I TNTERNATIONAL JOURNAL
Alberto Cordero Editor ];

Philosophers
Look at
Quantum
Mechanics

2 Springer



Synthese Library

Studies in Epistemology, Logic, Methodology,
and Philosophy of Science

Volume 406

Editor-in-Chief
Otavio Bueno, Department of Philosophy, University of Miami, USA

Editors

Berit Brogaard, University of Miami, USA

Anjan Chakravartty, University of Notre Dame, USA
Steven French, University of Leeds, UK

Catarina Dutilh Novaes, VU Amsterdam, The Netherlands



The aim of Synthese Library is to provide a forum for the best current work in
the methodology and philosophy of science and in epistemology. A wide variety of
different approaches have traditionally been represented in the Library, and every
effort is made to maintain this variety, not for its own sake, but because we believe
that there are many fruitful and illuminating approaches to the philosophy of science
and related disciplines.

Special attention is paid to methodological studies which illustrate the interplay
of empirical and philosophical viewpoints and to contributions to the formal
(logical, set-theoretical, mathematical, information-theoretical, decision-theoretical,
etc.) methodology of empirical sciences. Likewise, the applications of logical
methods to epistemology as well as philosophically and methodologically relevant
studies in logic are strongly encouraged. The emphasis on logic will be tempered by
interest in the psychological, historical, and sociological aspects of science.

Besides monographs Synthese Library publishes thematically unified anthologies
and edited volumes with a well-defined topical focus inside the aim and scope of
the book series. The contributions in the volumes are expected to be focused and
structurally organized in accordance with the central theme(s), and should be tied
together by an extensive editorial introduction or set of introductions if the volume
is divided into parts. An extensive bibliography and index are mandatory.

More information about this series at http://www.springer.com/series/6607


http://www.springer.com/series/6607

Alberto Cordero
Editor

Philosophers Look at
Quantum Mechanics

@ Springer



Editor

Alberto Cordero

CUNY Graduate Center & Queens College CUNY
The City University of New York

New York City, NY, USA

Synthese Library
ISBN 978-3-030-15658-9 ISBN 978-3-030-15659-6  (eBook)
https://doi.org/10.1007/978-3-030-15659-6

© Springer Nature Switzerland AG 2019

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, express or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-15659-6

Editor’s Foreword

Philosophers Look at Quantum Mechanics contains 16 essays based on outstanding
keynote presentations made at venues of the International Ontology Congress (I0C)
up to 2016. The selected essays are preceded by an introduction meant to provide
an overview of the topics covered in the volume.

For 20 years now, IOC has held biennial meetings that promote interaction
between scientists and philosophers interested in scientific ontology. While each
edition has had a different focal point,' quantum mechanics has always been present.
Operating from the departments of philosophy at Universidad del Pais Vasco (San
Sebastian, UPV-SS) and Universitat Auténoma de Barcelona (UAB), during IOC’s
25 years in existence, many of the grandees of contemporary philosophy have
participated as principal speakers. One was Hilary Putnam, a dear friend and good
supporter of IOC until his death in 2016, whose love of Spain had numerous
roots.> Although his main presentations at IOC gatherings were about other topics,
on several occasions, he offered informal discussions on quantum mechanics that
touched on his research interests at the time.

In 1965, Putnam’s paper “A Philosopher Looks at Quantum Mechanics”
explained to a whole generation why the interpretation of quantum mechanics
is a serious philosophical problem. The time was ripe for action. In 1964, John
Bell’s now-famous theorem had concluded that no physical theory of local hidden
variables could reproduce all of the predictions of quantum mechanics. The world,
Bell suggested, might be surrealistically different from what it seems to be at first
sight. Abner Shimony and other philosophers joined forces with experimental
physicists to study the impact of Bell’s theorem. The resulting efforts built
intellectual bridges between the two disciplines that astonish us to this day, fueling a

IThese have included the idea of physis since antiquity to the present, scientific realism,
evolutionary biology, the emergence of mind, the problem of infinity, and social ontology, among
other topics.

2In particular, his father was Samuel Putnam, a prominent writer who did a very well-received
English translation of Don Quixote in 1949.
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renewed debate about the scope and limits of realism and understanding in scientific
discourse.

The title of this volume pays tribute to the memory of Hilary Putnam. Philoso-
phers have kept looking at quantum mechanics ever since, with growing technical
skill and fruitfulness, helping the philosophical analysis of quantum physics to
develop into one of the most sophisticated and productive areas in contemporary
philosophy. As the essays included in this volume show, the foundations of quantum
mechanics generate fruitful and exciting debates in contemporary philosophy that,
luckily, have a forceful presence at IOC gatherings.

Acknowledgments The 12 editions of the International Ontology Congress
reflected in this volume would not have been possible without the unfading support
and enthusiasm of Victor Gémez-Pin, Gotzon Arrizabalaga, and José Ignacio
Galparsoro—IOC’s miracle workers, efficiently assisted by Juan Ramén Makuso
and Ima Obeso. Thanks go also to Barbara Jiménez for her help with IOC archives
and translation of the piece by Alain Aspect and Gémez-Pin included in this
collection. At the institutional level, there is a huge debt of gratitude to the two host
universities (UPV-SS and UAB) and to Pedro Etxenike Landiribar (President of the
Donostia International Physics Center, San Sebastian) for his help with many of
the IOC activities on QM. Special thanks also to Robert Zuneska, M.A. (CUNY),
for his generous technical assistance in the preparation of this volume. Finally,
I wish to express my personal gratitude to the publisher’s anonymous reader for
helpful suggestions and to Springer’s Project Coordinator Palani Murugesan for his
valuable support during the final phase.

Credits All the essays included had presentations in venues of the International
Ontology Congress. Three of the contributions have been previously published and
appear here with permission of the authors and publisher (Springer); the details are
as follows:

Simon Kochen: “A Reconstruction of Quantum Mechanics.” Foundations of Physics
Vol 45 (2015): 557-590.

Tim Maudlin: “The Universal and the Local in Quantum Theory.” Topoi: Vol 34
(2015): 349-358.

Anton Zeilinger: “A Foundational Principle for Quantum Mechanics.” Foundations
of Physics Vol 29 (1999): 631-643.

New York, USA Alberto Cordero



Contents and Summaries

The contributions in this volume are a selection of outstanding papers presented as
keynote addresses at some point between 1994 and 2016 in one of the biennial
meetings of the International Ontology Congress (IOC) held in San Sebastian,
Spain. The works included are grouped in six parts: Part I contains contributions
about Bell’s theorem and the debate on realism. Part II has papers on what the
physical world is like according to quantum mechanics (QM). Part III concentrates
on strategies of local scientific realism in the foundations of QM. Part IV considers
arguments on individuals and individuation. Part V presents current proposals to
revisit insights from the Copenhagen Interpretation. Part VI comprises proposals in
favor of reconceptualizing QM.

Below is a list of the works included, along with their respective authors and
summaries. The ordinal after “IOC” indicates congress number, followed by the
meeting’s year.

Philosophers Look at Quantum Mechanics

Chapter 1 Alberto Cordero: Introductory chapter: “Philosophers Look at Quantum
Mechanics.” This provides a rough map of the ideas and options discussed in the
chapters that follow.

Part I: Bell’s Theorem and the Debate on Realism

Chapter 2 Victor Gomez-Pin: “Inseparable Twins” (IOC-III, 1998). A conversa-
tion with Alain Aspect about the philosophical aspects of current experimental work
in the foundations of quantum mechanics, especially the experimental tests of John
Bell’s inequalities Aspect conducted in 1982, the last of which allowed for a choice
between the settings on each side during the photons’ flight.

vii
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Chapter 3 Peter Lewis: “Bell’s Theorem, Realism, and Locality” (IOC-XI, 2014).
Lewis argues that quantum mechanics is not a unified theory, and what Bell’s
theorem shows depends on which interpretation turns out to be tenable. He
concludes that while the lesson of Bell’s theorem could be that quantum mechanics
is nonlocal, it could equally be that measurements have multiple outcomes, or that
effects can come before their causes, or even, as the anti-realist contends, that no
description of the quantum world can be given.

Chapter 4 Tim Maudlin: “The Universal and the Local in Quantum Theory” (I0C-
X1, 2014). This contribution proposes that any empirical physical theory must have
implications for observable events at the scale of everyday life, even when that scale
plays no special role in the basic ontology of the theory itself. The fundamental
physical scales are microscopic for the “local beables” of the theory and universal
scale for the nonlocal beables (if any). This situation creates strong demands for any
precise quantum theory. Maudlin examines those constraints and illustrates some
ways in which they can be met.

Part II: Ontological Explorations of QM

Chapter 5 Harvey Brown: “The Reality of the Wavefunction: Old Arguments and
New” (IOC-XII, 2016). Brown offers plausibility arguments for the reality of the
quantum state and discusses what seem to be weaknesses in QBism as a philosophy
of science. (QBism represents an attempt to solve the traditional puzzles in the
foundations of quantum theory by denying the objective reality of the quantum
state.)

Chapter 6 David Albert: “Preliminary Considerations on the Emergence of Space
and Time” (IOC-XII, 2014). This chapter explores the idea that the wave function
is the unique fundamental concrete physical stuff of the world itself. Albert focuses
on two suggestions: (a) First-quantized nonrelativistic quantum mechanics is not
a theory of the three-dimensional motions of particles, but of the 3N-dimensional
undulations of a concrete physical field—the wave function itself—where N is a
very large number that corresponds, on the old way of thinking, to the number of
elementary particles in the universe. (b) This particularly radical coming-apart of
the geometry (on the one hand) and the fundamental arena (on the other) is what’s
at the bottom of everything that’s exceedingly and paradigmatically strange about
quantum mechanics.

Chapter 7 Roland Omnes: “Decoherence and Ontology” (I0C-IX, 2008). Omnes
discusses the consequences of quantum mechanics for our understanding of physical
reality, particularly regarding how classical concepts are found to emerge from
quantum laws; how commonsense logic stands out as a special case of quantum
logic applied to macroscopic objects; how causality and locality are found to be
“provincial” consequences of quanta; how tiny probabilities that would seem to turn
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reality into an appearance are so small that unreality does not matter; how quantum
theory agrees with everything observed, except for a uniqueness that (alas) is the
very essence of reality.

Chapter 8 James Cushing: “Bohmian Mechanics and Its Ontological Commit-
ments” (IOC-III, 1998). Cushing comments on how the Bohmian option counte-
nances a radically different ontology from the orthodox option that became standard
in modem physics. In Bohmian mechanics the measurement process, which is
inherently many-body in nature, is basically an act of discovery—there is no
quantum-mechanical measurement problem. There is a well-defined criterion for
a classical limit, so that there is no conceptual mismatch between the classical
and quantum domains. Finally, insofar as all measurements are ultimately position
measurements and quantum equilibrium (P = |¥|?) obtains, Bohm’s theory gives
complete empirical equivalence with standard quantum mechanics. Ultimately, the
choice between determinism and indeterminism in the fundamental laws of quantum
mechanics is up to us.

Chapter 9 Albert Solé and Carl Hoefer: “The Nomological Interpretation of the
Wave Function” (IOC-XII, 2016). Focusing on Bohm’s theory, Solé and Hoefer
assess the nomological interpretation, in which the wave function is interpreted as
a parameter that defines the law of motion of the Bohmian particles. The authors
motivate the nomological interpretation of the wave function on its own and by
showing the drawbacks of the field interpretation. They then consider the main
problems of the view recently discussed in the literature. Solé and Hoefer conclude
with some suggestions regarding the relation of the nomological interpretation
and the interpretation of the wave function that takes it to represent dispositional
properties of Bohmian particles.

Part III: Local Scientific Realism

Chapter 10 Juha Saatsi: “Scientific Realism Meets the Metaphysics of Quantum
Mechanics” (IOC XII, 2016). This chapter examines the epistemological debate
on scientific realism in the context of quantum physics, focusing on the empirical
underdetermination of different formulations (and interpretations) of quantum
mechanics. Saatsi sketches a way of demarcating empirically idle metaphysics
of QM from the empirically well-confirmed aspects of the theory in a way
that withholds realist commitment to what |\> represents. He argues that such
commitment is not required for fulfilling the ultimate realist motivation: accounting
for the empirical success of quantum mechanics in a way that is in tune with a
broader understanding of how theoretical science progresses and latches onto reality.

Chapter 11 Steven French: “Structural Realism and the Standard Model” (I0C-
XI, 2012). This chapter argues for a local approach to scientific realism. According
to French, taking the Standard Model seriously means taking the role of symmetries
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seriously and the way in which kinds and properties “drop out” of that framework.
He claims that “ontic” structural realism, which holds that the world is structure,
does just that. The option the chapter advances proceeds in the spirit of Cassirer and
Eddington’s efforts, who did not defend their structuralist conceptions on the basis
of some commonality with earlier theories; rather they presented them as a way of
making philosophical sense of quantum mechanics. French suggests to be a realist
about the Standard Model one should be a realist about the symmetries and laws
that it embodies and hence one should be a structural realist.

Part IV: Individuals, Individuation, and QM

Chapter 12 Peter Mittlestatedt: “The Problem of Individualism from Greek
Thought to Quantum Physics” (IOC-1V, 2000). Individuals in the strict sense do not
exist in quantum physics. Mittlestatedt argues, however, that unsharp observables,
almost repeatable and weakly disturbing measurements, allow for the definition of
unsharp individuals which is sufficient for all practical purposes. Many quantum
physical experiments and the obvious existence of individuals in the classical world
can be explained in this way. On the other hand, he stresses, if quantum mechanics
is considered as universally valid, then there is no classical world in the strict
sense. The chapter includes a Divertimento on an analogy between the motion of
individual quantum systems and the motion of angels according to the treatment of
Thomas Aquinas in his Summa Theologica.

Chapter 13 Otavio Bueno: “Weyl, Identity, Indiscernibility, Realism” (IOC-XI,
2012). This chapter reconstructs a technique originally formulated by Hermann
Weyl to accommodate, in the foundations of quantum mechanics, aggregates
of quantum particles despite these particles’ apparent lack of identity. Bueno
defends the importance of this technique and provides a variant of Weyl’s original
formulation by avoiding altogether the use of set theory. He then offers formulations
of individuals and nonindividuals, inspired by considerations that Weyl made in the
context of his theory of aggregates, and examine the status of nonindividuals with
regard to debates about realism.

Part V: Copenhagen Insights Revisited

Chapter 14 Jeffrey Bub: “What Is Really There in the Quantum World?” (I0C-
XII, 2016). This chapter argues for an information-theoretic interpretation that harks
back to Bohr’s original Copenhagen interpretation. The noncommutative theory
formalized by Dirac and von Neumann is—Bub stresses—not just a new theory but
a new sort of theory in which probability arises as a feature of the noncommutative
algebraic structure and has a different significance to probability in other statistical
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theories. On the proposed approach, just as Minkowski geometry encodes generic
kinematic constraints on spacetime configurations, the “intertwinement” of com-
muting and noncommuting observables in Hilbert space encodes generic kinematic
constraints on probabilistic correlations between intrinsically random measurement
outcomes. According to Bub, these nonclassical probabilistic constraints underlie
new information-theoretic applications (e.g., to cryptography, computation, and
communication). Quantum probabilities don’t represent ignorance, he emphasizes,
and they are not introduced because we don’t or can’t keep track of all the relevant
variables. So what is really there in the quantum world? The proposed conception of
the quantum world is in terms of probabilities of what you’ll find if you measure an
observable: (a) when a measurement is made, there is an agent-independent fact of
the matter about what the outcome is; (b) the unitary dynamics applies universally,
in principle, to systems of any complexity.

Chapter 15 Anton Zeilinger: “A Foundational Principle for Quantum Mechanics”
(IOC-X, 2012). In contrast to the theories of relativity, quantum mechanics lacks
a firm foundational principle to this day. This chapter proposes that the missing
principle may be identified through the observation that all knowledge in physics has
to be expressed in propositions and that therefore the most elementary system rep-
resents the truth value of one proposition, i.e., it carries just one bit of information.
Zeilinger suggests that an elementary system can only give a definite result in one
specific measurement, noting that the irreducible randomness in other measurements
is then a necessary consequence. For composite systems, entanglement results if all
possible information is exhausted in specifying joint properties of the constituents.

Part VI: Calls to Reconceptualize QM

Chapter 16 Simon Kochen: “A Reconstruction of Quantum Mechanics” (I0OC-X,
2012). Kochen proposes a reconstruction of the formalism of quantum mechanics
mathematically centered on a formulation of relational properties. To mathemati-
cally treat the extrinsic properties of quantum mechanics, he replaces the encom-
passing o-algebra B(2) of properties by a o-complex Q, consisting of the union of
all the o-algebras of the system elicited by different decoherent interactions, such
as measurements. This change allows Kochen to define in a uniform manner the
concepts of state, observable, symmetry, and dynamics, which reduce to the classical
notions when Q is a Boolean o-algebra, and to the standard quantum notions when
Q is the o-complex Q(H) of projections of Hilbert space H. Kochen then uses this
approach to derive both the Schrodinger equation and the von Neumann-Liiders
Projection Postulate. One feature of the reconstruction he offers is that the classical
definitions of key physical concepts such as state, observable, symmetry, dynamics,
and the combining of systems take on precisely the same form in the quantum
case when they are applied to extrinsic properties. Kochen shows [contra Bohr]
that once the relational character of properties is accepted, the definitions of the
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basic concepts of quantum mechanics are as real and intuitive as is the case for
classical mechanics. In his view, quantum mechanics describes general interactions
in the world, independently of a classical macroscopic apparatus and observer,
arguing that the interactions we describe using a macroscopic apparatus could apply
equally well to appropriate decoherent interactions between two systems in general.
Kochen stresses that the aim of every theory is to predict the probabilities of the
outcomes of interactions between systems, experiments being particular instances
of such interactions. An experiment gives rise to a Boolean o-algebra of events
which reflects an isomorphic o-algebra of properties of the system. Kochen derives
elementary quantum mechanics by applying the natural classical definitions of the
physical concepts to extrinsic properties, and then uses this derivation to resolve the
standard paradoxes and problematic questions.

Chapter 17 David Wallace: “What Is Orthodox Quantum Mechanics?” (I0OC-
XII, 2016). Wallace proposes that the version of QM, as presented in standard
foundational discussions (the so-called orthodox theory), relies on two substantive
assumptions—the projection postulate and the eigenvalue-eigenvector link—that
do not in fact play any part in practical applications of quantum mechanics. He
argues for this conclusion on a number of grounds, but primarily on the grounds
that the projection postulate fails correctly to account for repeated, continuous and
unsharp measurements (all of which are standard in contemporary physics) and that
the eigenvalue-eigenvector link implies that virtually all interesting properties are
maximally indefinite pretty much always. Wallace presents an alternative way of
conceptualizing quantum mechanics that does a better job of representing quantum
mechanics as it is actually used, and in particular that eliminates use of either
the projection postulate or the eigenvalue-eigenvector link. He reformulates the
measurement problem within this new presentation of orthodoxy.
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Chapter 1 ®
Introduction: Philosophers Look Qe
at Quantum Mechanics

Alberto Cordero

Dedicated to Hilary Putnam.

This chapter provides background to the topics covered in the volume and gives
a rough mapping of the papers included. Section 1.1 is on Bell’s Theorem and
the debate on realism. Section 1.2 considers non-realist responses to the puzzles
of quantum mechanics (QM). Section 1.3 outlines the character of realist projects
today. Section 1.4 looks at ongoing ontological explorations of the quantum state.
Section 1.5 concentrates on fine-grain realist approaches to the nature of the
quantum state. Section 1.6 is on individuals and individualization. Section 1.7
discusses a current revival of interest in Niels Bohr’s insights on QM. Section
1.8 outlines some contemporary calls to reconceptualize QM. Section 1.9 ends the
chapter with some personal suggestions regarding the scope and limits of realist
interpretation.

1.1 From Solvay to Bell’s Theorem

Debates about the intellectual content of quantum mechanics (QM) have been
intense since the early days of the theory. Disagreements reached a peak in 1927
at a meeting in Brussels, the 1927 Fifth Solvay Conference, attended by most of
the theory’s founders, fifty per cent of whom had won a Nobel Prize or were on
their way to get one. Niels Bohr and Albert Einstein were two of them. The issues
at stake included ontological topics (e.g., what is the world like according to QM)
and epistemological worries (e.g., challenges to the traditional idea that empirical
success is a reliable marker of approximate truth for theoretical principles). Einstein
and Bohr left the meeting more confident of their respective positions than ever.

A. Cordero (P)
CUNY Graduate Center & Queens College CUNY, The City University of New York,
New York City, NY, USA

© Springer Nature Switzerland AG 2019 1
A. Cordero (ed.), Philosophers Look at Quantum Mechanics,
Synthese Library 406, https://doi.org/10.1007/978-3-030-15659-6_1
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2 A. Cordero

However, the disputes initiated in Solvay could not be easily settled—they were
“metaphysical.” Realists are now more nuanced that they were then about the
epistemic import of empirical success, but they still take the astounding success
of QM as an indicator that at least some significant part of the quantum theoretical
story is very probably true and responsible for its success.

Still, many of the central tenets of QM appear wildly bizarre when taken at face
value. Those tenets include the notions that measurements do not generally reveal
values had by target systems before measurement, physical objects generally lack
“sharp-valued” properties, radical indeterminism seemingly creeps in measurement
processes, and events can hold non-local correlations. Realist interpretations face
consistency problems as well. In particular, there is tension with the world of
ordinary experience (as illustrated by the Schrodinger’s cat paradox!). There is also
strain from the locality principle of relativity theory. These are just two of many
perceived difficulties.

The “standard textbook™ version of the theory (SQM) largely evades these
difficulties by suggesting (typically in vague terms) that physical systems do
not generally have intrinsic properties, and that, to the extent that they do,
quantum mechanical objects cannot have precise conjugate dynamical properties
simultaneously—i.e., they do not (and cannot) have complete classical sets of
sharp-valued dynamical properties. Furthermore, on SQM, the act of measurement
generally changes a system’s state, prompting a concentration of the probability
spectrum of the measured quantity around whatever value emerges from the process
(Projection Postulate). Compounding the matter, SQM does not provide a clear
physical interpretation of what it refers to as the “quantum state,” which results
in accounts that feel incomplete at best. From the textbooks in question, all one
can infer about a system’s dynamical properties are probabilities that performing
measurements on it will yield one particular outcome or another. In these and other
respects SQM is unlike other fundamental theories in science.

For example, SQM focuses on measurable quantities (observables) and quantum
mechanical probabilities. The resulting probabilistic algorithms have extraordinary
predictive success ostentatiously apparent in fields ranging from atomic and nuclear
physics to the world of transistors, lasers, imaging, and much more; yet users of
SQM learn surprisingly little about the physical ontology at play. Most practicing
physicists seem satisfied with SQM’s “practical” approach”. Since the early days
of the theory, however, some distinguished thinkers have seen its circumspection as
an empiricist deficiency, calling for richer explanatory alternatives. For decades, a
seemingly reasonable response held an incompleteness thesis about QM, claiming
that the theory provides an empirically successful but incomplete (limited, coarse-

Schrédinger imagined a set-up in which a boxed cat is gassed to death if a particle decays, left
alone if the particle does not decay. But the particle is neither decaying nor not-decaying, instead
it is in a peculiar quantum state: a “superposition” of both decaying and not decaying. According
to the Schrodinger equation, the cat evolves into a superposition of being both dead and alive.

2Classic presentations include textbooks like Lenard Schiff (1949, multiply reedited and still
available) and Albert Messiah (1961, multiply reedited, also still available).
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grained, statistical) description of physical reality. According to this response,
SQM is weird, but deep at the fundamental level the world satisfies the traditional
principles of locality, separability, dynamic completeness, and individuation (i.e.,
the world is profoundly classical). The most famous argument along these lines,
published in 1935 by Albert Einstein, Boris Podolsky and Nathan Rosen (EPR),
asserted that quantum systems interact in ways that require simultaneous sharp
values for their conjugate properties (e.g., position and their momentum), a pos-
sibility disallowed by SQM. According to EPR, physical systems simultaneously
have precise conjugate properties but their fullest quantum mechanical description
misses aspects of the targeted reality, and so QM cannot be considered a “complete”
theory of material systems.

This argument remained tenable until the 1960s, when now well-known theorems
by Bell and by Simon Kochen & Ernst Specker uncovered some of the workings of
contextuality in QM, exposing intriguing clashes between classical expectations and
predictions derivable from QM. The disagreements were especially exciting because
they appeared to open doors to empirically resolving previously metaphysical
confrontations. Experiments conducted in the late 1970s contributed serious doubts
about strictly classical interpretations of the laboratory results, which seemed to
support QM against predictions drawn from the traditional ontology. Until roughly
this time, raising foundational questions had been considered an otiose pursuit in
physics: When Alain Aspect proposed his Bell experiment as a project for his
doctorat d’Etat, his prospective supervisor asked with a worried face: “Have you
a permanent position?” Happily, he already had one and was allowed to proceed
(Aspect 2002).

With the Bell experiments, interest in the foundations of QM as a theory of matter
strengthened and has kept growing ever since. Among the pressing philosophical
questions are: What is the nature of the world, given that it displays quantum phe-
nomena? What makes something a “quantum-system”? What determines whether
an interaction constitutes a measurement? Ingenious work has been poured on
questions such as these over the last half-a-century. As yet, however, no consensus
answers are in sight.

The empirical superiority of QM over expectations from classical metaphysics
gained strength in the 1980s through increasingly sophisticated measurements,
conspicuously by Alain Aspect and other experimentalists. QM emerged the most
clear winner. Not so SQM, however, as some highly respected analysts refused to
take the results as supporting the theoretical physics of “observables” promoted by
SQM. Bell, in particular, thought fundamental physics required theories that speak
of what is rather than merely what is observed. He proclaimed that “beable” should
replace the term “observable” in quantum physics (Bell 1973). Realist (beable-
oriented) projects to reconstruct QM gained a new life and remain vibrant to this day.

Beable-oriented interpretations of QM have developed greater coherence in
recent decades, but all the proposals available feel surreal. Some influential critics
drop realist projects as superfluous. On the realist side, ontological weirdness
is not a problem. For realists, the vital claim is that external reality—however
bizarre—fundamentally contributes to the production of our knowledge, so that the
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information we gather is not exclusively based on fantasy and social construction:
there is a mind-independent world that constrains the production of knowledge. So,
the realist question is about the extent to which the ontological descriptions drawn
from a theory can be taken as approximately true at face value.

In the biennial IOC meetings, works on Bell’s Theorem have been a regular
feature. This volume contains three contributions. In the first, Alain Aspect and
Victor Gémez-Pin discuss the Bell experiments as a turning point in physics and
philosophy. Then, Peter Lewis considers how the Bell experiments have sometimes
been taken to show that QM undermines scientific realism, moving on to argue that
the matters involved are far from simple and we should avoid the temptation to
simplify them. Tim Maudlin, in turn, considers the beables of QM and distinguishes
between the local and non-local beables of the theory.

The Bell experiments have reinvigorated the debate on realism in the philosophy
of physics. Reflecting on the vast empirical success of QM, realists try to justify
taking at face value at least some parts of its theoretical content (i.e., content beyond
the reach of ordinary human perception). By contrast, scientific non-realist positions
deny either the need or the possibility of doing so>. The next sections discuss some
leading options in each direction.

1.2 Non-realist Stances

From at least the days of Werner Heisenberg, the notion that quantum physics derails
the ideal of scientific realism has been a recurrent theme. The Bell experiments are
often portrayed as having antirealist import. As Lewis stresses in his contribution
to this volume, matters are far more complicated, however. While post-Bell physics
challenges traditional interpretations, what it accurately shows depends on which
interpretations turn out to be tenable.

Nonrealist arguments in the literature rest on different considerations, from
general, broad range (not specific to QM) to highly specific to QM.

1.2.1 General Empiricism

One general position builds on van Fraassen (1980). According to this view,
anti-realism can be challenged, but otiosely, because searching for realist stances
is superfluous. Empirical adequacy, followers urge, sufficiently accounts for the
empirical progress and success displayed by scientific theories, including quantum
physics.

3 A more radical variety challenges the existence of any external reality—an option without takers
among the contributors to this volume.
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Realist reactions comprise several arguments, applicable depending how the
distinction between observable and observable is drawn.

(a) One realist response is that the project of dichotomizing the empirical and the
theoretical is a logical impossibility and a historical falsehood. Any epistemic
primacy granted to the empirical level creeps up into the theoretical level, and
so the alleged supremacy of empirical over theoretical adequacy cannot be
maintained without begging the question.

(b) Another response is that challenging antirealism is not otiose: empirical ade-
quacy explains a theory’s success but not why it succeeds. For example, reacting
to wave function antirealism, Harvey Brown complains in this volume (in
the spirit of Christopher Timpson’s 2008 critique) that quantum Bayesianist
thinkers (QBists) explain why a physicist believes that matter is stable but
cannot explain why it is.

(c) The third response is that realism about a theory, when consistently stated,
makes the intended empirical domain intelligible by specifying structural and
causal underpinnings that are free of specific doubts and beyond the reach of
ordinary perception.

1.2.2 More Specific Non-realisms

A second non-realist option, more specific to the case of QM, also appears in van
Fraassen’s writings. It focusses on confirmational limitations of the particular the-
ory. Some of his arguments (1980 on realism, and 1991 on metaphysics) present QM
as a prospectively empirically adequate theoretical construct that is, unfortunately,
marred by specific levels of underdetermination. The arguments offered assume that
insufficient confirmation (not to mention error) kills all prospects of having theory-
parts suitable for realist commitment, making fairly radical empiricist interpretation
the most reasonable option. Realists reject this assumption as arbitrary, arguing
that a theory can be approximately true by getting correct accounts, particularly
at intermediate (as opposed to “fundamental” theoretical levels (see, e.g., Cordero
2017). James Cushing’s paper in this volume, for example, takes a selective realist
stance about some parts of quantum theory while also suspending judgment on
whether the microscopic world is deterministic or indeterministic. The point here
is that t is not necessary to be completely right to be scientifically truthful, selective
realists emphasize.

1.2.3 Anti-Classicism

A more confined, non-realist line takes issue with specific claims associated
with classical physics and traditional metaphysics—e.g., the ordinary view of the
world as made of entirely local objects existing separately and independently of
one another. This line is not properly “non-realist;” it simply focuses on claims



6 A. Cordero

that do not blend smoothly with experimental results like those highlighted, for
instance, by Aspect and Gomez-Pin in this volume. Realist anti-classicism has
a distinguished track record in quantum physics, from Bohr (1935) to John Bell
(1964) to Kochen and Specker (1967) and beyond (see Simon Kochen’s paper in
this volume). As already noted the outcomes of Bell experiments seem at odds with
any descriptive framework that respects the three traditional principles of single-
measurement results, property determinateness, and locality (super-realism). If QM
holds universally, then the realist view associated with classical physics is refuted.

Realists, in short, stress that derailing “classical” conceptions does not kill the
project of realism, which is not committed to classicism or any given metaphysics—
indeed, challenging and critically revising the received categories of understanding
has been central to physics for centuries. Realist responses of this sort are already
apparent in Bohr’s (1935) relational reply to the Einstein, Podolsky and Rosen
original EPR paper (1935). Bohr, whose writings blended instrumentalist and realist
rhetoric unhelpfully, argues at points that the notion of a physical system having
dynamical properties needs to be reconceptualized in accordance with QM. He does
this by proposing (albeit obscurely) the idea we now call “quantum entanglement”
and advancing a form of contextualism in which the dynamical properties of a
system depend not only on the system by itself but also on its total physical
environment (Lewis 2016). On Bohr’s approach, the spin of an electron along
direction z is defined only when the physical environment of the system is such
that we can measure its z-spin. But the physical environment can never be such that
we measure spin along different directions at the same time, and this leads Bohr to
argue that QM is complete as it stands.

1.3 The Realist Outlook Today

Current realist projects revise one or more of the traditional principles of indepen-
dence, locality, determinateness, and single-result measurement. Realists hope for
truthful content at theoretical levels in QM, but theories contain falsehoods, and so
a group of reformers, “selective realists,” confine epistemic commitment to theory-
parts rather than whole theories. As such, they fall under the umbrella of the divide
and conquer variously developed in the late 1980s and 1990s by John Worrall,
Philip Kitcher, Jarret Leplin, and Statis Psillos*. Taking a selective realist stance
about QM involves claiming that the theory contains an abstract descriptive part
that seems impossible to give up without compromising the predictive power of QM.
This form of selectivism is compatible with adopting a non-realist or even skeptical
stance about other contents. For example, realists about such substantive parts of
QM as atomic particles and specific molecular structures in 3D-space and time
may, simultaneously, be non-realists about, say, the “deeper” configuration space
associated with the quantum state.

4See, in particular, Worrall (1989), Kitcher (1993), Leplin (1997), Psillos (1999).
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The conditions for selecting theoretical posits (descriptive claims about theo-
retical entities, processes or natural structures) as prospectively truthful make a
contentious matter, but there is some accord among realists. To be selected as
prospectively truthful, a posit must: (1) be consistent (i.e., regarded as belonging to a
possible world), and (2) be sufficiently warranted to compel belief (by current scien-
tific standards). These conditions unsurprisingly invite two types of realist projects.

The first type is primarily ontological, made of efforts to detail consistent
proposals about what the world is like according to the formulation of QM at hand.
In broad terms, ontological projects ask what kind of world QM postulates. The
emphasis is on intellectually exploring the world in which the theory is correct
at face value—what the world is fundamentally like if a proposed version of QM
(e.g., Bohm’s mechanics) is true. The second type of selective realist exploration
is primarily epistemological, made of projects that seek to determine in some
principled way which parts (if any) of the theoretical stories licensed by QM
qualify for realist commitment. These epistemological projects focus on justifying
the descriptive claims derived from the various versions of QM, asking how justified
they are. Ontological and epistemological explorations easily overlap.

One trend, advocated by Juha Saatsi (2015, 2016) and shared by some thinkers,
argues that realists would be better off by providing local exemplars of the sense in
which they want to commit to unobservable posits, without reducing that sense to
any general definition of ‘partial’, ‘approximate’, or ‘structural’ truth. This approach
shuns ‘global recipes’ that demand one should be realist about entities, descriptions
or structures that feature across temporally related theories. The local approach
favors accounts that leave one free to commit to such and such features, given theory
T, where the features may be different when it comes to theory T. This collection
contains two papers particularly sympathetic to this local trend, by Juha Saatsi and
Steven French, respectively.

Saatsi’s essay sketches a way of demarcating empirically idle metaphysics in QM
from the empirically well-confirmed aspects of the theory in a way that withholds
realist commitment to what the “wave function” W represents, arguing that such
commitment is not required for fulfilling the ultimate realist motivation. To Saatsi,
the latter is to account for the empirical success of QM in tune with a broader
understanding of how theoretical science progresses and latches onto reality. In
a related vein, Steven French’s paper considers the local selectivist strategy and
suggests that to be a realist about the Standard Model of particle physics one should
be a realist about the symmetries and laws that it embodies and hence one should be
a structural realist.

1.4 Ontic Interpretations

In the 1920s, some distinguished theoreticians, notably Louis de Broglie and
Erwin Schrodinger, argued that moving from classical to quantum theory could
not go through intellectually without appreciating the objective wave aspect of
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both radiation and matter. Realism about W had dedicated champions. As noted,
however, until a few decades ago, the dominant interpretation of QM encouraged an
instrumentalist interpretation to the wave function.

Realists argue for the physicality of W from considerations of empirical success
and present freedom from specific (as opposed to global, skeptical or metaphysical
doubts regarding W’s ontic counterpart in nature. To realists, since QM both
systematically accounts for physical systems in terms of the quantum state and those
accounts are experimentally fruitful, W represents something real. In this volume,
Harvey Brown articulates fresh plausibility arguments for the physical reality of the
quantum state and exposes what he sees as weaknesses in approaches that reject W
realism, particularly QBism. The word “wave function” fits especially well in the
case of configurations in which the quantum state takes the form of something like
a wave in 3D-space—albeit a peculiar one, as Albert explains also in this volume.

Realists about W think the quantum state represents something ontologically fun-
damental and entirely independent of human beings. In their view, the wave aspects
of physical systems express both the pervasiveness of quantum entanglement as an
objective phenomenon and the need for a metaphysics that makes sense of such
states. Realist talk about W invites projects of revisionary metaphysics along several
ontological options—each consistent proposal corresponding to a possible world
in which what QM says is true. One major split among the positions concerns
whether the dynamics of W evolution amounts to just the linear law represented by
Schrodinger’s equation and its generalizations (an option taken by, e.g., decoherence
theories) or the dynamics also includes a non-linear law that accounts for outcome
selection (an option taken by, e.g., GRW-like theories). An “intermediate” position
(represented by standard Bohmian approaches) proposes that there is more material
stuff to the fundamental world than just W; let us represent the extra component

by 6‘§.’?
World = ¥ + ¢

At a deeper descriptive level, the proposals that take a realist stance about QM
divide into those that bracket issues about the “deep nature” of ¥ and ¢, and
proposals that dare to speculate about them in finer detail (as outlined in the next
section).

Among the programs of the first variety the following three stand out (see, e.g.,
Cordero 2001):

(A) The version of Bohmian QM discussed in this volume by Cushing is a direct
offspring of the nonlocal hidden variables theory introduced by Bohm in the
early 1950s, in which ¢ stands for localized particles. It radically challenges
the projection postulate of SQM and reinterprets the latter’s probabilistic
algorithm. Not all versions of Bohm’s approach take a realist stance toward
W, however; some deny that W represents physical stuff. In this collection,
Solé & Hoefer explore this selective non-realist line through a nomological
interpretation of W, in which the wave function does not represent a physical
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substance but has the character of a law. They motivate this option by showing
the drawbacks of taking W as a field, then consider the nomological interpreta-
tion on its own and outline problems recently discussed in the literature.

(B) The approach often called “Decoherence QM” elaborates on how the phe-
nomenon of quantum decoherence helps bridge conceptual gaps that separate
SQM and classical physics, as Roland Omnes explains in this volume. The
Decoherence approach challenges the projection postulate while critically
reinterpreting the probabilistic algorithm. It also seeks to explain—as Omnes
indicates—how classical concepts can be found to emerge from quantum
laws; how commonsense logic stands out as a special case of quantum logic
applied to macroscopic objects; how causality and locality are found to be
“provincial” consequences of quanta (as opposed to universal principles); how
tiny probabilities that would seem to turn reality into an appearance are so
small that such level of unreality does not matter; and how quantum theory
agrees with everything observed, except for a uniqueness that (alas) is the
very essence of reality. Omnes rejects Everett’s many-worlds because, in his
view, it would mean believing “quantum theory above the unique wonder of a
reality we can contemplate every day,” which looks to him as “the extreme of
ideology.” Wallace (2012) and many decoherentists disagree.

(C) Spontaneous collapse theories redescribe the standard Projection Postulate in
physical realist terms. Detailed approaches of this sort were developed in the
mid-1980s by G.C Ghirardi, A. Rimini, T. Weber, and P. Pearle, among others?.
The resulting proposals articulate entirely physical versions of the collapse of
the quantum wave function, leading to predictions that (at least in principle)
disagree with those of linear QM.

There are, thus, at least three broad realist approaches to understanding the
quantum world that interpret W ontologically. Each yield an explanation of the
domain covered by QM; all the approaches show some fertility. Bohmian mechanics
encourages work of cosmological interest on superluminal signaling prior to
the establishment of quantum equilibrium (as, for example, in Valentini 1991).
Decoherence QM makes cosmological openings (as, for instance, in Gell-Mann
and Hartle 1993). Novel predictions can be extracted from collapse theories, albeit
not ones accessible in the laboratory as yet (see, e.g., Simonov and Hiesmayr
2016); additionally, spontaneous collapse theories promote new ways of looking
at thermodynamics (Albert 2003).

Regarding internal coherence and unity, the early formulations of the noted
proposals were all variously ad hoc and vague. However, descendant theories
advanced in recent years show marked improvements. Although Bohm’s initial
theory was notorious for its artificiality, subsequent work has managed to provide
physical motivation for most of the Bohmian rules. Much of what started as a
patchwork of assumptions lacking internal coherence now drops out nicely from

5See, e.g., Ghirardi et al. (1986, 1990), and Tumulka (2006).
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theoretical considerations in recent articulations. As underlined by Cushing in this
volume, plausibility arguments offered, e.g., by Antony Valentini (1991) explain
how random subquantum interactions drive systems to conditions of equilibrium,
the probabilistic distributions spontaneously corresponding to those given by the
standard rule. Valentini further establishes that, once the universal state satisfies the
condition of quantum equilibrium, the wave function for any individual subsystem
also satisfies this equilibrium condition for measured values. In his particular
version of the Bohmian approach, the world possesses signal locality only in
a contingent historical way, and then only after equilibrium is reached, being
fundamentally nonlocal in its structure outside that regime. Turning to ontic versions
of decoherence QM, recent offerings of the “Many Decoherence World” theory
(an offspring of the “Many-Worlds” interpretation of the linear part of SQT,
introduced by Everett in 1957 with serious conceptual difficulties) arguably display
considerable improvement. In particular, revamped approaches motivates physically
a preferred basis for the total state while otherwise lets classical features emerge
naturally from the phenomenon of quantum decoherence (see, e.g., Wallace 2012).
These proposals offer a literal reading of Schrodinger-cat situations, specifically
the idea that our experience as observers does not correspond directly to the
universal wave function but only to part of it—some “branch.” From the Many-
Worlds perspective, it is the various post-measurement branches of the wave
function, not the total state, that correspond to the situations we experience, with
different branches representing the different results observed in practice. So, what
we perceive as an “instantaneous collapse” of the wave function is understood as
part of the branch-rooted, branch-relative-reality character of the phenomenon we
call “awareness.” Turning to W-collapse models, they too have made advances,
particularly towards addressing their tensions with Lorentz invariance® and the
symmetries of systems containing identical constituents. The collapse dynamics
they offer now include resources for continuous spontaneous localization.

All these refinements make the three highlighted approaches experimentally
discernible in principle—they explicitly describe different worlds. Unfortunately,
however, the differences turn out to be exceedingly difficult to access. The debates
on these ontic proposals remain strong.

1.5 Fine-Grain Explorations

A more ambitious variety of projects tries to reach into the nature of W. They include
approaches that present W as a physical field in configuration space, as well as
projects that take W as a law of nature.

W as a Physical Field: In this volume, David Albert considers the possibility
that W represents a field. Noticing that W does not live in ordinary space but in

6See, e.g., Ghirardi, Grassi and Pearle (1990), and Tumulka (2006).
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3N-configuration space, he explores the notion that the quantum mechanical wave-
function is the unique, ultimate concrete physical stuff of the world itself. On this
view, what is fundamental is W, not particles, not space (see also Albert 1996). In
realist terms, the fundamental physical object would be a real physical field that
lives in configuration space (each point corresponding, in a way that needs further
explication, to a configuration of particles). This “fine-grain” realism comprises
monist and pluralist options.

(a) According to W monism, all there is at the fundamental physical level is a
field in high-dimensional configuration space. Monism need not be eliminativist
about particles, which it can try to accommodate as derivative stuff, i.e. as
“effective” (as opposed to fundamental) entities. For example, Everettians can
make room for particles as entities that emerge out of the decoherent behavior of
W over time in coarse-grained spacetime. A strategy of choice here is to appeal
to functionalism. In Alyssa Nay’s (2013) formulation, there are functional
particles in 3D-space just in case W behaves over time so as to play the causal
role of a system of N particles in a 3D-space. This claim cries for clarification,
however: what is it about the field in configuration space that allows W to ground
the existence of a multi-particle system in 3D-space? To critics, ¥ monists seem
overoptimistic about closing the apparent explanatory gap.

(b) The dualism advocated by most Bohmian theories provides examples of the
pluralist option. The most common variety takes a realist stance about both
W and configuration space: W is a physical field in configuration space, and
particles are real physical objects. One question for this view concerns how
the Bohmian particles in 3D receive behavioral guidance from a field in a
radically different space. Configuration space realists try to articulate Bohmian
mechanics so that at the fundamental level the theory posits no objects in
ordinary space. A seminal development along these lines was Davis Albert’s
(1996) exploration of the possibility of reading Bohm’s two equations as
being about entities in 3N-dimensional configuration space. Not all Bohmian
approaches are so ontologically daring, however.

W as a Law: Many endorse nomological realism about W and take configuration
space as a convenient construct. On this view, W is a real physical structure though
not an actual physical field—rather like a law that governs the motion of Bohmian
particles—and there is only one genuine physical space (the one in which the
particles move). ¥ cannot be eliminated from the ontology because—as cases of
entanglement of position illustrate—there is more to the quantum state than is
carried by the states of the particles themselves. Accordingly, on this approach,
Bohmian quantum theory is fundamentally about a configuration of particles in
ordinary space, and W is not what the theory is fundamentally about. As noted,
in this volume Albert Solé and Carl Hoefer’s contribution explore one nomological
interpretation in which the wave function does not represent a physical substance
and has the character of law; the authors interpret W as a parameter that defines the
law of motion of the Bohmian particles.
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1.6 Individuals and Individuation

Characterizing quantum mechanical objects opens issues and problems that were
absent in classical physics and traditional philosophy. The topics of individuals and
individuation exemplify this aspect amply. The metaphysics of individuality in QM
has long been the subject of lively arguments. As Steven French and Decio Krause
(2006) point out, one can
“take the claim that quantum physics is consistent with particles regarded either as
individuals (with well-defined identity conditions) or as non-individuals which do not have

such conditions. If so, there exists a kind of underdetermination of the metaphysics (of
identity and individuality) by the physics.”

In this volume, Peter Mittelstaedt and Otdvio Bueno explore some of the issues
involved. Mittelstaedt uses the complete set of phase space properties in an unsharp
sense (corresponding to unsharp properties). The individual objects which can
be thus determined are defined only unsharply. From Mittelstaedt’s perspective,
strict individuals do not exist, but unsharp observables in conjunction with almost
repeatable and weakly disturbing measurements allow for the definition of unsharp
individuals, which arguably suffices “for all practical purposes.” According to Mit-
telstaedt, numerous quantum physical experiments and the existence of individuals
in the classical world can be explained in this way.

Bueno, in turn, reconstructs a technique originally formulated by Hermann Weyl
to accommodate aggregates of quantum particles despite the particles’ apparent lack
of identity. In defending this technique, Bueno provides a variant of Weyl’s original
formulation that avoids the use of set theory, offers formulations of individuals
and non-individuals, and then examines the status of non-individuals concerning
ongoing debates about realism.

1.7 Revisiting Insights from Copenhagen

Some recent projects in the philosophy of quantum mechanics take some of the
ontological ideas of the Copenhagen interpretation as guiding principles. In this
vein, for example, Jeffrey Bub and Itamar Pitowski (2010) argue that the common
version of the measurement problem is a pseudo-problem brought on by the dogma
that—as they put it—"“the quantum state has an ontological significance.” Their
approach encourages interpretations of the quantum state as something inherently
informational. In particular, we might understand the wave function as representing
probabilistic information about the world (of what you will find if you measure
a given observable), or as saying something about what rational degrees of belief
we should have about it (e.g., where a proton is). The papers by Bub and Anton
Zeilinger in this volume elaborate on options of this variety.

Rethinking Bohr’s version of the Copenhagen interpretation, in his paper Bub
proposes a conception of the quantum world in terms of probabilities of what one
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will find if an observable is measured. Quantum probabilities, he argues, don’t
represent ignorance, and they are not introduced because we don’t or can’t keep
track of all the relevant variables. So, what is really there in the quantum world?
Bub defends an information-theoretic interpretation that returns in certain ways to
the original Copenhagen interpretation in Bohr’s version.

The second contribution, by Anton Zeilinger, argues that the lack of an accepted
Foundational Principle for QM can be remedied by taking seriously the thought
that all knowledge in physics has to be expressed in propositions and that therefore
the most elementary system represents the truth value of one proposition. An
elementary system, Zeilinger stresses, can only give a definite result in one specific
measurement, and so the irreducible randomness in other measurements follows as
a necessary consequence. Making a measurement turns potentiality into actuality,
Zeilinger states, but whether the system one measures has (say) a clear position
or not before measurement, it exists. In his view, QM describes probabilities of
possible measurement results.

More standard realists, by contrast, think that QM tells about more than
probabilities, and achieves more than empirical adequacy.

1.8 Calls to Reconceptualize QM

One transformative lesson from the Bell and Kochen & Specker theorems is that QM
doesn’t fit into a classical framework. It seems that principles traditionally regarded
as transparent to the intellect and long deemed essential to rational understanding—
like the classical conditions of locality, uniqueness of measurement outcomes and
the non-contextuality of dynamical properties—cannot be jointly upheld; at least
one of them must go if the Bell experiments are accepted. Realists have several
options.

(a) One alternative is to drop Bell’s locality assumption, as do spontaneous collapse
approaches and Bohmian hidden variables.

(b) Another possibility is to abandon the uniqueness of measurement outcomes.
Many-worlds approaches take this option, explicitly stating that measurements
do not, in general, have unique outcomes.

(c) A third choice is to drop non-contextuality. The two mentioned theorems
assume that the dynamical properties of a physical system are independent of
the rest of the world—i.e., “non-contextual.” If, say, spin along a direction w is
a contextual property, then there are no intrinsic w-spin properties. In Bohm’s
theory, in particular, the results obtained when one performs spin measurements
are explained in terms of the position properties of all the constituents of the
system. As Peter Lewis points out,

*“...a given configuration of underlying position properties could result in either a spin-up

or a spin-down outcome because the dynamical laws obeyed by the underlying constituents
are indeterministic. In that case, the measurement results are explicable, even though
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there isn’t a distinct pre-existing property for each outcome. If so, the Kochen & Specker
construction wouldn’t succeed in ascribing contradictory properties to the system in
question” (2016: 41).

On the other hand, if independence is given up, realists face a dilemma: they
must either accept that choices of measurement (and more broadly future events)
can causally influence existing properties, or postulate some unimagined common
cause of both the system’s features and the measurements to be performed on it.

The debate goes on. Some lingering frustrations find expression in much of the
current philosophical work. One disappointment comes from enduring hopes of
restoring intrinsic properties to the status they had in classical physics. Another
frustration rests on the theory’s inability to fully describe the outcome of quantum
measurements, a snag that standard textbook versions tackle by introducing the
Collapse Postulate and Born’s Rule, which give QM the feel of a “black box”
theory. The volume closes with papers by Simon Kochen and David Wallace that
offer reformulations of the theory along each of the two lines just mentioned.

Kochen proposes a reconstruction of the mathematical formalism of QM that
centers on a formulation of relational properties. One feature of the reconstruction
he offers is that the classical definitions of key physical concepts such as state,
observable, symmetry, dynamics, and the combining of systems take on precisely
the same form in the quantum case when they are applied to extrinsic properties.
Kochen argues (contra Bohr) that once the relational character of properties is
accepted, the definitions of the basic concepts of QM are as real and intuitive
as is the case for classical mechanics. He derives elementary quantum mechanics
by applying the natural classical definitions of the physical concepts to extrinsic
properties and then uses this derivation to resolve the standard paradoxes and
problematic questions.

In the final chapter of the collection, Wallace contends that the version of QM
presented in standard foundational discussions (the so-called “orthodox” theory)
relies on substantive assumptions that do not, in fact, play any part in practical
applications of QM. His primary targets are the projection postulate and the
eigenvalue-eigenvector link. Wallace argues for closing the gap between the theory
accepted as orthodox and the actual practice of QM. He proposes an alternative way
of conceptualizing QM that, he reasons, both eliminates use of either the projection
postulate or the eigenvalue-eigenvector link and does a better job of representing
QM as it is actually used in physics.

1.9 Warranted Realism About What?

QM’s success astonishes in the laboratory the realm of practical applications. But
what is QM credibly about? Views vary widely, as we have seen. At one end,
Bub and Zeilinger consider that W represents probabilistic information about the
world and says something about what rational degrees of belief one should have
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about it. Omnes seemingly agrees. The other contributors in the collection go for
various degrees of selective realism and accept the limitations imposed by empirical
underdetermination.

Importantly for selective realists, underdetermination does not spoil the entire
story their ontic proposals tell about the world, just certain parts (including many at
the most “fundamental” level). The proposals converge a great deal on restricted,
unsharp, coarse-grained, functional ontologies specifiable at “intermediate” (but
still theoretical) levels that tell of entities and processes with clear structural
specifications, albeit without any pretension of fundamentality or completeness.
Examples abound. They include convergences in the basic families of Many-Worlds,
Bohmian Mechanics, and spontaneous collapse theories (Cordero 2001). At more
ordinary levels, the ontological proposals share some coarse-grained theory-parts
that seem suitable for realist commitment in virtue of their specific empirical success
and freedom from reasonable doubt. Those parts contribute to the reliable scientific
picture, extending it (although finitely) into theoretical levels of some depth. Here
are some examples.

(a) Energy levels in molecules, atoms, nuclei, and fermions. When a bound system
changes its energy state, photons are absorbed or emitted to make up the jump
in energy. QM provides probabilities for these different transitions to occur,
corroborated to high levels of accuracy in all sorts of microscopic systems.
The resulting cartography of energy states has guided further exploration and
understanding of the structure and functioning of elementary particles, nuclear
physics, atomic physics, molecules, condensed matter and more in microscopic
domains, including feats of scientific observation and manipulation of quantum
systems.

(b) Spatial architecture of physical systems in the microscopic realm. Today, there
is no specific doubt left about many geometric features of numerous aspects
of the microscopic world. For example, presently, nobody has specific doubts
that water molecules exist and have an electrically polarized angular structure
(“V” shape), with an oxygen atom at the negatively-charged vertex and two
hydrogen atoms forming the positively-charged arms at an angle of about 104°
apart, and that in the ice state the molecules link up with high probability to
form a “puckered hexagon.” The realist point is that the theoretical entities and
processes just mentioned (water molecules, their polarized parts, properties and
interactions in “standard” environments) are well-supported and outstandingly
fruitful in terms of corroborated novel predictions, external elucidation, and
freedom of specific doubts.

(c) Dynamical unfoldings (temporal successions in quantum-mechanical
processes). This aspect is exemplified by tunnel effects inferred from
quantum theory, which have a temporal structure rich in novel predictions.
Confirmational support comes from numerous directions in natural science.
For instance, biochemists interested in the analysis of enzyme catalysis study
the roles that non-statistical dynamical effects play, for instance, in proton
tunneling that enhances reaction rates, typically by a factor of 1000, making it
relevant to biological functions (see, e.g., Masgrau et al. 2006).
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Although clearly beyond the reach of ordinary perception (and in that sense “the-
oretical”), these comparatively abstract, idealized, and not properly “fundamental”
descriptions from QM seem nonetheless approximately correct (again, judging by
their distinct novel predictions, external support, freedom from specific doubts, and
high expectation of stable retention through theory-change). Being abstract, they
are generally open to multiple realizations—e.g., by the various ontologies outlined
in this paper. Similar assessments hold for myriads of other parts of the quantum
mechanical map of the world. To repeat, the strongly warranted posits and stories do
not generally lodge at the highest “fundamental” level, but they provide theoretical-
level descriptions that seem as worthy of realist commitment as any in science
(or so I’d like to suggest). There seems to be no reason for equating reality and
fundamentality. But these are all contentious issues, of course.
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Abstract During the third International Ontology Congress, held in October 1998,
Alain Aspect, of the Institut d’Optique in Orsay, Paris, gave a lecture on the
philosophical implications of his famous experiment. He is noted for his tests
of Bell’s inequalities with entangled photons, in which the settings are changed
during the flight of the particles. From the early 1980s on, his experimental works
on quantum entanglements (“Bell experiments”), single photons, laser cooling
of atoms, and quantum simulations have earned him recognitions and awards,
including the Gold Medal of the French National Centre for Scientific Research
(CNRS), the Wolf Prize in Physics, the Balzan Prize on quantum information, the
Niels Bohr Gold medal, and the Albert Einstein medal, among other awards. In
1998, in the context of the third International Ontology Congress, Victor Gémez
Pin, IOC’s Chief Executive Coordinator, discussed with Aspect the philosophical
aspects of experimental work in the foundations of quantum mechanics, especially
the three experimental tests of John Bell’s inequalities he conducted in 1982, the
last of which notably allowed for a choice between the settings on each side to
be made during the flight of the photons. The following is a transcription of their
conversation, edited by Victor Gémez-Pin and approved by Alain Aspect.
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Niels Bohr Gold medal, and the Albert Einstein medal, among other awards. In
1998, in the context of the third International Ontology Congress, Victor Gémez
Pin, IOC’s Chief Executive Coordinator, discussed with Aspect the philosophical
aspects of experimental work in the foundations of quantum mechanics, especially
the three experimental tests of John Bell’s inequalities he conducted in 1982, the
last of which notably allowed for a choice between the settings on each side to
be made during the flight of the photons. The following is a transcription of their
conversation, edited by Victor Gémez-Pin and approved by Alain Aspect.!

Victor Gomez Pin (VGP) Perhaps we can start with an historical point. We
know that Bohr became quickly aware of the need for a new set of categories
of understanding suitable for quantum theory and that this requirement is at the
origin of his more ontological version of the so-called “Copenhagen Interpretation.”
A second major step in the meta-theory was, perhaps, jointly provided by John
von Neumann’s development in 1932 of a rigorous mathematical formalism for the
theory and the contrasting, more pragmatic, formalism published 2 years earlier
by P. A. M. Dirac. In the resulting proposal, the change of state that takes place
abruptly when a measurement is performed, the so-called “collapse of the wave
function,” has a formal explanation in terms of a system of postulates. In a
certain way, the interpretations of von Neumann and Copenhagen are pedagogically
complementary, since one could enrich the formalism of the first with the more
“pictorial” explanations of the second. On the other hand, von Neumann sought to
produce the first theorem of impossibility of hidden variables, as well as a formal
consistency theorem aimed at showing the strength of his interpretation of quantum
mechanics.

Alain Aspect (AA) Von Neumann thought he had demonstrated the impossibility
of hidden variables and, in fact, we now know that von Neumann’s theorem failed.
And, interestingly, it was John Bell himself who showed that von Neumann’s
theorem was wrong. And it is by reflecting on this theorem that John Bell was
able to articulate the train of thought that led to his theorem. It is pretty interesting
historically.

VGP The predictions of quantum mechanics imply a violation of Bell’s inequality,
at least for some of the possible orientations for the spin detectors or, in any
case, of the polarization. These predictions exclude a theory of hidden classical
or “Einsteinian” variables, and the contextual theories that might be developed in
response would save positing hidden variables at the high price of violating special
relativity.

AA John Bell turned this difficulty into a scientific problem, in my opinion;
a scientific problem is one that we can answer. The essential merit of Bell’s work
is that he showed that there was an experimental way to answer the question of

ITranslation from the French assisted by Dr. Barbara Jiménez, Universidad del Pais Vasco,
San Sebastian.
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whether classical hidden variables made a tenable hypothesis. At least in principle,
the question can now be answered through an experiment.

VGP So, to use a trendy expression, he would have opened the door to experimen-
tal philosophy.

AA Yes, I willingly accept this expression.

VGP At the heart of the controversial concepts concerning your work are the
concepts of realism and separability. These concepts have often been used in vague
ways. It may be necessary, therefore, to ask what is meant by Realism. For example,
Kant understood Realism differently than did the Aristotelians. As far as we are
concerned, we may say that every system has a set of dynamical properties that
belong to it even if no knowing subject is grasping them.

AA T answer naively and spontaneously “yes.” It is my conception of Realism.
I believe that Realism is the idea that systems have properties regardless of whether
they are observed or not observed. So the whole question is to know what “property”
means.

VGP Let us consider separability. Real things can be considered as localized
and distinct entities (undivided in themselves and divided in relation to others—
which does not exclude contiguity). They can, of course, come into interaction,
but this interaction is not intrinsic to them and, when it occurs, it is limited by
the impossibility of superluminal communication (in the context of the special
relativity).

AA Atfirst glance, we do not see how to do physics if we lack separability, because,
how can I talk about the study of an object if I already do not admit that this object
is separated from the rest of the world? At least I have to tell myself that this object
interacts with the rest of the world, and does so through an interface that I can
imagine involving action coming from the rest of the world. If I cannot imagine the
object separated, at least in an abstract way, from the rest of the world, I do not even
see how I can do physics on this object.

VGP Aristotle, distinguishing between the continuous, the contiguous and the
consecutive, already formulated implicitly what might be called the principle of
contiguity (or continuity-contiguity). Why before your experiments, one could be a
quantum mechanics physicist and, at the same time, a classical realist?

AA What can I say? It seems obvious to me that before John Bell, we had not
established at all the incompatibility between what we will call separability, a
realistic and separable vision of the world (to caricature, I can say that was Einstein’s
vision) and then the Copenhagen’s vision. Of course, these were opposing visions
(shortly I'll talk about Bohr and Einstein to make the contrast vivid). So there was
the formalism of quantum mechanics, which Einstein did not question. Then, to have
an epistemological interpretation of this formalism, Bohr had developed his brand
of the so-called “Copenhagen interpretation.” But Einstein argued that there was
another interpretation of the quantum formalism that was both realist and local. And
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I think that, until Bell’s theorem, we can honestly say that we could logically support
Einstein’s point of view—that is, support the view that the predictions of quantum
mechanics were compatible with a realist and separable conception of physical
systems. I also think Niels Bohr had the deep intuition that the two views were
incompatible. But this incompatibility neither he, nor von Neumann, nor anyone
else to my knowledge, managed to formalize before John Bell.

So, I’d like to make myself clear: there is the formalism on which everyone
agrees and there is an interpretation that is the Copenhagen Interpretation, which
was a majority view in the years 1930-1935. On the other side, there is Einstein, who
could legitimately and logically argue for another interpretation of the formalism.
And his interpretation goes a step further. Starting from predictions made within
the framework of the agreed formalism, it reaches a conclusion that is precisely
the opposite of Bohr’s: Einstein showed that, because the formalism leads to the
prediction of strong correlations, the only reasonable way to understand these
correlations is by completing quantum mechanics.

VGP One recurrent criticism of your conclusion about the impossibility of Ein-
steinian separability insists on the possibility of a local and separable deterministic
mechanism that would explain the experimental correlations. What would be your
response to this criticism?

AA T think proponents of this objection appeal to the current limitation of
the detectors employed in the experiments. Those detectors do not have 100%
efficiency. So some photon pairs are not detected; and this leaves the door open,
from a logical point of view, to models in which there would be a “conspiracy” of
nature that would allow simulating quantum mechanics with a local hidden variable
theory. So, to react to these criticisms, I believe first of all that, in pure logic, these
people have every right to defend their position. However, I think their position
is extremely fragile for a clear reason John Bell gave: no physical law prevents
detectors from having better yields. And I must say that every year the detectors
improve.So, it is safe to say that in a few years we will have better experimental
access to the matter at hand; then we will be able to decide. At any rate, as Bell said,
we do not see how the results of an experiment could, in one fell swoop, change
qualitatively, simply because the performance of a detector has gone from 30% to
40%. And it would be extraordinary that simply by improving the efficiency of a
detector, starting from something that was in agreement with quantum mechanics,
all of a sudden it would no longer be consistent with quantum mechanics; it would
be a tremendous change in the result. Bell said that if you go from an experiment in a
certain scheme to a much more sophisticated experiment, based on another scheme,
you can understand that the first gives a result in agreement with quantum mechanics
and the second, much more sophisticated one, gives a result not in agreement with
quantum mechanics. But when the experimental scheme is simply to improve the
device a little, to think that we are going to change the results, that is something
else—John Bell thought it unreasonable to imagine such a process. Nevertheless, in
purely logical terms, the critics’ hypothesis is tenable.
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VGP From a layman’s point of view, one sometimes gets the impression that
scientists have not engaged in a sufficiently decisive way in the search for theories
of hidden variables. Do you believe that, in the present state of affairs, it would be
worthwhile to engage more in this way—for example, hidden variables but with
supra-luminal interaction?

AA Two considerations come to mind. On the one hand, supra-luminal connection
is present in Bohm’s theory. I think that the attempts of Bohm and some people
were not negligible at all; they were people who knew quantum theory very well and
who knew theoretical physics very well; they were people who made considerable
efforts. John Bell himself worked on such projects a great deal. On the other hand,
I think there is no need to criticize the community of physicists who preferred to do
something else. Indeed, physicists have had an extraordinary tool at their disposal:
quantum theory. For almost 80 years, this tool has allowed us to accumulate some
phenomenal successes—I mean, we explain the structure of matter and we have
discovered such extraordinary things as the laser, the transistor, and so forth. It is
normal that the vast majority of physicists who had been given a new tool—the
extraordinary toy that is quantum mechanics—wanted to use it profusely; and then
a small number of them questioned this tool. Certainly, quantum mechanics can
be questioned philosophically, and I am not going to say that it is not legitimate;
but there is also, on the other side, the empirical evidence that quantum mechanics
works. In other words, the proof of the pudding is in the eating.

VGP Beware, however, of the fetishism of the results of quantum mechanics, when
people often do not understand the theory itself, while remaining open-mouthed
about its effects. But let us move on to another question. In previous interviews
you gave about the reasons that drove you to your experiments to test Bell’s
inequalities, you mentioned both theoretical and practical reasons. Regarding the
first, if I understand correctly you want to get as close as possible to a “thought
experiment” situation (Gedanken Experiment). Could you elaborate on the need for
an experiment approaching purity, so to speak?

AA Usually, in physics we do not question the basic principles. Everyone agrees on
the theoretical and explanatory concepts in which we place ourselves. From there,
all that I ask of an experiment is to be effective, to reach its goal. But here the
situation is different: an experiment to check the violation of the Bell inequalities
is intended to test a whole class of theories which are defined by a small number
of postulates (realism, locality ... ), but these theories are not specified explicitly.
As they are not specified explicitly, I cannot use one of them in particular to dissect
the details of the experimentation. When we say “I’'m going to test all local hidden
variable theories,” these theories taken together do not give me a precise description
of what a polarizer does, for example. Allow me go into more detail about this.
An ideal polarizer can give positive results. Polarization is, we will say, ordinary
(perpendicular to the optical axis of the medium) or extraordinary (in the direction
of the optical axis). This is the case of an ideal polarizer. The ideal scheme of the
experiment rests on it. Now imagine that I have a polarizer that is not very good. In
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the normal context, a polarizer is not very good if when the light that impinges on it
is in the extraordinary polarization, it registers “extraordinary” in 90% of the cases,
but in 10% of the cases it will register “ordinary” and be wrong. When I do the usual
physics with a polarizer, even if it is not perfect, I have a theory at my disposal; it
is the quantum theory that allows me to say: well, for your imperfect polarizer that
is the forecast. And I can compare this prediction with the experimental results.
But when it comes to hidden-variable theories, I do not test a particular theory—I
test all local theories with local hidden variables, and these hidden-variable theories
do refer to a perfect polarizer, they do not give me a description of an imperfect
polarizer. So, I have to have a perfect polarizer, because only a perfect polarizer
is 100% or 0%; therefore, I can match all the hidden-variable theories because, by
definition, these theories should give me 0% or 100%. Hence the need to have the
purest experimental arrangement possible, because having no theory to describe the
particular apparatus (with a possible degree of imperfection) that I have in front of
me, it is necessary that the device be ideal and give only “yes” or “no” results.

VGP On a related matter, you felt it necessary to specify that the equipment
employed in your tests is usable for purposes other than those we normally talk in
“pure physics.” Exploring the Bell’s inequalities and their violation seems above all
a fascinating theoretical issue. Even if the practical utility was null, the intellectual
interest is enormous. Hence the question: is it not necessary to return to a conception
of science that essentially ties it with the search for intelligibility?

AA My position on this matter is simple. The aim that has motivated me from the
start is knowledge. I think we are always in this state of mind when we do basic
research. If you are lucky enough to work in a field that deals with fundamental
problems of knowledge,then you are in a very good position.In the university
framework of basic research you can pursue knowledge for the sake of knowledge.
But, on the other hand, if in the course of that pursuit I discover that something
may have everyday utility, I think I must show that my results can also be used
for something practical. If among the people who developed quantum mechanics
there had not been many with that attitude, we would have missed a great deal—
for example, better understanding the theory of electrons in solids and making
transistors, discovering that we can understand stimulated emission and lasers, and
so forth. I do not say that basic research must be driven by applications. However,
I think—in my case categorically—that if, while doing basic research, I get an idea
of application, it is my duty, if only to the taxpayers, to say: “attention, here we have
interesting applications that will, perhaps, change telecommunications.”

VGP Of course. But, perhaps, in our culture, there is the question of the hierarchy
between the two aspects.

AA Yes; but, personally, I do not want to treat this question in hierarchical terms.
I prefer to treat it in terms of taste. That is to say, some people prefer to pursue
knowledge for knowledge’s sake, and some people pursue knowledge because they
are stimulated by the problems of applications. It is a question of taste.
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VGP Bernard d’Espagnat had suggested in his philosophical writings that exper-
iments such as yours made it possible to pass from “philosophical” convictions
on non-realism and non-separability to scientific certainty. But D’Espagnat adds
something interesting, namely, that the information that one draws from experiments
would be purely negative—it would tell us what reality is not, thus eliminating
philosophies like Democritus’, but we could not turn that into positive information.
What do you think?

AA T only agree at the logical level, and will tell you why: Bell’s inequality does
not show the traits of a non-separable nature or non-realist physics. In terms of
logic, d’Espagnat is right. But in terms of facts and empiricism, and the impact
Bell’s inequality has on the development of, for example, quantum optics, it has a
positive impact. It has a positive, not a negative consequence. Let me explain. The
results we found not only violate Bell’s inequalities, but they are also extraordinarily
precise and in agreement with the predictions of quantum mechanics. Now, these
predictions have been made with a quite strange situation in mind—the famous
entangled states that Einstein and Schrodinger had exposed, which are quite
unbelievable. Now, these extraordinary properties of the entangled states predicted
by quantum mechanics have proved to be realizable in the laboratory. This means
that we are able to produce these entangled states that no one had ever realized
before, and verify that they have these extraordinary properties. One application
we develop from there marks a new technological line: quantum cryptography,
which attests to a conceptual revolution in cryptography. We are developing the
possibility of producing states in a single photon that can revolutionize optical
telecommunications and things like that. Why has this happened? Because, in
making such delicate experiments, we have, in a positive way, drawn attention to
the fact that these incredible states, these entangled states—of which everyone said
“yes”’—are the idiosyncrasies of quantum mechanics. In practice, however, we never
see them in the ordinary world. In fact, we drew attention to the fact that these
entangled states could be really produced and show their extraordinary peculiarity.
So, in this sense, all that is demonstrated is not negative. Empirically, we had an
extremely positive impact, as exemplified by quantum cryptography based on the
Bell inequalities.

Do you see the conceptual change? In this new cryptography, the guarantee of the
secrecy of your communication is not based on adversary’s technology being less
advanced than yours: it is based on a fundamental law of nature, rooted in quantum
mechanics. You see? It is pretty amazing! So, when we say that the impact of these
experiments was negative, I would like to show that these extraordinary quantum
properties that can be really demonstrated experimentally using sources such as
photon pairs had a positive impact. People began to think that these entangled
states were usable developments. Quantum entanglements were not a dream of the
theorists; we could really produce them, and use them.

VGP Bell’s Theorem operates at a deeply abstract level; there is a logical and
disembodied rigor, almost like a formal game. For many who approach it for the
first time, the question of the “link” inevitably arises: what does all this have
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to do with the correlation of photon polarizations from the same atom? There
is something striking about it. Basic logical presuppositions and presuppositions
concerning nature (locality, objectivity, determinism) which seem at first sight
elementary (almost axiomatic in the Aristotelian sense) seem to fail here. And
all this springs from an experimental test which is not elementary. When we tell
the story of the problem, John Bell’s role always appears ambiguous. On the one
hand, he is indisputably at the center. On the other hand, he often appears as a
theoretician, and you have pointed out somewhere that he reasoned mostly about
“thought experiments” and that the conflict he highlighted (a contradiction between
predictions of quantum mechanics and the theory of hidden variables) is, above
all, “numerical”. This use of the word “numerical” brings us to a problem, as old
as Pythagoreanism, whose philosophical importance is enormous. John Bell is, in
a way, a mathematician who made us think in terms of Schrodinger’s equation—
which, although only a postulate, proves not only effective at accounting for the
facts but, in a particular case, allows us to find knowledge as old as the harmonies
of the Pythagoreans.What does a physicist such as yourself think of this question:
does mathematics match Nature, and if so why?

AA Thave no competence to answer this question. However, I have the right to have
an opinion as an individual, anyway. What you said about the fact that the distinction
was numerical gives me the opportunity to insist on a feature of Bell’s theorem: it
is not just that the hidden-variables theory predicts one number and then quantum
mechanics predicts another number. In my opinion, there is something more—the
fact that it is likely to be tested experimentally. Bell says that a certain magnitude
must be smaller than, say, 2. The mere fact that we have put an inequality—a
barrier—allows us to do experiments like mine, because if I now do an experiment
and get 2.3, I know that the precision of my experiment must be sufficient to
distinguish between 2.3 and the barrier—the limit that John Bell put. I think that
the inequality means that I have to find a result that is outside the proposed limit.
So, the key question that makes my experiment credible or not is going to be the
margin of error of my result, which will be the accuracy of my result. And if the
accuracy is sufficient for me to have the result falling on the bad side of the barrier
for hidden variable theories, then the result is credible. It means that results on this
side of the border will allow me to eliminate all theories of local hidden variables.
There are two types of conflict. There are logical conflicts between numbers; that
is, one can try to demonstrate logically, in an abstract way, that quantum mechanics
is incompatible with hidden variable theories. And for that, it is enough to find two
numbers which are different from each other, but these two numbers can be very
close. For example, on the matter of pure logic and theoretical incompatibility, if
the hidden variables explored yield, say, ™ and then quantum mechanics predicts
3.14, the fact that 3.14 is not equal to ™ would suffice to show that the hidden
variable theories are not identical to quantum mechanics. But John Bell has
demonstrated that there is a boundary which is far enough from the predictions of
quantum mechanics, and this gives ample space to make an experiment. What Bell’s
reasoning allows us to say is that if your experimental results, although not ideal,
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are good enough, then you can rule in favor or against quantum mechanics. In pure
mathematics, 3.14 is not equal to 7; but, for the physicist, 3.14 may be practically
equal to w. So, importantly, hidden variable theories predict that the result must be
no bigger than 2, but quantum mechanics predicts 2.5; so, if quantum mechanics
predicts 2.7 and your experiment is not perfect, 2.7 is still greater than 2. So, there
is a barrier and, beyond this barrier, we have all the relevant margin granted by the
experiments. The experiment must be precise enough for its result to fall to the right
of the barrier; but it does not need to be ideal, the ideal experiment does not exist.
Because there is an inequality there is a very peculiar status that opens the way to
the sought experiments; that is to say, it is not simply a logical conflict between two
concepts; it immediately opens the way to experimentation.

VGP And what about mathematics matching reality?

AA Yes, the mathematization of nature. I think that is the greatest mystery there
is. I have this rather naive remark to make: perhaps physics limits itself to what
can be represented by mathematics. That is, perhaps every time a field escapes
mathematization—Tlike, for example, painting—physicists say, “...obviously, it is
not physics.” So all of this poses a problem of demarcation; biology a century ago
was probably outside the boundary, but biology is moving towards mathematization
and rigorous theorizing more and more nowadays. So biology is joining the realm
of what is mathematizable.

VGP But, unlike painting, music is under the imprint of mathematics.

AA Indeed, music is a special case, because indisputably the psychology of
individuals is outside mathematics.

VGP And yet, the trend is to mathematize that too.

AA Yes, but it is a false mathematization. For example, it is obvious that if we want
to make epidemiological or statistical types of surveys, we use mathematics but we
know that it is not mathematization—we are not theorizing mathematically. It is as if
we were saying that when someone investigates the typology of individual words he
replaces psychology with a theory of sound waves. Psychology is not mathematized.
So there is a whole field of what exists, a whole field of the world around us which,
unquestionably, cannot be represented by mathematics.

VGP You know what the answer of the Pythagoreans would be: mathematics is
hidden there. But we must leave that question open and come back to John Bell.
In one of his interviews, he stated that he would like to be able to have a realist
view of the world, to speak of the world as if it was really there even when nobody
observed it. Bell believed that there would be a world after his death, adding that all
physicists tend to accept this point of view when they are “pushed into a corner” by
philosophers. There is something moving in re-reading this statement when Bell is
no longer here. When philosophers press you, the realist answer might be preferable,
but not because the philosopher necessarily expects a realist answer. The properly
metaphysical question is naive and needs a short pre requisite. Any student who sees
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himself for the first time confronted with Kant’s Critique of Pure Reason, formulates
for himself the question that John Bell mentions as soon as he begins to grasp the
argument: will there be a people any more when we are no longer here to bear
witness of its presence? One cannot avoid this question that is at once naive and
radical.

AA Yes indeed. I believe this is so, especially for a physicist. Because, in the end,
it seems to me that the physicist chooses to do physics because he thinks that there
is an intelligible world. In other words, I believe that the physicist, when he first
imagines his life as a physicist, sees himself as someone who has an object outside
of himself, say a clock, and will open it to understand how it works inside. So I
think the physicist, perhaps more than others, has this naive spontaneous belief that
there is a world external to him and that his role is to discover the way that world
works, but he must do this by altering it as little as possible. That is, as an observer
physicists must be as discreet as possible. And so the physicist has the vision that, in
principle, the world works and is out there even if the observer is not there to watch.

We must realize that, to make progress, this vision had to be overtaken by Werner
Heisenberg, Niels Bohr and the people of the Copenhagen school. Conceptually,
these people managed to make progress by recognizing that the interaction between
the observer and the observed world plays an essential role. I do not conclude that
the world does not exist when the observer is not there. My claim is only that, in a
certain state of development of the sciences, we had to accept to take into account
the interaction between the observer and the system measured to make progress.
We had to accept that interaction because the previous vision—according to which
the observer role could be made infinitely discreet—blocked progress. The fact
that it was necessary to cross this barrier and say: “attention, there is no infinitely
innocuous measurement: any measurement involves a minimum of interaction with
the object undergoing measurement.” Crossing the barrier helped physics to make
progress. I do not conclude that the world does not exist if there is no observer.
For me, any trace left in the Universe is a form of observation. Feynman described
this point very well in his lectures on Physics (III-2): If a tree falls in a forest and
there is nobody there to hear it, does it make noise? A real tree falling in a real
forest makes a sound, of course, even if nobody is there. Even if no one is present
to hear it, there are other traces left. The sound will shake some leaves, and if we
were careful enough we might find somewhere that some thorn had rubbed against a
leaf and made a tiny scratch that could not be explained unless we assumed the leaf
were vibrating. So, although there was no one to listen, this noise left traces; so, it
existed. I do not attribute a particular role to the transcendental human observer, and
I will tell you something very strong and provocative: in my experience, my photo-
checker is as strong as the transcendental subject when it comes to performing an
act of measurement.

VGP But some problems remain; for example, can non-locality be considered
compatible with science? René Thom, the topologist and inventor of catastrophe
theory, was radical on this matter. He counted himself among those who consider
that a non-local theory cannot even be considered scientific strictu senso, because—
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he thought—one cannot act and know except locally. Einstein thought something
analogous. Do you subscribe?

AA Initially, I am completely seduced by this thought; but experience forces us
to accept that the world is more complicated than that. On the other hand, I think
we must give Einstein justice; he did not know Bell’s theorem. At the time, one
could legitimately think that the world was local and separable. Today we know
none of that is true—we have proved experimentally that some situations cannot be
described using the naive concept of separability. I think our “ordinary” concept of
separability—FEinstein’s concept—was too naive. We have to admit that the world
as we observe it in the laboratory must be described by concepts more nuanced than
what Einstein had in mind. On the other hand, today we still retain the idea that
the world is local and separable in the sense of direct action. That is, even with
twin photons, even with entangled states, even with quantum correlations, I know
that I cannot turn a knob here and act instantly in any usable way at the other end
of the Universe. By “usable way” I mean that I cannot transmit energy instantly
(for example, information usable by my correspondent to make a decision). So, in
this sense, I am preserving some form of locality.

Then again, we know that there are nevertheless non-separable objects in the
world—conspicuously, the EPR pairs produced in the laboratory; and these objects
behave as an inseparable whole, though obviously each EPR pair is spread out over
distances that may be extremely large. In Nicolas Gisin’s experiments in Geneva,
the separation is 10 km; 20 years ago the maximum separation realized was just
15 m. Well, one must consider an EPR pair as a non-separable object, because, if
we start to think of it as a separable object, we make predictions that are at odds
with what we observe.

So, the concept of separability needs refinement. There is operational separabil-
ity, which I think continues to obtain: that is to say, by turning a button here I cannot
instantly turn on a light in New York. On the other hand, if I seek to represent the pair
of inseparable photons, well, I have to accept that the two continue to make a whole
and that I cannot cut this system into slices. Moreover, the quantum formalism does
not allow me to cut the two-photon system into two spatial parts and say that on
one side there is an object with one property and on the other side there is another
object with another property. According to quantum non-separability. I have only
one unique object, this two-photon object that has a global property that I cannot
attribute to one or the other component.

VGP In an earlier interview you said that, if Einstein were alive, he would have
reacted very intelligently to your experiments. Others have been less cautious. After
the tests by the Gisin team in Geneva, one of the headlines read: “Einstein loses
in photon test.” John Bell himself, who for a long time remained cautious, did
not hesitate to proclaim the need to return to a pre-Einsteinian relativity. From
the configurational myths, this issue is essential, because Einstein is something
more than just a scientist whose theories have philosophical implications. He is,
in a way, the Picasso of science, more than a scientist—a basic referent that plays
the symbolic role of a taboo. Whatever the outcome of the quantum mechanical
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tests you and others are conducting, the result seems inevitably fraught with
consequences not just for Einstein but for thinkers as different as Descartes and
Aristotle, whose principle of contiguity seems deeply shaken. In short, then, could
Einstein say something specific about the results of your experiments?

AA Does not the history of thought show us situations analogous to that? For
example, Bergson—I think he was smart—could not accept that the concept of
time was not an absolute notion, he could not accept the relativity of time. Bergson
thought he had shown that relativity was impossible because he did not accept the
twin paradox. Anyone, however intelligent, may at some point find himself stranded.
So, no one can know if Einstein would have gone beyond and managed to find
something extraordinary in response to my experiment. Picasso passed through
several periods in his life; but if he had not had a blue period, a pink period, we
would not know that there were several periods in his life. Perhaps Einstein, in the
light of Bell’s theorem, would have imagined something else; but we do not know it.

VGP But if he had imagined anything else, he would have been forced to question
some of his essential presuppositions anyway.

AA But I do not know if these are essential presuppositions. Let us say that
separable realism, as traditionally formulated, had to be questioned; but perhaps
Einstein would have found a form of separable realism which would have been less
strict than the one he started with and which would have been acceptable. After all,
there are formal ways out. For example, if you agree to place yourself in a space
other than the real (three-dimensional) space the world becomes separable again:
in a six-dimensional space you can have locality for these entangled states. I do
not understand locality in a six-dimensional space because when I try to plunge
into a three-dimensional space it becomes non-local again. But this it does not
deny that, formally, one can have locality in a six-dimensional space. You have
people like Feynman who have been able to write—albeit I do not know if they
believed it—articles showing that it is logically possible to have escape routes to
certain stalemates by accepting negative probabilities—if we accept the negative
probabilities, we can save locality.

VGP But, does not negative probability shock you?

AA It totally shocks me. It is completely incompatible, because to say that a result
occurs with a negative probability is to say that it is erased from the rest of the
universe. So, for me, it does not make sense (an event that took place, it cannot be
erased from the Universe). Neither does six-dimensional locality make sense to me.
I don’t think it is a solution, but it provides a formal resolution. There are two kinds
of issues here: formal issues, such as those I am vaguely enunciating; and empirical
issues, which say “pay attention, locality is not empirically violated.” Although EPR
states are non-separable, we can demonstrate that they cannot be used to transmit
energy instantaneously, or even usable information. In other words, non-locality and
non-separability are there, are a given, but I cannot use them. It is extraordinary!
Well, you can use separability by saying “empirically, separability is not violated; I
cannot send messages to the other end of the Universe instantly.”
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Peter J. Lewis

Abstract Bell’s theorem is sometimes taken to show that quantum mechanics
undermines scientific realism. If so, this would be a striking empirical argument
against realism. However, Maudlin has claimed that this is a mistake, since Bell’s
theorem has precisely one conclusion—namely that quantum mechanics is non-
local. I argue here that matters are more complicated than Maudlin acknowledges:
quantum mechanics is not a unified theory, and what Bell’s theorem shows of it
depends on which interpretation turns out to be tenable. I conclude that while the
lesson of Bell’s theorem could be that quantum mechanics is non-local, it could
equally be that measurements have multiple outcomes, or that effects can come
before their causes, or even, as the anti-realist contends, that no description of the
quantum world can be given.

Various people have claimed that quantum mechanics undermines (some form of)
scientific realism. For example, Bohr writes that “there can be no question of any
unambiguous interpretation of the symbols of quantum mechanics other than that
embodied in the well-known rules which allow [us] to predict the results to be
obtained by a given experimental arrangement” (1935, 701).! If quantum mechanics
does show that scientific realism is false, this is highly significant. If a particular set
of phenomena undermines realism, this provides an argument against realism even
Carnap could respect. It turns the realism/anti-realism issue from a metaphysical
scheinproblem to a real empirical question—an internal question, in Carnap’s idiom.

There are of course several other kinds of arguments against realism, most
prominently those appealing to underdetermination (van Fraassen 1980) and to
the pessimistic induction (Laudan 1981). The latter is even an empirical argument:

'Bohr’s position is subtle, and he wouldn’t qualify as anti-realist on every construal, but I think he
would deny that quantum phenomena are explained via a description of the micro-world.
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experience shows that once-successful theories are eventually overturned.> But even
so, the empirical argument is at the meta-level—it involves data about theories,
not data about the world. It would be quite a different thing if studying certain
phenomena in the world could provide a direct argument against realism. The goal
of this paper is to evaluate the claim that quantum phenomena undermine realism,
and in particular, the role of Bell’s theorem in any such empirical argument.

It is often unclear what is meant by “realism” in these debates. So let’s start
with a statement of scientific realism: scientific theories aim to describe the world,
where those descriptions aim to explain the phenomena covered by the theory.
The description here, of course, is just of a particular aspect of the world at a
particular level of description; no theory is a theory of everything. This definition
is deliberately broad, but it rules out e.g. constructive empiricist views, according
to which scientific theories aim merely to predict the phenomena. Constructive
empiricist accounts of science deny the descriptive role of theories of the micro-
world, and curtail their explanatory role insofar as the explanations invoke the
descriptions.*

So, for example, on a realist construal, evolutionary biology aims to describe
real processes in the world that explain the variety of living things we observe.
Chemistry aims to describe the elements in the world and their forms of interaction
to explain, for example, why iron rusts. And quantum mechanics aims to describe
physical entities at the atomic scale and the laws governing them, to explain, for
example, how a laser works.

At least, that’s what quantum mechanics looks like from a realist perspective.
But the claim to be considered here is that quantum mechanics reveals the limits of
the realist project: one cannot look to quantum mechanics for a description of the
micro-world, or hope to explain quantum phenomena in terms of such descriptions.

In outline, the narrative goes something like this. Einstein notes that sometimes
the outcome of a quantum measurement on a particle is not represented in the theory,
even when that outcome can be predicted with certainty (Einstein et al. 1935). He
concludes that quantum mechanics is incomplete as a description of the world.
In response, Bohr (1935) argues that quantum mechanics is in fact a complete
description, in the sense that no further ascription of properties to particles is

2Some versions of the underdetermination argument are also empirical, insofar as they appeal to
actual underdetermination in the history of science rather than hypothetical underdetermination;
indeed, quantum mechanics is arguably an excellent candidate for actual underdetermination
(Barrett 2003, 1211). But again, this argument involves data about theories, not data about the
world.

3This is a slight reworking of van Fraassen’s minimal formulation of scientific realism (1980, 8),
designed to highlight the roles of description and explanation.

4Van Fraassen (1980, 23). Note that van Fraassen alludes to quantum mechanics here in his plea
for limits on explanation.
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possible. Bohr’s argument for this conclusion may not be particularly compelling,’
but the conclusion itself is vindicated by Bell’s theorem (Bell 1964). So Einstein is
proved wrong, in the sense that our expectations of descriptive completeness in a
theory cannot be met at the micro-level.

This is, I think, a fair (if brief) summary of something like the received view
among physicists.® But in a recent paper, Tim Maudlin has argued forcefully that
the received view is wrong: in particular, it misrepresents what Bell did:

Early on, Bell’s result was often reported as ruling out determinism, or hidden variables.
Nowadays, it is sometimes reported as ruling out, or at least calling in question, realism.
But these are all mistakes. What Bell’s theorem, together with the experimental results,
proves to be impossible (subject to a few caveats we will attend to) is not determinism or
hidden variables or realism but locality, in a perfectly clear sense. (Maudlin 2014a, 1)

In other words, Bell’s theorem has nothing to tell us about realism or the descriptive
completeness of quantum mechanics; it does not show that Bohr was right and
Einstein was wrong. What it shows is that quantum mechanics is non-local, no more
and no less.

What I intend to do in this paper is to challenge Maudlin’s assertion about the
import of Bell’s proof. There is much that I agree with in the paper; in particular,
it does us the valuable service of demonstrating (hopefully once and for all) that
Einstein’s objections to quantum mechanics have nothing to do with its (supposed)
indeterminism. But I do think that Maudlin’s conclusion is overly cut-and-dried.
Quantum mechanics (as Maudlin would be the first to admit) is far from a unified
edifice, and what Bell’s theorem shows depends on what version of quantum
mechanics you look at. In particular, I’'ll try to make the case that there’s an
interesting, if ultimately uncompelling anti-realist construal of the import of Bell’s
theorem. And I also want to suggest that locality isn’t quite as decisively defeated
as Maudlin claims.

Bell’s theorem is easy to set up; here I follow Mermin (1981). Consider a pair of
particles produced in the entangled spin state
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where the spins are relative to the z-axis.” And consider two axes v and w that make
an angle of 120° with the z axis (and with each other). Then if the spins of the
two particles are measured relative to the same axis (both v, or both w, or both z),

SWhat he says is that an assignment of properties to a quantum mechanical system can only be
made relative to a particular choice of measurements on the system, and hence no unique property
ascription is possible (1935, 700). But it is hard to motivate this claim absent a proof like Bell’s.
6Maudlin (2014a) laments this, but both he and Werner (2014) suggest that some view like this is
common.

7In fact, this state takes the same form when the spins are expressed relative to any other choice of
axis too.
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quantum mechanics predicts that the results will always disagree: one is spin-up and
the other is spin-down. And if the spins are measured relative to two different axes,
then quantum mechanics predicts that the results will disagree 1/4 of the time and
agree 3/4 of the time.

Einstein’s complaint about these predictions is that if the spins of the two
particles are measured sequentially, relative to the same axis, then the result of
the first measurement allows you to predict with certainty the outcome of the
second, even though nothing in state |S) tells you the spin of either particle. Einstein
concludes that quantum mechanics is incomplete as it stands, insofar as there are
physical states of affairs, such as the one that produces the spin result for the second
measurement, that are not represented in the theory (1935, 780).

Put this way, it doesn’t seem too tall an order to complete quantum mechanics:
one simply needs to add some kind of representation of the missing states of affairs.
These states of affairs (for the set-up considered here) are the spins of the two
particles along each of the three possible measurement directions. So, for example,
we could represent the spins of particle 1 along the v-, w- and z-axes using the triple
(up, down, down), and the spins of particle 2 along these axes using the triple (down,
up, up). Note that in this example the spins of particle 2 are the opposite of the spins
of particle 1. This ensures that when the spins of the two particles are measured
along the same axis, the results always disagree, as quantum mechanics predicts.
But what if the spins are measured along different axes? How can we ascribe spin
values to the two particles to ensure that if the spins are measured along different
axes, the results agree 3/4 of the time? What Bell’s theorem shows is that this task
is impossible: the best you can do is agreement 2/3 of the time.®

Taken at face value, Bell’s theorem seems to show that quantum mechanics is
impossible—that no physical model could in principle produce the distribution of
measurement outcomes predicted by the mathematical algorithm at the heart of
quantum mechanics. But quantum mechanics is well confirmed; this distribution
of measurement outcomes is actually observed, and what is actual cannot be
impossible! So the way to read Bell’s theorem is as a reductio: since Bell’s proof
leads to an absurd conclusion, one of its assumptions must be false.

The question, of course, is which assumption is false. It isn’t obvious what
physical assumptions are required to derive Bell’s conclusion, and different authors
divide up the premises in different ways. Perhaps the most straightforward way to
proceed is to explicitly construct a theory that generates the predictions of quantum
mechanics, and then see how it evades Bell’s theorem.

Maudlin, as noted above, thinks that the lesson of Bell’s theorem is that the world
is non-local in a precise sense. That is, he thinks that the premise of Bell’s theorem
we should deny is the following locality assumption: “procedures carried out in

8Note that if particle 1 has the spin properties (up, down, down) and particle 2 has the properties
(down, up, up), then for measurements along different axes, the results agree 2/3 of the time. The
same goes for all the other possible spin property assignments, except for the pair (up, up, up)
and (down, down, down) for which the results never agree. So no assignment of spin properties to
particles can produce agreement more than 2/3 of the time.
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one region do not immediately disturb the physical state of systems in sufficiently
distant regions in any significant way” (2014a, 8). And indeed, there are versions
of quantum mechanics that violate this assumption—most notably Bohm’s theory,
which has been actively championed by both Maudlin (1995) and Bell (1982).

The way that Bohm’s theory evades the conclusion of Bell’s theorem is that it
adds a non-local dynamical law via which a measurement performed on one of an
entangled pair has an instantaneous effect of the state of the other. More precisely,
Bohm’s theory “completes” the quantum mechanical description provided by state
|S> by ascribing a position to each particle, and postulating a new dynamical law
via which those positions change over time. Notably, the law is such that the motion
of one particle depends on the positions of all the particles in the system. When the
spin of particle 1 is measured, it moves along the axis in which it is measured—up
if the result is spin-up, and down if the result is spin-down.” Then when the spin
of particle 2 is measured, its motion depends on the current position of particle 1,
and hence on the outcome of the measurement on particle 1. This provides us with a
physical state of affairs explaining the outcome of the second spin measurement, as
Einstein demanded. And it provides us with a way of explaining the correlated spin
results that are seemingly ruled out by Bell’s theorem. But it does so at the cost of
introducing instantaneous action at a distance into fundamental physical law.

Locality is an explicit assumption in the proof of Bell’s theorem, and it is
uncontroversial that one can evade Bell’s conclusion by postulating non-locality
in the world. Bohm’s theory takes this route, as do spontaneous collapse theories
like GRW, which also postulate a non-local dynamical law. What is controversial is
Maudlin’s claim that the only way to evade Bell’s theorem is via non-locality: this
is the content of his claim that Bell’s theorem rules out locality. To establish this,
we need to convince ourselves that there are no other ways around Bell’s theorem.

In particular, Maudlin claims that denying realism is not an option here. Against
this, Werner argues that one can construct a local quantum mechanical theory if
one is willing to violate an assumption he calls ‘classicality’ or ‘realism’, where
“‘realism’ is the mathematical assumption ‘The state space is a simplex’” (2014,
7). He argues that operational quantum mechanics violates this assumption, and
hence provides a way to construct a local quantum mechanical theory. If Werner is
right, then Bell’s theorem has an equal claim to challenging realism as it does to
challenging locality.

However, Maudlin rebuts this charge on the grounds that Werner cannot identify
anywhere in Bell’s reasoning where realism in this sense is presupposed (2014b,
2). Furthermore, Maudlin argues that operational quantum mechanics is not a
counterexample to his thesis: it is not a local, non-realist account of quantum
mechanics, because in fact operational quantum mechanics, too, violates locality.
In particular, Maudlin focusses on Werner’s claim that the physical state of a
system is “the quantity which allows us to determine the probabilities for all
subsequent operations and measurements” (2014, 3). Since a measurement on

°T assume that the spin is measured by passing the particle through a Stern-Gerlach device.
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particle 1 instantaneously changes the probabilities for subsequent measurement
on particle 2, it must change the physical state of particle 2, and hence operational
quantum mechanics is non-local after all.

However, I think Maudlin is being unfair here. Immediately after the passage
quoted above, Werner clarifies that he takes the physical state to be “‘epistemic’
rather than ‘ontic’” (2014, 3). That is, what Werner (perhaps misleadingly) calls
the “physical state” should be taken as a representation of our knowledge (in some
sense), rather than a description of the world. Further, Werner mischaracterizes the
assumption being denied here—and Maudlin takes him at his word. It is not just that
the state space is a simplex; indeed, denying an assumption about the structure of the
state space doesn’t amount to denying realism. What makes operational quantum
mechanics operational (as opposed to realist) is that the quantum state is taken
as a formalism connecting preparation events with probabilities over measurement
outcomes, without any commitment to the state representing or describing the
micro-world. Indeed, Werner later notes that the assumption which operational
quantum mechanics rejects can also be characterized as “commitment to ontology
at the level of quantum particles” (2014, 7).

If the assumption to be challenged is that an adequate quantum mechanical theory
should describe the world (as opposed to merely describing our knowledge), then
plainly it is an assumption in Bell’s proof. Einstein complains that standard quantum
mechanics cannot be taken as a complete description because it does not represent
the physical states of affairs underlying certain predictable measurement outcomes.
Bell shows that any attempt to represent such states of affairs cannot account for
the observed distribution of measurement results. The point of operational quantum
mechanics (as I understand it) is to deny the requirement that a prediction must be
explained via a physical state of affairs that is described by our theory.

However, if this is the correct way to view operational quantum mechanics, then
Maudlin has an argument against it. His argument is based on Einstein’s “criterion
of reality” from the EPR paper: “If, without in any way disturbing a system,
we can predict with certainty (i.e. with probability equal to unity) the value of a
physical quantity, then there exists an element of physical reality corresponding to
this physical quantity” (1935, 777). It is this criterion that requires that there be a
physical state of affairs explaining the result of the measurement on particle 2 when
the two particles have their spins measured in the same direction, since after particle
1’s spin has been measured the spin of particle 2 can be predicted with certainty.

Furthermore, Maudlin claims that Einstein’s criterion of reality is analytic: it is
“just not the sort of thing that can coherently be denied” (2014a, 7). The reason is
that “the physical behavior of a system depends on its physical state: if a system
is certain to do something physical, then something in its physical state entails that
it will do it” (2014a, 7). If Maudlin is right, then I cannot construe operational
quantum mechanics as denying that the outcome of the measurement on particle 2
has a physical explanation, because such a construal is incoherent.

I doubt that Einstein’s criterion of reality is really analytic, though. It seems per-
fectly conceivable that an event could be predicted with certainty even when there is
nothing physical that brings that event about. That is, it seems perfectly conceivable
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that an event just happens, without a physical cause, and yet happens with certainty.
Indeed, Maudlin is perfectly sanguine about fundamentally probabilistic laws (e.g.
in spontaneous collapse theories), according to which there is in general no physical
reason why this result is obtained (as opposed to that result) when the probabilities
differ from zero and one. Why should things be different when the probabilities are
zero and one?

But let’s grant for the sake of argument that Einstein’s criterion can’t be
coherently denied. Still, even if we can’t deny that there’s some physical element
of reality behind any probability-1 event, it doesn’t follow that it is knowable
or describable by us. There is nothing that guarantees that the physical world is
epistemically accessible and amenable to capturing in a unified theoretical model.
Perhaps every probability-1 event has its own sui generis physical explanation. That
would be unfortunate for us as theorists, but it is hard to see how it could be ruled
out a priori.

Indeed, the resistance to the demand for explanation is a classic anti-realist move.
Why does a measurement on a system yield a particular result with certainty? When
the theory of the system in question appeals to microscopic entities, anti-realists
of a certain stripe (e.g. van Fraassen) may refuse the demand for an explanation
that goes beyond the prediction itself. One may not find this form of anti-realism
philosophically attractive, but it surely not analytically false.

This, it seems to me, is precisely the move made by operational quantum
mechanics. When particle 1 is measured, then the tools of standard quantum
mechanics allow us to predict the spin of particle 2 with certainty. But there is
no need to posit a physical state of affairs—a property of a physical particle—to
explain this measurement outcome. So Bell’s proof is blocked before it starts: there
is no call for a physical explanation of spin results, and so no need to ascribe spin
properties to particles. Furthermore, without a physical explanation of measurement
results, there is obviously no non-local explanation, so locality (in this sense) is
saved.

I think, then, that one can take anti-realism to be a potential lesson of Bell’s
theorem in just the same sense that one can take non-locality to be a potential
lesson. That is, there are accounts of quantum mechanics that evade Bell’s theorem
by appealing to non-local causal mechanisms, and there are accounts that evade
Bell’s theorem by denying that our physical theories describe the micro-world.

Of course, this is not to say that either of these ways around Bell’s theorem is
attractive; there are reasons to dislike them both. Non-locality, as is well known,
stands in conflict with special relativity. Special relativity tells us that simultaneity
is frame-dependent—that there is no objective matter of fact about whether two
events are simultaneous or not. But instantaneous action at a distance requires such
an objective matter of fact, since it requires a fact of the matter about which distant
events are simultaneous with this one. One can of course deny that special relativity
is an adequate theory, and add a preferred frame to it to define absolute simultaneity,
but this is certainly a theoretical cost.

Similarly, anti-realism is not an attractive option. Physics is in the explanation
business, and routinely denying the call for explanation seems tantamount to giving
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up. Furthermore, one might be suspicious of my claim that operational quantum
mechanics saves locality. In the absence of a descriptive theory of the micro-world,
one cannot identify non-local mechanisms in the world, but neither can one assure
oneself that only local mechanisms are involved. Indeed, if we could show that only
anon-local mechanism could in principle account for the observed effects, then even
if we don’t regard quantum mechanics as descriptive, we might still conclude that
the physical world (which fails to be described by the theory) embodies non-local
causation.

So even if Maudlin’s claim that Bell’s theorem tells us nothing about realism
is wide of the mark, he still might be right that Bell’s theorem shows that the
world is causally non-local. But are there other alternatives—accounts of quantum
mechanics that are neither non-local nor anti-realist? Arguably, there are. Consider
first Everettian (many worlds) accounts of quantum mechanics. When particle 1
has its spin measured, this induces a process whereby the particle, the measuring
device and everything that becomes correlated with it splits into two branches. In
one branch the particle is spin-up, and in the other it is spin-down. Similarly, two
branches are formed when particle 2 has its spin measured. So the measurement of
particle 1 does not entail that the spin of particle 2 can be predicted with certainty,
because there is no unique spin result for particle 2 to be predicted.

This is a little quick, though. Human observers split into branches too. If you
find yourself in the spin-up branch for particle 1, you can predict with certainty that
particle 2 will be spin-down (in your branch). But arguably, at least, this correlation
between the branch-relative spins doesn’t require any non-local mechanism to
enforce it. The global quantum state of the system means that if you travel to the
location of particle 2, you will find yourself in the spin-down branch for particle
2, but this causal mechanism (your travel) takes place at ordinary sub-luminal
speeds. Admittedly, the explanation appeals to the global state of the system, but
this arguably requires non-separability (holism) rather than non-locality (Wallace
and Timpson 2010).

So the many worlds theory at least looks like a perfectly realist, fully local
account of quantum mechanics. If it is tenable, then another potential lesson of
Bell’s theorem is that the assumption that each quantum measurement results in a
unique outcome is false. But it is perhaps not fully clear that the many-worlds theory
is local, since the relationship between non-separability and causal locality is a
tricky one.!! Furthermore, many worlds theories have notorious difficulties handling
probability: how can we say that one outcome is more probable than another if
both actually occur? A good deal of progress has been made recently in addressing

191'm not sure whether such an argument would really go through. If it is conceivable that
every measurement outcome has its own sui generis physical explanation, then there might be
no underlying causation, at least on a regularity view of causation. In which case the question of
locality becomes moot.

Maudlin contends that “a tremendous amount of interpretive work” would be needed to decide
whether the many worlds theory is really local (2014a, 23). But Wallace and Timpson (2010) claim
to have done the requisite work and shown that many worlds quantum mechanics is causally local.
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Fig. 3.1 Bell experiment
with a common cause

this problem (e.g. Wallace 2010), but it is still less than clear (to me, at least), that
the many worlds theory can really deliver the empirical probabilistic predictions of
standard quantum mechanics (Lewis 2010).

The second alternative worth considering is what Bell calls superdeterminism.
Bell assumed in his proof that the properties of the particles are independent of the
measurements that will be performed on them. This seems like a perfectly innocuous
assumption: after all, the measurements can be chosen however we like after the
particles have been created. But if it could somehow be called into question, then
another route to bypassing Bell’s conclusion would be opened up: if the properties
the particles have are dependent on the measurements that will be performed on
them, it is trivial to arrange the actual possessed spin values of the particles so as to
reproduce the observed quantum mechanical predictions.

How could this independence assumption be violated? Consider the space-time
diagram of the Bell experiment in Fig. 3.1. Here the particle trajectories are the
diagonal lines, and the measuring devices are the vertical bars. The particles are
emitted at S, and the measurements to be performed by the measuring devices are
chosen at L and R. Note that there is no way that the choices at L and R can directly
affect the particle properties at S without some non-local causal influence. So if we
want to keep things local, it looks like we have to posit a common cause C that
influences both the measurement choices and the particle properties.

But notice how powerful such a cause would have to be. It would have to be
capable of correlating anything that could be used to set the measuring devices
with the properties of the particles—coin-tosses, human choice, the air temperature
in Llandudno, or whatever. As Maudlin notes, “such a purely abstract proposal
cannot be refuted, but besides being insane, it ... would undercut scientific method”

12

121 Davies and Brown (1986, 47).
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Fig. 3.2 Bell experiment
with retrocausation

(2014a, 22). Bell concurs: “this way of arranging quantum mechanical correlations
would be even more mind-boggling than one in which causal chains go faster than
light” (2004, 154). It is hard to take such a theory seriously.'3

But there is another option here, namely the possibility of a retrocausal mecha-
nism correlating the measuring device settings with the particle properties (Price
1994). For the Bell experiment, the proposal is outlined in Fig. 3.2. The basic
idea is that the choices of measurement settings at L and R cause the actual
measurements at L.’ and R’, and these measurements causally influence the earlier
particle emission event S. By this means there is no need for the vast conspiracy
of the common cause approach: the particles have to interact with the devices that
measure them anyway, so there are no new causal links, just an unexpected direction
for some of the links. Admittedly, backwards causation is potentially conceptually
problematic, and there is no well-developed theory along these lines in existence
yet.'* But if it can be made to work, the retrocausal model provides a clearly realist
and clearly causally local account of quantum phenomena.'> If it is tenable, the
retrocausal approach raises the possibility that the lesson of Bell’s theorem is that
effects can precede their causes.

So I think it is too soon to say what the lesson of Bell’s theorem is. All the
models of quantum phenomena presented here have their attractions, but also their
weaknesses, weaknesses that may prove fatal. At the end of the day, it may be that
the lesson of Bell’s theorem is that the world is causally non-local. Or it may be that
the lesson is that measurements have multiple equally real outcomes. Or it may be
that effects can come before their causes. Or it may even be that no description of
the quantum world can be given—although this latter conclusion seems to me to be
a last resort. In any event, the import of Bell’s theorem is far from a settled matter.
What Bell did is to demonstrate what quantum mechanics cannot be: it cannot be a
theory that satisfies all the assumptions of his theorem. Something has to give—but
what precisely has to be given up will have to await future research.

13For a more detailed appraisal of this kind of theory, see Lewis (2006).
14Some of the potential problems for retrocausal theories are addressed in Price (1996).

15That is, each causal link is local, although the sum of a forwards-causal and a backwards-causal
link can add up to instantaneous action at a distance. It is the former sense of locality that makes
the theory compatible with special relativity.
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Chapter 4 ®
The Universal and the Local in Quantum g
Theory

Tim Maudlin

Abstract Any empirical physical theory must have implications for observable
events at the scale of everyday life, even though that scale plays no special role in the
basic ontology of the theory itself. The fundamental physical scales are microscopic
for the “local beables” of the theory and universal scale for the non-local beables
(if any). This situation creates strong demands for any precise quantum theory. This
paper examines those constraints and illustrates some ways in which they can be
met.

Keywords Quantum theory - Metaphysics - Local beables -
Non-local beables - Conditional wavefunction - Bohmian mechanics

In Posterior Analytics Book 1 Chap. 2, Aristotle confronts a methodological puzzle
about scientific knowledge of the world. On the one hand, scientific inquiry into the
physical world must start from objects “prior and better known to man”. In a more
recent idiom, scientific inquiry must start from the “manifest image”: the world as
it appears to us independently of any theoretical postulates. Aristotle calls these
objects “closer to sense”. The manifest image concerns the universe at mesoscale:
objects and their behavior at the scale of everyday life. The microscopic details
of these objects form no part of the manifest image. Contra Eddington, a table
does not present itself to us in everyday experience as microscopically uniform and
homogeneous. Nor does it present itself to us as microscopically atomic. It does
not present itself to us microscopically at all. Similarly, the universe as a whole at
its largest scale has no manifest structure: space as a whole does not appear to the
senses as either finite or infinite because it does not appear to the senses as a whole
at all.

But the objects that are reliably revealed by human sensory capacities are not the
fundamental entities postulated by scientific inquiry. Those objects, which Aristotle
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calls “prior and better known without qualification”, or “prior and better known
absolutely” escape our immediate observation. And just as Aristotle remarked over
two millennia ago, so must modern scientific inquiry proceed: from the directly
observable at mesoscale to postulated entities that are not directly observed. But
since the behavior of the mesoscale objects provides the empirical evidence for the
physical theory, there must be not merely a heuristic ascent from the manifest image
to the theoretical, but also a more logically rigorous return from the scientific image
to the manifest. Having postulated the physically fundamental but not-directly-
observable, one must be able to derive consequences of the postulates at mesoscale.
Were this not possible, the fundamental physical theory would have no empirical
consequences and so could not become part of empirical science.

This basic methodological problem arises for quantum theory, but assessing how
that theory solves it is problematical. The difficulty arises because, in a sense, there
is no such thing as “‘quantum theory” at all. A rigorously formulated physical theory
must contain a clear set of ontological postulates detailing what theory claims to
exist. From these postulates follows a kinematics: an abstract “space” of all possible
physical states, all possible values and arrangements of the physical ontology. Next
the theory provides a dynamics: specific constraints (deterministic or probabilistic)
on how the physical state evolves in time. These are the fundamental laws of the
theory. Aristotle’s problem, then, arises this way: in a fundamental physical theory
the basic ontological postulates of the theory are not immediately observable by
the senses. Still, these postulates must be inspired by observations at mesoscale
and have logical consequences for observable behavior at mesoscale. But “standard
quantum theory” contains no such clear ontological postulates. Solving Aristotle’s
problem for “standard quantum theory” is therefore impossible.

We should be clear about the problem. It is not that we are asking for too much
rigor in the presentation of the theory. Any physical theory under construction will
have some gray areas, where the exact ontological commitments of the theory are
not clear. Is Newtonian gravitational theory, for example, committed to unmediated
action at a distance, or to a gravitational field or to mediating gravitational-force-
producing particles of some sort? Research can go forward even when the precise
answers to questions like this are hazy. But the evidence for Newton’s theory, the
data against which it was tested, was never direct observation of gravitational fields
or potentials or forces. The evidence was the observable relative motions of bodies
such as apples and planets. So one could calculate observational consequences
of the theory without having settled all of the ontological detail. Since the data
are determined by the behavior of observable matter, one needs to be clear about
how to describe the distribution of matter at mesoscale and how the distribution
of matter should change at that scale (according to the theory). Insofar as this can
be determined without settling other details of the theory, research and testing can
continue.

The problem with “quantum theory” is that not even this much about the basic
physical ontology is clear. It is more in the nature of a recipe for making predictions
using a certain mathematical formalism. No ontological postulates, either clear
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or murky, are made. If one takes a standard quantum physics text and asks what
physically exists according to the theory, no answer is readily forthcoming.

This shortcoming of “quantum theory” is obscured by unfortunate nomenclature.
Suppose one endeavors to formulate a rigorous theory with a clear ontology and
dynamics that produces the same (or nearly the same) predictions as the textbook
predictive recipe. This activity, which is properly speaking the construction of an
exact physical theory, is commonly called “providing an interpretation of quantum
theory”. The bad nomenclature suggests that the activity involved is not theory
construction at all—after all, it sounds like one starts with a given theory—but rather
the “interpretation” of a theory that already exists. A physicist might reasonably
wonder both what an “interpretation” of a theory is and why, as a physicist, she
should be interested in having such an interpretation. Perhaps “interpretations” are
the province of philosophers rather than physicists. Then let the philosophers busy
themselves with interpretation and leave the physicists alone!

Those physicists most deeply concerned with physical ontology understood
that “quantum theory” as it is usually presented contains no clear ontology and
insisted that this constitutes a failure of physics as such. In the last half century,
the most eloquent and forceful advocate of this position was John Stewart Bell.
Bell was also among the strongest proponents of theories with clearly articulated
physical ontologies, such as the pilot wave theory and his own version of the
Ghirarid-Rimini-Weber (GRW) collapse theory (Bell 2004, chapters 17 and 22).
Bell defended a general approach to connecting theory with the manifest image,
which he called the theory of local beables (Bell 2004, chapters 7 and 19). This
approach aims directly at answering Aristotle’s challenge in the context of quantum
theory.

4.1 The Theory of Local Beables

If the fundamental ontological postulates of a physical theory are not themselves
directly observable, it might at first glance seem to be problematic how the theory
can have any observable consequences at all. But in some cases the solution to this
puzzle is so direct and simple that the problem never even strikes us.

Consider Democritean atomism. The fundamental ontology of Democritus was
clear: atoms and the void; the full and the empty. The void, the empty, was
taken to be empty Euclidean space. The space has a definite geometrical structure,
exposited in the Elements. It is three-dimensional, infinite, and (as we can now say)
geometrically flat. The empty does not act on the human senses: one cannot see
it or hear it or touch it. Therefore our perception is never directly of space itself.
Indeed, the passivity and unobservability of the void makes it so remote from direct
experience that the atomists sometimes advert to it as “non-being”, To un ov. What
we observe, what acts on our senses, are the atoms.

But the atoms are also individually unobservable. No one can see a single atom or
verify by direct observation that matter is atomic rather than infinitely divisible. So,
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one might wonder: if the two basic ontological postulates of Democritean atomism
are both unobservable, how can the theory be an empirical theory?

This never seemed to puzzle the ancients and similarly does not puzzle us now.
Individual atoms may be unobservable, but large collections of atoms can easily
constitute observable collectives. If a table is nothing but a very large collection of
Democritean atoms, then the shape, location and orientation of the individual atoms
determine the gross macroscopic geometrical structure of the table in an obvious,
ineluctable and conceptually transparent way. The observable motion of the table
is nothing but the collective motion of the individual atoms described in a coarse-
grained vocabulary. If all the atoms that constitute the table move to the right, then
the table as a whole automatically does. And if we see the table move to the right,
then we know in a general way how the individual atoms are moving, although
many distinct precise individual motions are consistent with the observable gross
behavior.

The intrinsically unobservable geometrical structure of space also manifests
itself. Since the atoms are moving in a three-dimensional Euclidean space, their
geometrical relations are always the geometrical relations among some points or
regions in that space. The table appears to us as a three-dimensional (approximately)
Euclidean shape because the atoms occupy some region in an (at least approxi-
mately) Euclidean arena. Space alone cannot act on our senses, but the atoms can,
and the atoms are constrained in their configurations by the geometry of the space
in which they move.

Just as the fine, exact details of the Democritean atoms would escape our direct
observation, so too does the precise geometry of the space in which they move. Our
everyday experience of the world is consistent with space being Euclidean, but also
consistent with deviations from Euclidean geometry that are small at mesoscale.
It has been obvious from antiquity (to Zeno, for example) that for all we can tell
space might be either continuous or discrete microscopically. Similarly, it might
deviate significantly from a Euclidean structure at cosmological scale. All of these
possibilities could be consistent with the everyday structure of the manifest image.

In sum, neither the exact microscopic character of space (or space-time) nor the
microscopic character of matter is evident to the senses. Nonetheless, a physical
theory that makes precise postulates about these things can have straightforward
empirical consequences via coarse-graining. Given a precise disposition of matter
in a precise space-time structure described at microscale, the theory has implications
about the approximate shapes, locations and motions of mesoscopic objects at
mesoscale, which can be tested against sensory observation.

This basic idea, so simple and transparent as to be easily overlooked, is the central
idea of Bell’s theory of local beables. Bell invented the term “beable” to refer to the
things that a physical theory postulates to exist or to be:

In particular we will exclude the notion of ‘observable’ in favor of that of ‘beable’. The
beables of a theory are those elements that might correspond to elements of reality, to things
which exist. Their existence does not depend on ‘observation’. Indeed, observation and
observers must be made out of beables. (Bell 2004, 174)
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The requirement that beables exist independently of being observed must be made
explicit because of the peculiar history of quantum theory. There, many suprising
claims have been made about observation “bringing reality into existence”, and
about quantum entities not having positions and momenta antecedently to being
observed. But although there is some chance of making sense of this sort of talk in a
restricted domain, the universal application of such a principle is immediately self-
undermining. If nothing exists until it is observed, then there can be no observers to
do the necessary observing, and nothing will ever exist.

The “local” requirement for local beables requires a little unpacking. The
locality is in space-time, and refers to the beables themselves being located at
particular, small, bounded regions of space-time. Individual local beables must
occupy particular locations if collections of them are to determine the shapes and
motions of perceptible things. Some beables fail this test because they are global
in nature: Bell gives the example of the total energy of a system (Bell 2004, 53).
But even some mathematically definable quantities that are associated with precise
space-time locations fail to be local beables. The center of mass of the Earth-Moon
system, for example, has a reasonably precise location, but still there need not be
anything of physical interest that exists at that location: it may well just be a point
in empty space.

There are many examples of possible local beables in the relevant sense.
Particles—either point particles or microscopic particles with geometrical shapes
like Democritean atoms—clearly qualify. So do classical fields such at the electro-
magnetic field. If one reifies a classical gravitational potential it also would be a
local beable. Microscopic vibrating strings would do. Bell himself suggested some
possible local beables. For quantum field theory, he suggested the fermion number
density: how many fermions are located in each small bounded region of space-time
(Bell 2004, 175). And in his presentation of the GRW collapse theory, he introduced
a novel proposal for the local beables of the theory: point events in space-time,
which have come to be called the “flash ontology”.

It is useful to pause on the flash ontology because it is both unfamiliar and prima
facie quite shocking. The quantity of local beables in this ontology is vastly less than
one might have thought possible in an empirically adequate theory. According to the
flash ontology, at most times there are no local beables at all: the whole universe is
just empty space. The only exception to this complete vacuity occurs when there is a
spontaneous GRW collapse of the quantum state. When such a collapse occurs, the
only local beable that comes into existence is a single point-event with no spatial or
temporal extension. The point event has a precise location in space-time. So in this
theory there are exactly as many distinct local beables as there are GRW collapses,
each being one physical point-event.

Given the dynamics of the theory, we can make back-of-the-envelope calcu-
lations for the number of such flashes in a region of space-time that we regard
as occupied by matter such as a table or human body or human cell. Let’s do a
strand of DNA since we are accustomed to think of DNA as having a characteristic
geometrical structure, a double-helix, which it retains at all times irrespective of
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being “observed” or “measured”. To what extent, in this theory, is this geometrical
structure realized by the distribution of local beables at microscopic scale?

There are about 200 billion atoms in a strand of DNA, mostly carbon, oxygen,
hydrogen and nitrogen. Since carbon is the heaviest, we overestimate by assigning
each atom 8 electrons and 16 nucleons (i.e. 48 quarks). So there are about 1013
elementary particles in a strand. In the GRW dynamics, each elementary particle
suffers a GRW collapse once every 10'3 s. So on average, there would be less than
a single GRW collapse associated with a complete strand of DNA every minute!
One single, solitary, dimensionless point in space-time per minute to form the basis
of the geometrical shape of the strand. In such a theory, it is misleading to say that
DNA actually has a double-helix structure at all times.

But if the local beables are so scarce at microscopic scale, how can the theory be
empirically adequate at mesoscopic scale? The same calculation reveals the answer:
in a whole human body, there will be something like 10'# flashes per second.
This many points in space-time, appropriately configured, could straightforwardly
correspond to a shaped object indicated in much more detail than is apparent to
simple observation. At mesoscopic scale, this collection of points is quite sufficient
to constitute the positions, shapes and motions of familiar observable bodies
in more detail than we can directly apprehend. The microscopic local beables,
shockingly sparse at microscopic scale, yield a coarse-grained distribution of matter
at mesoscopic scale that corresponds (or fails to correspond) to what we take
ourselves to know by direct experience about the behavior of matter.

One might take the sparseness of the local beables in this theory as good
grounds to dismiss it. Surely, one thinks, our understanding of DNA requires
that there actually be, at all times, double-helix-shaped configurations of matter
in the nuclei of our cells. The flash ontology correctly predicts the observable
output of microscopes, resonance imaging, etc. Those technologies all produce
output at mesoscopic scale (so we can read it!) and the GRW flash theory will
get the mesoscopics right. But in an obvious sense all of these scanning outputs
are, according to the theory, highly misleading. They suggest the existence of
microscopic local structure that isn’t really there at all.

All of this shows how modest the demand for empirical adequacy of the theory
is: it is enough to get the mesoscopic aspects of things right to render the theory
empirically unassailable. The range of possible microscopic local beables that could
serve this purpose is vast, and includes proposals that one might, for non-empirical
reasons, find incredible.

Bell not only suggested the flash ontology as the local beables of the GRW
theory, but also an ontology of fermion number density for quantum field theory.
His comment on the methodological adequacy of this choice sums up the situation:

Not all ‘observables’ can be given beable status, for they do not all have simultaneous
eigenvalues, i.e. do not all commute. It is important to realize therefore that most of these
‘observables’ are entirely redundant. What is essential is to be able to define the positions of
things, including the positions of instrument pointers or (the modern equivalent) of ink on
computer output . .. [Bell considers and rejects energy density as a choice of local beable].
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We fall back then on a second choice—fermion number density. The distribution of fermion
number in the world certainly includes the positions of instruments, instrument pointers, ink
on paper, . . . and much much more. (Bell 2004, 175)

Half of our discussion is now done. The objects “prior and better known to
man”, localized physical objects at mesoscopic scale, can be accommodated by
the postulation of local beables in a space-time structure whose coarse-grained
description matches the manifest image. This can be accomplished in myriad
ways. Both the exact nature of the local beables and the exact microscopic
(and cosmological) geometry of the space-time can differ wildly from our naive
guesses. The flash ontology illustrates an unexpected choice of local beable, and
the 11-dimensional space-time of string theory, with 7 “compactified” dimensions,
illustrates an unexpected choice of precise space-time geometry. These choices, and
many others, can coarse-grain to correspond to what is prior and better known to us.

It is at least logically possible for a physical theory without either a space-time
structure or a choice of local beables that coarse-grains in this way to nonetheless
be empirically adequate. Some physicists and philosophers regard this as the most
likely possibility: the manifest image somehow “emerges” from a fundamentally
non-spatio-temporal physical reality in a way quite unlike coarse-graining. I cannot
review the proposals or prospects for such “emergence” here. I do insist, though,
that any such proposal for recovering the manifest image owes us an account as
precise and as clear as the one arising from coarse-graining of local beables in a
space-time.

4.2 Non-local Beables

A physical theory can posit only local beables. Einstein advocated this in a letter
he wrote to Max Born, detailing the progress of physical theories toward locality in
both ontology and dynamical law:

If one asks what, irrespective of quantum mechanics, is characteristic of the world of ideas
of physics, one is first of all struck by the following: the concepts of physics relate to a
real outside world, that is, ideas are established relating to things such as bodies, fields, etc.,
which claim a ’real existence’ that is independent of the perceiving subject - ideas which, on
the other hand, have been brought into as secure a relationship as possible with the sense-
data. It is further characteristic of these physical objects that they are thought of as arranged
in a space-time continuum. An essential aspect of this arrangement of things in physics is
that they lay claim, at a certain time, to an existence independent of one another, provided
these objects ’are situated in different parts of space’. ...

This principle has been carried to extremes in the field theory by localizing the elementary
objects on which it is based and which exist independently of each other, as well as the
elementary laws which have been postulated for it, in the infinitely small (four-dimensional)
elements of space. (Born 1971, 170)

Classical electro-magnetic field theory is local in both respects: the fields
themselves are local beables and the laws that govern the fields depend only on the
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local field configuration. Events that take place far from a system can only influence
it via a spatio-temporally continuous sequence of local changes in the field.

This sort of locality, which Einstein sought in all of physics, turns out to be
incompatible with the predictions of quantum theory (provided that the spatio-
temporally continuous sequences of local disturbances propagate no faster than
light). That is the main consequence of Bell’s theorem. Therefore, any precise
physical theory capable of recovering the predictions of quantum theory must fail
to be local in Einstein’s sense (for more detail, see Maudlin 2014).

One way to implement the required non-locality would be to retain a completely
local ontology but provide it with a spatio-temporally continuous but superluminal
dynamics. That is, a perturbation of the local physical state at one location could
give rise to a continuous sequence of local perturbations whose trajectory is space-
like. But this has not been the sort of resolution implemented in any precise theory
based on the standard quantum formalism. Why is that?

The quantum recipe, as we have called it, is a mathematical technique for
generating probabilistic predictions about the outcomes of experiments. The central
mathematical object used in the recipe is the “wavefunction” of the system of
interest. For simplicity, we will here consider the wavefunction used in non-
relativistic theory. The main points about non-locality are already apparent here.

One begins by characterizing the system of interest as an “N-particle system”.
The scare quotes are important. Naively, one would expect an N-particle system
to be a system containing N particles, N local beables that follow continuous
trajectories in space-time. On this naive understanding, just using the phrase “N-
particle system” already commits one to some local ontology, viz. particles in
the classical sense. But in the quantum domain the phrase “N-particle system” is
commonly used by physicists who would stoutly deny the existence of any such
particles. Indeed, the phrase is used by physicists who maintain that quantum theory
requires abandoning all hope for such an ontology. Classical particles following
definite trajectories through space-time automatically have both definite positions
and definite velocities (and hence momenta) at all times. But, they claim, the Heisen-
berg uncertainty relations preclude “particles” from having definite positions and
definite momenta simultaneously. Hence (they conclude), “particles” in quantum
theory cannot possibly mean particles in the classical sense. Nonetheless, the term
“N-particle system” persists.

Why call something an “N-particle system” while simultaneously denying
that it contains any particles at all? One answer lies in the mathematics of the
wavefunction. A classical N-particle system determines a configuration space. The
configuration of a collection of particles is nothing but the set of their locations. So
one can define a mathematical space, each point of which corresponds to a unique
possible configuration of the system. If the N particles inhabit an M-dimensional
space, the configuration space will be (N x M)-dimensional. This classical abstract
configuration space inherits its geometry in a natural way from the geometry of the
space that the particles move around in.

In non-relativistic quantum theory, the wavefunction assigned to a system is
a mathematical function defined over a mathematical space. And the reason one
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calls the system an “N-particle system” is simply that this base space has the
mathematical form of the configuration space for N classical particles in physical
space. If the “particles” have no spin, then the wavefunction assigns a complex
number to each point in the configuration space; if the “particles” have spin then the
wavefunction assigns a spinor. For simplicity, we will discuss the spinless case.

Suppose that we have a “19-particle” system. Taking physical space as 3-
dimensional, the classical configuration space for such a system is 57-dimensional.
A corresponding spinless quantum wavefunction is therefore a complex function
over a 57-dimensional space. We can label these dimensions just as if they were
variables for the positions of 19 classical particles, so the wavefunction is a complex
function: ¥ (x1, y1, 21, X2, y2, 22, - - . X19, Y19, Z19)-

This mathematical function is ascribed to the system as a whole, since the space
over which it is defined reflects all the “particles”. So the situation with respect to
part/whole relation is exactly the reverse of that for the local beables. If we consider
a system as a collection of local beables, then the local beables of the whole are
nothing but the collective local beables of the parts. The whole is the aggregation
of the parts, which is why the motion and geometrical characteristics of the larger
collectives follow directly from the geometrical disposition and motion of the parts.
But the wavefunction of a system is assigned to the system as a whole rather than
being derived from wavefunctions assigned to the parts. This raises the question of
how wavefunctions can be assigned to subsystems of the large system at all.

Suppose, for example, we want to treat our “19-particle” system as composed of
two subsystems: the first 3 particles and the remaining 16. Given the wavefunction
w(x1, ¥1, 21, X2, ¥2, 22, - - - X19, Y19, 219) for the whole, is it possible to specify what
might be meant by the wavefunction of just “the first three particles”?

For one particular sort of wavefunction this is simple. Suppose it happens that
(X1, Y1, 21, X2, ¥2, 22 - - - X19, Y19, Z19) can be written as the product of two other
functions, each defined over the configuration space of a subsystem. That is, suppose
that there exist two complex functions x (x1, y1, 21, X2, Y2, 22, X3, ¥3, 23) and & (x4, y4,
245y - - - X19, Y19, 219) Such that ¥ (x1, ..., z19) = x(x1,...23)E(xa,...z19). ¥ is then
called a product state, and x and & are obvious wavefunctions to assign to the two
subsystems. In this case, the wavefunction of the whole system can be recovered
from the wavefunctions assigned to the parts: just multiply them together.

But—and this underlies the radical departure of quantum from classical
physics—not every possible wavefunction of the large system has this mathematical
feature. Most wavefunctions of our 19-particle system cannot be written as the
product of a wavefunction of the 3-particle subsystem and a wavefunction of the
16-particle subsystem. We say that the two such subsystems are entangled. In such
cases, it is not clear what “the wavefunction of the 3-particle subsystem” might
mean.

This situation can obtain even though, intuitively, the 3 particles have been
isolated in space and spatially separated from the 16 particles. We might, for
example, have a box on one side of the laboratory that we would say contains
the 3-particle system and a box on the other side that contains the other 16. If
all of the beables postulated by the physical theory were local, then the 3-particle
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subsystem would have its own local physical state, the 16-particle system would
have its own local state, and the physical state of the complete 19-particle system
would be nothing but the aggregation of these two. But if we take wavefunctions
seriously as somehow representing a real physical characteristic of a system, then
such a local ontology cannot be maintained. When entangled, the physical state of
the whole is not determined by the physical states of the spatially separated parts.

Let’s dig a little deeper into the mathematics. We have already seen that if the
wavefunction of a total system is entangled, then it cannot be recovered from any
pair of wavefunctions assigned to its subsystems. There is, however, a particular
mathematical item (not a wavefunction as defined above) that one can assign to
each subsystem. This mathematical item is called a density operator or reduced
state, and the quantum recipe provides a means to derive probabilistic predictions
for experiments carried out on the subsystem from this. From the density operator
ascribed to the 3-particle subsystem one can make accurate probabilistic predictions
for experiments carried out on it, and from the density operator ascribed to the 16-
particle subsystem one can make accurate probabilistic predictions for experiments
carried out on it. Why not take the complete physical state of the 19-particle system
to be exhaustively described by this pair of density operators?

One thing that gets left out here are predictions about correlations between
the outcomes of experiments carried out on the two subsystems. So, for example,
the density operator for the 3-particle subsystem may assign a 50% chance for
an experiment to have an outcome A, and the density operator of the 16-particle
subsystem may assign a 50% chance for an experiment on that subsystem to have
outcome B. But these probabilities alone have no implications about whether these
results will be correlated. If they are uncorrelated, then in the long run the pair
of experiments will yield the results (A, B), (not-A, B), (A, not-B) and (not-A,
not-B) each 25% of the time. Given these statistics, knowing the result of one
experiment provides no information about the outcome of the other: one would
still bet on the other at even odds. But it is also possible that the outcomes be
correlated. In the most extreme case, they might be perfectly correlated: an A
outcome on the 3-particle system always accompanied by a B outcome on the
16-particle system, or an A outcome never accompanied by a B outcome. In this
scenario, an experiment on one system provides perfect information about the other:
one goes from complete uncertainty about how the other experiment will come out
to complete certainty. There are also intermediate cases, with weaker but non-zero
correlations, in which conditionalizing on the outcome of one experiment improves
predictions with respect to the other.

The full wavefunction of the 19-particle system provides not just the probabilistic
predictions for the subsystems, but predictions for the correlations as well. Thus
one loses information in passing from the full wavefunction to the density operators
of the parts, and hence cannot reconstruct the full wavefunction from the density
operators. This is the irreducible holism implicit in the wavefunction. And if one
takes the wavefunction to represent a real physical feature of the system, this
mathematical holism suggests some sort of ontological holism. Such a physical
feature would be a non-local beable.
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As the passage cited above shows, Einstein thought that physics progresses by
the successive elimination of non-local elements from its ontology. He was therefore
intent on interpreting the wavefunction as something other than the mathematical
representation of an objective physical feature of an individual system. Einstein
inclined instead to a statistical account of the wavefunction: wavefunctions provide
information about the statistical properties of collections of systems rather than
information about the states of individual systems. According to this approach, there
is no physical feature of an individual system that the wavefunction represents.

The most obvious advantage of this approach, in Einstein’s eyes, is that it
appears to provide the means to account for correlations between distant subsystems
in a boring, commonplace way. Consider, again, the example mentioned above.
Suppose the wavefunction of our 19-particle systems is entangled in such a way
that the quantum recipe yields the following predictions: some experiment on the
3-particle subsystem has a 50% chance of yielding outcome A, some experiment
on the 16-particle subsystem has a 50% chance of yielding outcome B, and these
outcomes are perfectly correlated: whenever A occurs, B does as well. This is an
example of an EPR correlation: exactly the sort of thing that Einstein, Podolosky
and Rosen discuss in their classic paper (Einstein et al. 1935). If one regards these
probabilities as irreducible physical chances associated with the subsystems in a
single experiment, then a puzzle arises. Since the subsystems might be separated
arbitrarily far from one another in space, if the 3-particle subsystem has a real,
irreducible, non-zero physical chance of yielding the outcome A and also of the
outcome not A, how can the distant 16-particle subsystem always manage to yield
the correctly corresponding outcome? To Einstein, this was the “spooky action-at-
a-distance” inherent in the standard understanding of quantum theory.

But on the statistical view, this problem seems to disappear. All one has to
imagine is that each individual 19-particle system is in one of two distinct physical
states. In State 1, the 3-particle subsystem is disposed, with certainty, to yield
outcome A and the 16-particle subsystem is disposed to yield outcome B. In State
2, the 3-particle subsystem is disposed to yield outcome not-A and the 16-particle
subsystem is disposed to yield outcome not-B. If half of a large collection of 19-
particle systems are in State 1 and half are in State 2, then the statistics mentioned
above follow immediately and without anything spooky at all.

Einstein’s notion of locality—no spooky action-at-a-distance—does not itself
imply that the dynamical laws must be deterministic. Irreducibly chancy outcomes
are permitted. But if such chancy outcomes occur for widely separated systems,
then Einstein-locality requires that they be uncorrelated: conditionalizing on the
outcome of one should not improve predictions for the other. If there happen to be
perfect correlations for the outcomes, then Einstein-locality does require the physics
to be deterministic. But even in the absence of perfect correlations, Einstein-locality
implies constraints on what the observed statistics between distant systems can be.

These constraints were discovered by Bell in 1964. The constraints are violated
by the predictions of the quantum recipe, which have since been confirmed in the
lab. So no Einstein-local theory can recover the predictions of the quantum recipe;
Einstein’s hope for a statistical understanding of the wavefunction has been dashed.
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The recent no-go theorem of Pusey, Barrett and Rudolf (2011) put yet another nail
in that coffin. In sum, every viable precise quantum theory on offer today is -
ontic in the sense that the wavefunction is taken to represent some real physical
characteristic of the individual system to which it is assigned.

Our problematic is now complete. For, on the one hand, we have been more
or less forced to accept some element of our physical ontology that is represented
by the wavefunction. But on the other, the wavefunction is irreducibly holistic: the
wavefunction of a system cannot be regarded as determined by either wavefunctions
or density operators assigned to its parts. The fundamental or basic ontological
object represented by the wavefunction must be ascribed to the largest and most
inclusive system there is, the system of which all other systems are parts. And
that universal system is, of course, nothing less than the entire universe. So
we have been led to posit, as part of the fundamental ontology of the physical
universe, an irreducibly holistic universal quantum state, represented by a universal
wavefunction W.

From the magisterial perspective of fundamental metaphysics, then, our precise
quantum theories have a tripartite ontology: a space-time structure that assumes a
familiar approximate form at mesoscopic scale; some sort of local beables (particles,
fields, matter densities, strings, flashes) in that space-time; and a single universal
non-local beable represented by the universal wavefunction W. Any other ontology
that we wish to accept must be somehow derived from these.

The derivation of the local aspects (shape, size and motion) of mesoscopic
localized objects such as tables and chairs and cats and people and pointers has
already been covered: that is nothing but the collective behavior of the fundamental
microscopic local beables. But we are still left with a problem in the other direction.
The universal wavefunction W, which we posit to represent the quantum state of the
universe, is something that we cannot observe, cannot know, cannot write down,
cannot calculate with. What we do write down, and gets fed into the quantum
predictive recipe, is always the wavefunction of some small subsystem of the entire
universe. And by “small” here, I do not mean “mesoscopic” (small with respect to
universal scale). The systems actually treated by quantum theory are much smaller
than that, typically only small numbers of particles. So our puzzle is this: if at the
level of ontology, the universal wavefunction represents the fundamental non-local
item, how are these derivative wavefunctions ascribed to small subsystems derived
from it? And why should the quantum predictive recipe, which always makes use of
wavefunctions of small subsystems, work as well as it does?

4.3 Bohmian Mechanics and the Conditional Wavefunction

To review: if the fundamental local beables are microscopic, we have to solve the
problem of how to use these to define the local characteristics of non-microscopic
(and particularly mesoscopic) systems. This is easily and transparently solved by
simple aggregation of microscopic parts. But if the fundamental non-local beable is
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of universal scale, represented by a universal wavefunction W, then we have to solve
the “top down” problem of defining some ontologically derivative wavefunctions for
small subsystems of the universe, the wavefunctions we actually use to make pre-
dictions. It might seem at first that these two problems are completely unconnected.
But, in fact, one clean solution to the latter problem depends on the solution to the
former problem, viz. the choice of local beables.

From a purely mathematical point of view, the situation is simple. We are given a
universal wavefunction W(x1, y1, . . .z19) (imagining that the whole universe is just a
“19 particle system”) and a specification of a subsystem such as “just the first three
particles”. (We treat the “particles” here as distinguishable from one another by, e.g.,
mass and charge; the treatment of qualitatively identical particles is a little more
complicated.) Ascribing a wavefunction to the subsystem would require defining
one for it: @ (x1, y1, 21, X2, Y2, 22, X3, ¥3, 23). How, as a purely mathematical matter,
are we to go from the big W defined over the 57-dimensional space to the little @
defined over the 9-dimensional space?

It is here that the /ocal beables postulated by the theory can come to the rescue.
Suppose that according to the theory the “19-particle system” actually contains 19
classical particles with definite positions that follow definite trajectories. (This is
not, therefore, anything like the ontology of “standard quantum mechanics”.) Each
of these particles will, at every moment, have a precise location in space-time. We
refer to these actual locations using capital letters: the x-location of particle 1 at a
given time will be X1, its y-location Y1, etc. So while the little xi, y1, etc. are all
variables, the capital X1, Y1, etc. are values for these variables.

As noted above, “standard quantum theory” (whatever that is) does not postulate
actual particles with locations, and so has no room for our Xs, Ys and Zs. But the
pilot wave theory, A.K.A. Bohmian mechanics, does postulate such particles. In
Bohmian mechanics it makes sense to go from the universal wavefunction W(xy,
Y1,...219) to a subsystem wavefunction @(x1, y1, 21, X2, ¥2, 22, X3, ¥3, 23) by
plugging in the actual particle positions for the remaining variables. In Bohmian
mechanics one defines the conditional wavefunction of the three-particle subsystem
as.

D (x1, y1, 21, X2, ¥2, 22, X3, ¥3, 23) =at¥ (X1, Y1, 21, ... X4, Y4, Z4, ... X19, Y19, Z19) .

The definition illustrates how the conditional wavefunction is a derivative
entity: the items used on the right side—the universal wavefunction and the
actual particle positions—are all fundamental physical posits of the theory. So
defining the conditional wavefunction does not require us to expand the fundamental
ontology of the theory. This sort of situation is called grounding in the metaphysical
literature: the particles and the universal quantum state (represented by the universal
wavefunction) are the fundamental ontology, and the definition shows how the
conditional wavefunction is grounded in that ontology.

Because the conditional wavefunction derives from the fundamental ontology, its
dynamical behavior is also derivative: the dynamics of the conditional wavefunction
follows from the dynamics of the universal wavefunction (which never collapses)
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and the motions of particles 4-19. This latter is determined in the theory by the
“guidance equation”, which fixes the evolution of the complete particle configura-
tion at all times. So the dynamics of the conditional wavefunction follows from the
fundamental dynamics by analysis. How does it behave?

This is a complicated matter (see Diirr and Teufel 2009, 213 ff.), but the first
pass answer is this: if our subsystem does not interact with the rest of the universe
(“the environment”) in a significant way, then the conditional wavefunction evolves
according to the same dynamical equation as the universal wavefunction and hence
does not collapse. But if the subsystem interacts with its environment in the sort of
way required to make a “measurement” (which requires entangling the subsystem
with the environment), then the conditional wavefunction will “collapse” in just
the way and with just the probabilities that appear in the textbook quantum recipe.
This is so even though the universal wavefunction never collapses. So the derivative
dynamics that describes the derivative ontology can differ substantially from the
dynamics that governs the fundamental ontology. Note how clear metaphysical
analysis into fundamental and derivative can play a central role in explaining the
practical success of our predictive techniques. Metaphysics meets the nuts-and-bolts
explanation of the predictive success of science.

Our example also illustrates how clarity about the fundamental ontological
postulates can introduce some subtlety into the relation between the everyday
practice of physics and the basic metaphysics. The predictive success of the quantum
recipe is a plain fact about the world and must be susceptible to physical explanation.
One naive way of trying to do is to reify the mathematical elements of the quantum
recipe in the most literal and direct way possible. This sort of route has led some
philosophers to declare that being a “wavefunction realist”, i.e. thinking that the
wavefunction represents some real physical characteristic of a system, requires also
being a realist about “configuration space”, i.e. thinking that fundamental physical
reality must include some high-dimensional physical space (Albert 1996). It also
leads to the suspicion that the “wavefunction collapse” in the quantum predictive
recipe is best accounted for by the physical collapse of some part of the fundamental
ontology. It is instructive to see how neither of these claims need be true in a theory
that nonetheless accounts for the success of the standard predictive techniques.

But our main moral cuts deeper than this, or at least in a different direction. As
metaphysicians, we care first and foremost about the fundamental ontology of the
world. And the fundamental ontology is naturally associated with a fundamental
scale, which is not the scale of everyday life. In the case of the local beables, that
scale ought to be microscopic. If we accept the existence of localized mesoscopic
items, these ought to be nothing more than collections of microscopic beables.
And in the case of the quantum-mechanical non-local beable, the piece of physical
reality represented by the wavefunction, the only natural scale is universal scale.
The fundamental quantum state is that of the whole universe. Insofar as we make
reference to the quantum states of small parts of the universe, that must be reference
to derivative ontology, not fundamental ontology. The conditional wavefunction
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gives an example of how this can be done. Other theories, which do not postulate
actual particles, cannot tell this story. But they must come up with some other story
to tell.

John Bell articulated this situation with his usual incisiveness. The “Copenhagen
interpretation” of the quantum formalism was, he notes, committed to the existence
of local beables in the form of the disposition of apparatus that characterize an
experimental situation. These “classical” everyday facts were not, themselves,
“brought into existence by measurement”. These everyday facts were just there. It is
only by reference to these mesoscopic local beables that the Copenhagen approach
could make sense of the quantum-mechanical treatment of microscopic systems.
But ultimately laboratory equipment is nothing but some very complicated sort of
quantum-mechanical system. So there is a conceptual incoherence in the standard
interpretation.

The kinematics of the world, in this orthodox picture, is given by a wavefunction (maybe
more than one?) for the quantum part, and classical variables—variables which have
values—for the classical part: (W(#,g...), X(¢)...). The Xs are somehow macroscopic.
This is not spelled out very explicitly. The dynamics is not very precisely formulated either.
It includes a Schrodinger equation for the quantum part, and some sort of classical dynamics
for the classical part, and ‘collapse’ recipes for their interaction.

It seems to me that the only hope of precision with the dual (W,x) kinematics is to omit
completely the shifty split [between classical and quantum], and let both W and x refer to
the world as a whole. Then the xs must not be confined to some vague macroscopic scale, but
must extend to all scales. In the picture of de Broglie and Bohm, every particle is attributed
a position x(f). Then instrument pointers—assemblies of particles—have positions, and
experiments have results. (Bell 2004, 228)

As Bell notes, if the local beables are to refer to “the world as a whole” (i.e.
to both the “classical” apparatus and to the “quantum system”, then they should
be defined at the microscopic scale of the quantum system. But equally, the non-
local beable, represented by the wavefunction, referring to the world as a whole
requires that it be fundamentally defined at universal scale. There should be only one
fundamental quantum state, and any reference to the wavefunctions of subsystems
must somehow be derivative.

The microscopic local beables must aggregate together to provide local charac-
teristics of the mesoscopic objects that populate the manifest image. Getting the
behavior of these right is exactly what it takes to make the theory empirically
adequate. And in the other direction, there must be some way to define wave-
functions not just at the universal scale but also at the scale of the systems we
actually treat using quantum theory. These derivative wavefunctions must somehow
provide information about how the microscopic local beables will behave, if we
are to understand how the theory as a whole is empirically successful. This
downward connection of fundamental to derivative ontology is both mathematically
and conceptually more difficult to achieve than the upward path from microscale to
mesoscale.

Neither of these basic metaphysical problems has gotten much attention in the
standard physics literature. There, it is clear neither what local beables are being
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postulated nor how to relate the wavefunctions of small systems to the wavefunction
of the larger system they are part of. Both of these problems must be solved
if the ontology of a quantum theory is to be made clear. There may be other
ways to achieve these goals, but the example of Bohmian mechanics provides an
undisputable proof-of-concept for one sort of solution.
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Part 11
Ontological Explorations of QM



Chapter 5 ®
The Reality of the Wavefunction: Old oo

Arguments and New

Harvey R. Brown

Abstract The recent philosophy of Quantum Bayesianism, or QBism, represents
an attempt to solve the traditional puzzles in the foundations of quantum theory by
denying the objective reality of the quantum state. Einstein had hoped to remove
the spectre of nonlocality in the theory by also assigning an epistemic status to the
quantum state, but his version of this doctrine was recently proved to be inconsistent
with the predictions of quantum mechanics. In this essay, I present plausibility
arguments, old and new, for the reality of the quantum state, and expose what I
think are weaknesses in QBism as a philosophy of science.

5.1 Non-realist Interpretations of the Wavefunction

Whatever the quantum mechanical wavefunction is, it is not fundamental. The
wavefunction ¥ and its unitary dynamics are emergent elements within relativistic
quantum field theory (RQFT), associated with the non-relativistic, low energy
regime.! This state of affairs is no impediment in principle to the reality of v, or
more generally of the statistical (density) operator, if a realist stance is taken for

We show that not only individual atoms but matter in bulk would [in the absence of the Pauli
exclusion principle] collapse into a condensed high-density phase. The assembly of any two
macroscopic objects would release energy comparable to that of an atomic bomb (Freeman Dyson
1967).

Thus our daily experience that 21 of gasoline contain only twice as much energy as 11 is a
pathological property of small clumps of matter containing fermions. ...For fermi-matter only
objects somewhat heavier than our sun are doomed to gravitational collapse but if mountains were
made of bose-matter they would crush under their own weight (Walter Thirring 1986, p. 345).

ISee, e.g., Wallace and Timpson (2010) and Myrvold (2015).
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states in RQFT.2 But if a non-realist stance is taken for i, then it is hard to see
how a realist reading of states in RQFT is tenable — a point we return to in Sect. 5.3
below.

Arguments for the non-reality of the wavefunction take various forms. Some
prominent advocates of the de Broglie-Bohm pilot wave theory argue that the
quantum state can be thought of as part of the laws of nature, with a status akin
to that of the Hamiltonian. Adoption of such a nomic view is critical in rebutting
the criticism that the theory is essentially Everettian quantum theory in denial. I
will not repeat here arguments which Wallace and collaborators have advanced
which question the Hamiltonian analogy.> The considerations in Sect.5.2 below
complement these arguments.

A prominent advocate of the alternative epistemic view of the quantum state is
Christopher Fuchs.

... the quantum state represents a collection of subjective degrees of belief about something
to do with that system (even if only in connection with our experimental kicks to it) ...
Our foremost task should be to go to each and every axiom of quantum theory and give
it an information theoretic justification if we can ...
Quantum states are states of information, knowledge, belief, pragmatic gambling
commitments, not states of nature.*

Such a view has prime facie a lot going for it. If it is right, then it would seem that
the notorious collapse of the wavefunction in the act of measurement is innocuous: it
corresponds to nothing other than Bayesian updating.? As a consequence, the threat
of instantaneous action-at-a-distance in the 1935 Einstein-Podolsky-Rosen (EPR)
scenario involving entangled systems is also removed.®

If only things were so simple!

Let us start with the well-known, and surely most obvious, articulation of the
Y-epistemic view which I shall call the Einstein version. To borrow Fuch’s words,
Einstein suggested from at least as early as 1929 that “the quantum state represents
a collection of subjective degrees of belief about something to do with that system”.
The “something” in Einstein’s understanding was the hidden, ontological state of
the system. Einstein, unlike Fuchs, was proposing a deterministic hidden variable
theory of a certain kind, precisely in the hope that it would remove not only what
he saw as the spectre of non-locality in othodox quantum mechanics (QM).” but

21 will bypass here the debate between realists about the quantum state regarding whether the state
should be defined on configuration space (see e.g. Ney 2015) or (nonseparably) on space (see
Wallace and Timpson op.cit.).

3See Wallace and Timpson op.cit. and Brown and Wallace (2005). The strongest arguments for the
nomic reading of the wavefunction in my opinion are found in Callender (2017), which build on
the case made by Diirr et al. (1997), and address the criticism in Brown and Wallace ibid. In this
connection see also Maudlin (2010).

4Fuchs (2002a).

5See Fuchs et al. (2014) and Leifer (2014), p. 68.

6See Fuchs et al. (2014) and Timpson (2008).

7See Harrigan and Spekkens (2010).
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also the “paradox” involved in obtaining definite outcomes in generic measurement
procedures® — essentially what is known today as the measurement problem.

The prospects of the Einstein version of the y-epistemic view look very bleak.
Starting with the work of Pusey, Barrett and Rudolph (PBR) in 2012, a series
of no-go proofs have appeared in the literature, which show, on the basis of
plausible auxiliary assumptions, that the Einstein version is inconsistent with the
predictions of quantum mechanics.® But even before these recent dramatic results
were obtained, there were grounds for doubting the success of the Einstein version
as a solution of both the measurement and nonlocality problems. It has long been
known that the process of measurement must, in general, disturb the hidden state
(if any) of the system in question, whatever view is taken on the status of the
wavefunction in the theory.'!” Whether this disturbance is compatible with the inter-
measurement dynamics would depend on the details of the theory and cannot be
guaranteed a priori.!! In relation to the EPR challenge, I refer of course to the many
non-locality theorems inspired by the 1964 work of J. S. Bell, and to a great deal
of subsequent experimentation, which together show that any deterministic hidden
variable theory must incorporate action-at-a-distance if it is consistent with the
proven predictions of QM. !?

The so-called Copenhagen interpretation is widely understood to deny a realist
status to the quantum state, which is nonetheless taken to be a complete description
of the system. The state is a mathematical tool within the quantum algorithm,
allowing for probabilistic predictions to be made concerning the outcome of
measurements involving macroscopic instruments which themselves can and must
be described “classically”. I have no intention of rehearsing all the well-known
challenges facing this interpretation, in so far as it can be regarded as a single thing.
But it will be useful to remind ourselves of the stinging criticism John Bell raised
against it in 1990:

To restrict quantum mechanics to be exclusively about piddling laboratory operations is to

betray the great enterprise. A serious formulation will not exclude the big world outside the
laboratory.'3

Need this exhortation have as its target all versions of the /-epistemic view? Not
according to Fuchs and collaborators: their relatively recent philosophy of Quantum
Bayesianism, or QBism, is, they claim, an exception. I use the word philosophy
advisedly. In its attempt to resolve the puzzles of quantum mechanics, QBism makes
the jaw-dropping claim to “liberate us from the grip of an ancient Greek maneuver

8This is particularly clear in Einstein (1970), pp. 670 and 683.
9A detailed review of these recent results is found in Leifer (2014).
10For details see Squires et al. (1994), p. 429.

''The de Broglie-Bohm theory suffers from no such incompatibility, but it is not a y-epistemic
theory of the Einstein version.

12For a recent comprehensive collection of essays on this matter, see Bell and Gao (2016).
13Bell (1990).
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that worked for over two millennia”,'* to overturn the allegedly dominant natural
philosophy in which science has an “object” but not a “subject”. These heady
matters deserve special attention, and I will return to QBism in Sect.5.3 of this
essay. For the moment I note that since QBism denies that the “something” the
quantum state refers to probabilistically is itself an element of observer-independent
reality, the theory not only claims to solve both the measurement and nonlocality
problems, ! it also survives the recent PBR-type no-go results.'® But at what cost?'’

5.2 Wider Concerns

When John Bell in 1966, and Simon Kochen and Ernst Specker in 1967, indepen-
dently proved that non-contextual hidden variable theories are inconsistent, there
was little to indicate that such a result was likely within the prior literature on
the foundations of quantum mechanics.'® The post-2012 no-go results concerning
Einstein’s y-epistemic position, impressive as they are, surely are not as surprising.
Powerful plausibility arguments have long been available, some since the birth of
QM, to the effect that the quantum state is something real. They almost all have to
do, in one way or another, with quantum phase, with the fact that the wavefunction,
in its relation to probability, is strictly a (generally complex) probability amplitude:
it has more structure than a probability distribution does.

5.2.1 Interference

Arguably the oldest and most striking of these plausibility arguments is based
on interference effects. Whether it be the old chestnut, the two-slit experiment
(in both its spatial, and less well-known temporal variants'?) or the Mach-Zender

14 Fuchs et al. (2014).

15See Fuchs et al. (2014) and Timpson (2008).

16gee Pusey et al. (2012) and Leifer (2014), section 14.4. For details of advocates of such -
epistemic views other than the authors of QBism, see ibid p. 72, and Healey (2016), which also
contains a useful review of QBism and its history. Healey’s own “pragmatist” approach of the
wavefunction (for details see ibid) has much in common with QBism but important differences as
well.

17The following section of this paper is an attempt to make the case for the realist interpretation of
the wavefunction; a more elaborate discussion is found in Gao (2017).

18David Bohm’s 1952 hidden variable theory had already shown that von Neumann’s 1932 no-go
result was inconclusive.

19For a striking experimental version of the latter involving atomic interferometry, see Szriftgiser
et al. (1996). For an experimental proposal involving neutrons, with references to earlier optical
variants, see Brown et al. (1992).
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interferometer for photons, or neutron or atomic interferometers, such displays
of of single-system interference effects cry out for a realist interpretation of the
wavefunction. Of course the case is not completely water-tight, as Leifer has
recently stressed.

Interference phenomena also occur in [certain toy models] simply because they reproduce
fragments of quantum theory exactly and those fragments contain coherent superpositions.
It is arguable whether the mechanisms explaining interference in all these models are
plausible, but the main point is that the direct inference from interference to the reality
of the wavefunction is blocked by them. If there is an argument from interference to be
made then it will need to employ further assumptions.2’

Although not what Leifer had in mind, a particularly intriguing recent example is
a fluid mechanical (“walking droplet”) model of diffraction, tunneling, quantisation
and other quantum-like effects.”!

Neither this nor the toy models Leifer is referring to capture all of the quantum
predictions, and a striking omission is entanglement and its manifold manifestations.
(Of particular interest for our purposes is the antisymmetric nature of the many-
electron wavefunction, of crucial importance in accounting for the stability of
bulk matter; see below.) So perhaps an analogy will help in addressing Leifer’s
skepticism. Consider the explanation of the gravitational redshift phenomenon
in general relativity. Although in the actual experimental confirmations of this
phenomenon tidal effects are negligible, the explanation refers to a metric field with
curvature, a solution of Einstein’s field equations. Would it not be odd to cast doubt
on this explanation just because the experimental redshift phenomenon can also be
explained in flat spacetime??? It is common scientific practice that an explanation
for a given physical phenomenon is provisionally accepted when the theory behind
it is uniquely capable of accounting for a wide gamut of diverse phenomena, even
when in relation to the given phenomenon it may not provide the only explanation.?

I would particularly like to mention the case of partial absorption experiments
in single neutron interferometry which were performed by Helmut Rauch and his
collaborators in Vienna in the 1980s. In one experiment, a rotating toothed wheel, or
“chopper”, constructed out of fully absorbing material (cadmium), is placed in one
of the two beams inside the interferometer; it deterministically absorbs a certain
percentage of the successive neutrons “in” that beam, and in doing so changes
(weakens) the interference pattern recorded in the beams of (unabsorbed) neutrons
emerging from the interferometer. In the other experiment, a static piece of gold foil
replaces the chopper; the nuclei in the new absorber will likewise absorb a certain

201 eifer op. cit., p. 79.

21See Bush (2015) and further references therein.

22That (first order) redshift is consistent with flat Minkowski spacetime has long been known, but
it is not always acknowledged; for details see Brown and Read (2016).

23 Attempts to describe all known gravitational effects in a theory based on flat spacetime generally
turn out to be awkward reformulations of general relativity, and I suspect that any future “toy”
model that accounted for more than a fragment of quantum theory would likewise be an awkward
reformulation of that theory.
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percentage of the neutrons inside the interferometer, but this process is intrinsically
probabilistic. The experiments corroborate the prediction in quantum mechanics that
even when the absorption coefficients are the same in both cases, and therefore
so is the Shannon information concerning which beam the neutron is “in”, the
interference effects are different — there is a greater degree of interference in the case
of the gold foil. (A third hypothetical example involves a slit in partially absorbing
material; again the Shannon information can be arranged to be the same as in the
previous examples, but the loss of interference will be intermediate, depending on
the penetration of the neutron wavepacket in the slit material.>*)

Finally, certain quantum interference experiments involving electrons and neu-
trons provide strong, if not conclusive, grounds for supposing that the properties
of mass (inertial and gravitational), charge and magnetic moment adhere to the
wavefunction itself>> — if this is not already seen to follow from the simple fact
that such properties appear in its equation of motion. It would seem to follow that
in both the nomic version of de Broglie-Bohm theory and QBism, such properties
have no describable observer-independent physical entities in which to reside.

5.2.2 Phase Matters

In an important paper of 1962, Merzbacher investigated the conditions in quantum
mechanics required for the quantization of angular momentum for a spinless
particle.?® In particular, he was concerned to show that the single-valuedness of
the wavefunction is one of the conditions, as it is in the derivation of the original
Aharonov-Bohm effect. Merzbacher demonstrated that single-valuedness itself is
motivated when the background space (whether 2 or 3-dimensional) is simply
connected. In the case of a system of identical particles, where the wavefunction is
defined on configuration space, or rather the reduced space obtained by identifying
the configuration points related by particle permutations, the topology of the reduced
space is again important, as Leinaas and Myrheim demonstrated in 1977.27 If points
corresponding to two or more particles coinciding spatially are excised from the
space, so that it becomes non-simply connected, the wavefunction is no longer
single-valued. The upshot is that if the physical space in which the particles live
has three or more dimensions, then the wavefunction can be shown to be either
symmetric or antisymmetric under permutations of particle labels. This constraint
is widely regarded as a postulate in standard quantum mechanics, but here it is
derived on topological grounds. Even more remarkably, if the physical space is
two dimensional, intermediate phase factors between 1 and —1 are possible under

24For further details on all these cases, see Kaloyerou and Brown (1992).
25See Brown et al. (1995).

26Merzbacher (1962).

271 einaas and Myrheim (1977).



5 The Reality of the Wavefunction: Old Arguments and New 69

permutations, and this leads to the possibility of ‘fractional’ or ‘braid’ statistics
ranging between Bose-Einstein and Fermi-Dirac. This is not a mere theoretical
oddity. It is apparently displayed in two-dimensional electron gases in a transversal
external magnetic field exhibiting the fractional quantum Hall effect.”® Certain
systems exhibiting the fractional quantum Hall effect are being investigated with
a view to application in quantum computation.

I do not claim that such considerations are outright inconsistent with the -
epistemic position. But it is again unclear to me how the topology of physical space
in the case of single particles, and the topology of the reduced configuration space
as well as the dimensionality of physical space in the case of the many (identical)
particles system, can be understood to play such important roles in determining
critical properties of the wavefunction within this interpretation.

5.2.3 The Stability of Matter

In his systematic 2014 review of no-go theorems for ¥ -epistemic theories, Leifer
referred to what he called the neo-Copenhagen views which, like QBism, reject the
notion that the wavefunction is a probability distribution over ontic states. He wrote
in this connection:

For my part, I think that if one denies the existence of an observer-independent reality then
it becomes very difficult to maintain a clear notion of explanation at all. Closing explanatory
gaps by denying the need for any explanation at all does not seem that appealing to me.2’

These remarks arguably do not do justice to the role of the external world in
QBism (see Sect.5.3(vi) below), but the point is well taken. In his earlier detailed
2008 study of QBism, Christopher Timpson had also raised the issue of an
“explanatory deficit” in the theory.’® He questioned whether, for example, the
standard explanation in quantum theory of the thermal and electrical conductivity
properties of solid matter, can be incorporated into QBism. Timpson’s core point
was that the QBist can explain why someone would believe that, for example, matter
conducts but cannot explain why matter does conduct. He also mentioned in this
context the explanation of the stability of matter, but did not provide details. I intend
in this section to provide some of these details, in the spirit of Timpson’s critique.?!

(i) It is a remarkable fact that a satisfactory quantum mechanical explanation of
the stability of bulk matter emerged only in 1967. But let us consider the single-
electron atom/ion first. Here, the proof of stability is older, but the full story is still

28See, e.g., Prange and Girvin (1990). It is notable that space reflections and time reversal are not
symmetries of such electron gases. See Frohlich (2009), p. 56.

2See Leifer (2014), p. 139.

30Timpson (2008).

317 will restrict myself to non-relativistic quantum mechanics; the relativistic version of the story
of stability can be found in Lieb and Seiringer (2010).
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often omitted from textbooks. Quantum mechanics explains the stability of discrete
spectral lines (modulo a satisfactory solution to