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This is the first single volume about the collapse theories of quantum mechanics,
which is becoming a very active field of research in both physics and philosophy.
In standard quantum mechanics, it is postulated that when a quantum system is
measured, its wave function no longer follows the Schrödinger equation but instantaneously and randomly collapses to one of the wave functions that correspond to
definite measurement results. However, why and how a definite measurement result
appears is unknown. A promising solution to this problem is collapse theories,
in which the collapse of the wave function is spontaneous and dynamical. Chapters
written by distinguished physicists and philosophers of physics discuss the origin
and implications of wave-function collapse, the controversies around collapse
models and their ontologies, and new arguments for the reality of wave-function
collapse. This is an invaluable resource for students and researchers interested in
the philosophy of physics and foundations of quantum mechanics.
s h a n g ao is Professor of Philosophy at the Research Center for Philosophy of
Science and Technology at Shanxi University. He is the founder and managing
editor of the International Journal of Quantum Foundations and is the author of
several books, including the recent monograph The Meaning of the Wave Function:
In Search of the Ontology of Quantum Mechanics (Cambridge University Press,
2017). His research focuses on the philosophy of physics and foundations of quantum mechanics. He is also interested in the philosophy of mind and the philosophy
of science.
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page vii
ix
1
3

2

What Really Matters in Hilbert-Space Stochastic Processes
giancarlo ghirardi, oreste nicrosini, and alberto rimini

12

3

Dynamical Collapse for Photons
philip pearle

23

4

Quantum State Reduction
dorje c. brody and lane p. hughston

47

5

Collapse Models and Space–time Symmetries
daniel j. bedingham

74

Part II Ontology

95

6

Ontology for Collapse Theories
wayne c. myrvold

97

7

Properties and the Born Rule in GRW Theory
roman frigg

8

Paradoxes and Primitive Ontology in Collapse Theories of Quantum
Mechanics
roderich tumulka

124

134

v

© in this web service Cambridge University Press

www.cambridge.org

Cambridge University Press
978-1-108-42898-9 — Collapse of the Wave Function
Edited by Shan Gao
Frontmatter
More Information

vi

9

Contents

On the Status of Primitive Ontology
peter j. lewis

10 Collapse or No Collapse? What Is the Best Ontology of Quantum
Mechanics in the Primitive Ontology Framework?
michael esfeld
Part III Origin
11 Quantum State Reduction via Gravity, and Possible Tests Using
Bose–Einstein Condensates
ivette fuentes and roger penrose

154

167
185
187

12 Collapse. What Else?
nicolas gisin

207

13 Three Arguments for the Reality of Wave-Function Collapse
shan gao

225

14 Could Inelastic Interactions Induce Quantum Probabilistic Transitions?
nicholas maxwell

257

15 How the Schrödinger Equation Would Predict Collapse: An Explicit
Mechanism
roland omnès
Part IV Implications
16 Wave-Function Collapse, Non-locality, and Space–time Structure
tejinder p. singh
17 The Weight of Collapse: Dynamical Reduction Models in General
Relativistic Contexts
elias okon and daniel sudarsky
Index

© in this web service Cambridge University Press

274
293
295

312

346

www.cambridge.org

Cambridge University Press
978-1-108-42898-9 — Collapse of the Wave Function
Edited by Shan Gao
Frontmatter
More Information

Contributors

Daniel J. Bedingham
Royal Holloway, University of London
Dorje C. Brody
Brunel University London and St Petersburg National Research University of
Information Technologies, Mechanics and Optics
Lajos Diósi
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Preface

In standard quantum mechanics, it is postulated that when a quantum system is
measured by a measuring device, its wave function no longer follows the linear
Schrödinger equation but instantaneously and randomly collapses to one of the
wave functions that correspond to definite measurement results. However, this collapse postulate is ad hoc, and the theory does not tell us why and how a definite
measurement result appears. A promising solution to this measurement problem
is collapse theories, in which the collapse of the wave function is spontaneous
and dynamical, and it is integrated with the Schrödinger evolution into a unified
dynamics.
The origin of collapse theories can be traced back to as early as 1952. Shortly
after David Bohm suggested his hidden-variable interpretation of quantum mechanics (Bohm, 1952), Lajos Jánossy published a paper titled “The physical aspects
of the wave-particle problem,” in which he argued for the reality of spontaneous
wave-function collapse and also tried to alter quantum mechanics by introducing the so-called damping term into the Schrödinger equation (Jánossy, 1952).
Jánossy’s collapse model is incomplete in many aspects but it does illustrate the
possibility of a dynamical collapse theory. Although Jánossy’s work has gone unnoticed by later researchers of collapse theories, it was referred to and discussed by
Werner Heisenberg, who regarded it as the “most careful attempt in this direction”
(Heisenberg, 1958).
Today, collapse theories, together with Bohm’s theory and Everett’s theory,
are widely considered as three main realistic alternatives to standard quantum
mechanics. This book is the first single volume about collapse theories. It is
intended not mainly as a comprehensive review of collapse theories1 but more as
an anthology reflecting the latest thoughts of leading experts on the subject. The
1 See Bassi and Ghirardi (2003), Diósi (2005), Pearle (2007, 2009), Bassi et al. (2013), and Ghirardi (2016) for

helpful reviews of collapse theories.
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Preface

book is accessible to graduate students in physics. It will be of value to students
and researchers with an interest in the philosophy of physics and especially to
physicists and philosophers working on the foundations of quantum mechanics.
This book is composed of four parts. The first part is about collapse models.
There are (at least) two key issues for collapse models. The first one is the preferred
basis problem. It is still unclear what the preferred bases should be in collapse
theories. If the preferred bases are smeared position eigenstates, as is commonly
believed, then it seems that the theories will inevitably violate the law of conservation of energy. But if the preferred bases are energy eigenstates, then the violation
can be readily avoided.2 In addition, it is still unknown whether a relativistically
invariant collapse model can be formulated in a satisfactory way, although the
recent progress seems to suggest a positive answer. These two issues, among others,
will be addressed in the first part of this book.
The second part of this book concerns the ontology of collapse theories. Since
collapse theories are a realistic alternative to standard quantum mechanics, it must
have an ontology. Indeed, several ontologies of collapse theories have been proposed, such as mass density ontology, flash ontology, and the recently suggested
ontology of RDM (random discontinuous motion) of particles (Gao, 2017). The
question, then, is which one the right ontology of collapse theories is. Another issue
is whether the ontology for collapse theories may contain only the wave function.
Proponents of the primitive ontology approach will give a negative answer to this
question, while others may disagree. The key is to understand the physical meaning
of the wave function. For example, if the wave function indeed represents a property
of particles in three-dimensional space, which is itself a primitive ontology, then
the answer to the question may be positive even if assuming the primitive ontology
approach. These concerns about the ontology of collapse theories will be addressed
and debated in the second part of this book.
The third part of this book is about the physical origin of wave-function collapse.
In fact, the first question collapse theories must answer is just this: What causes the
(spontaneous) collapse of the wave function? There have been a few suggested
answers to this question, a well-known one of which is Penrose’s gravity-induced
collapse conjecture. In this part, several authors, including Penrose himself, will
give further new analysis of the origin of wave-function collapse. The last part of
this book concerns the possible implications of collapse theories for our understandings of space–time and cosmology. This part may be more speculative. But if
collapse theories are indeed in the right direction to solve the measurement problem, then it will be quite reasonable or even imperative to consider the applications
2 It has been shown that a collapse model with the preferred bases being energy eigenstates can still be consistent

with experiments and our experience (Gao, 2013, 2017).
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of these theories, which may help solve the deep puzzles in other fields of modern
physics, such as quantum gravity and cosmology. The last two parts of this book
also contain a concise review of experimental tests of collapse theories (see Chapter
16) and a new test suggestion (see Chapter 11).
Different from other quantum theories, collapse theories are becoming a lively
field of research in both philosophy and physics. I hope this anthology will arouse
more researchers’ interest in these promising and testable quantum theories. I thank
all contributors for taking the time to write these new essays in the anthology. I am
particularly grateful to Steve Adler, Lajos Diósi, Roman Frigg, GianCarlo Ghirardi,
Nicolas Gisin, Philip Pearle, and Roger Penrose for their help and support. I thank
Simon Capelin of Cambridge University Press for his kind support as I worked
on this project, and the referees who gave helpful suggestions on how the work
could best serve its targeted audience. Finally, I am deeply indebted to my parents,
QingFeng Gao and LiHua Zhao, my wife Huixia, and my daughter Ruiqi for their
unflagging love and support.
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