppose A is a Hermitian operator and let P, be a spectral projection
belonging to an eigenvalue a. Show that P, can be written as a polynomial function
of A.

A.3.8 Trace of Operator

We can define the trace of an operator A € £(7{) by

d

TrA =D ($ilAdi), (A.24)

i=1

where {|q§,~)}§’:1 is an arbitrary ONB of H. It should be noticed that this quantity does
not depend on the choice of ONBs.?> Note also that the trace is a sum of all diagonal
elements of the matrix representation [a;; = (¢;|A¢;)] of A.

Exercise A.18 Suppose A is anormal operator. Using the eigenvalue decomposition
of A, show that Tr A is the sum of eigenvalues.?®

Proposition A.9 (Properties of Trace) For A, B € L(H),a, b € C, we have

Tr(aA 4+ bB) = aTr(A) + b Tr(B) (Linearity), (A.25)
Tr(AB) = Tr(BA) (Cyclic Property), (A.26)
TrA=TrA. (A.27)

Proof Linearity immediately follows from the definition of the trace. To see the
cyclic property, let {|¢i)}[d:1 be an ONB. Then by using Exercise A.14, we have

25 When we choose another ONB {|'¢,-)}f:1, Exercise A.14 guarantees that Zflzl
Wildy) = S GiIACI 166D = 2 X9 wilAgj) (gl = X9,
(651 Wi (i AS) = 391 (65146;).

26 This is true for any linear operator. One can show this e.g. by using Jordan decomposition.
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Tr(AB)

= 2(0ilABgi) = X (AiACT, 16,)(6DB) = X;(6j1B(E, 16:)(9iDAG;)
= > ;(¢;j|BA¢;) = Tr(BA). Finally, (A.27) follows as TrA = >, (¢;|Adi)
=>4 (¢ilAT¢;) = Tr AT, -

Proposition A.10 Suppose A, B € L(H) be positive. Then, Tr AB > 0 where the
equality holds if and only if AB = 0. In particular, by putting B = [, we have
TrA>0andalsoTrA =0 A =0.

Proof Let B = Zle bi|¢;i)(¢i| be an eigenvalue decomposition of B. Note
that {|(;5,<)}fl:l is an ONB and b; > 0 as B > 0. Since A > 0, we have
Tr(AB) = > ;(¢ilABg;i) = >, bi(¢i|A¢;) > 0. To see the equality condition,
suppose Tr(AB) = 0. Then, it follows that b; > 0 = ||VA¢;||> = (¢i|Ad;) =
0 = A|¢;) = 0. From this fact, for any [¢), we have AB[vY) = > ; bi(¢i|[{) Algi).

O

Therefore AB = 0. The converse is trivial.

We can define an inner product between operators by
(A|B)ys :=Tr(A"B). (A.28)

This is called the Hilbert-Schmidt inner product.

Proposition A.11 (i) (A.28) satisfies the axioms of the inner product. In particular,
L(H) forms a d*-dimensional Hilbert space with respect to the Hilbert-Schmidt
inner product. (ii) For any ONB {|q§i)}?:] of 'H, the set of operators {|¢;) (] }ld,jzl
is an ONB of L(H).

Proof (i) We show that (A.28) satisfies the axioms of inner product (pl), (p2),
and (p3): (pl) From Exercise A.13 and Proposition A.10, we have (A|A)gs =
TrATA > 0,and TrATA & ATA =0 < A = 0. (p2) follows from (A.27) and
(ATB)" = BT A. (p3) follows from the linearity of the trace (A.25). In Exercise A.8,
we have seen that £(7) is a d>-dimensional vector space. This shows that £(H) is
a d’-dimensional Hilbert space with respect to the Hilbert-Schmidt inner product.
(i) Since the dimension of £(7) is d2, it is enough to show that {|¢;)(¢; |}gj:1
is an orthonormal system of £(7). However, by using Exercise A.19, we have
Tr((1¢i) (0D 1o ) (@) = Tr(lg; ) (@illoe) (i) = (dildw) Trid;) (ol = (dilén)
(D1lj) = 0ikOni. O

A.4 Convex Functions and Operator Convex Functions

For given two elements vy, vy € V and p € [0, 1], the element pv; 4+ (1 — p)vy of
the vector space V is called a convex combination of v| and v, with respect to p. In
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particular, a subset W of V is called a convex (sub)set when the convex combination
of arbitrary two elements wy, wy € W withrespect to an arbitrary p € [0, 1] belongs
to W. Geometrically, a convex set is a subset with no “dent”. For example, the set of
probability distributions with d events {(p,~)§1:1 | Z?:l pi = 1, pi > 0} is a convex
set. As is mentioned in Proposition 5.5, the set of density operators is a convex set.
For a convex set W and a probability distribution ( p,-)f: on d events, we can define
the convex combination Z?:] piw; € W.

In particular, an element w of a convex set W is called an extreme point when
the element w is not written as any non-trivial convex combination, that is, two
elements wi, wp € W and p € (0, 1) satisfy w = pw; 4+ (1 — p)w; if and only
if w = w; = wy (trivial case). Geometrically, an extreme point is a “corner” in
a convex set. Here the corner is not necessarily spinous. In the set of probability
distributions on d events, an extreme point is a distribution, in which, only one event
occurs with probability 1. As is mentioned in Proposition 5.6, any pure state is an
extreme point in the set of density operators.

A map f from a convex set W to another convex set V is called affine when the
map f preserves the convex combination, i.e., the relation

flpwi + (1 = p)wz) = pf(wi) + (I = p) f(wz) (A.29)

holds for any p € [0, 1] and any elements wy, w of W.
Next, a real-valued map f on a convex set W is called a convex function when
arbitrary two elements wy, wy € W and an arbitrary p € (0, 1) satisfy

flpwi + (1 = p)w) < pf(wi) + (1 = p) f(w2). (A.30)

In particular, it is called a strictly convex function when the equality in (A.30) holds
only when w; = w,. The condition (A.30) is equivalent to the following condition
for a probability distribution ( pi)f.i: , ond events and d points wy, ..., wg € W:

d d
FO. piwi) =D pif(wp), (A31)

i=1 i=1

which is called Jensen inequality and plays an important role for treating information
quantities.

Conversely, f is called a concave function when — f is a convex function. Sim-
ilarly, f is called a strictly concave function when — f is a strictly convex function.
The following proposition holds for convex functions. (Its proof is omitted.)

Proposition A.12 A twice differentiable function f:R — R is convex if and only if

2 2
the second derivative %(x) satisfies %(x) > 0. In particular, f is strictly convex

if and only ifdzjzc(x) > 0.

dx?
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Example A.4 The function x — x> € R is a strictly convex function. More gen-
erally, the function x > x!*$ € R is a strictly convex function for s € (0, 00).
The function x +— x~° € R is also a strictly convex function for s € (0, co). Fur-
ther, the exponential function x +— e¢* € R is also a strictly convex function. For
s € (0, 1), the function x — x* € Ris a strictly concave function. Also the functions
x > logx € Rand x — —xlogx € R are strictly concave functions.

A.5 Tensor Product Hilbert Space

In this section, we explain tensor product Hilbert spaces, which is one of most impor-
tant mathematical structures to study quantum information theory. This is because a
composite state, including an entangled state, is described by a vector (or an operator)
of the tensor product Hilbert spaces. While there are several ways to introduce the
tensor product structure, we think that the following way would be most appropriate
for the study of quantum information theory.

A.5.1 Tensor Product Between Vectors

Let H1 and H»> be d; and d>-dimensional Hilbert spaces, respectively. The tensor
product Hilbert space 7{1> of 7{ and H> is a d|d>-dimensional Hilbert space with
the tensor product operation ®, which is a map from 7| X H> to 2, denoted as

(1), 19)) € H1 X Ha = |¢) ® |¢) € Hia, satisfying the following properties:
(i) [Bilinearity?’]

(altr) + blh2)) ® |9) = a(|th1) @ 19)) + b(|42) ® [9)),
V) @ (algr) + blg2)) = a(|Y) @ [¢1)) + b(|Y) @ [¢2)). (A.32)

(ii) [Inner product]

(1 ® D112 @ ¢2) = (Y1|Y2)(P1]92). (A.33)

The tensor product Hilbert space 12 is denoted by H12 := H1 ® H> using the
same symbol ® above. The reader might anticipate whether there indeed exist such
Hilbert spaces or not. Later, in this section, we show that there uniquely exists a tensor
product Hilbert space for arbitrary Hilbert spaces 71 and 7{2 up to isomorphism.

Notice that, the vector in H| ® 2 is not only a product of the form |¢) ® |¢), but
in general a linear combination of them, e.g., |¢) ® |¢) + |¢') ® |¢’). From the next

27 The condition of bilinearity is equivalent to the conditions (a) (|11) + |12)) ® |¢) = |1h1) ®
[#) + [¥2) ® [9), (b) V) ® (I91) + [¢2)) = [¥) ® |91) + [¥) ® [¢2), and (¢) a(|Y)) ® |9)) =
(al¥) ® [9) = 1) ® (ald)).
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proposition, one can choose an ONB of | ® H»> which is composed of the product
forms. Therefore, the tensor product Hilbert space is linearly spanned by the product
forms.

Proposition A.13 Ler {|1;)}, and {|¢ j>}‘;2: | be ONBs of H1 and Ha, respec-

tively. Then, {|1V;) ® |¢j)}?;]?2:1 is an ONB of H1 ® Haz. In particular, H1 @ H2 =

span{|Y) @ |9) | |¥) € Hi, |9) € Ha}

Proof Since the dimension of H; ® H> is did, from the definition of the tensor
product Hilbert space, it is enough to show that {|1);) ® |¢;)}; ; is an orthonormal
system. This immediately follows from (A.33). Since we have orthonormal basis of
the product form, it is trivial that the vectors of the product forms span the tensor
product space. (]

In the following, by using the above proposition, we show the existence and
also the uniqueness of the tensor product Hilbert space. Here, the uniqueness is
mathematically formulated as follows: let ® and ®’ be tensor product operations
satisfying (A.32) and (A.33), and let 71> and H’12 be djd>-dimensional Hilbert
spaces generated by the tensor product operations ® and ®’, respectively. Then, there
uniquely exists a unitary operator U : H12 — H), such that [1)) ®[¢) = Ul)) ®|¢)
for |¢) € Hi, |¢) € Ha.

Proposition A.14 For any Hilbert spaces H1, Ha, there uniquely exists a tensor
product Hilbert space H1 ® Hz up to unitary equivalence.

Proof To show the existence, let 2 be an arbitrary djd,-dimensional Hilbert
space. By reordering indexes, one has an ONB of 7{|» of the form {|¢; j)};ilz 1;{2:1.
Let {|wi)}f.1‘=1 and {|¢ j>}?2=1 be arbitrary ONBs of 7| and 7>, respectively. Then,
we can define the tensor product operation ® by [¢) = > xi[;) € Hi, |¢) =
2 Viloj) € Ho > [¥) ® |9) := > xiyjl&ij). From the definition, (i) bilinearity
and (ii) inner product property immediately follows. Therefore, 7{1, with ® is indeed
a tensor product Hilbert space of 7 and H>.

Next, to show the uniqueness, let 1> and 7—(/12 be dd, Hilbert spaces with tensor
di d

sl j2:1
and {|;) ® |gz5j)}?1:1’11.2:1 are ONBs of 72 and },, respectively. Now define a
unitary operator U : Hi2 — H), by [¥i) ® |¢;) = Ulvi) @ |¢;). Then, for any
[) = 22 xilhi) € Hiand |§) = 37, yjld;) € Ha, it follows from bilinearity that

[1) ® |¢) = Ul) @ |¢). This shows that U’ = U®. 0

product operations ® and ®’, respectively. By Proposition A.13, {|1;) ® [¢;)}

Let us consider a vector representation with respect to an ONB of the product
forms {|1);) ® [¢;)}i,;j. To do this, first reorder the indexes of the ONB as {|1)1) ®
161) 2 [01) @ [6ay). [12) @ [61) - 182) ® 1bay). - [1oay) ® 12) .. [thay) ®
|$4,)}, and use the representation (A.4). Then, any vector of 1| ® H2 can be
represented as a column vector of ché2 In particular, letting (xp, ..., xdl)T =

(1l), . @a )T and (yi, ..o ya)" = (6119), ..., (Pa,|9))T be vector
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representations of |1) € | and |¢) € H2, we have the vector representation of

1Y) ® |9) as

Y1

X1
Yd,
V1

2l did

V) ® |¢) = e Cche. (A.34)

Yd,
V1

Xd,
Yd,

See (2.31) for the example of d| = dr = 2.

One can introduce the tensor product Hilbert space H1 @ H2 ® - -+ ® H,, for
more than 2 Hilbert spaces H1, H2, - . . H, in a similar manner. We denote the tensor
product Hilbert spaces for  identical Hilbert spaces 7{ by ®".

Note that by Proposition A.13 any vector of H| ® 2 can be written in the form
¥) =3, ; ij|6i) ®I¢;) witharbitrary ONBs {|¢;)}L and {|€;)}% | of 1) and Ha,
respectively. Due to the following theorem, we can choose suitable ONBs of 7 and
‘H> so that any vector |¢) of | @ H> has a diagonal form [¢)) = > aiil|¢i) ® 1&i).

Theorem A.4 (Schmidt Decomposition) For any unit vector 1)) € Hi ® Ha, there
exist p; > 0 (i = 1,...,1 < min[dy, d>]) and orthonormal systems {|(;)}\_, of Hi
and {|77j)}l/:1 of Hz such that

1
W) =D VPilG) ® i) (A.35)
i=1

This is called the schmidt decomposition. [ is called the schmidt rank and p;s are
called the Schmidt coefficient, which satisfy >, p; = 1.

Proof Without loss of generality, let d := di < d,. Letting {|¢)i)}?:1 and {|¢ j)}?zz |

be ONBs of 7 and H>, respectively, an arbitrary state [¢)) € H| ® H> can be written

as|0) = 3, aijld ®1€,) = X, 161 ® i) where | xi) := 3% ayj1€;). Note

that, since the d x d complex matrix X := ({x;|x))i; is a positive matrix,?® all the
eigenvalues of X are non-negative. Let ./p; < ./p2--- < /pa be the eigenvalues
of X, and let /(< d) be the number of non-zero eigenvalues.

Let ) = 392, Ujilxi), 1G) == 3 Unléi) (jok = 1,....d) where
U = (Ujj)ij is the d x d unitary matrix which diagonalizes X. The choice of

% Note that for any y = (yi,...,ya)" € €4, (yIXy) = 257 0alxjhy; = (v
2 ¥ixj) = 0.
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the unitary matrix U guarantees that Zk,l U_k,'XklUlj = /pidij, which implies
(nlf|n’/.) = /pidij. Hence, {|n;) := «/Lpfmlf)},':lwl forms an orthonormal system of

Ha.
Since U is a unitary matrix, the equation

Ixi) =D Uikl (A.36)
k

holds, and the set {|§k)}z: | forms ONB of ;. Therefore, the (A.36) and the defini-
tions of |(x) and |n;) yield

d
) = > 16) ® Ixi) ZulkZm@mk

i=1
I

1G) ® Inp) = Zflc, ® i),
=1

~

which is the desired argument. It is easy to check 1 = (¢[¢)) = > ; p; by using
orthonormality of |(;) and |7;). (Il

A.5.2 Tensor Product of Linear Operators

For linear operators A € £(H1), B € L(H2), we define a linear operator A ® B on
H1 ® H> by

(AQ B)(|) ® 19)) := (AlY)) ® (B|9)) (VI¥) € Hi, ) € H2). (A.37)

Notice that the operation ® in (A.37) is indeed the tensor product operation from
the Hilbert spaces £(H1), £(H2) to the Hilbert space £(H1 ® H2) with the Hilbert-
Schmidt inner product (A.28). Therefore, we have £(H1 ® H2) = L(H1) ® L(H2).
In particular, all the linear operators on {1 ® H»> can be written by the sum of linear
operators of the form A ® B (A € L(H1), B € L(H2)).

Exercise A.19 Show that ())(A® B)(C®D) = AC®BD, (ii)) (A®B)" = AT®@ BY.

Exercise A.20 Show that a matrix representation of AQ B is given by the Kronecker
product:



Appendix A: Foundations of Linear Algebra and Basic Mathematics 291

b1 - b, by -+ big,
ar Lo ce dldy .o
bay1 - baya, bay1 -+ bayd,
b1y -+ b, by -+ bia,
ad, 1 o e Adydy .o
bay1 -+ - baya, bay1 -+ - baya,

where [a;;], [bx] are matrix representations of A, B, respectively.

A.6 Advanced Topics for Operators

A.6.1 Polar Decomposition for Operators

In this section, we explain the polar decomposition for operators, the operator norm,
and the trace norm. For the detail of this section, see [1, 3, 4], which is a textbook
treating the details of these topics for infinite-dimensional operators as well as finite-
dimensional operators. A linear operator W : H{ — C is called an isometry when
the relation |Wx| = |x| holds for any x € 7 where the norm |x| is defined by
lx] = (x, x)!/2. Since A = B is equivalent with the relation (x, Ax) = (x, Bx) for
Vx € H, we can show that

W is an isometry < Vx € H, (Wx, Wx) = (x,x) <& W' W = In
& Vx,Vy e H, (Wx, Wy) = (x, y). (A.38)

Hence, an isometry can be regarded as a linear operator preserving the inner product.
Remember that W is a unitary if and only if the relations WTW = Iy and W Wi = [
hold. A linear operator W is called a partial isometry when the linear operator W
restricted in (ker W)L is an isometry. We also define the absolute value |A| of an
operator A as the linear operator v/ AT A. When we choose a linear operator B = |A|,
we have the relations BT B = B? = ATA. Using these concepts, we give the polar
decomposition theorem as follows.

Theorem A.5 (Polar decomposition theorem) For a given linear operator A : H —
IC, there exists a partial isometry W : { — K such that A = W|A]|. In particular,
when dim H = dim I < oo, W can be taken as a unitary matrix.

In order to show the above theorem, we prove the following lemma with a more
general framework.
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Lemma A.3 Assume that the relation B'B = AT A holds for two linear operators
A:'H — Ki1and B : H — K2. Then, there exists an isometry W : Ran B — Ran A
such that A = WB.

Proof Due to the assumption, the relation

IBx|*> = (Bx, Bx) = (x, B'Bx)
= (x, ATAx) = (Ax, Ax) = |Ax|? (A.39)

holds for an arbitrary vector x € 7{.Hence, we can define the linear operator W : y =
Bx € Ran B +— 7z = Ax € Ran A. In fact, when the vector y € Ran B can be written
in two different ways as y = Bx] = Bxjp, since |Ax] — Axa| = |A(x1 — x2)| =
| B(x1 —x2)| = 0, wehave Wy = Ax; = Axy, and hence, the image of y is uniquely
determined. That is, W gives a map. The linearity of W is trivial from the definition.
Relation (A.39) yields the relation ker A = ker B. This relation and the definition of
W imply that A = W B. Further, Relation (A.39) guarantees that W is an isometry
form Ran B to Ran A. (]

Next, we show Polar decomposition theorem. Apply the above lemma to the
case of B = |A|. There exists a partial isometry W : Ran |A| — Ran A such that
A = W|A|. We extend the domain of W such that Wy = 0 for any y € (Ran |A[)L.
Then, W is a partial isometry from 7{ to }. That is, in order to extend the domain
of W to H = Ran |A| & (Ran |A|)L, it is sufficient to define the image of W for the
elements of (Ran |A|)™. In particular, there uniquely exists an extension of W such
that ker W = (Ran |A|)L.

Next, we show that we can choose the above partial isometry W as a unitary when
dim H = dim K < oo. Since W : Ran |A| — Ran A is a partial isometry, we have
dim(Ran |A]) = dim(Ran A) < o0. Due to the relation dim 7 = dim f_, we can
show that dim(Ran |A|)+ = dim(Ran A)+. Now, we choose the map W such that the
orthogonal basis of (Ran |A|)* is mapped to that of (Ran A)". Then, W is a unitary
from 7 to JC. Then, we obtain Theorem A.5.

A.6.2 Operator Norm

In this section, we treat the operator norm || A | of an operator A. We have defined the
norm |x|| :== /{x, x) for any element x € 7 of a Hilbert space 7 as the length of
the vector x. The norm can be characterized as a function of a vector satisfying the
following conditions.

Definition A.1 A functionx € V — |x| of a vector space V over the field K (= R
or C) is called a norm when the relations

O IxI=0(xlI=0<xx=0)

1) Jx+yl < lxl+ Iyl
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(i) Jox| = |of]x|
hold forany x,y € V, a € K.

Here, we should remark that there exist infinitely many norms for a given vector
space V as follows. For example, the vector space C" has the following norms

,,,,,

for any vector x = (x, ..., x)T e C Ttis easily checked that the above functions
satisfy the conditions for the norm. When a norm | - || is given on a vector space V,
the function d(x, y) := ||x — y| satisfies the following conditions for a distance over

the vector space V.

Definition A.2 A two-variable function (x, y) — d(x, y) is called a distance when
the relations

(1) (Non-negativity) d(x,y) > 0,d(x,y) =0 x =y
(i) (Symmetry) d(x, y) =d(y, x)
(iii) (Triangle inequality) d(x, z) < d(x,y) +d(y, z)

hold. These relations are often called the axiom of distance.

Exercise A.21 Show that the two-variable function d(x, y) := |x — y|| satisfies the
conditions for a distance when |x — y|| is a norm.

Now, we define the operator norm || A| for an operator A € £(7{) over the Hilbert
space ‘H by the following.

I Ax]|
max = max
xeH:x#0 x| XeH: x|=1

1Al =

|Ax]. (A.40)

Since || A| satisfies the conditions (i)~(iii) for a norm over the vector space £ (), it
is called the operator norm. Since the operator norm ||A| corresponds to the norm
[x]lso on C", it is often described by || A ~. The operator norm || A| can be regarded
as the maximum expansion rate of the operator A with respect to the length | x| of
the vector x. The definition of the operator norm implies the following relation.

Vx € H, [Ax] < [Allx]. (A.41)

Exercise A.22 Show that the operator norm || A| satisfies the conditions (i)~(iii) for
a norm.

Next, we show that the norm ||A| coincides with the maximum singular value
of the operator A, i.e., the maximum eigenvalue of |[A|] = v/ ATA. Since |A] is
a positive operator, we choose the eigenvalues a; > ap > --- > a4 > 0 and
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the corresponding eigenvectors |e), |e2), ..., |eq), where d = dim H. Due to the
eigenvalue decomposition (Corollary A.1), the relation |A| = Zz: 1 aklex)ex| holds.
Since any normalized vector |x) (|x| = 1) is written as |x) = Zgz | Xklex) by using
the coefficients Z‘Z:l Ixk|> = 1, we have |A||x) = Zle arxyler). Hence, the
relation (A.39) with the case B = | A| yields the following equation.

JAxI? = 1A = > atlal? (Dl =1). (A42)
k

k

The maximum value of the above is |A||*> = a%, which can be attained when |x) =
le1). Hence, |A| = aj, which implies that | A| is the maximum singular value. In
particular, when A is Hermitian, | A| is the maximum eigenvalue of A. A Hermitian
operator A also satisfies

o, Ax)l

Al= max ——— = max x, Ax)|. AA4d3
1Al X€H:x#0 ||)C||2 xeH: |x|=1 I ) ( )

In fact, Schwartz inequality implies that
max [(x, Ax) < max [|Ax| = |A]. (A.44)

I =
xeH: |x|=1 xeH: [x|=1

The equality holds when x is the eigenvector corresponding to the eigenvalue of A
whose absolute value is the maximum.

Lemma A.4 The operator norm | - | satisfies
(i) 1AB| = |AllBI

(i) |AT] = 1Al IATA| = [ A]?

(iii) A> B >0=|A]| > |B]|.

Proof Since the relation (A.41) yields that |ABx| < |A|l|Bx| < |AllIB|x], we
can show (i) as follows.

IABx]|

|AB| = max
xeH: Ixl=1 |x]

= [AllB]. (A.45)

Next, we show (ii). Since (ii) is trivial in the case of A = 0, we assume that A # 0.
Relation (A.40) and Schwartz inequality imply that

IA]? = max (Ax, Ax) = max (x, AT Ax)
=1 =1

< max IATAx| = |ATAl < |ATIAlL (A.46)

where the final inequality follows from (i). Hence, | AT| < | A|. Exchanging the roles
of A andAT, we can show that |A| < |AT|, which implies |AT| = |A|. Applying
JAT] = | A| in (A.46), we can show that [ATA| = |A|>.
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Taking the maximum with respect to x € H with the condition |x| =
show (iii) by using the relation (A.43).

When A > B > 0 holds, A and B are Hermitian and (x, Ax) > (x, Bx) > 0.
1

8
05

A.6.3 Trace Norm

For a given operator A € £(7{) on a Hilbert space 7, we define ||A|; := Tr|A| =
Tr v/ ATA. Since as is shown later, the function || - ||; is also a norm on the vector
space L(H), it is called the trace norm.

Lemma A.S The trace norm || A||1 and the operator norm || A| satisfy
(i) Tr|A| = max | Tr XAl = max | Tr X A|
XeL(H):1X]=1 XeL(M):1X]=1
(The maximum can be attained when X is a partial isometry.)

(i) | Tr XA| < Tr [ XAl < | X| Tr |A]

(iii) || - |l1 is a norm.

(iv) | Ally = Tr|A| = Tr|AT|

v) |1X| = max | Tr XA
AeL(H): 1Al <1

Proof First, we show the following relation
|Tr XA|] < | X[ Tr|A]. (A.47)
Let the eigenvalues of |[A| = +/ATA be {a}, and the corresponding eigenvec-

tors be {|ex)}. Since the eigenvalue decomposition (Corollary A.1) implies |A| =
> i aklex)ex|, the relation (A.39) with B = |A| yields that

Tr|Al = ax = Y llAlex] = Y | Aex. (A48)
k k k

Hence, the triangle inequality and Schwartz inequality imply

| Tr XA| = Z ex, X Aey) Z| ek, Aex)l
k
< D IX el Aex] < ||XT|| > lAex] = [ X[ Tr|A]. (A.49)
k k
Here, the final inequality follows from the inequality | X Ter < 1X el = 1XT1,

which can be derived from (A.41). The final equality follows from |X| = |X i
(Lemma A.4).

Now, we show (i). We make use of the polar decomposition A = W|A|
(Theorem A.5), which implies that |A| = WTA. Since W is partial isometry and
[W| = |WT| = 1, the relations
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Tr|A| = |TrW1A| < rﬁla|x1|TrXA| < Iﬁlaﬁ( |Tr XA| <Tr|A] (A.50)

hold, where the final inequality follows from (A.47). The maximum can be attained
when X is a partial isometry W,
Next, we show (ii). The first inequality can be shown as

ITriXA| < max [TrYXA]=Tr|XA| (A.51)

Using the polar decomposition XA = W|X A| and the relation |[W'| = 1, we can
show
Tr|XA| = |Tr WIXA| < |[WH|IX| Tr|A] = | X] Tr|A], (A.52)

which implies the second inequality.

Next, we show that || - ||; satisfies the norm condition (Definition A.1) (i)~(iii).
The norm condition (i) “||All;1 > 0” can be checked by (A.48). Here, the equality
|A]l1 = 0 holds only when |Aeg| = O for Vk. Since {|ex)} is an orthonormal basis,
the equality ||A||; = Oholds only in the case A = 0. The norm condition (ii) “triangle
inequality” can be checked as follows.

|4+ Bl = max |TrX(A+B)

S pmax | Tr XAl + P | Tr XB| = [[AllL + | B[1- (A.53)

The norm condition (iii) can be checked by the relations || A|; = Tr+/(aA)T(aA) =
|a|||A|l1. That is, we showed (iii) of Lemma A.5.

Next, we show (iv), i.e., Tr |A| = Tr|AT]. Using the polar decomposition A =
W|A|, we have |AT|2 = AAT = W|A|2WT. On the other hand, since

(WIAIWH? = WIAIWTWIAIWT = WIAPWT, (A.54)
we have |AT| = (W|A2WT)1/2 = W|A|WT. Hence,
Tr|AT = Tr WIAIW = T WiW|A| = Tr |A]. (A.55)
Finally, we show (v). The relation (A.47) yields the following inequality:

max  |TrXA| < max | TrXA| < |X]. (A.56)
AeL(H): Al =1 AeL): Al <1

We will give an operator A satisfying the equality in the above. Using the polar
decomposition X = W|X| of X, we choose the eigenvalues of |X| as x; > xp >

- > xq > 0, (d = dim ). Then, we have the eigenvalue decomposition (Corol-
lary A.1) | X| = Zg=1 Xk| fu)( fx]. Since | X | is the maximum eigenvalue of | X|, we
have | X| = xi. Here, when A = | f1)(f1|WT, the relation || A||; = 1 holds. Hence,
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the equality in (A.56) can be shown as follows.

d

Tr XA =Tr W(Zxk|fk><fk|) (IANANWT = x Tew Wi A A
k=1
= x1 Te ik fil = IXI. (AST)

O

In the following, we assume that A is a positive Hermitian operator satisfying
TrA = 1. For any projection E;, there exist unitaries U and U’ such that
(1 —E)Allr = Tr(1 —E)AU and ||E;A(1 —E) |\ = Tr E;A(J —E;)U’. Hence,
applying Schwarz inequality (Theorem A.2) to the inner product Tr XTAY =: (X, Y)
on L(H), we have

IA — E;AE;|l1 = |(I —EDA + E;A(I —Ei) |1
= |1 —EDAI + | Ei AU —E)|l1 = Te(1 —E)AU +Tr E; A(I —E)U’
< VTr(1 —E))A(I —E)) TrUTAU

+\/Tr E,AE; Tr U/T(I —E)A(I —E)U’
= JTr(I —E)A +JTr E;ATe(I —E)A < 2Tr(1 —E;)A. (A.58)

Further, when >, E; = I, we obtain

1A =D EiAEill = (A~ E:AE) + D E;AE,

i J#E
<IlA - E;AE;|| + Tt )_ E;AE;
J#
<2JTr(I —E))A + Tr(I —E;)A < 3/Tr(1 —E;)A. (A.59)

In the following, we assume that A is a Hermitian operator, which is not necessarily
positive. When E; is the projection corresponding to the eigenvalue a; of A, the
spectral decomposition is given as A = >, a; E;. Then, we define “the projector to
the positive part of A” by?’

(A>0}:= > E. (A.60)

i:a;i>0

The projection is commutative with A and satisfies 0 < {A > 0} < [. The projection
{A < 0} is defined similarly, and satisfies {A > 0} + {A < 0} = [. The positive

29 The notation is taken from [5].
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part A and the negative part A_ of the Hermitian operator A are given as

Ay i=AA>0)= D 4 (A.61)
ira;>0
A i=—-AA<0}= > |alE;. (A.62)
ira;<0

The above definition guarantees that A, and A_ are positive operators. Then, we
obtain the Jordan decomposition A = Ay — A_. Since ATA = A2 = 3", a’E;, the

absolute value |A| := v/ AT A satisfies

Al =D "lai|Ei = Ay + A_ = A{A > 0} — A{A < 0}. (A.63)

l
Hence, the trace norm of the Hermitian operator A is given as
Al =TrA +TrA_ =TrA(fA > 0} — {A < 0}). (A.64)

Here, when we define X :={A >0} —{A <0},wehave — T < X < [, |X|| = 1.
Thus, the operator X attains the equality in Lemma A.5, which implies the relation

[Allh = max [TrXAl (A€ Ln(H)). (A.65)
X:—[<X<]
The following lemma plays an important role for the trace norm distance
(Sect. 6.3.5) and the property of quantum Neyman-Pearson test (Sect. 8.2.3).

Lemma A.6 For any Hermitian operator A and any operator T satisfying0 < T <
I, we have
Tr A{A > 0} > Tr AT. (A.66)

The equality holds when T = {A > 0}, and

TrA;L =Tr A{A >0} = max TrAT. (A.67)
T:0<T<]J

Proof We make use of the Jordan decomposition A = Ay —A_.Since TrA_T > 0,
we have

TrAT =TrA+T —TrA_T <TrA;T <TrAL =TrA{A > 0}.

Here the final inequality follows from Tr A4 (/ —7) > 0, which can be shown by
I —T > 0. Since the equality holds when 7" = {A > 0}, we obtain (A.67). ]
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A.6.4 Operator Monotone Function

In this section, we treat operator monotone functions and operator convex functions,
which are operator versions of convex functions given in Sect. A.4; for details, see
[6]. In this section, these concepts are treated as those defined for operators on a
finite-dimensional Hilbert space.

Remember a real-valued function is called a monotone function when the function
preserves the order of real numbers. A function is called an operator monotone
function when it preserves the order of operators A < B < B — A > 0.

Definition A.3 (Operator monotone function) A real-valued function f is called an
operator monotone function if the following condition holds. When any two operators
A and B, whose eigenvalues belong to the domain of f, satisfy A < B, the relation
f(A) < f(B) holds.

Now, we only give examples for operator monotone functions without proof; for
the proof, see [6]. Any operator monotone function is clearly a monotone function,
however, the converse does not hold in general.

Example A.5 (Examples of operator monotone function)

(i) f(x) = logx is an operator monotone function.
(i) f(x) =x% (0 <s < 1) is an operator monotone function.
(iii) f(x) = x* (s > 2) is a monotone function, but is not an operator monotone
function.

As a generalization of a convex function, we can define an operator convex
function as follows.

Definition A.4 (Operator convex function) A real-valued function f is called an
operator convex function, when any two operators A and B, whose eigenvalues
belong to the domain of f, satisfy therelation f (tA+(1—1)B) < tf(A)+(1—1) f(B)
forO <Vvr <1.

The following are examples for operator convex functions. Any operator convex
function is clearly a convex function, however, the converse does not hold in general.

Example A.6 (Examples of operator convex function)

(i) f(x) = —logux is an operator convex function.
(i) f(x) = —x* (0 <s < 1) is an operator convex function.
(i) f(x) =x* (1 <s <2,—1 < s <0) is an operator convex function.
(iv) f(x) =x% (s > 2,s < —1)isaconvex function, but is not an operator convex
function.
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A.7 Vector Space Over Finite Field

Up to now, we have treated vector spaces over the real numbers R and the complex
numbers C. When a set has addition and invertible multiplication like R and C, it
is called a field. In fact, a vector space can be defined over a general field instead
of R or C. In the following, we give a precise definition of a field. That is, a set K
satisfying the following conditions is called a field.

(1) A commutative operation “addition” is defined, and relations a + b = b + a
and (a + b) + ¢ = a + (b + ¢) hold for arbitrary elements a, b, ¢ € K.

(2) There exists the unit element 0 € K with respect to the addition satisfying that
a + 0 =0+ a = a. The unit element is called zero.

(3) For an arbitrary element a € K, there exists the minus element —a € K satis-
fying thata + (—a) = (—a) +a = 0.

(4) A commutative operation “multiplication” is defined, and relations ab = ba
and (ab)c = a(bc) hold for a, b, c € K.

(5) There exists a unit element 1 € K with respect to the multiplication satisfying
thatal = la = a.

(6) For an arbitrary non-zero element a € K, there exists the invertible element
alekK satisfying that a(a~!) = (@ Ha =1.

(7) The distributive law holds, i.e., the relations a(b+c¢) = ab+ac and (a+b)c =
ac + bc hold for arbitrary elements a, b, ¢ € K.

For example, the set F; := {0, 1} is afiled when the addition and the multiplication
are defined in the following way.
Addition The addition is defined as exclusive OR &. (See Fig. 3.1 in Sect.3.3.)
Multiplication The multiplication is defined as A. (See Table 3.1 in Sect.3.3.)

Exercise A.23 Check that the set I, is a filed under the above defined addition and
multiplication.

Hence, we have an example of a field [, in addition to R or C. A field with
finite elements is called a finite field. The set V is called a vector space V over
the finite filed I, when for arbitrary elements ¢/, ¢ € V and a € F,, we have the
sum 1) + ¢ € V and the scalar’® multiplication a - 1) € V satisfying the following
conditions: For arbitrary elements ¢, ¢, £ € V and a, b € [,

(v1) ¥+ ¢ = ¢ + ¢ (commutative law),

vV2) v+ (@ + & = (Y + ¢) + £ (associative law),

(v3) 310 € V s.t. Vi € V, Y + 0 = 1 (existence of zero element),
(vd) Yy € V,31€ € V s.t. ¢ + € = 0 (existence of inverse element),
(v5) a - (b-) = (ab) - 9 (associative law),

(v6) 1-9 =1,

VT a-(W+¢@)=a-+b- ¢ (distributive law 1),

(v8) (a+b) -y =a -+ b - (distributive law 2).

30 An element of the finite field 5 is called scalar
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0 in (v3) is called the zero vector and is simply denoted by 6 = 0. £ in (v4) is called
the inverse vector of ¢) and is denoted by —). In the following, we omit the notation
“.” for the scalar multiplication. The Greek letters ¥, ¢, £, - - - express vectors, the
letters a, b, ¢, x, y, z express the scalar, and the letters d, n, m, k - - - express natural
numbers.

Example A.7 Let Fg be the set of column vectors

X1
. T
X = N :(x]5"'7xd) ’

Xd
where x; € F>. When the addition and the scalar multiplication are defined by

X1 Y1 X1 @y X1 anxi
=l 0 e = )
Xd Yd Xd D yd Xd anxq

the set ]Fg is a vector space over .

Exercise A.24 Find the zero vector in the vector space IE‘E’. Also, find the inverse
vector for an arbitrary element ¢ = (xq, ..., xq) € IF"zi.

Then, similar to Sect. A.2, we can define the linear independence and the linear
dependence for plural elements of the vector space V. Similarly, the dimension of
the vector space is defined as the maximum number of linearly independent vectors,
and the basis is defined in the same way as in the case of vector space over R or C.

Exercise A.25 Show that the set [F, is a vector space over the finite field IF,. Find
the dimension.

Exercise A.26 Let V be a vector space over the finite field F, with dimension d.
Find the number of elements of V.

Example A.8 A subset C of IE‘g is called a subspace of IF‘;’ if C is a vector space
over .

Example A.9 We define the quotient space F‘zi /C for a subspace C of IF;Z by the
following way. First, two elements x and y € IF‘ZI are called equivalent to each other
whenx —y € C.Then the subset of ]Fg composed of elements equivalent to x is called
the equivalence class of x and is denoted by [x]. and call the subset the equivalence
class. We denote the set of equivalence class by IF‘ZI /C.

The scalar multiplication and the addition for the equivalence class are defined by
Scalar multiplication a[x] := [ax] (a € F3)
Addition [x] + [y] := [x + y].

Then, the set IF‘ZJ / C becomes a vector space with the above operations and is called
the quotient space.
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Exercise A.27 Assume that C be a subspace of the vector space IF‘ZJ over [F, with
dimension k. Find the dimension of ]Fg /C.

Exercise A.28 Under the assumption as the above exercise, show that y € IE“zi
belongs to [x + y] forany x € C.

Similar to Sect. A.3, for given two vector spaces V and W over [F>, amap A :
V — W is called a linear operator from V to W when the map A satisfies the
following conditions (linearity):

Aay) +bd) = aAh +bAd (Vib,p € V,a,b e ). (A.68)

In particular, a linear operator from Fg‘ to ]ng is given as (A.6) by using a d> x d;
matrix with entries in [F».

Especially, the set V* of linear operators from the vector space V to I, is a vector
space over [F,. The vector space V* is called the dual space of V.

Exercise A.29 Let V be a vector space over the finite filed F, with dimension d.
Find the dimension of the dual space V*.

For a given vector space V over the finite filed Fp,amap Q : V x V — [y is
called a bilinear form when it satisfies the following condition.

Bilinearity The maps Q(-, y) : x — Q(x, y) and Q(y, ) : x — Q(y, x) are linear
for arbitrary y € V.

Hence, the maps Q (-, y) and Q(y, -) can be regarded as elements of the dual space
V* for y € V. When the sets {Q(-, ¥)}yev and {Q(y, -)}yev coincide with the set
V*, the bilinear symmetric form Q is called non-degenerate. Otherwise, it is called
degenerate.

When the bilinear form Q satisfies the symmetry condition (the skew-symmetry
condition), it is called a bilinear symmetric form (a bilinear skew-symmetric form),
respectively.

Symmetry The relation Q(x, y) = Q(y, x) holds for arbitrary x, y € V.
Skew-symmetry The relation Q(x, y) = —Q(y, x) holds for arbitrary x, y € V.

When the bilinear form Q is a bilinear symmetric form or a bilinear skew-
symmetric form, Q is degenerate if and only if there exists a non-zero element
y € V such that

QOx,y)=0, VxeV. (A.69)

Exercise A.30 Define the inner product (s|f) := (s At;) D - - D (s, A 1) for
elements s = (s1,...5,),¢ = (f1,...1;) € F5. Show that the inner product is a
non-degenerate bilinear symmetric form.

Exercise A.31 Define the symplectic inner product (s,s’) := ®_ ((s/ A 1;) ®
(t/ ns;)) forelements s = (s,1),s" = (s',1) € F%”. Show that the inner product is a
non-degenerate bilinear skew-symmetric form.
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A.8 Convergence

As is explained in Chap. 6, many information quantities satisfy the addivitity. How-
ever, some of them does not satisfy it. In such a case, the following lemma plays an
important role.

Lemma A.7 If a sequence of real numbers {a,}.> | satisfies ayn > am + a, and
SUp,~| 2 < 00, then there exists lim,_, o %, and we have

lim dn _ sup a—n. (A.70)
n—-oo n n>1 n
Proof First we fix an integer m arbitrarily, and represent n by n = Im + r
(0 < r < m). Then we have
An _ Aimr lan L& (oo an_ (A7])
n Im+r “Im+r Im+r m

and hence lim inf,,_, oo % > %2 holds. Since m is arbitrary, we have
n o0 n m

. . ap am . am
liminf — > sup — > limsup —, (A.72)
n—oo n m>1 M m—oo M

which proves the lemma. O
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Appendix B
Solution for Exercises

Exercise 2.1
Wlp)y =0 +2)) x (=5=3I)+2—i)x4+3x2+i) =3+ 14i.

Exercise 2.2

(i) We have A = [¢)(¢| = (231) (a,-i) = (231 —23i)’ ) = (231 —23i) (_3’)

= (461)’ and (£]X') = Alx) = (1 +i) x 4i +2 x 6 = 16 + 4i. Alternatively, (ii)

we have (€1¢) = (1+1) x 2 +2x 3 =8+2i, (Yx) =1 x 3+7 x —i =2,and
(E1O)(BIX) = 16+ 4i.

Exercise 2.3
Under a measurement of the basis (2.16), the probability to get 0 is [(£o|1))|?

1 ' 2\T 12 _ ji+v/22 _ 1 i . 1_ 1
|ﬁ(1’ 1).(\/1—? \/;) |© = |'W| = 5. Thus, the probability to get 1 is I — 5 = 3.
(The reader should also show the direct calculation |(£]]1))|* to get the same result.)
Under a measurement of the basis (2.17), the probability to get 0 is |(no])|> =

34292 (=~ 0.97), thus the probability to get 1is 1 — 322 — 3242~ 0,03),

Exercise 2.4
Omit.

Exercise 2.5
By the direct computation, show the condition AAT(= ATA) = I for each matrix.

Exercise 2.6

i 2
The final state is |¢)') = oy |1)) = 01 *{5 = “,ﬁ . Therefore, the proba-
YINE) \ 5
bilities to obtain 0 and 1 of the measurement of the computational basis under the
final state are |(0]¢)')|> = % and |(1|¢)]? = %, respectively.
Exercise 2.7
Directly show (2.27) and (2.28) by using (2.22).
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Exercise 2.8
Omit.

Exercise 2.9
Note that “inner products” between |£;) (i = 0, 1) on the right qubit and the state

|¢) are given by (§olt)) = f(IO (€0l0) + 310)(Lol1) — [1)(£010) 4 2[1) {0l 1)) =

\/—3>0(4|0) + 1)) and (£1]) _\/_70(2|0> + 3]|1)), respectively. Therefore, from
(2.36), the probabilities to get outcomes i = 0,1 are |[(&o|Y)|]> = 30 and

(1 |1)|12 = 30 From (2.37), the post-measurement states for the outcome i = 0, 1

are (§olv)/11{&ol V)1 ® 1€0) = f(4|0)+|1 ) ®[€o) and (1) /(& D) ®1&1) =
ﬁ(2|0) + 3|1)) ® [£1), respectively.

Exercise 3.1
f(n) = 0(10g'°2" n) since log'°¢” n/n* — oo as n — oo.

Exercise 3.2
(Sketch) Let K be the total number of circuits that consist of at most 2" /2n gates.
Then, Pr+{C(f) < 2"/2n} = K /2%".

Exercise 3.3
See Sect.2.3.3.

Exercise 3.4
(Sketch) Similarly to the Z-Y decomposition.

Exercise 4.1
(Sketch) The 1-bit case is done as in the hint. For general n-bit case, apply induction
onn.

Exercise 4.2

Note that the (i, j)th component of Dy can be represented by (i|Dy|j). (|i) is
identical to a column vector that has 1 in the ith coordinate and 0O in the others.) Since
lgo) = D, 1X) /27, (i1(—1 +2|¢o) (poD)i) = —1+2|(illpo)|* = —1 +2/2". For
J # i, wehave (i|(—1 + 2[¢o){(poD 1)) = 2({illdo)) ({Pollj)) = 2/2".

Exercise 4.3
(Sketch) The analysis is quite similar to the case of a single solution.

Exercise 4.4

(Sketch) If a solution xq is obtained by making O (v/N) queries, the given f has
a solution, and otherwise, we regard that f has no solution. When xq is obtained,
the answer is correct with probability 1. If a non-solution x is obtained, f has no
solution with high probability.

Exercise 4.5
(Sketch) Verify FFT = 1.

Exercise 4.6
Ifkisa multiple of N, we can write k = ¢N for some integer c. Then, we have
Sn(eN) = S0 wheN = S0 1 = N If k is not a multiple of N, since it holds
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that (W, — 1) Sn (k) = (@5 = DAY VAN ok 100y = AN -1 =0,
and wk, — 1 # 0, we have Sy (k) = 0.

Exercise 5.1
By using (5.5) and the linearity of the inner product, we have (¢'|(|¢)(¥|)¢') =
(P11 Py = (Y1) (S |).

Let |£) be an arbitrary vector. We have (|¢){(¢[|9)(¢'DIE) = [¥) (@119} (#']1€))

= [Nl (@' 1E) 1Y) = (¢ 1E AP PIIY) = (IENBIY) ) = (@l ) (@) 1)
= ((¢|Y)|Y)(P'])]E), which shows (5.7). (Alternatively, by using the notion of the

bra and combining (¢| and [1)) first, (5.7) immediately follows.)

Exercise 5.2
We have to show both the positivity (i|P,1) > 0 and the normalization
condition Zaea( (¥ Pap) = 1. By using the conditions of the projection oper-

ator, i.e., P, = PaT = Paz, the positivity follows as (Y|P,) = (’L/J|Paz’¢))
= (PJ¢|P6,¢) = ||Pa1/)||2 > (. The normalization condition follows as Za (Y| Py))
= W, P)Y) = WlIY) = l[9]]> = 1 by the completeness condition
> P, =1

Exercise 5.3
Solve the eigenvalue equations: det(A ] —A) = 0 for A = 0y, 0y, 0.

Exercise 5.4

By the definition (A.24) of the trace, we have Tr(A|Y) (¢]) = >, (@il (AlY) (P i) =
2 (il AN (ldi) = 2. (Bloi) (il AY) = (P12 19i) (@i DAY) = (¢ T AY) =
(¢| A1) where {|¢;)} is an ONB of H.

Exercise 5.5
The density operator corresponding to sj is p; = %lO)(O| + %|1)(1| = %I where
we have used the completeness condition |0)(0] + |1)(1| = [. In the same way, the
density operator of s; is pp = %|+)(+| + %|—)(—| = %I.

Exercise 5.6

By the eigenvalue decomposition oy = |+)(+|—|—)(—| and the Born rule (5.35), the
11\ (L

probability to get 1 is Tr p|4)(+| = (+|p|+) = (%@, %fz) (_21 ° ) ( \?) =

6 2 2
1/3. Therefore, the probability to get —1 is 1 — 1/3 = 2/3. (Of course, one can

compute Tr p|—)(—| to get the same answer.)

Exercise 5.7

Letp = Z;i=1 pil®i)(¢i] be an eigenvalue decomposition of p. Using the Schwarz
inequality |(¢1¢i)| < I[¢llll¢ill = 1, we have (¥lpy) = > pil(ldi)* <
Zi pi=1L

Exercise 5.8
Letp = Z?:] piléi){(@i] be an eigenvalue decomposition of p. We have Tr(p?) =

Sl 8y pildi) (di)21dk) = 3 p? by using (¢;]¢;) = &;;. Since p; < 1, we
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obtain Tr(p?) = >; p? < >; pi = 1. The upper bound is achieved if and only if p
is pure as is already shown in Proposition 4.6-(c).
The Schwarz inequality between d dimensional vectors @ := (1/d, ..., 1/d)T

2 .
and p := (p1,..., pa)! reads | >, (%p,-|2 < [—11 )& pH). Since >, pi = 1,
we obtain é <>, p,.2 = Tr(p?). To see the equality condition of the lower bound of
(5.43), one can use the equality condition of Schwarz inequality implying that @ and
p are linearly dependent. However, by >, p; = 1, we have p = a. Therefore, we
have shown that the lower bound is achieved if and only if the state is the completely
: _~Nxd 1. g1
mixed state p = D> 7| 7|di)(di] = 5 1.

Exercise 5.9

Let the characteristic equation of 2 x 2 matrix A be det(A ] —A) = A% — ]\ +
co = (A — A1)(A — \2) where \; and )\, are eigenvalues of A. Using A\{ + Ay =
c1, A\1\2 = ¢, it is easy to see that A\ > 0, A\, > Oif and only if c; > 0, ¢y > 0.
By direct computations of det(A ] —A), we have ¢; = aj; + a2 = TrA and ¢g =
ajjaxn — apaz = (Tr A)2 — Tr(A?). This completes the proof.

Exercise 5.10

(1) Let C = Z.,' A; ® B; and fix arbitrary |1}, |¢) € Hs. By (5.49), we have
(WI T Co) = WIS, TrBPA;¢) = 3 (3, (el Bje)(WlAj0) = St ®
ekl(zj Aj®Bj)o®er) = D, (¥ ®er|Clo®ey). On the other hand, if we define the
partial trace by (5.50), we have (¢)|(Trg C) @) := zk(w®ek|(zj A;®B))|p®er) =
W j (Tr Bj)A)¢), and thus obtain (5.49). Notice that we also observed here that
the definition (5.49) is independent of the decompositions of C = > j A; ® B;.
2) Let C = Zj A; ® Bj. We have Tr(A(Trg C)) = Tr(A((Zj TrBj)Aj)) =
Tr(A® IE(X;Aj ® Bj) =Tr(A® I C).

(3) By using (5.50) and the positivity condition for C, ()| Trg Cv) = >, (¥ ®
ex|Cly ® ex) > 0 for any [¢)) € Hs.

(4) By using (5.50), we have (¢|(Tre(aC1+5C2)) ) = 24 (¥ ®ex|(aC1+HC2)p®@
ex) = aD (Y ®e|Cio @ ex) + B2 4 (Y ® ex|Cap ® ex) = afth| Trg C19) +
B Trg C20) = (Y|(aTrg C1 + B Trg C2)¢) for any [¢) and |§).

Exercise 5.11

The density operator of the total system is p = |¢){¥| = %(|00) + |11))((00] +
(11]) = 110)(0] ® 10)(0] + 310)(1] ® [0)(1] + 3I1)(0] ® [1)(0] + $I1)(1]| ® |1)(L].
By (5.49), one has ps = Trgp = $(Trg [0(0DI0}(O] + & (Tre [0)(1)]0)(1] +
3 (Tre [1)(ODI1)(0] + 3 (Trg [1)(ADI)(1] = 310)(0] + 311)(1] = 5 Is.

Exercise 5.12

Let P = |+)(+] and Q = |0)(0]. Under a state p, the probability to get an outcome
1 of the measurement M is given by

1 1 1 1
Pr(M = 1|p) = EPI‘(O'X =1lp) + EPI'(O'Z =1lp) = ETer—i— ETr Op=TrEp,
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where E = %(P + Q). Itis easily shown that E is not a projection operator. (Notice,
however, that 0 < E < ].) Thus, the measurement M cannot be described by any
single Hermitian operator.

Exercise 5.13

By definitions of Ey, E> and E3, we have E; > 0, E> > 0 and Zi E; = . To show
the positivity of E3, it is enough to check that eigenvalues of E3 are all non-negative
since E3 is Hermitian. Noting that |[+) = f( |0) 4 |1)), the matrix representation

0.4 —0.2 ) .
—02 0.8 ), which has the eigen-

values 0.6 £ 0.24/2 > 0. (Alternatively, one can just check the coefficients of the
characteristic equation of E3 to be non-negative. (See Exercise 5.9).

Exercise 5.14

Let £(H)+ and L£L(H), be the set of all positive and Hermitian operators on 7,
respectively. We construct the linear extension of f by first extending it to £(H)+,
and next to £(H)n, and finally to £(H).

Notice that any positive operator A € L£(H)+ can be uniquely expressed as
A = ap with non-negative a := Tr A > 0 and the density operator p := A/a
(except for the case A = 0 where one does not have to define p). Using this, we have
the unique extension f’ to L(H)+ by f'(A) := af (p) YA = ap € L(H)+). From
the affine property of f, itis easy to see (pl) f'(A + B) = f/(A) + f'(B) and (p2)
f(@aA) =af'(A) (YA, B € L(H)+,a > 0).

Next, notice that any Hermitian operator A € £(H), can be expressed as A =
B — C with two positive operators B, C € L(H)+. (For instance, with the spectral
decomposition A = > aPy, let B := > . .qaP;and C := =3 . _caP,.)
Thus, we have an extension f” to L(H)x by (A = f’ (B) f(C) (VA =
B —C € L(H)n). For the well-definedness, it is necessary to show that the definition
of f” is independent of the ways of the decomposition A = B — C. However,
this can be directly shown by using (pl). Moreover, we have the conditions: (11)
f"(A+B) = f"(A) + f"(B) from (pl) and (12) f"(aA) = af"(A) (YA, B €
Y,a € R) from (p2). Finally, observe that any linear operator A € £(7{) has the
unique decomposition A = Ag +iA; with Hermitian operators Ag := (A+ AT)/2
and A; := (A — AT)/(2i). Therefore, we have the unique extension f to L(H) by
f(A) := f"(AR) +if"(Ar). From (11) and (12), it is easy to see that f satisfies the
linearity condition.

From the above proof, we have also observed that any operator A € £(7H) can
be expressed as A = Ap +iA; = (Ay — A_) +i(By — B_) = popo — p2p2 +
ipip1 —ip3ps = zzzo i* Pk pr With non-negative numbers pg, p1, p2, p3 and den-
sity operators po, p1, p2, p3. Hence, with this expression A = Zi:o ik prpk, the
linear extension of f to £(H) is given by fA) = z};o Ko f (o).

Exercise 5.15
Let W, be the orthogonal complement of W. Let {|¢;)}?"_ | and {|¢;) } i—m41 be ONBs

of W and W, respectively, and let |¢;) := U|¢;) (i = 1,...,m). Since the inner
product is preserved on W, {|¢)§) i, forms an orthonormal system of H. Therefore,

of E3 with respect to the basis {|0), |1)} reads (
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one can complement an orthonormal system so that {|¢;) }?:1 is an ONB of H. If we
define a linear operator U’ on H by U’|¢;) = |¢}) (i =1,...,d), U’ is obviously a
linear extension of U which is unitary.

Exercise 5.16

Notice that P+ := | — P is a projection operator which satisfies P P = 0. For any
) € H, we have ||[F1/2PL{y)||> = (PLy|FPLy) < (PLy|PPL4p) = 0, where
in the second inequality we have used F < P. Thus, we have F!/2PL = 0, from
which we obtain F(J —P) = 0. Therefore, we have FP = F = F' = (FP)" =
PF.

Exercise 5.17
(i) The linearity of A easily follows. Observe that Trap A(A) = Trap A ® 0 =
Tra ATrg 0 = Tra A. Therefore, A is a trace preserving map. By noting that the
tensor product of positive operators is positive, it is easy to show that A is acompletely
positive map.
(ii) The linearity and the trace preserving property follows immediately. With an ONB
{lex)}x of Ha, define linear operators Vi : Hap — HB by Vi|v)) = |ék) (V|Y) =
>k lex ® dr)). As is easily seen, we have VkT|¢) = |lex ® ¢) (|¢) € Hp). In the
following, we show that

Tra C = Y ViCV,, (B.1)

k

which implies that A is a completely positive map by Theorem 5.4-(iv). To show
(B.1), it is enough to consider C of the form C = |£)(x| with arbitrary |£) =
dSiler @ &) Ix) = Dilex ® xk) € Hagp. By the definition of Vi, we have
S VOOV = S Ik (Vix| = 3 1€6) (xel. Thus, for any [4), |¢) € Ha.
we have (|(2 VkCVkT)qS) = > 1 (WI&) (xk|®). On the other hand, by (5.50),

we have (Y|(Tra C)¢) = > i {ex ® P|Cex ® ¢) = 2 {ex ® PIE)(xlexr ® ¢) =
> 1 (W1&) (xk|¢). Therefore, we have shown that (B.1) holds for any C = [£)(x|.

Exercise 6.1
A direct calculation yields

1
W) = =5 oz p 41— log, (1 = p) — 1}
e

1
- 1 —log,(1—p)}.
oz, 2 {log, p —log, (1 — p)}

h'(p) =

(1+ 1 )_ 1 1
logez p 1—[7 B logez P(l—l’).

Thus we have h"(p) < 0 (0 < p < 1), and the concavity of h(p) follows
from Proposition A.12. Noting that h/(%) =0, h(%) = 1, lim\oh'(p) = oo,
lim,, ~1 h'(p) = —oo, and h(0) = h(1) = 0, we can verify the shape of Fig.6.1.
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Exercise 6.2

Using—log% =1, —log%2 =2,and—log2l3 = 3, we have % —i—%—l— % + % = %.
Exercise 6.3

[log, M bits are required, where [x] is the ceiling function defined in Sect. 3.2.

Exercise 6.4
(1) Since Z is a non-negative random variable, we have

E[Z] =ZZP2(Z) = Z zPz(2) + z zPz(z) > Z 7Pz (2)

z>0 z:z>a z:0<z=<a z:z>a

=aPr{Z > a}.

Dividing both sides by a > 0 gives Markov’s inequality.
(2) Since € > 0, we have |X — p| > ¢ & (X — p)? > €. Thus using Markov’s
inequality, we obtain Chebyshev’s inequality:

E[(X —w? _VIX]
2 - 2

Pr{|X — pl > €} = Pr{(X — p)? > €%} <

€ €

(3) The expectation of S, is given by E[S,] = % Z?:l E[X;] = p. The variance is
calculated as

n 2
_ o= e |l S -
VIS =E [(Sy = ?] = E [n > u)]
=n—12 DE[Xi = w(Xj—w)].
ij

Using E [(X; — p(X; — )] =0 (i # j), we have V[S,] = z E[Xi —w?]
= %E [(X 1 — W) ] = V[X Ll Hence Chebyshev’s inequality leads to

{1
Prqi—
n

Exercise 6.5
(1) Let N(a|x") be the number of occurrences of the symbol a in x" = (x1, x2, ...,
Xy ). Then the type (empirical distribution) is given by Py (a) = N (“ Ix ) Note that the

-0 (n— 00).

> Xi— E[X)]

2 2
€
i=1

ne

N 6} _ VIS _ vixd)

arithemtic mean of a function f(x) is written as - Z;’ 1 fxi) = Z > cx N(alx™)
fa) = > ,cx Pw(a)f(a), which equals the expectation by the type. Taking
f(x) = —log P(x) yields the assertion.

(2) For any x" € B, . we have Px»(x") # 0, and the triangle inequality yield
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1

‘—— log Pxn(x") — H(P)‘ = z (Pxn(a) — P(a))(—log P(a))
" aeX: P(a)#0

< 2 IPe@—-P@|-M=< 3 Ple M= Me
aeX: P(a)#0 aeX: P(a)#0

Exercise 6.6
(1) The assertion follows from Pxy (x, y) = Px(x) Py x(y|x).
(2) It follows from Zy Pxy(x,y) = Px(x) that

— D> Pxy(x,y)log Px(x) = — > log Px(x) Px (x).

X y

Combining this equality and (1), we can show the chain rule.

Exercise 6.7

. . ,
Taking the expectation of log v ()

+log 7755 by the probability

Pxiv; (x,y) 1 Px; (x)
Pror, @) 08 Py, ()
distribution Py,y, (x, y) yields the additivity.
Exercise 6.8

Taking the expectation by Pxy (x, y) on the both sides of

Pxy(x,y) ~ L
gm—{ log Px (x)} + {—log Py ()} — {—log Pxy (x, y)}

gives (6.26). In the same way, taking the expectation of log %}% = {—log Px

(x)} — {—log Px |y (x|y)} leads to (6.27). It is also possible to show (6.27) by using
(6.26) and the chain rule (6.7).

Exercise 6.9
From (6.26), we have I[(X;Y) = H(X) + H(Y) — H(X,Y). In the same way,
I1(X;Z|Y)=HX|Y)+ H(Z|Y) — H(X, Z|Y) follows. Thus we have

I(X;Y)+1(X; Z|Y)

—HX)+H®Y)-HX,Y)+ HX|Y)+ H(Z|Y) — HX, Z|Y)

=HX)+HY)—-HX,Y)+{H(X,Y)— H(Y)}
+{HY,Z)-HY)} —-{H(X,Y,Z) — H(Y)}

—HX)+HY,Z)—HX,Y,Z)=I1(X;YZ).

Exercise 6.10

We choose the random variable X as the constant x,l.e., X = x holds with probability
1. Using Fano inequality (6.42), we obtain (6.45) because P, = 1 — P(X = x) and
H(X|X) = H(X).
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Exercise 6.11
Using (6.46), we can show the unitary invariance:

DWUpUTUoUT) = Tr [Upzﬁ {log(UpUT) - 1og(UaUT)}]
—Tr [UpUT {U(logp)uT - U(1oga)UT}]

—Tr [pUT [U(logp)UT - U(loga)U*} U] — D(pl|o).
The additivity is shown as follows:

D(pa ® pplloa @ op) = Tr(pa @ pp) {log(pa ® pp) —log(oa ® op)}
=Tr(pa ® pp) {logpa @ Ip+ 14 ®logpp —logos @ Ip — 4 Rlogop}
= Tr(pa ® pp) {(log pa —logoa) @ Ip}

+ Tr(pa ® pp) {14 @(og pp — logop)}
= D(palloa) + D(pgllop).

Exercise 6.12

(I)LetU = —P + (I —P). Then U is a unitary transformation and %(p +UpU) =
PpP + (I — P)p(I — P) holds. Thus the concavity of the von Neumann entropy
yields the assertion.

(2) Applying (1) inductively gives to the assertion.

Exercise 6.13

(1) Let W be a partial isometry. From Appendix (A.38), WTW acts as the identity on
(Ker W)+. Thus WTW is the projection onto the subspace (Ker W)=, from which
WW'W = W follows. Conversely, suppose that WWTW = W holds. Multiplying
the both sides by W7 from the left, we have (WTW)> = WTW. Thus W' W is the
projection onto the subspace (Ker W)=, and hence, W is a partial isometry.

(2) Taking the Hermitian conjugate of the both sides, we have WWTW = W «
WiWWT = W7, Hence the assertion follows from (1).

(3) The assertion follows from WWw = w & wIwTiw? = w7,

Exercise 6.14

By (6.103) we have | /pV — oWl2 = |/p — /oWVT|2. If V and W vary
within the set of unitary operators, U = WV also varies in the whole set of unitary
operators. Hence we have B(p, o) = miny [/p — /aU 2. We show that B(p, o)
satisfies the axiom of the distance. The positivity B(p, ) > 0 obviously holds. If
B(p, 0) = 0, then there exist unitary operators V and W such that \/pV = /oW,
from which p = ((/pV)(/pV)" = (VoW)(J/oW)" = o holds. The symmetry
property is obvious by definition. We show the triangle inequality. From the triangle
inequality of 2-norms, we have |,/pV — JoW|2 = |/pV — T+ 7 — JoW|2 <
I/pV — 7l + 7 — /oW 2. Minimizing the both sides with respect to V and W
leads to the assersion.
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Exercise 6.15
The assertion obviously follows from Lemma 6.10 and Lemma 6.11.

Exercise 6.16
() 1= F(p,0)> =1+ F(p,0))(1 — F(p,0)) <2(1 — F(p,0)).
(2) The assertion follows from (1), Lemma 6.13, and (6.102).

Exercise 7.1

Let |W) = |¢T). The four Bell bases are written as |¥;) = (U; ® I)|¥) using unitary
operators U;’s. Let o be a mixed state on X, and |W;xa) be a post measurement state
after the Bell state measurement on A and X (for the outcome 7). The state of B then
becomes

(Wixal (U ® Ia ® Ip) (0x ® |WaB) (Wa) (U ® Ia ® I5)|Wixa)
(‘I’XAI(U ox @ Ia ® Is)|¥aB)(¥aB|(Ui ® Ia ® IB)|¥xA)

= (Wxal(Ix ® Ui ® I8)|WaB) (Wanl (Ix ®U/ ® Is)|¥xa)

= (Ixal(Ix ® Ia ®U,» oB)|¥aB) (WAB|(Ix ® Ia QU;)[¥xA)

= trxa (Ix ® Ia ®U; 0B)|WaB) (WaB|(Ix ® Ia ®U;)|¥xa) (¥xal

UB—

1 1
= 3tala QU o) |WaB) (WaB|(Ia QU;) = ZUIUBUi,

where (7.4) was used in the third and fourth equality. As a result, U;og U;r X OB
and hence a mixed state on the qubit X is teleported to the qubit B. For a
state oyx that is entangled with Y, in the same way as above, we have UQB =

Ly @Uoys(Iy ®U)).

Exercise 7.2
i—1

Letting ¢; = ZZJ" and §; = logz(d’ —€)— Llogz(dl —¢)],wehave 0 < ¢; < d',

k=0
0<6; <1,and
2
—Z =2 7 [logz(d —eJ—é]—)Z——logz(d —€)
i=0
0 | L €
= %Wogzdﬁ ogy(1 = =]
1=
e
2j 5 €} €}
:g[dl 10g2d+ 1y (1 - l)logz(l—ﬁ)]
e 2]

— Z i log, d =log, d.

=
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Exercise 7.3
The stochastic conversion of |¢)) — |¢) by A’s local filtering is possible if and only
if there exists an operator A such that

(A® DIY)WIAT® 1) = plo)(dl, (B.2)

where p > 0 is the normalization. The probability of success is then equal to p,
because tr(A ® ])|1,/1)(77/1|(AT ® I) = p. Moreover, since {ATA, ] —AT A} must con-
structa POVM, 7 —ATA > 0 must hold (the POVM element of | —AtA corresponds
to the event that a qubit does not pass through a filter). Let us denote the matrix ele-
ments of A by A;;. Taking the expected value on the both sides of (B.2) with respect
to [ F) = \i@(|01) +110)), we have Ag; = Ao = 0. Moreover, taking the expected

value with respect to [¢p~7) = %OOO) — |11)), we have /1/6Ag0 = /1/3A1;.
From this and 7 —ATA > 0, we have |Ag|> < 1 and |A({|> < 1/2. Finally,
taking the expected value on the both sides of (B.2) with respect to |¢), we have
p = IV1/6A0w + VI/3A1* = (4/3)|An|* < 2/3.

Exercise 7.4

Let |¢) be a pure state on three qubits A, B, and C. When rank(oa) = 1, it is
found by considering the Schmidt decomposition for the grouping of A:BC that |¢))
must have the form of [¢)) = |f)a ® |¢)pc. Moreover, considering the Schmidt
decomposition of |¢) pc, rank(op) = rank(oc) must hold, and hence rank (o) = 1
and rank(oc) = 2 do not hold simultaneously.

Exercise 7.5

TeX™ = D (ij1X™ij) = D (ij|X[ij) = Tr X,

ij ij
TrxTayTs = Z(ij|XTA|kl)(kl|YTA|ij) - Z(kj|X|il)(il|Y|kj) =TrXY.
ijkl ijkl

Exercise 7.6
Let (i|Y117) = Y1;ij, (mn|X|op) = Xmunop, and so on. We then have

(I ®@ Y2)X (Y3 @ Y)Y M kD) = (kjl(Y1 ® Y2)X (V3 ® Ya)lil)
= Z Yl;kaZ;anmnapY3;oiY4;pl = Z Yl;kmY2;ang}?mpY3;oiY4;pl

mnop mnop
= > ViV in Xohp Vi Yot = (10 ® YDX™ (Y] @ Ya)lil).
mnop

Moreover, to change the basis to which a partial transposition is applied, let us
apply the local unitary transformation of (U ® V) to o and then apply the partial
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transposition to it. Since {(U @ V)o(UT @ VI)}TA = (U ® V)o™A(UT @ V), it is
found that the eigenvalues of {(U ® V)o (U T® V‘()}TA are equal to the eigenvalues
of oA, regardless of (U ® V).

Exercise 7.7
Denoting the Schmidt decomposition of a bipartite pure state by [v) = >, \/g;lii),
we have

AP WD™ = D" Jaigi (i) (jiD™ = > Jaigjlji)ijl
ij ij
= D aqilii) (il + > J/3iq;1ji)ij]

i#]
= D aqilid) il + D @iq; () WS = i WD,
i i<j

where |1/J$) = (|ij) £ |ji))/~/2. Since {|ii), |wi';), Wi;)} are mutually orthogonal
with each other, they are the eigenstates of (|1)()|)TA. The corresponding eigenval-
ues are {q;, \/4iq;, —+/qiq;}- When |¢) is entangled, at least two of g; are not zero.

Denoting those by go and g1, we have —,/gog1 < 0 and hence (|¢)()|)7A has at
least one negative eigenvalue.

Exercise 7.8

Since an unentangled state o satisfies 07 > 0 and Tro’s = 1 due to the Peres
criterion, o2 is considered to be a density operator of a certain state. Moreover,
putting g; = 1/d inthe result of Exercise 7.7, it is found that the maximal7 eigenvalue
of (JW)(W))74 is 1/d. Since the averaged value of (|W)(¥|)7» with respect to a state
is always less than or equal to the maximal eigenvalue,

(W[o|W) = Tro|W)(W| = Tro (¥)(¥) <

QU=

Exercise 7.9
Since p’» > 0 for any unentangled state p, we have

Tr pW = Tr p(lp) ()™ = Tr p™ | ) (ul = (plp™ 1) > 0,

and hence the expected value of W with respect to any unentangled state is non-
negative. On the other hand, since

TroW = Tro(|u)(u)™ = Tro™|u) (ul = (ulo™|p) = p < 0,

W is an entanglement witness. Moreover, if |x) is assumed to be unentangled, we
have (|p2) ()™ > 0 (see Exercise 7.7), which contradicts to Tr o(|u) (u]) ™ < 0.
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Exercise 7.10

Considering U such that U|mg) = —|mg), the matrix elements of A other than
|mn){mn|, |mn)(nm|, and |mm)(nn| are equal to zero. Moreover, considering U
such that U|mg) = i|mo), the matrix elements of |mn)(nm| (m # n) are equal to
zero. Moreover, considering U such that it exchanges |mg) and |m1), it is found, for
example, that the coefficients of |mn)(mn| (m # n) are all equal to each other, and
so on, and A must have the form of

A=x D |mn)(mnl +y D mm){nn| +z > lmm)(mm|,

m#n m#n m

with x, y, and z being real parameters. Now, considering U such that U|m) =
(Jm) + |n))/\/§ and Uln) = (Im) — |n))/«/§ in the two-dimensional subspace
spanned by |m) and |n), (U ® U) transforms as

x|mn)(mn| + ylmm)(nn| + zlmm)(mm| + (m <> n)

1 1
= @yt )mm)mm| + 2 (—x +y + 2)mm){nn|
1 1
+5 @ =y +lmn)imn| + S(=x =y + 2)lmn)(nm| + (m < n),
and hence z = x 4+ y must hold. Namely,

A=x > |mn)(mn|+y D lmm)(nn| + (x +y) D [mm){mm|

m#n m#n m

= x > lmn)(mn| +y D |mm){nn| = x(I @ I) + yd|¥)(¥],

and hence A must be written in the form of a sum of a unit operator (] ® J) and a
maximally entangled state | V) = (1/«/3) > Imm). Itis obvious from (7.4) that A
in this form is invariant under the unitary transformation of (U ® U) for any U.

Exercise 7.11

Itis confirmed by calculating each element that ATayA = (det A)oy for any operator
A on C?. From (7.4), when |1/) is a maximally entangled state on C>®C?, it is written
as [1)) = (U @ I)|¢T), where U is a unitary operator and |¢) = (]00) + |11))/+/2.
Since

[V) = (0y ® ay)(U ® Do) = (0,U ® 0))|¢p) = —(0yUoy @ Do)
= —(0yUo, U @ DI) = —(det UT)[¢)),

we have |(1/)|17Z)| = 1. When [} is unentangled, it is written as |¢) = (U ® V)|00)
and hence
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1) = (03U ® gy V)|00) = (UU o, U ® VVTa,V)|00)
= (detU det V)(Uay ® Vay)|00) = —(det U det V)(U ® V)|11).

Since (U ® V)|00) and (U ® V)|11) are orthogonal, we have |(w|@/~1)| =

Exercise 7.12 B
According to Exercise 7.11, we have |1/) —/pI11) — /1 — p|00) and (Y[¢p) =

—2/p(1 — p). Since \/|¢><¢|¢)(¢WJ Wl = 24/ p(l = p)l) (| and lo — 1) —
I — I3 = 2/p(1—p) > 0, we have C = 2/p(1 — p). Moreover, since G =
FIEPR)(EPR| + (1 — F)(] ® | —[EPR)(EPR|)/3 = o, we have /</o5/0 = o.
Then, lp—Iy —lh—13 = (1 — F)/3—2(1— F)/3— F = —(1+2F)/3 for F < 1/4,
andlp—l1 — b —Iz3=F —-3(1—F)/3=2F — 1for 1/4 < F. Therefore, C =0
forO0 < F <1/2,and C =2F — 1 for F > 1/2.

Exercise 7.13
According to Exercise 7.7, since the eigenvalues of (|¢)(v)[)TA are {g:i, /7iq Iz

—./49iq;}, the eigenvalues of |(|1)) (W)TA| are {g;, /44, \/qiq;}- Therefore,

2
Tr| (1) ()| = Zqﬁzzx/—qzq, Z~/—q,qj (Zﬁ),

i<j

and hence log, Tr |(J) () TA| = 21log,(D’; /qi)- Since g; = 1/d for a maxi-
mally entangled state |¥) on two d-dimensional systems, log, Tr [ (wDTA| =
2log,(d/Vd) = log, d.

Exercise 8.1
b* —ab
ab —b?

Al = 7, (a,b—DT and )\, = —7, (a, b+ 1)T. Hence the projection to the positive

. . _ 1 a ! 1+b —da
partlsglvenbyS_m(ab—l) (b—l)_z( ap l—b)'

Exercise 8.2
y—1 (2 b(b+1) ab

The eigenvalues and the eigenvectors of A — B = ( ) are, respectively,

ab bb—1
1), Y is not non-negative. The Beysian error is given by TrY = %. Note that it

)). Since (0, DY (0, DT = 1b(b—1) <00 < b <

is better than the test that chose either of the hypotheses with probability % without
any measurement.

Exercise 8.3

Since ||«/Z— «/EH; =TrA+TrB —2Tr+~/AvB, we have

(6.109) & | VA —VB|3 < 1A - B\
S Tr(A+ B)—Tr|A— B| <2TrvVAVB
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The last inequality is a special case of (8.17) (s = 1/2) [7, 8].

Exercise 8.4
By the way to construct G and B, we have ¢;, > m for any i € B, and hence,

> P(i)e; = 3 P(i)e; + 3 P(ie; = P(B)m. Thus we have m < 2500 <
i ieG ieB

€

P(B)"

Exercise 8.5

Fix a classical-quantum channel W and consider the formula I (P; W) = H(Wp) —
>, P(x)H (Wy). Since the correspondence P — Wp = > P(x)W, is linear with
respect to P and the von Neumann entropy is concave, the first term is a concave
functional of P. It is obvious that the second term is linear with respect to P. Thus
I(P; W) is concave with respect to P. Fix a probability P and consider the formula
I(P; W) = > . P(x)D(W,||Wp). Given two classical-quantum channels W :
xt—= Wixand Wyt x = Wa ., let W, . = tW) x + (1 — 1) W5, with a real number
0 <t <1.Since W; p =tW; p + (1 —t)W, p, the joint convexity of the quantum
relative entropy yields

[(P; W) = > P(x)D(W;,||W,.p)

< Z P(x) {tD(W1 4[IWi.p) + (1 = ) D(W21||W2 p)}
= (1= 0DI(P; W) + (1 — I (P; Wa).

Thus I (P; Wp) is convex with respect to W.

Exercise 8.6
Since we have

> P@)D(Wy|lT) = D" P(x)D(We||Wp)

= Z P(x) Tr Wy(log Wp — logT)
X
=TrWp(logWp —logTt) = D(Wp||T) =0,

the inequality I (P; W) < >" . P(x)D(W,||7) holds with the equality if and only if
7 = Wp. Hence we have I (P; W) = néi(n )Zx P(x)D(Wy||T).
TeS(H

Exercise 8.7

For a fixed 7, f(P,T) = > . P(x)D(W,||7) is linear and especially concave with
respect to P. For a fixed P, f(P, ) is convex with respect to 7 due to the joint
convexity of the quantum relative entropy. Hence we have
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max [(P; W)= max min ZP(x)D(WxHT)
PeP(X) PeP(X) 1eS(H)

X

= min max P(x)D(W,||T
TES(H)PEP(X)Z DD(WlI7)

X

= min max D(W,||7).
T7eS(H) xeX

In the last equality, we used the fact that the maximization with respect to the prob-
ability P is attained by the delta measure concentrated on the point x where the
maximum of D(W,||T) occurs.

Exercise 9.1
When 1/2 > p > 0, the map Jyr. is given by (9.1). When 1 > p > 1/2, it is given
by

I ({(0,0,0), (1,1, DY = (1, 1, 1), Im({(1, 0,0), (0, I, D}) = (0, 1, 1),
JML({(0, 1,0), (1,0, DY) = (1,0, 1), ML({(0, 0, 1), (1, 1,0)}) = (1, 1, 0).

When p = 1/2, the map Jyr is maximum likelihood decoder, whatever Jy is.

Exercise 9.2
(1—p)*+3p(1 - p)%

Exercise 9.3

The image of the minimum distance decoder is given as an element having minimum
number of 1 among the equivalent class. The image of the minimum distance
decoders for the equivalent classes, [(0,0,0,0,0,0,0)7], [(0,0,0,0,1,0,0)7],
[(0,0,0,0,0,1,0)7], and [(0,0,0,0,0,0, 1)7] are given by (0,0, 0,0,0,0,0)7,
(0,0,0,0,1,0,0)7, (0,0,0,0,0,1,0)7, and (0,0, 0,0, 0,0, 1)7, respectively. On
the other hand, the equivalent classes [(0, 0,0, 0, 1, 1, O)T], [(0,0,0,0,1,0, l)T],
[(0,0,0,0,1,0, )77, [(0,0,0,0,0,1, )77, and [(0,0,0,0, 1,1, 1)7] uniquely
contain bit sequences (1, 0,0, 0,0, 0,0)7, (0,0, 1,0,0,0,0)7,(0,1,0,0,0,0,0)7,
and (0,0,0,1,0,0,0)” including 1 at once, respectively. Hence, the bit sequences
is the image of the minimum distance decoders, respectively. Therefore, since the
set {J([X ”])}[ X"eF]/Chy contains all of bit sequences including 1 at most once, any
one bit error can be corrected.

Exercise 9.4
(1= p)"+7p(1 = p)°.

Exercise 9.5
Since all of column vectors of H» are given as linear combinations of column vectors
of Hj, the code space Cp,1 contains the code space Cp 2.

Exercise 9.6

Due to the preceding discussions, it is sufficient to show that arbitrary two row vectors
of the generating matrix H; of Cp > are linearly independent. This fact can be easily
shown from the definition of H>.
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Exercise 9.7

When the 3 x 3 matrix given from the three row vectors is not surjective, the three bits
have information concerning [X]y. That is, it is sufficient to choose three linearly
dependent row vectors. All of such three row vectors are the following 7 cases.
(1,2,3), (1,5,6), (2,6,7), (3,5,7), (1,4,7), (2,4,5), (3,4,6).

Exercise 9.8

Due to the preceding discussion, it is sufficient to show that any three row vectors of
the generating matrix Hy of Cg,; are linearly independent. This fact can be checked
by the definition of Hj.

Exercise 9.9

Due to the preceding discussion, it is sufficient to show that any three row vectors of
the generating matrix Hy of Cy 4 are linearly independent. This fact can be checked
by the definition of Hy.

Exercise 9.10
Since all of column vectors of the matrix H; are orthogonal to all of column vectors
of the matrix H>, we obtain Cp1 C C; ,- Because both dimensions of Cp,; and

H _
CH’2 are4,Cy1 = CH’2.

Exercise 9.11
First, we see that >, 271(—1)E* = O fort # ¢ and > 27 (=DEDE =
Hence,

(AE(Pmix))
=372 > P S P s P @) (- D F 5. 0) (5. 1)

t,t
=S PO S P els) ) PL W)l (5. 0) (s, D)
s t

=>" P s.06.0) (. D).

st

Thus, we obtain (9.39).

Exercise A.1

Properties (v6) and (v8) imply that [¢)) = (1 +0) - [¢)) = |¢) + 0 - |¢). Adding
—|4) in the both side, we obtain 0 = 0+ 0 - [¢0) = 0 - |¢). Property (v8) yields that
V) +—1-]¢) = (1 —1)-|¢) = 0. Due to Property (v4) (Uniqueness of the inverse
element), we obtain —1 - |[¢)) = —[9)).

Exercise A.2

Let {|1/)i)}['?’:1 be a basis of the vector space V. When the relation 25121 aily;) =
Z?:l a;|v;) holds, we have Z;j:l (a; — a))|v;) = 0. Since all of basis are linearly
independent of each other, the relation a; — af = 0 holds for all ;.
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Exercise A.3

Assume that there does not exists a vector linearly independent of {[+;)}!_,. Then,
we see that the set {|¢;)}/_, is complete in V. This contradicts the footnote 6 of
Appendix A. Repeating the same discussion, we can choose d — n vectors linearly

independent of other d — n — 1 vectors and {|+;)}!_;.

Exercise A.4
The relation (A.1) guarantees that the linear independence and the completeness of
the set {]e;)}?_,.

Exercise A.5
Taking the inner product between |¢/;) and the both sides of [¢)) = >, a;[v;), we
obtain a; = (1 |1).

Exercise A.6
Using the discussion in Exercise A.3, we make a basis of V. Then, applying Gram-
Schmidt orthogonalization, we obtain an ONB of V.

Exercise A.7
[=1: When |9);) is an ONB of H, we have (1;|§ — x) = 0 Vi. Due to Exercise A.5,
we have [€) — [x) = 3, 0l41) = 0.

[«]: Trivial.

Exercise A.8

It is immediate that (A.9) and (A.10) satisfy (v1)-(v8). (In particular, zero vector and
the inverse vector of A are given by the zero operator and —1 - A.) Let {|;) }?1 | and
{|¢i)}7il be bases of Vi and V5. Define d;d; linear operators A;; € £(V1, V2) (i =
L...,di,j=1,...,d2) by A;jIvx) = djkl¢i) (k =1, ...,dy). Then, we can show
that {A;;}; ; forms a basis of the vector space £(V1.V2). (Show this fact.) Hence,
L(V1.V2) is a d1d>-dimensional vector space.

Exercise A.9
Properties (i), (ii) and (iii) can be checked by straightforward calculations.

Property (iv) can be shown as follows. Since (¢|ABvy) = (ATp|BY) = (BTATo|),
(A.13) implies that (AB)" = BTAT.

Exercise A.10 L

Since the relation (([Y)(@DEln) = ((@IE)vIn) = (@) (PIn) = (El{LIn)d) =
(&]1(J@)(x])n) holds for an arbitrary element |£), |) € H, (A.13) guarantees that
) (0] = 1¢) (¥

Exercise A.11

(i) Since A|¢)) = aly)), wehave 0 = [[(A —a DY||> = (A—a DY|(A—a DY) =
Wl(A—a D (A—a DY) = (W(AT—a D(A—a DY) = (W|(A—a D(AT—a D) =
(AT —a DYI(AT —a D) = ||(AT — @ I)9||?, where the fifth equation follows
from the relation AAT = ATA. Hence, we obtain A'|¢)) = @li)).
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(i) We choose two eigenvectors |1),) and |¢p) satisfying that Aly,) = alv,),
Alpp) = blw) (a # b, |¢a), [thp) # 0). Property (i) implies that a(yplie) =
Wplave) = (WplAva) = (ATYpltba) = (bbplarha) = b(¥pliba). Since (a —
b)(talpp) = 0 (a # b), we obtain (¢g|1hp) = 0.

Exercise A.12

Define a linear operator U by the relation [¢;) = U|¢;) (See footnote 16 in
Appendix A.3.1). By observing that (¢;|i¢;) = 0;; = (Wilv;) = (Ugi|lU¢;) =
(on |UTU¢j), one has the unitarity condition UUT = J.

Exercise A.13
For any 1)) € H, we have (| B'By) = (Bv|By) > 0.

Exercise A.14
The desired argument can be shown from Exercise A.S.

Exercise A.15

Assume that the dimensions of W; and W, are n and [. We choose their ONBs
{lgi)}7_  and {|¢;)!F] ). Then, wehave Py = 37, ) (i, P> = S 1) (il
Since {|¢,-)};‘:+11 is a normalized orthogonal system, we obtain Wi & W, = span
{19:) }72{ Hence, the projection operator onto Wi & W is Z'Hl |9 Y{pi| = P+ Ps.

i=1

Exercise A.16

For a Hermitian operator A, we choose an eigenvalue a and the corresponding eigen-
vector |¢). Hence, A|y) = aly) (|) # 0), which implies a(i[y) = (p|Ayp) =
(ATYIY) = (APlY) = (aly) = a(ly). Thus, a = a@.

For a unitary operator U, we choose an eigenvalue u and the corresponding eigen-
vector |¢). Hence, U |v¥) = u|v) () # 0), which implies lu|> () = (w|u) =
(UY|U) = (p|UTU) = (1]1)). Thus, we obtain |u| = 1.

For a positive operator B, we choose an eigenvalue b and the corresponding
eigenvector |1). We have B|vy)) = b)) (|1)) # 0). Hence, b{2)|¢)) = (p|Ba)) > 0.
Thus, b > 0.

For a projection operator P, we choose an eigenvalue p and the corresponding
eigenvector [t)). We have P|y) = ply) ([¢) # 0). Hence, p(¥|¢) = (¥|Py) =
(| P?Y) = p*(Y[y). Thus p? = p & p =0, 1.

Exercise A.17

Assume that A is a Hermitian operator on a d-dimensional vector space. Since a
Hermitian operator A has at most d eigenvalues, the function f, (x) := ITpeqs(a)(x —
b)/ M y+pes(a)(a — b) is a polynomial. Since the relation f,(b) = dqp (b € 0(A))
holds, we obtain f,(A) = ZbEU(A) fa(b)Py = P,.
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Exercise A.18
Taking a trace over A = > a;|¢;){¢;|, which is an eigenvalue-decomposition of A,

we have TrA = > a; Tr(|¢i)(il) = 2 ai.

Exercise A.19

Tr(Al) (@) = 2 (dil(AlY) (o) = 2(Ploi)(¢ilAv) = (DI(X; 19i)(dil)
AY) = (P|AY).

Exercise A.20
The matrix representation given in this exercise can be obtained by considering the
matrix representation based on the basis used in the vector representation (A.34).

Exercise A.21

The condition (i) of a norm implies the condition (i) of a distance. The condition
(ii) of a norm implies the condition (ii) of a distance. The condition (iii) of a norm
implies the condition (iii) of a distance.

Exercise A.22

(1) |A] = 0 is trivial. When [|[A] = 0, (A.41) guarantees the relations |Ax| <
|A]Jx] = O for any x # 0. Since Ax = 0 holds for Vx € 7, we have A = 0.

(i) 1A + BJ| = max, o L < max, o 131 4 max, 0 1251 = 4] + 1B].

Ix] [H]
(iii) The relation |aA| = |«||A] is trivial.

Exercise A.23
The unit element with respect to addition in [F, is 0. The unit element with respect

to multiplication in [, is 1. Hence, we can find that F, satisfies the conditions of a
field.

Exercise A.24
The zero vector of F4 is (0, ...,0)7. Since ¢ + 1 = (x1 ® x1,...,x¢ D x2)T =
, ..., 07, the inverse vector of 1 is .

Exercise A.25
The set [, is a one-dimensional vector space over the finite field [F5.

Exercise A.26
Zd

Exercise A.27
d—k

Exercise A.28
Since (x +y) —y = x € C, y belongs to [x + y].
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Exercise A.29
d

Exercise A.30

It is sufficient to show that for any non-zero vector s € Fg there exists a vector
t € I} such that (s|¢) is not 0. The vector s has one non-zero component at least.
Assume that the jth component of s is not zero. We choose the vector ¢ such that
the jth component of ¢ is 1 and the other component of ¢ is 0. Hence, the vector ¢
satisfies the above requirement.

Exercise A.31

It is sufficient to show that for any non-zero vector s € IF%", there exists a vector
§ e IF%" such that (5, §) is not 0. The vector § has one non-zero component at least.
Assume that the jth component of § is not zero. When j > n, we choose the vector s’
such that the j — nth component of §’ is 1 and the other component of 5’ is 0. Hence,
the vector § satisfies the above requirement. When j < n, we choose the vector ¥
such that the j + nth component of 5" is 1 and the other component of §” is 0. Hence,
the vector §” satisfies the above requirement.
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Bloch vector, 22, 101

Boolean function, 42

Born rule, 81, 97
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Bound entanglement, 196
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Bra vector, 17

Bures distance, 160

C

Cauchy sequence, 272
Ceiling function, 40
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Channel capacity, 218
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Classical information science, 1

Classical-quantum channel, 4, 216

Classical-quantum channel coding, 205

Classical-quantum channel coding theorem,
218

CNOT gate, 47

Code, 217, 232

Code pair, 242

Code space, 233, 234, 247, 248, 250, 265

Codebook, 217, 233

Codeword, 217

Coding rate, 218

Coherent information, 152, 255, 256

Commutative, 278

Commutator, 26, 86

Comparable, 188

Complementary, 85

Complete, 271, 273

Complete orthonormal system, 273

Completely mixed state, 100, 152, 256, 258

Completely positive, 116

Complexity, 38, 233, 266

Composite system, 15

Computational basis, 23, 30, 33, 46, 271

Concave function, 130, 259, 286

Concavity, 146, 152, 197, 228

Concurrence, 199

Conditional entropy, 134, 257

Conditional mutual information, 142

Conditional probability, 94

Conditional probability distribution, 134,
135, 252

Conditional von Neumann entropy, 146, 153

CONS, 273

Constant function, 56

Continuity for isotropic states, 201

Controlled NOT gate, 47

Convergent sequence, 272

Converse part, 219

Convex (sub)set, 99

Convex combination, 286

Convex function, 138, 140, 164, 215, 286

Convex set, 286

Convexity, 228

Copenhagen interpretation, 13

Correlation, 105

Counting argument, 44

CP instrument, 122

CSS code, 250

D
Data processing inequality, 138
Decoder, 217, 232, 247

Index

Degenerate, 82

Density matrix, 96

Density operator, 96, 98
Deterministic LOCC, 188
Deutsch-Jozsa algorithm, 56
Diffusion matrix, 60
Dimension, 271

Dirac notation, 16, 78

Direct part, 219

Direct sum, 274

Discrete logarithm problem, 72
Distance, 293

Distillable entanglement, 194
Divergence, 137

Dual space, 80, 302

E

Ebit, 176

Eigenspace, 278

Eigenstate, 85

Eigenvalue, 278

Eigenvalue decomposition, 145, 281, 283,
284, 294-296

Eigenvector, 278

Encoder, 217, 232, 247

Entangled bit, 176

Entangled state, 29, 90, 169

Entanglement concentration, 178

Entanglement cost, 195

Entanglement dilution, 178, 183

Entanglement distillation, 194

Entanglement fidelity, 163, 249, 252-254

Entanglement measure, 196

Entanglement monotone, 202

Entanglement of formation, 197

Entanglement witness, 193

Environment, 103

Environment system, 255, 256, 259, 267

EoF, 197

EPR paradox, 167

Error correction, 265, 266

Error estimation, 265

Euclid distance, 47

Euclid inner product, 18

Euclid norm, 18

Euclidean inner product, 273

Euclidean space, 273

Expectation value, 84

Extreme point, 99, 286

F
Factorization problem, 70
Fano inequality, 144, 221
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Fano inequality, 221

Fidelity, 155

Field, 300

Finite level (quantum) system, 81
Finite-dimensional, 271

Floor function, 40

G

Generating matrix, 234

GHZ state, 186

Global operations, 175

Gram-Schmidt orthogonalization, 161, 273
Greenberger-Horne-Zeilinger state, 186
Grover iteration, 61

Grover’s algorithm, 59

Grover’s search problem, 59

H

Hadamard matrix, 26

Hadamard transform, 46

Hamiltonian, 89

Hamming code, 235

Heisenberg-Robertson uncertainty relation,
85

Hermitian, 279

Hilbert space, 77, 273

Hilbert-Schmidt inner product, 285

Holevo bound, 219

Holevo mutual information, 149, 257

I

Improper mixture, 106
Incomparable, 188

Indefiniteness of phase, 22, 82
Independent and identically distributed, 131
Indirect measurement, 107, 110, 124
Injective, 272

Inner product space, 272
Interpretation, 82

Invariant subspace, 280

Inverse operator, 276

Inverse vector, 270, 301

Isometry, 291

Isomorphic, 274

Isotropic state, 195

J
Jensen inequality, 238, 286

Joint convexity, 137, 148, 155, 262
Joint distribution, 134
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Joint entropy, 134
Jordan decomposition, 298

K

Kernel, 275

Ket, 16, 78

Ket vector, 17

Kraus operator, 117

Kraus representation, 117, 164, 255
Kronecker product, 151, 290

L

The law of large numbers, 131

Liiders’ projective measurement, 123

Liiders’ rule, 91

Leaked information, 257, 259

Levi-Civita Symbol, 26

Linear combination, 271

Linear operator, 77, 275, 302

Linear space, 269

Linear span, 271

Linearity, 275, 302

Linearly dependent, 271

Linearly independent, 271

Local filtering, 188

Local operations, 175

Local operations and classical communica-
tion (LOCC), 167, 175

Logarithm, 40

Logarithmic negativity, 202

M

Marginal (probability) distribution, 86

Marginal distribution, 134, 252

Markov chain, 142

Markov map, 136

Markov’s inequality, 132

Maximally entangled state, 169

Maximum likelihood decoder, 233, 242, 249

Measurement, 23

Measurement operator, 122

Measurement process, 27, 91, 119

Message system, 247

Meter observable, 110

Minimum distance decoder, 235

Mixed state, 95, 100

Modified BB84 protocol, 265

Monotonicity, 137, 138, 142, 147, 150, 154,
158, 196

Multi-qubit system, 28

Mutual information, 141

Mutually unbiased, 85
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N

Negative part, 298

No-cloning theorem, 159
Non-degenerate, 82

Non-negative, 279

Non-negativity, 137, 145, 148, 150
Non-selective measurement, 120
Nontrivial probabilistic mixture, 100
Norm, 272, 292

Normal, 278

Normalization, 201

0

Observables, 16

ONB, 273

Operator convex function, 213, 299

Operator monotone function, 209, 224, 299

Operator norm, 293

Oracle, 56, 60

Order notation, 40

Orthogonal, 273

Orthogonal complementary space, 248, 250,
280

Orthonormal basis, 273

Orthonormal system, 273

P

Parity check matrix, 234
Parity problem, 42

Partial isometry, 291
Partial trace, 103

Partial transposition, 191
Pauli channel, 246, 249, 254, 267
Pauli matrices, 25

Peres criterion, 192
Period-finding problem, 66
Phase, 22, 82

Phase basis, 8, 246, 265
Phase error, 252, 264
Phase flip, 46, 246
Physical quantities, 15
Physical system, 15

Plain text, 4

Planck constant, 89
Positive, 116, 279

Positive map, 116

Positive operator valued measure, 108
Positive part, 298

POVM, 108

POVM element, 109
POVM measurement, 109
Primality test, 37
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Probabilistic mixture, 93
Probability operator valued measure, 108
Product state, 29, 90, 105, 169
Projection operator, 279
Projection valued measure, 109
Projective measurement, 27, 91
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Public channel, 267

Pure state, 95, 99, 100
Purification, 256

Purity, 100

PVM, 109

PVM measurement, 109
Pythagorean Theorem, 274

Q

QKD, 264

Quantum (mechanical) system, 15

Quantum (state) statistical inference, 102
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Quantum channel, 2, 135, 138, 147, 149,
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Quantum circuit, 46
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Quantum computation, 2

Quantum correlation, 169

Quantum data compression, 181

Quantum entanglement, 167

Quantum error correction, 4

Quantum Fourier transform, 67, 68

Quantum gate, 46

Quantum hypothesis testing, 206

Quantum information science, 1

Quantum key distribution, 264

Quantum mutual information, 150, 151

Quantum Neyman-Pearson test, 210

Quantum operation, 135

Quantum relative entropy, 147, 258

Quantum repeater, 172

Quantum state discrimination, 59, 114

Quantum Stein’s lemma, 207

Quantum teleportation, 171, 183

Quantum-quantum channel coding, 205
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Query complexity, 56

Quotient space, 234, 253, 301
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Random coding, 225, 236
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Reduced density operator, 104 Superdense coding, 173

Reduced state, 103 Superposition principle, 22, 29, 82
Reduction criterion, 192 Superposition state, 22, 82
Relative entropy of entanglement, 199 Support, 137, 149, 164

Relative Rényi entropy, 211, 214 Surjective, 272

Repeatability hypothesis, 93 Symplectic inner product, 246, 302

Representation, 272
Representation matrix, 276
Representative element, 234
Root events, 20, 128

System of interest, 103
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Tensor product, 47, 90
S Tensor product Hilbert space, 287
Schmidt coefficient, 169, 185, 289 Tensor product operation, 287
Schmidt decomposition, 106, 146, 169, 170, Test, 206
184, 187, 191, 289 Three-bit code, 235
Schmidt rank, 289 Time evolution matrix, 25

Schrédinger equation, 89 Time evolution operator, 89
Schwarz inequality, 274 Toffoli gate, 48

Secret random number, 264 Torsion condition, 250

Selective measurement, 120 TPCP map, 135, 147, 149, 150, 153, 154,
Self-adjoint, 279 247

Self-orthogonal, 248 Trace, 284

Separable operations, 176 .

Sh t 128,241 Trace distance, 153, 259
annon entropy, ’ Trace norm, 258, 295

Shor’s algorithm, 66 R
. . N Trace preserving, 116
Simultaneous diagonalization, 282 .
Transformation, 25

Simultaneous eigenvector, 282 o
Transmission rate, 218, 233, 241, 254
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Size of a set, 41 Twirling, 194, 259, 263, 266, 267

SLOCC, 188 Typical sequence, 133, 181
Spectral decomposition, 281, 282

Spectral projection, 279

Stabilizer, 248

Stabilizer code, 248 v

Standard basis, 271 Uncertainty principle, 86
Standard deviation, 84 Uncertainty relation, 85
State, 16 Uniqueness theorem, 201
State space, 99 Unit vector, 272

State vector, 97 Unital map, 155

Statistical operator, 96 Unitary, 279

Statistically equivalent, 77, 96 Unitary evolution, 25, 89
Stinespring representation, 119, 255, 256 Unitary invariance, 146, 148
Stochastic LOCC, 188 Unitary time evolution, 106
Strictly convex function, 138, 140, 286 Universal gates, 51

Strong concavity, 158

Strong subadditivity, 152

Subadditivity, 152

Subspace, 271 Vv

Successive measurement, 120 Variance, 84

Sum rule, 87 Vector space, 269, 300

Super additivity, 219, 220 Vector state, 95
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Von Neumann entropy, 145, 186
Von Neumann'’s projective measurement, 91,
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W state, 187

Weak additivity, 197
Weak monotonicity, 201
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Yao’s Principle, 60
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Zero vector, 270, 301
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