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Quantum Computation and Quantum Information

10th Anniversary Edition

One of the most cited books in physics of all time, Quantum Computation and Quantum
Information remains the best textbook in this exciting field of science. This 10th
Anniversary Edition includes a new Introduction and Afterword from the authors
setting the work in context.

This comprehensive textbook describes such remarkable effects as fast quantum
algorithms, quantum teleportation, quantum cryptography, and quantum
error-correction. Quantum mechanics and computer science are introduced, before
moving on to describe what a quantum computer is, how it can be used to solve problems
faster than “classical” computers, and its real-world implementation. It concludes with
an in-depth treatment of quantum information.

Containing a wealth of figures and exercises, this well-known textbook is ideal for
courses on the subject, and will interest beginning graduate students and researchers in
physics, computer science, mathematics, and electrical engineering.

MicHAEL NIELSEN was educated at the University of Queensland, and as a Fulbright
Scholar at the University of New Mexico. He worked at Los Alamos National
Laboratory, as the Richard Chace Tolman Fellow at Caltech, was Foundation Professor
of Quantum Information Science and a Federation Fellow at the University of
Queensland, and a Senior Faculty Member at the Perimeter Institute for Theoretical
Physics. He left Perimeter Institute to write a book about open science and now lives in
Toronto.

Isaac CHUANG is a Professor at the Massachusetts Institute of Technology, jointly
appointed in Electrical Engineering & Computer Science, and in Physics. He leads the
quanta research group at the Center for Ultracold Atoms, in the MIT Research
Laboratory of Electronics, which seeks to understand and create information technology
and intelligence from the fundamental building blocks of physical systems, atoms, and
molecules.



In praise of the book 10 years after publication

Ten years after its initial publication, “Mike and Tke” (as it’s affectionately called) remains the quantum
computing textbook to which all others are compared. No other book in the field matches its scope:
from experimental implementation to complexity classes, from the philosophical justifications for the
Church-Turing Thesis to the nitty-gritty of bra/ket manipulation. A dog-eared copy sits on my desk;
the section on trace distance and fidelity alone has been worth many times the price of the book to me.

Scott Aaronson, Massachusetts Institute of Technology

Quantum information processing has become a huge interdisciplinary field at the intersection of both,
theoretical and experimental quantum physics, computer science, mathematics, quantum engineering
and, more recently, even quantum metrology. The book by Michael Nielsen and Isaac Chuang was
seminal in many ways: it paved the way for a broader, yet deep understanding of the underlying
science, it introduced a common language now widely used by a growing community and it became
the standard book in the field for a whole decade. In spite of the fast progress in the field, even after
10 years the book provides the basic introduction into the field for students and scholars alike and
the 10th anniversary edition will remain a bestseller for a long time to come. The foundations of
quantum computation and quantum information processing are excellently laid out in this book and
it also provides an overview over some experimental techniques that have become the testing ground
for quantum information processing during the last decade. In view of the rapid progress of the field
the book will continue to be extremely valuable for all entering this highly interdisciplinary research
area and it will always provide the reference for those who grew up with it. This is an excellent book,
well written, highly commendable, and in fact imperative for everybody in the field.

Raziner Blatt, Universtitit Innsbruck

My well-perused copy of Nielsen and Chuang is, as always, close at hand as I write this. It appears
that the material that Mike and Ike chose to cover, which was a lot, has turned out to be a large portion
of what will become the eternal verities of this still-young field. When another researcher asks me to
give her a clear explanation of some important point of quantum information science, I breathe a sigh
of relief when I recall that it is in this book — my job is easy, I just send her there.

David DiVincenzo, IBM T. J. Watson Research Center

If there is anything you want to know, or remind yourself, about quantum information science, then

look no further than this comprehensive compendium by Ike and Mike. Whether you are an expert, a

student or a casual reader, tap into this treasure chest of useful and well presented information.
Artur Ekert, Mathematical Institute, University of Oxford

Nearly every child who has read Harry Potter believes that if you just say the right thing or do the
right thing, you can coerce matter to do something fantastic. But what adult would believe it? Until
quantum computation and quantum information came along in the early 1990s, nearly none. The
quantum computer is the Philosopher’s Stone of our century, and Nielsen and Chuang is our basic
book of incantations. Ten years have passed since its publication, and it is as basic to the field as it
ever was. Matter will do wonderful things if asked to, but we must first understand its language. No
book written since (there was no before) does the job of teaching the language of quantum theory’s
possibilities like Nielsen and Chuang’s.

Chris Fuchs, Perimeter Institute for Theoretical Physics

Nielsen and Chuang is the bible of the quantum information field. It appeared 10 years ago, yet even
though the field has changed enormously in these 10 years - the book still covers most of the important
concepts of the field.

Lov Grover, Bell Labs

Quantum Computation and Quantum Information, commonly referred to as “Mike and Ike,” continues
to be a most valuable resource for background information on quantum information processing. As a
mathematically-impaired experimentalist, I particularly appreciate the fact that armed with a modest
background in quantum mechanics, it is possible to pick up at any point in the book and readily grasp
the basic ideas being discussed. To me, it is still “the” book on the subject.

David Wineland, National Institute of Standards and Technology, Boulder, Colorado



Endorsements for the original publication

Chuang and Nielsen have produced the first comprehensive study of quantum computation. To
develop a robust understanding of this subject one must integrate many ideas whose origins are
variously within physics, computer science, or mathematics. Until this text, putting together the
essential material, much less mastering it, has been a challenge. Our Universe has intrinsic capa-
bilities and limitations on the processing of information. What these are will ultimately determine
the course of technology and shape our efforts to find a fundamental physical theory. This book is
an excellent way for any scientist or graduate student — in any of the related fields — to enter the
discussion.

Michael Freedman, Fields Medalist, Microsofi

Nielsen and Chuang’s new text is remarkably thorough and up-to-date, covering many aspects
of this rapidly evolving field from a physics perspective, complementing the computer science
perspective of Gruska’s 1999 text. The authors have succeeded in producing a self-contained book
accessible to anyone with a good undergraduate grounding in math, computer science or physical
sciences. An independent student could spend an enjoyable year reading this book and emerge ready
to tackle the current literature and do serious research. To streamline the exposition, footnotes have
been gathered into short but lively History and Further Reading sections at the end of each chapter.

Charles H Bennett, IBM

This is an excellent book. The field is already too big to cover completely in one book, but Nielsen
and Chuang have made a good selection of topics, and explain the topics they have chosen very
well.

Peter Shor, Massachusetts Institute of Technology
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Introduction to the Tenth Anniversary Edition

Quantum mechanics has the curious distinction of being simultaneously the most suc-
cessful and the most mysterious of our scientific theories. It was developed in fits and
starts over a remarkable period from 1900 to the 1920s, maturing into its current form in
the late 1920s. In the decades following the 1920s, physicists had great success applying
quantum mechanics to understand the fundamental particles and forces of nature, cul-
minating in the development of the standard model of particle physics. Over the same
period, physicists had equally great success in applying quantum mechanics to understand
an astonishing range of phenomena in our world, from polymers to semiconductors, from
superfluids to superconductors. But, while these developments profoundly advanced our
understanding of the natural world, they did only a little to improve our understanding
of quantum mechanics.

This began to change in the 1970s and 1980s, when a few pioneers were inspired to
ask whether some of the fundamental questions of computer science and information
theory could be applied to the study of quantum systems. Instead of looking at quantum
systems purely as phenomena to be explained as they are found in nature, they looked at
them as systems that can be designed. This seems a small change in perspective, but the
implications are profound. No longer is the quantum world taken merely as presented,
but instead it can be created. The result was a new perspective that inspired both a
resurgence of interest in the fundamentals of quantum mechanics, and also many new
questions combining physics, computer science, and information theory. These include
questions such as: what are the fundamental physical limitations on the space and time
required to construct a quantum state? How much time and space are required for a given
dynamical operation? What makes quantum systems difficult to understand and simulate
by conventional classical means?

Writing this book in the late 1990s, we were fortunate to be writing at a time when
these and other fundamental questions had just crystallized out. Ten years later it is
clear such questions offer a sustained force encouraging a broad research program at the
foundations of physics and computer science. Quantum information science is here to
stay. Although the theoretical foundations of the field remain similar to what we discussed
10 years ago, detailed knowledge in many areas has greatly progressed. Originally, this book
served as a comprehensive overview of the field, bringing readers near to the forefront
of research. Today, the book provides a basic foundation for understanding the field,
appropriate either for someone who desires a broad perspective on quantum information
science, or an entryway for further investigation of the latest research literature. Of course,



xviii Introduction to the Tenth Anniversary Edition

many fundamental challenges remain, and meeting those challenges promises to stimulate
exciting and unexpected links among many disparate parts of physics, computer science,
and information theory. We look forward to the decades ahead!

— Michael A. Nielsen and Isaac L.. Chuang, March, 2010.



Afterword to the Tenth Anniversary Edition

An enormous amount has happened in quantum information science in the 10 years since
the first edition of this book, and in this afterword we cannot summarize even a tiny
fraction of that work. But a few especially striking developments merit comment, and may
perhaps whet your appetite for more.

Perhaps the most impressive progress has been in the area of experimental implemen-
tation. While we are still many years from building large-scale quantum computers, much
progress has been made. Superconducting circuits have been used to implement simple
two-qubit quantum algorithms, and three-qubit systems are nearly within reach. Qubits
based on nuclear spins and single photons have been used, respectively, to demonstrate
proof-of-principle for simple forms of quantum error correction and quantum simulation.
But the most impressive progress of all has been made with trapped ion systems, which
have been used to implement many two- and three-qubit algorithms and algorithmic
building blocks, including the quantum search algorithm and the quantum Fourier trans-
form. Trapped ions have also been used to demonstrate basic quantum communication
primitives, including quantum error correction and quantum teleportation.

A second area of progress has been in understanding what physical resources are
required to quantum compute. Perhaps the most intriguing breakthrough here has been the
discovery that quantum computation can be done via measurement alone. For many years,
the conventional wisdom was that coherent superposition-preserving unitary dynamics
was an essential part of the power of quantum computers. This conventional wisdom
was blown away by the realization that quantum computation can be done without any
unitary dynamics at all. Instead, in some new models of quantum computation, quantum
measurements alone can be used to do arbitrary quantum computations. The only coherent
resource in these models is quantum memory, i.e., the ability to store quantum information.
An especially interesting example of these models is the one-way quantum computer, or
cluster-state computer. To quantum compute in the cluster-state model requires only
that the experimenter have possession of a fixed universal state known as the cluster state.
With a cluster state in hand, quantum computation can be implemented simply by doing
a sequence of single-qubit measurements, with the particular computation done being
determined by which qubits are measured, when they are measured, and how they are
measured. This is remarkable: you’re given a fixed quantum state, and then quantum
compute by “looking” at the individual qubits in appropriate ways.

A third area of progress has been in classically simulating quantum systems. Feynman’s
pioneering 1982 paper on quantum computing was motivated in part by the observation
that quantum systems often seem hard to simulate on conventional classical computers.
Of course, at the time there was only a limited understanding of how difficult it is
to simulate different quantum systems on ordinary classical computers. But in the 1990s
and, especially, in the 2000s, we have learned much about which quantum systems are easy
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to simulate, and which are hard. Ingenious algorithms have been developed to classically
simulate many quantum systems that were formerly thought to be hard to simulate, in
particular, many quantum systems in one spatial dimension, and certain two-dimensional
quantum systems. These classical algorithms have been made possible by the development
of insightful classical descriptions that capture in a compact way much or all of the essential
physics of the system in question. At the same time, we have learned that some systems
that formerly seemed simple are surprisingly complex. For example, it has long been
known that quantum systems based on a certain type of optical component — what are
called linear optical systems — are easily simulated classically. So it was surprising when it
was discovered that adding two seemingly innocuous components — single-photon sources
and photodetectors — gave linear optics the full power of quantum computation. These
and similar investigations have deepened our understanding of which quantum systems
are easy to simulate, which quantum systems are hard to simulate, and why.

A fourth area of progress has been a greatly deepened understanding of quantum
communication channels. A beautiful and complete theory has been developed of how
entangled quantum states can assist classical communication over quantum channels. A
plethora of different quantum protocols for communication have been organized into
a comprehensive family (headed by “mother” and “father” protocols), unifying much
of our understanding of the different types of communication possible with quantum
information. A sign of the progress is the disproof of one of the key unsolved conjectures
reported in this book (p. 554), namely, that the communication capacity of a quantum
channel with product states is equal to the unconstrained capacity (i.e., the capacity with
any entangled state allowed as input). But, despite the progress, much remains beyond
our understanding. Only very recently, for example, it was discovered, to considerable
surprise, that two quantum channels, each with zero quantum capacity, can have a positive
quantum capacity when used together; the analogous result, with classical capacities over
classical channels, is known to be impossible.

One of the main motivations for work in quantum information science is the prospect of
fast quantum algorithms to solve important computational problems. Here, the progress
over the past decade has been mixed. Despite great ingenuity and effort, the chief algo-
rithmic insights stand as they were 10 years ago. There has been considerable technical
progress, but we do not yet understand what exactly it is that makes quantum comput-
ers powerful, or on what class of problems they can be expected to outperform classical
computers.

What is exciting, though, is that ideas from quantum computation have been used
to prove a variety of theorems about classical computation. These have included, for
example, results about the difficulty of finding certain hidden vectors in a discrete lattice
of points. The striking feature is that these proofs, utilizing ideas of quantum computation,
are sometimes considerably simpler and more elegant than prior, classical proofs. Thus,
an awareness has grown that quantum computation may be a more natural model of
computation than the classical model, and perhaps fundamental results may be more
easily revealed through the ideas of quantum computation.



Preface

This book provides an introduction to the main ideas and techniques of the field of
quantum computation and quantum information. The rapid rate of progress in this field
and its cross-disciplinary nature have made it difficult for newcomers to obtain a broad
overview of the most important techniques and results of the field.

Our purpose in this book is therefore twofold. First, we introduce the background
material in computer science, mathematics and physics necessary to understand quan-
tum computation and quantum information. This is done at a level comprehensible to
readers with a background at least the equal of a beginning graduate student in one or
more of these three disciplines; the most important requirements are a certain level of
mathematical maturity, and the desire to learn about quantum computation and quantum
information. The second purpose of the book is to develop in detail the central results of
quantum computation and quantum information. With thorough study the reader should
develop a working understanding of the fundamental tools and results of this exciting
field, either as part of their general education, or as a prelude to independent research in
quantum computation and quantum information.

Structure of the book

The basic structure of the book is depicted in I'igure 1. The book is divided into three
parts. The general strategy is to proceed from the concrete to the more abstract whenever
possible. Thus we study quantum computation before quantum information; specific
quantum error-correcting codes before the more general results of quantum information
theory; and throughout the book try to introduce examples before developing general
theory.

Part I provides a broad overview of the main ideas and results of the field of quan-
tum computation and quantum information, and develops the background material in
computer science, mathematics and physics necessary to understand quantum compu-
tation and quantum information in depth. Chapter 1 is an introductory chapter which
outlines the historical development and fundamental concepts of the field, highlighting
some important open problems along the way. The material has been structured so as
to be accessible even without a background in computer science or physics. The back-
ground material needed for a more detailed understanding is developed in Chapters 2
and 3, which treat in depth the fundamental notions of quantum mechanics and com-
puter science, respectively. You may elect to concentrate more or less heavily on different
chapters of Part I, depending upon your background, returning later as necessary to fill
any gaps in your knowledge of the fundamentals of quantum mechanics and computer
science.

Part II describes quantum computation in detail. Chapter 4 describes the fundamen-
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Figure 1. Structure of the book.

tal elements needed to perform quantum computation, and presents many elementary
operations which may be used to develop more sophisticated applications of quantum
computation. Chapters 5 and 6 describe the quantum Fourier transform and the quantum
search algorithm, the two fundamental quantum algorithms presently known. Chapter 5
also explains how the quantum Fourier transform may be used to solve the factoring and
discrete logarithm problems, and the importance of these results to cryptography. Chap-
ter 7 describes general design principles and criteria for good physical implementations of
quantum computers, using as examples several realizations which have been successfully
demonstrated in the laboratory.

Part III is about quantum information: what it is, how information is represented and
communicated using quantum states, and how to describe and deal with the corruption of
quantum and classical information. Chapter 8 describes the properties of quantum noise
which are needed to understand real-world quantum information processing, and the
quantum operations formalism, a powerful mathematical tool for understanding quan-
tum noise. Chapter 9 describes distance measures for quantum information which allow
us to make quantitatively precise what it means to say that two items of quantum infor-
mation are similar. Chapter 10 explains quantum error-correcting codes, which may be
used to protect quantum computations against the effect of noise. An important result in
this chapter is the threshold theorem, which shows that for realistic noise models, noise
is in principle not a serious impediment to quantum computation. Chapter 11 introduces
the fundamental information-theoretic concept of entropy, explaining many properties of
entropy in both classical and quantum information theory. Finally, Chapter 12 discusses
the information carrying properties of quantum states and quantum communication chan-



