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QUANTUM MEASUREMENT

This book adopts a novel, physics-first approach to quantum measurement, using

physical experiments as the basis to describe the underlying mathematical formal-

ism. Topics covered include weak measurements, quantum measurement reversal,

quantum trajectories, and the stochastic path-integral formalism. The theory of

quantum measurement is also covered in detail, including discussion of how it can

be tested and demonstrated in a laboratory: how to build quantum-limited ampli-

fiers, fundamental noise limits imposed on measurement by quantum mechanics,

and the design of superconducting circuits. This text is an excellent introduction for

students with a basic understanding of quantum mechanics wanting to learn more

about measurement theory, and the inclusion of a wide selection of end-of-chapter

exercises makes this book ideal for emerging courses on the topic. Key chapters

introducing the foundations of quantum computing and the history of measurement

theory are equally accessible to a broader, less specialized audience.
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Preface

The subject of quantum measurement is now over a hundred years old, and yet

we are still discovering new facets of it. Remarkably, despite the chaotic histori-

cal origins of quantum theory, its pillars have withstood the scientific test of time.

While the mathematical formulations of quantum measurements have been demon-

strated to be correct, they do not tell you “how it works.” Over time, we have

achieved a deeper and deeper understanding of this physics, with an increasing set

of phenomena associated with it. Indeed, in past decades with the introduction of

ever-improving quantum technology, there has been a quiet series of groundbreak-

ing experiments that have pushed our best theories of quantum measurement in new

directions. These discoveries have allowed physicists to experimentally probe the

most fundamental aspects of quantum measurement and, for the first time, to “look

under the hood” to understand the dynamics and statistics of the quantum meas-

urement process. These findings help to elucidate many of the puzzling features of

quantum physics: What is wavefunction collapse? How can quantum-limited mea-

surements be made? How can quantum systems be monitored continuously? What

is the connection between physical reality and information? Can we describe the

measurement quantum mechanically? And so on.

However, in our experience, most physicists’ understanding of measurement is

stuck somewhere between 1920 and 1980. Even the most mathematically advanced

treatments of quantum physics have a very crude understanding of how quantum

measurements work, either in theory or in practice. The three cardinal properties

of textbook measurements, of being projective, irreversible, and instantaneous, are

idealizations and are usually only approximations to experimental reality. How to

generalize and adapt the basic concepts of measurement to more realistic situations

was unexplained until fairly recently. This text will guide the reader through the

theory of generalized quantum measurements, the role of measurement strength

and time, as well as mathematical formulations of continuous measurement. We

xi
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xii Preface

will also explain how these new types of quantum measurements are designed and

carried out in different fields of physics.

A number of books have been published that discuss quantum measurement

and related fields: see Mensky (1993); Carmichael (1993); Braginsky and Khalili

(1995); Percival (1998); Breuer and Petruccione (2002); Gardiner and Zoller

(2004); Haroche and Raimond (2006); Barchielli and Gregoratti (2009); Wiseman

and Milburn (2010); Jacobs (2014). We mention in particular the classic text by

Braginsky and Khalili, focusing mainly on interferometeric light techniques, and

of great practicality to the Laser Interferometer Gravitational-wave Observatory

(LIGO), as well as the book of Wiseman and Milburn, focusing on the mathemat-

ical development of the theory of quantum measurement, particularly for atomic

and optical systems, complemented by the book of Carmichael, all pioneers in this

area. The book of Jacobs, as well as that of Breuer and Petruccione, address a wide

variety of topics on this and related subjects in great detail. We also mention the

helpful introductions of Jacobs and Steck (2006) and Brun (2002).

Sometimes books tend toward the extremes of the mathematical or the encyclo-

pedic and usually are sparse on the experimental aspects of the subject. In addition,

there are many philosophical texts on the subject of quantum measurement, of vary-

ing degrees of quality. Popular books (and movies!) on the subject (that we will not

cite here) can be cringeworthy products written by novices who know just enough

to be dangerous, or by scientists that have an axe to grind – usually related to issues

of philosophy. Additionally, there have been several new experiments pushing the

boundaries of our understanding and technical ability, as well as new theoretical

formalism and insights. Most importantly, many of the subjects discussed here do

not appear in any book we know of. This situation has convinced the authors that

we are at a time when a new book on the subject, aimed at a wide audience, is

needed. Our approach here is to write an accessible scientific book on the subject

that is grounded in experimental findings.

It is our intention that much of this book can profitably be read by advanced

undergraduates with some knowledge of quantum physics. The main audience is

graduate students, postdocs, and other scientists wanting an accessible introduction

and limited survey of the field. The literature is too vast for a complete treatment,

so we focus on what we feel are the essential aspects of the field and give ample

references to the original literature for further learning. Our goal is to concatenate

the theory canon into a streamlined tool chest for quantum “mechanics” and to

give experimentalists the techniques and methods needed for carrying out a wide

variety of quantum measurements.
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Preface xiii

Information is the most spiritual thing in the physical world.

- Andrew N. Jordan

Quantum mechanics is the science of describing a vector that lives in an imaginary

world, can only be reconstructed through our eyes in certain directions, and even

those glances have already shaken it from its slumber.

- Irfan A. Siddiqi

Andrew N. Jordan (left side of both photos) and Irfan A. Siddiqi (right

side of both photos), celebrating at the Montage Hotel in Laguna Beach,

CA, after finishing this book.
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