
Quantum Entanglements: Editors’ Introduction

Jeremy Butter�eld and Hans Halvorson

�e aim of this volume is to provide a representative sample of Cli�on’s research articles during
the second half of his career, from 1995 to 2002. (A full bibliography of Cli�on’s publications is
included at the end of the volume.) We have chosen not to follow a strict chronological order, but
have divided the papers under four major headings: I. Modal interpretations; II. Foundations of
algebraic quantum �eld theory; III. �e concept of a particle; IV. New light on complementarity,
hidden variables and entanglement.

Chronologically, Section I corresponds to a phase of Cli�on’s career (approximately 1994 to 1997)
during which he focused on modal interpretations of elementary quantum mechanics. Sections II
and III contain papers drawn from a short, but highly productive period (approximately 1999 to
2001) when Cli�on was working primarily on the foundations of quantum �eld theory: Section
II contains papers on nonlocality, and on the modal interpretation in quantum �eld theory; and
Section III contains papers on the particle aspect of quantum �eld theory. Section IV collects some
of Cli�on’s papers from 1999 to 2002 that are not on the topic of quantum �eld theory.

Of the fourteen papers in this volume, ten have one or more co-authors. �is high proportion
is evidence of Cli�on’s penchant and gi� for collaborative research. It was not only that his talent
and enthusiasm— and his temperamental inclination to dive in and struggle with any problem that
came up— attracted many people, especially aspiring doctoral students and younger colleagues (or
e-correspondents!), to work with him. Also, he had a knack for articulating joint projects appro-
priate to his and the other person’s interests and strengths. Furthermore, the enterprise was always
underpinned by his sense of fun, and his great intellectual and personal generosity.

We will now proceed to give a slightly more detailed description of the papers in this volume,
and of their place in the development of the philosophical foundations of contemporary physics.

1 �e modal interpretation of quantum
mechanics

�e so-called ‘orthodox’ interpretation of quantum mechanics faces a serious di�culty in its de-
scription of measurement: If we assume that the standard law of dynamical evolution (i.e., the
Schrödinger equation) holds universally, and if we talk in the normal way about when quantities
possess values, then it follows that measurements do not usually have results — contrary to our
experience. Attempts to solve this measurement problem have been the driving force in the devel-
opment of contemporary interpretations of quantum mechanics.
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�ere are essentially two routes toward a solution of themeasurement problem: One canmodify
the standard dynamics by introducing a collapse of the wavefunction, or one can keep the standard
dynamics but supplement the standard rule for assigning values to quantities. Each route comes
with its own perils. On the one hand, those who want to modify the dynamics must not only devise
a new dynamical law that is approximated by the Schrödinger equation, but they must also show
that this new dynamical law is consistent with the relativity of simultaneity. On the other hand,
modifying the orthodox interpretation’s way of assigning values to quantities is a nontrivial task,
since the Kochen-Specker theorem entails that not all quantities can possess values simultaneously.

�e modal interpretation of quantum mechanics follows the second route — i.e., it is a ‘no col-
lapse’ interpretation. It goes back to the work of van Fraassen in the 1970s, but came to fruition in
papers by Kochen (1985) and Dieks (1989), and in the monograph by Healey (1989). However, the
modal interpretation soon faced several philosophical challenges. For example, Arntzenius (1990)
pointed out some of the more bizarre metaphysical consequences of Kochen’s modal interpretation,
and Albert & Loewer (1990) argued that the modal interpretation cannot explain why ‘error-prone’
measurements have outcomes. Similarly, Elby (1993) argued against the modal interpretation’s abil-
ity to solve the measurement problem.

�ese challenges were met by a ‘second generation’ of workers on the modal interpretation, who
developed it to a higher level of sophistication. First, Bub (1993), Dieks (1993), Healey (1993), and
Dickson (1994) all defended themodal interpretation’s solution of themeasurement problem.�ese
responses were then followed by papers in which it was argued that decoherence considerations are
su�cient to ensure that the modal interpretation gives the right predictions for the outcomes of
measurements (Bacciagaluppi & Hemmo 1996), and in which it was shown that the modal inter-
pretation’s assignment of de�nite values can be extended to deal with troublesome degenerate cases
(Bacciagaluppi et al. 1995).

Cli�on was obviously adept at working out intricate technical details. But what really set his
work apart was his ability to translate ‘big’ philosophical questions into tractable technical prob-
lems. For example, while some researchers were continuing to �ne-tune the modal interpretation’s
account of measurement, Cli�on raised a more fundamental motivational question: Is there an in-
dependent reason, besides its potential for solving the measurement problem, to adopt the modal
interpretation? �e result of Cli�on’s investigations into this question is the �rst chapter of this vol-
ume: ‘Independently motivating the Kochen-Dieks modal interpretation of quantum mechanics’
(1995). �e style of argument in this paper is characteristic of Cli�on’s approach: He �rst trans-
forms intuitive desiderata (in this case, desiderata for an interpretation of quantummechanics) into
precise mathematical conditions; and he then proves— via an existence and uniqueness theorem—
that there is precisely one ‘object’ (in this case, the Kochen-Dieks (KD) modal interpretation) that
satis�es these desiderata.

Of Cli�on’s desiderata for interpretations of quantummechanics, the foremost is the de�nability
condition. An interpretation satis�es the de�nability condition just in case its choice of de�nite-
valued observables can be de�ned in terms of the quantum state alone. But what is the physical or
metaphysical motivation for this condition? It is highly doubtful that Cli�on thought that there is
some a priorimetaphysical warrant for the de�nability condition. It is more likely that Cli�on chose
the de�nability condition as a means for avoiding metaphysical disputes about which quantities are
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themost ‘fundamental’. For example, the best knownhidden variable theory— the de Broglie-Bohm
theory — assigns a privileged role to position: it asserts that, no matter what the quantum state is,
there are point particles with de�nite positions, and the distribution of these particles agrees with
the probabilities predicted by the quantum state. Granted that the de Broglie-Bohm theory does
in fact solve the measurement problem, what is its motivation? A quick perusal of the literature
indicates that the motivations are usually of either an ontological or of an epistemological sort. For
example, it is sometimes claimed that an ontology of particles is more ‘intelligible’ than, say, the
ontology we would get if we required that momentum is always de�nite. Or, it might be argued that
measurements have results if and only if there are particles with de�nite positions. But since these
arguments are controversial and philosophically nontrivial, it might be seen as desirable to �nd a
purely mathematical criterion for selection of the de�nite-valued observables.

Cli�on’s 1995 paper on the KD modal interpretation was soon followed by a paper, ‘A unique-
ness theorem for ‘no collapse’ interpretations of quantummechanics’ (Chap. 2; 1996), written jointly
with Je�rey Bub. Bub, one of the pioneering advocates ofmodal interpretations, had recently argued
that any interpretation which solves the measurement problem (without abandoning Schrödinger
dynamics)must be a ‘Bohm-like’ hidden variable interpretation (Bub 1994). Bub andCli�onprovide
support for this claim by means of a characterization theorem which parameterizes ‘no collapse’
interpretations by the observable that they choose to privilege.

�e Kochen-Specker theorem shows that we cannot consistently assign determinate values to
all quantummechanical observables; if we try, we will eventually run into an ‘obstruction’. Bub and
Cli�on turn the Kochen-Specker theorem on its head by asking: What are the largest sets of observ-
ables that can be assigned determinate values without generating a Kochen-Specker contradiction?
�ey then supply a recipe which permits them, for any chosen privileged observable, to construct
one of these maximal sets which contains that observable; and, conversely, they show that each such
maximal set is generated by a privileged observable.

One of the potential motivations for the KD modal interpretation was the hope that it would
provide a ‘realistic’ interpretation of quantum mechanics that upholds the completeness of the the-
ory, in spirit if not in letter. (�e contrast here is with the de Broglie-Bohm theory, which is the
paradigm example of an interpretation that concedes the incompleteness of quantum mechanics.)
However, the Bub-Cli�on theorem — in combination with Cli�on’s 1995 theorem — shows that
this motivation is not completely well-founded. For both the KD modal interpretation and the
de Broglie-Bohm theory concede the incompleteness of quantum mechanics in the sense that the
quantum state itself is not taken to determine what is actual (i.e., the so-called value state).

In Bub and Cli�on’s paper we also encounter a thread that runs throughout Cli�on’s later work:
Cli�on claims — contrary to the traditional view — that Bohr’s complementarity interpretation
should be thought of as a modal interpretation (like the KD interpretation, or the de Broglie-Bohm
theory). �is description of Bohr’s interpretation might seem surprising since Bohr was the pri-
mary defender of the completeness of quantummechanics, and since Bohr is o�en thought to have
endorsed (if only tacitly) the collapse of the wavefunction uponmeasurement. (For a more detailed
explanation of why Cli�on rejected the traditional view of Bohr’s interpretation, see Chap. 12.)

A�er Bub and Cli�on’s paper had appeared, they joined forces with Sheldon Goldstein to give
a simpli�ed proof of the classi�cation theorem. Since the resulting proof clari�es the conceptual
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situation, we chose to include it as Chapter 3 of this volume.
In his 1995 paper, Cli�on motivates the KD modal interpretation by showing that it satis�es

several intuitively plausible criteria. However, there was one motivation for the KDmodal interpre-
tation that Cli�on does not mention explicitly — viz., the hope that it would prove (unlike the de
Broglie-Bohm theory) to be strictly consistent with the relativity of simultaneity. �is question —
or more speci�cally, the question whether the KD modal interpretation is consistent with Lorentz
invariance—was explored in a collaboration between Cli�on andMichael Dickson, which resulted
in the 1998 paper ‘Lorentz-invariance in modal interpretations’ (Chap. 4). Cli�on and Dickson ar-
gue that the KD modal interpretation must assume that there is a preferred frame of reference, and
therefore cannot maintain ‘fundamental’ Lorentz invariance. �ey go on to argue, however, that the
KD modal interpretation is ‘empirically’ Lorentz invariant in the sense that no observer can deter-
mine which frame is privileged; and they conclude that the KD modal interpretation is on exactly
the same footing— in terms of its relationship to relativity theory— as the de Broglie-Bohm theory.

Cli�on went on to write a few more papers on the modal interpretation, focusing primarily on
extending it to the context of algebraic quantum theory (see papers ?? and ?? of Cli�on’s publication
list on p. ??). However, it appears that a�er realizing that the KD interpretation violates Lorentz in-
variance, Cli�on ceased to think of it as providing a promising approach to solving themeasurement
problem.

2 Foundations of algebraic quantum �eld theory
A�er 1997, Cli�on directed much of his e�ort at quantum �eld theory (QFT), especially algebraic
QFT: an approach to the theory that ismathematically rigorous and sowell suited to foundational in-
vestigations. In this endeavor, Cli�on was striking out into a territory largely uncharted by philoso-
phers of physics. For though philosophers of physics have written reams about the foundations of
elementary non-relativistic quantum mechanics, especially about the measurement problem and
nonlocality, the philosophical literature on QFT is small. �ere is just a handful of books: for exam-
ple, Brown & Harré (1988) and Teller (1995). �is situation is understandable, since QFT is a much
more technically demanding theory than elementary quantum mechanics. But it is regrettable, not
least because QFT is, a�er all, the most predictively accurate theory in history, and so seems the
obvious place to seek the raw materials for a ‘metaphysic of nature’.

Our selection of Cli�on’s work on QFT comprises Parts II and III, and even the �rst chapter of
Part IV. To introduce thismaterial, it will be clearest not to discuss the papers seriatim, but to discuss
in order the following topics: nonlocality and the vacuum; the Reeh-Schlieder theorem; the modal
interpretation in QFT; and �nally, the concept of a particle in QFT.

2.1 Nonlocality and the vacuum
�e vacuum state of a relativistic quantum�eld is very di�erent fromour intuitive notion of a state in
which ‘nothing is happening’. To describe this, let us begin with the article ‘More ado about nothing’,
by Redhead, who had been Cli�on’s graduate adviser (Redhead 1995). In this article, Redhead dis-
cusses how in the relativistic vacuum state, any local event has a nonzero probability of occurrence,
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and two events in mutually distant regions can display strong correlations.
However, Redhead did not establish that the vacuum state is nonlocally correlated in the sense of

Bell (1964). Recall that Bell provides a rigorousmethod for displaying the nonlocality of states: there
is a family of inequalities (Bell’s inequalities) about the expectation values of local measurements,
such that, if a state’s predictions violate one of these inequalities, then these predictions cannot be
reproduced by a local hidden variable model. Such a state is now called Bell correlated.

�e question whether the vacuum state is Bell correlated had been �oating around for some
years before Redhead’s paper. For example, in the mid 1980s and early 1990s, the mathematical
physicists Summers andWerner obtained a series of deepmathematical results onBell’s inequality in
rigorous QFT (Summers &Werner 1985, 1987a,b,c, 1988, 1995). For example, Summers andWerner
showed that the vacuum state does violate Bell’s inequality (in fact, violates it maximally) relative to
measurements that can be performed in tangent wedges of Minkowski spacetime.

Despite the power of Summers andWerner’s results, they leave open some interesting questions
about nonlocality in QFT. According to oral history, Malament pointed out to Cli�on in 1998 that
they do not settle the question whether the vacuum state violates Bell’s inequality relative to mea-
surements performed in any pair of spacelike separated regions (no matter how small these regions
are, and nomatter how far apart they are). Cli�on immediately realized the interest of this question;
and he was in a good position to see the di�culties in proving ‘Malament’s conjecture’. For Mermin
(1996) had recently emphasized (at a conference at the University of Western Ontario, organized
by Cli�on) the foundational relevance of ‘Werner states’, which had recently been discovered by
Werner (1989). To see the importance of Werner states, recall that a state of a composite system
in quantum mechanics is called separable if it can be decomposed as a mixture of product states
(i.e., states for which the two subsystems are completely uncorrelated); if a state is not separable, it
is called nonseparable. Now, all states that are nonseparable and pure (i.e., vector states) violate a
Bell’s inequality (Popescu & Rohrlich 1992). But Werner discovered that some nonseparable mixed
states do not violate a Bell’s inequality: such states are now called ‘Werner states’ in honour of their
discoverer.

Cli�on and Malament knew that the vacuum state is nonseparable. However, when restricted
to bounded regions of spacetime, the vacuum state is a mixed state — so that it might be a Werner
state, i.e., a state that does not violate Bell’s inequality.

History shows that many of the most interesting scienti�c discoveries are the by-products of
failure. For example, it has been said that most advances in number theory over the past 300 years
were the results of failed attempts to prove Fermat’s last theorem. A similar thing might be said
about Cli�on’s work on Malament’s conjecture: Although Cli�on was frustrated in his attempts to
solve the conjecture, his attempts led to a number of unexpected, fruitful, and perhaps even more
interesting results.

For example, in the paper ‘Nonlocal correlations are generic in in�nite dimensional bipartite
systems’ (2000; Chap. 10), Cli�on, alongwith collaboratorsHansHalvorson andAdrianKent, shows
that a pair of in�nite dimensional elementary quantum systems has a dense set of Bell correlated
states. (Recall that a subset S of X is dense just in case any element of X can be approximated
arbitrarily closely — in the relevant topology — by elements of S.) As Cli�on et al. point out,
this density result is not only foundationally interesting (since it shows that the ‘quantumness’ of a
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system ‘varies in proportion’ to the number of degrees of freedom): It is also of practical interest
for quantum information theory, where one wishes to use entanglement as a physical resource to
perform certain information processing tasks.

Nonetheless, this Cli�on-Halvorson-Kent result does not provide any information directly rel-
evant to Malament’s conjecture — which is speci�cally about the vacuum state in relativistic QFT.
Most particularly, the algebras of local observables in relativisticQFT are not isomorphic to the alge-
bra of all bounded operators on a Hilbert space, and so the Cli�on-Halvorson-Kent result is simply
inapplicable to relativistic QFT. (In fact, the algebras of local observables in relativistic QFT are typ-
ically type III von Neumann algebras, whereas the algebras of local observables in nonrelativistic
QM are type I von Neumann algebras.)

Very shortly a�er the appearance of theCli�on-Halvorson-Kent paper, a secondpaper (byCli�on
and Halvorson) appeared: ‘Generic Bell correlation between arbitrary local algebras in quantum
�eld theory’ (2000; Chap. 6). In this paper, Cli�on andHalvorson generalize the Cli�on-Halvorson-
Kent argument to the case of algebras of local observables that are vonNeumann algebras ‘of in�nite
type’. (For the proof of the result, the essential property of these algebras is that they have in�nitely
many orthogonal projections that are pairwise ‘equivalent’.) �e in�nite von Neumann algebras in-
clude the algebra of all bounded operators on an in�nite-dimensional Hilbert space (which is used
to represent elementary quantum systems whose observables can take in�nitely many di�erent val-
ues) as well as the type III von Neumann algebras. �us, Cli�on andHalvorson show that whenever
local algebras of observables are of in�nite type, then the Bell correlated states are dense. Although
this generalized result still does not prove Malament’s conjecture, it does show that the vacuum is
approximated arbitrarily closely by nonlocal, i.e. Bell correlated, states.

So Cli�on’s work on nonlocality shows that there is a similarity between relativistic QFT and
nonrelativistic quantum mechanics on in�nite-dimensional Hilbert spaces — viz., in both cases
there is a dense set of states that violate a Bell’s inequality. But in his next major publication (‘Entan-
glement and open systems in algebraic quantum �eld theory’; 2001, Chap. 7: again with Halvorson),
Cli�on shows that there is a sense in which nonlocality is worse in relativistic QFT than it is in
nonrelativistic QM! In particular, in nonrelativistic QM, one can always disentangle (or ‘isolate’)
a system by performing a measurement of a maximal observable — the resulting state will always
be a product state, and so will have no correlations. But Cli�on and Halvorson show that when
the algebras of local observables are type III, then local observers cannot perform such disentan-
gling operations. So, not only is the generic state of relativistic QFT nonlocally correlated: also, it is
impossible to disentangle a local system from its environment.

However, this paper’s central topic is not disentanglement or its impossibility, but rather the
interpretation of one of the most fundamental results of rigorous quantum �eld theory: the Reeh-
Schlieder theorem, proved in 1961.

2.2 �e Reeh-Schlieder theorem
�is theorem says, roughly speaking, that any state of the quantum �eld can be approximated arbi-
trarily closely by applying to the vacuum state operators from any �xed local algebra of observables
(no matter how small the local region is). �is is a very striking result. Indeed, many of the inter-
esting features of the relativistic vacuum, and even of relativistic QFT in general, are closely related
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to it — or even derivable from it.
But there is also an interpretative danger. �e theorem seems to suggest that actions in a space-

time region O can have instantaneous e�ects in a distant, i.e. spacelike separated, region O′: viz.,
changing the state from the vacuum to another state, with expectation values for chosen observables
associated with O′ that are arbitrarily close to prescribed values. If that were correct, then the Reeh-
Schlieder theorem would suggest a serious con�ict between relativistic QFT and the fundamental
principles of special relativity. �is suggestion has of course been addressed before; for example by
Segal (1964) and Fleming (2000). But Cli�on and Halvorson argue in Chapter 7 (especially Sec. 3)
against the suggestion (cf. also Halvorson 2001). �e main idea is to apply the distinction between
selective and nonselective operations: a distinction which is also applied in discussion of elementary
quantummechanics, to reconcile nonlocal correlations with the no-signaling theorem.�us in a se-
lective operation (represented, e.g., by applying a projection operator to a state vector), an observer
performs a measurement and then ignores, or destroys, the elements of the original ensemble that
do not correspond to a certain set of results. And if we are concerned with an ensemble that is
spread over two spacelike separated regions, then one can maintain that such a selection should not
be thought of as a physical action occurring in just one region that has e�ects in the other (spacelike
separated) region.

2.3 �e modal interpretation of AQFT
One of Cli�on’s main goals in the period between 1999 and 2001 was to translate interpretive ques-
tions from the context of elementary quantummechanics to the (more technically demanding) con-
text of relativistic QFT. Of course, Cli�on was not alone in this goal. For example, in a 2000 paper,
Dennis Dieks put forward a proposal for extending the modal interpretation to relativistic QFT. As
Dieks points out, making such an extension is not completely straightforward. In particular, the
modal interpretation’s rule for picking determinate observables makes use of the fact that there is
a one-to-one correspondence between quantum states and a certain kind of operator on a Hilbert
space (viz., density operators); but in QFT this correspondence between states and observables no
longer holds (since type III algebras cannot contain density operators). To bypass this problem,
Dieks proposes making use of the split property, according to which any local algebra of observ-
ables in QFT can be approximated by a type I algebra (i.e., the algebra of all bounded operators
on a Hilbert space). Since the approximating type I algebra does contain density operators, Dieks
proposes that we apply the standard KD rule to the approximating algebra in order to �nd an ap-
proximation of the set of de�nite-valued observables for the relevant spacetime region.

Cli�on �red o� a quick response to Dieks in his paper, ‘�e modal interpretation of algebraic
quantum �eld theory’ (2000; Chap. 5). In this paper, Cli�on argues that Dieks’ method of using the
approximating type I algebra does not provide a non-arbitrarymethod for determining the de�nite-
valued observables associated with a spacetime region. Cli�on then goes on to supply a rule for
picking the de�nite-valued observables within a general von Neumann algebra, and he proves that
this rule is a generalization of the Kochen-Dieks rule for type I factors. However, Cli�on also shows
that this generalized rule entails that very frequently (viz., in all ergodic states, which form a dense
subset of the state space), there will be no non-trivial de�nite-valued quantities associated with
any given spacetime region. �us, it seems very unlikely that the KD modal interpretation can be
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successfully extended to provide a solution of themeasurement problem in the context of relativistic
QFT.

3 �e concept of a particle
One of the oldest debates in natural philosophy concerns the composition of matter: Is there a limit
to the divisibility of matter (‘particle ontology’), or is matter a continuum that can be subdivided ad
in�nitum (‘�eld ontology’). Di�erent attitudes toward this question have driven competing research
programs in physics; and philosophers similarly have tried either to resolve the issue, or (like Kant
in the Second Antinomy) to show that the issue cannot be resolved.

�e debate over particle vs. �eld ontology becomes more interesting in the context of quantum
mechanics, and even more so in relativistic quantum theory. First, it seems impossible to build
a consistent relativistic quantum theory of particles; and, so it looks like relativity forces us to a
quantum �eld theory. However, as Teller (1995, p. 93) points out, ‘the subject matter of so-called
‘quantum �eld theory’ does not need to be presented as a �eld theory’. In fact, Fock showed in 1932
that the states of a quantum �eld have (inmany important cases) a completely natural interpretation
as particle states, and so it seems that QFT does not immediately settle the particle vs. �eld dispute.

However, there are a number of di�culties with the particle interpretation of QFT. Part III of
this volume consists of two papers that each take up one of these di�culties. �e �rst concerns the
localization of particles, the second the appearance of particles in the vacuum.

In the �rst paper, ‘No place for particles in relativistic quantum theories’ (2002; Chap. 8), Cli�on
andHalvorson investigate arguments which purport to show that there can be no localized particles
in any relativistic quantum theory.1 �e tensions between relativity and the notion of a localized
quantum state have been known since at least the 1940s. �ey were then made precise in a series of
results by Newton and Wigner, Hegerfeldt and others: results whose broad thrust is that localized
quantum states would violate relativity’s prohibition of superluminal velocities (e.g. Hegerfeldt 1974,
Hegerfeldt & Ruijsenaars 1980).2

Cli�on and Halvorson’s point of departure is a theorem of Malament (1996), to the e�ect that if
in a relativistic quantum theory there are no ‘act-outcome’ correlations at spacelike separation, then
there are no localized particles. Although Malament bases his argument on a clearly valid mathe-
matical proof, the soundness of his argument has been questioned by a number of researchers —
including Barrett, Dickson, and Fleming. In ‘No place for particles’, Cli�on and Halvorson defend
Malament’s arguments against these criticisms, and they supply variations of hismathematical proof
to thwart potential further criticisms. In particular, Malament’s proof is a reductio ad absurdum
which derives a contradiction from the assumption that there is a ‘standard’ (i.e., self-adjoint) po-
sition operator that satis�es certain relativistic conditions. Cli�on and Halvorson strengthen Mala-
ment’s result by showing that the assumption of an ‘unsharp’ position operator leads to a contradic-

1�e adjective ‘localized’ may seem redundant. However, we will suppose that ‘particle’ simply means an individual
indivisible entity, whether or not that entity is spatially extended.

2Since superluminal velocities are consistent with Lorentz covariance, it is a separate issue whether there is a Lorentz
covariant notion of localization. Extensive work has been done on this latter topic, most particularly by Fleming; see,
e.g., Fleming (1989), Fleming & Butter�eld (1999).
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tion, and similarly that the assumption of a system of local number operators (which would quantify
the number of particles in a local spacetime region) leads to a contradiction.

Aside from the project of clarifying the ontological commitments of relativistic quantum theo-
ries, there is an independent reason for being concerned about the existence of localized particles:
namely, the simple fact that we seem to see localized objects. So, if our best theory entails that there
are no such objects, then either our best theory is false, or our experience is radically misleading.
But even if we can get past this �rst worry, there is a second worry about the empirical coherence of
a physical theory which entails that there are no localized objects. Such a theory seems to preclude
determinate perceptions, and hence its own con�rmation. In Section 7 of ‘No place for particles’,
Cli�on and Halvorson deal with these issues by arguing that the appearance of localized objects,
which is consistent with relativistic QFT (despite its entailing the nonexistence of strictly localized
particles), is su�cient to provide an empirical basis against which we can test theories.

In ‘Are Rindler quanta real?’ (2001; Chap. 9) Cli�on and Halvorson discuss a second di�culty
about particles in relativistic QFT: namely, the e�ect discovered and analysed by Fulling, Unruh and
others — and now usually called the ‘Unruh e�ect’. An observer traveling at a constant (nonzero)
acceleration in the Minkowski vacuum state will �nd that her particle detectors click wildly, as if
she were immersed in a thermal bath of particles. (An observer traveling at a constant velocity
will not detect any particles.) �e question, then, is whether the clicks in the accelerating observer’s
detector should be taken at face value as indicating the presence of particles in the vacuum—which
are called ‘Rindler quanta’ — or whether the response of the detector should be interpreted in some
other way.

A number of di�erent interpretations of the Unruh e�ect have been proposed. For example,
Arageorgis (1995) argues that Rindler quanta do not qualify as genuine particles. On the other hand,
Arageorgis et al. (2002) argue that the inertial and accelerating observers’ di�erent descriptions
of the quantum �eld should be thought of as incommensurable theories, in the manner of Kuhn.
Finally, Davies (1984) argues that the two observers’ descriptions are complementary in exactly the
sameway that measurements of position andmomentum are. From this, Davies goes on to draw the
radical conclusion that there is no objective (i.e., observer-independent) fact about whether Rindler
quanta exist in the vacuum.

Cli�on and Halvorson argue that these three interpretations, and others, become much clearer
— and their merits and demerits more visible— if one adopts the framework of algebraic QFT.�ey
go on to adjudicate between the interpretations, proving several theorems en route. �eir analysis
begins by discussing how the two observers’ descriptions correspond to distinct, and inequivalent,
representations of the canonical commutation relations. Accordingly, the claim that Rindler quanta
are not ‘real’ corresponds in some way to a claim that the Rindler representation is the ‘wrong’ rep-
resentation (and the Minkowski representation is the ‘right’ representation). �e claim of incom-
mensurability amounts to claiming that the states in the two representations make incomparable
predictions. And the claim that the Minkowski and Rindler pictures are complementary amounts
to a claim that the corresponding representations are complementary.

Broadly speaking, Cli�on and Halvorson argue that the complementarity interpretation is su-
perior to its rivals, some of which are in any case incompatible with previously established results
or with Cli�on and Halvorson’s theorems. But the complementarity involved is formally more so-
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phisticated than usually envisaged. For usually, complementarity is formally expressed in terms of
noncommuting operators on a single Hilbert space; but here the two inequivalent representations
are de�ned on two di�erent Hilbert spaces.

4 Complementarity, hidden variables, and entanglement
Niels Bohr struggled throughout his life to create a philosophical framework that would solve the
conceptual puzzles of quantum theory. As is well known, at the root of Bohr’s ‘solution’ is the idea
of complementarity: quantum mechanical systems do not admit a single uni�ed description, but
instead require the use of mutually exclusive and jointly exhaustive descriptions. But Bohr also
claimed that quantummechanics is ‘complete’ in the sense that no future theory could resolve these
complementary descriptions into a single uni�ed description.

Bohr’s idea of complementarity had a huge impact on the �rst generation of physicists work-
ing on quantum theory. However, professional philosophers — at least since the wane of logical
positivism— have usually taken a dim view of Bohr’s contribution to foundational issues. Early ex-
amples include the critiques by Bunge (1955a,b) and Popper (1967). More recent criticisms include
Cushing (1994), Fine & Beller (1994) and Beller (1999). A common theme of these criticisms is that
Bohr’s views can only be defended, or even made sense of, by invoking some or other positivist
doctrine.

As we noted earlier, sometime in themid-1990s Cli�on came to the conclusion that Bohr’s inter-
pretation is best thought of as a version of the modal interpretation. Since the modal interpretation
is obviously consistent with the negation of positivism— indeed, it was developed by philosophers
(such as van Fraassen and Dieks) who explicitly reject positivistic semantic principles — Cli�on
of course became bothered by claims that complementarity presupposes positivism. Some philoso-
phers and historians had indeed taken amore favorable view of the complementarity interpretation.
In particular, a series of papers by Howard (for example Howard (1994) and Howard (2003)) argue
for the ongoing relevance of Bohr’s complementarity interpretation for the project of interpreting
quantum mechanics; and for this interpretation bearing little resemblance to the ‘Copenhagen in-
terpretation’ — which was only constructed in the mid-1950s onwards, by people other than Bohr.3
Cli�on’s work in this area, i.e., reviving the complementarity interpretation, yielded two papers (in
addition to Chap. 9’s interpreting Rindler quanta in terms of complementarity); both are reprinted
in Part IV.

In ‘Reconsidering Bohr’s reply to EPR’ (2002; Chap. 12), Cli�on and Halvorson explicate and
defend Bohr’s reply to EPR’s argument for the incompleteness of quantum mechanics. As is well
known, EPR argue that Bohr is committed to saying that a measurement on one system can make
a di�erence to ‘what is real’ at a distant location. �e challenge for Bohr — and the challenge for
contemporary interpreters of quantum theory — is to explain how this fact is consistent with the
claim that physical causes operate locally.

3�e 1980s also saw the appearance of three sympathetic expositions of Bohr’s philosophy (Murdoch 1987, Folse
1985, Honner 1987). However, these books are not aimed at developing the complementarity interpretation within the
technical foundations of quantum theory.
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In his reply to EPR, Bohr famously agrees that ‘there is . . . no question of a mechanical distur-
bance of the [distant] system’. But notoriously, he goes on:

But . . . there is essentially the question of an in�uence on the very conditions that de�ne
the possible types of predictions regarding future behavior of the system.

It is of this passage that Bell (1987, p. 155) says, ‘I have very little idea what it means’, and which
Fine (1981, pp. 34–5) interprets as an example of ‘virtually textbook neopositivism’, and as a sort of
‘semantic disturbance’ without a ‘plausible or intuitive physical basis’.

However, Cli�on andHalvorson claim that Bohr’s statementmakes sense as a claim about which
quantities of the distant system can (without falling into a Kochen-Specker contradiction) possess
values simultaneously with the quantity that is measured on the local system.

�e general idea that Bohr’s statement can be explicated via the modal interpretation had been
�oated earlier by Howard (1979), Bub (1989a), and by Cli�on himself (in the 1996 paper with Bub).
However, Cli�on and Halvorson provide a number of novel results (such as�eorem 1, on page ??),
with special emphasis on using the tools of algebraic quantum theory to reconstruct Bohr’s reply to
the original EPR argument (which employs continuous spectrum observables).

As mentioned earlier, critics of the complementarity interpretation have claimed that it is based
on invalid positivistic reasoning. Cli�on, of course, agreed that deriving ontological conclusions
from epistemic premises is generally invalid, and so cannot establish complementarity. In ‘Comple-
mentarity between position andmomentumas a consequence ofKochen-Specker arguments’ (2000:
Chap. 11), Cli�on attempts to provide amore solid foundation for complementarity (speci�cally, be-
tween position andmomentum) bymeans of a Kochen-Specker-type no-hidden-variables theorem.
One should be clear, however, thatCli�on’s argument is not just another simpli�cation of the original
Kochen-Specker theorem. Rather, the original Kochen-Specker theorem (and the many simpli�ed
versions of it that have been proven over the years) does not establish position-momentum com-
plementarity, since the assumption of the Kochen-Specker reductio is that all observables (and not
just position and momentum) possess values. Cli�on, however, shows that a contradiction can be
derived from the weaker assumption that position and momentum possess values, at least for the
case of two and three degrees of freedom. (It is still an open question whether the result holds for
the case of a single degree of freedom.)

�ough in Chapter 11, Cli�on argues for a strengthened version of the Kochen-Specker theorem,
in ‘Simulating quantum mechanics by non-contextual hidden variables’ (2000; Chap. 13), Cli�on
and Kent argue that Kochen-Specker-type theorems cannot decisively rule out an explanation of
quantum statistics by means of hidden variables. More precisely, Cli�on and Kent show that hidden
variables can explain the results of a set of measurements that is dense in the ‘space of measure-
ments’ (where eachmeasurement is represented by a projection-valued resolution of the identity, or
more generally by a positive operator-valued resolution of the identity); and, thus, that any quan-
tum mechanical measurement can be ‘simulated’ by a measurement for which there is a hidden
variable explanation. More precisely, the original Kochen-Specker theorem proceeds by choosing
a (�nite) set of measurements for which there is no explanation by a hidden variable theory. How-
ever, Cli�on and Kent’s result shows that the Kochen-Specker contradiction must always choose at
least one measurement M that falls outside of Cli�on and Kent’s set of classically explainable set of
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measurements. So, since our measurements are not in�nitely precise, one can always maintain that
instead of M, some classically explainable measurement M′ was performed.

In the �nal years of Cli�on’s career, he grew increasingly interested in the rapidly growing �eld
of quantum information theory. Here, we have chosen ‘�e subtleties of entanglement and its role
in quantum information theory’ (2002; Chap. 14), which is especially helpful in setting out the new
questions and research topics that this �eld o�ers philosophers of science. As the title suggests, the
overarching theme of this paper is that entanglement is subtle. More speci�cally, it has theoretical
features, and suggests experimental possibilities, which have not been addressed by the philosoph-
ical analysis of quantum nonlocality. In particular, these features and possibilities suggest various
classi�cations of kinds of entanglement or nonlocality which are di�erent from, and typically more
�ne-grained than, the traditional philosophical splitting of stochastic hidden variable models’ main
assumption of factorizability into parameter independence and outcome independence (i.e., into
the prohibition of act-outcome correlations and of outcome-outcome correlations, respectively).

Cli�on discusses two such experimental possibilities — dense coding and teleportation — and
two theoretical features: hidden nonlocality and entanglement thermodynamics. We shall leave
him to speak for himself about the experimental possibilities; but we will introduce the theoretical
features.

‘Hidden nonlocality’ refers to the Werner states mentioned in Section 2.1 above: mixed non-
separable states that obey Bell’s inequality and indeed admit a local hidden variables model. It
emerged in the mid-1990s through the work of Popescu, Peres and others that in general these
states, despite admitting a local hidden variables model, had a hidden nonlocality, in the sense that
a suitable sequence of local operations (including measurements) on the component systems A and
B, together with ordinary classical communication between the parties (always called ‘Alice’ and
‘Bob’), could yield a Bell correlated state. In short: investigating Werner states engendered a new
classi�cation of di�erent kinds of nonlocality.

Finally, Cli�on discusses entanglement thermodynamics, in which one quanti�es the amount
of pure entangled states needed to ‘form’ a given (in general, mixed) state, and the amount of pure
entangled states that can be ‘distilled’ from a given (in general, mixed) state. As Cli�on points out,
themeasures of entanglement of formation and entanglement of distillation provides a �ner-grained
classi�cation of nonlocality than the measure provided by Bell’s inequality. Cli�on concludes by
exploring the analogy between entanglement thermodynamics and classical thermodynamics, with
a view to shedding new light on the question of whether quantum theory needs to be underpinned
by a more fundamental (i.e., hidden variable) theory.

5 Conclusion
If the reader was hoping that this Introduction might provide a picture of a uni�ed ‘philosophy of
Rob Cli�on’, then we are afraid wemust disappoint her. Cli�on had a supreme talent for condensing
a philosophical claim into a precise technical proposition — and then proving or refuting it. �is
talent, combined with the fact that he worked across the whole range of the philosophy and foun-
dations of quantum theory, makes for a picture of great achievement — but also of diversity. For
example, in some chapters Cli�on develops the modal interpretation, while in others he defends
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complementarity. And in Chapter 13, he shows that hidden variables cannot be completely ruled
out by Kochen-Specker arguments. So what was really Cli�on’s favored interpretation of quantum
mechanics? In our opinion, it is not really helpful to try to pin Cli�on down like this. It is almost as
if Cli�on was governed by the ‘uncertainty principle for interpreters of quantum mechanics’ stated
some years ago by Je� Bub (1989b, p. 191):

. . . as soon as you’ve found a position, you lose your momentum.

Rob Cli�on may never have found a de�nite position, but he never lost momentum.
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