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This book examines in detail two of the fundamental questions raised by
quantum mechanics. Is the world indeterministic? Are there connections
between spatially separated objects?

In the first part of the book after outlining the formalism of quantum
mechanics and introducing the measurement problem, the author examines
several interpretations, focusing on how each proposes to solve the mea-
surement problem and on how each treats probability. In the second part,
the author argues that there can be non-trivial relationships between prob-
ability (specifically, determinism and indeterminism) and non-locality in an
interpretation of quantum mechanics. The author then reexamines some of
the interpretations of part one of the book in the light of this argument,
and considers how they fare with regard to locality and Lorentz invariance.
One of the important lessons that comes out of this discussion is that any
examination of locality, and of the relationship between quantum mechanics
and the theory of relativity, should be undertaken in the context of a detailed
interpretation of quantum mechanics.

The book will appeal to anyone with an interest in the interpretation of
quantum mechanics, including researchers in the philosophy of physics and
theoretical physics, as well as graduate students in those fields.
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Preface

There is a kind of science of everyday phenomena at which we are all experts.
We can all predict what will happen when gasoline is thrown on the fire, or
when a rock is thrown at the window. None of us is surprised when heated
water boils, or when cooled water freezes. These everyday scientific facts
come easily.

This everyday science is readily extended to the laboratory, where we
learn, for example, that sodium burns yellow, or that liquid helium is very
cold. With work, we can learn more complicated facts, involving delicate
equipment, and complicated procedures. The result is a kind of science of
laboratory phenomena, not different in kind from the science of everyday
phenomena.

But what about quantum mechanics? It is, purportedly at least, not about
phenomena of the sort mentioned thus far. It is, purportedly at least, not
about bunsen burners and cathode ray tubes and laboratory procedures, but
about much smaller things — protons, electrons, photons, and so on. What
is the relation between the science of quantum mechanics and the science of
everyday phenomena, or even the science of laboratory phenomena?

It is no part of my aim to answer this question. However, it will be helpful
to note some possibilities. One possibility is that, despite appearances,
quantum mechanics really is just about bunsen burners and cathode ray
tubes and the like. Perhaps Niels Bohr took such an attitude. (I do not
pretend to understand what Bohr wrote, but his name is a convenient label.)
He apparently supposed that pieces of laboratory equipment — and everyday
objects too — are outside the explanatory reach of quantum mechanics. On
this reading of Bohr, quantum mechanics does not explain the behavior
of these objects in terms of ‘quantum objects’, but instead describes them
directly. That is, it describes the relations among them and the results of
procedures performed with or on them. On this reading of Bohr, quantum
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xiv Preface

mechanics is just a mathematically sophisticated science of laboratory (and
everyday) objects.

But what about protons, electrons, and photons? Are pieces of laboratory
equipment not made up of them? Does quantum mechanics not describe
their behavior too? Bohr must deny such claims. Instead, he must suppose
that terms such as ‘proton’ do not mean what they seem to mean. The
positivists of the first half of this century expended much effort trying to
make such a view plausible. They argued that such ‘theoretical terms’ as
‘proton’, ‘electron’, and ‘photon’ are to be understood as referring not to
tiny particles, but to clusters of observations. What quantum mechanics
really asserts when it says ‘a photon is located at the place x’ is just a set
of sentences each of which can be verified by direct observation. (Such
sentences are called ‘observation-sentences’.) An example of such a sentence
is: ‘if a photographic plate is placed at x, then the plate will show a bright
spot’.

The positivists’ program of reinterpreting the theoretical terms of science
has, by most accounts, failed. There does not seem to be any way to make
plausible the claim that when quantum mechanics says ‘there is a photon at
the place x’, it really means to assert some set of observation-sentences. This
failure seems to carry Bohr down with it: there does not seem to be any way
to make plausible the claim that, despite appearances, quantum mechanics
is really only about pieces of laboratory equipment and everyday objects.
Quantum mechanics is, it seems, not a science of laboratory objects, but a
science of very much smaller things.

Van Fraassen takes a less positivistic view.! He says that, at least as far
as the meaning of the theory is concerned, the relation between quantum
mechanics and the science of laboratory objects is just what one would
think: quantum mechanics is a theory about very small objects (call them
‘quantum objects’); laboratory objects are made of quantum objects; and
therefore, quantum mechanics is the basis of our science of laboratory
objects. For example, quantum mechanics purports to tell us about how
protons, electrons, and neutrons behave. Quantum mechanics says that
sodium is made of these. Therefore, quantum mechanics purports to tell us
how sodium behaves, for example, when it is burned.

For van Fraassen, then, the theoretical terms of quantum mechanics mean
what they appear to mean. When quantum mechanics says ‘there is a photon
at the place x’, it means what it says. But for van Fraassen, we are not to
believe everything that quantum mechanics says. ‘I wish merely to be agnostic
about the existence of the unobservable aspects of the world described by
science’, he writes.2 Hence, although quantum mechanics does make claims
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that go behind the phenomena, we are not to follow it that far. We ought not
to believe that quantum mechanics is telling us how things really are behind
the phenomena of laboratory and everyday objects. Instead, we ought to
believe that quantum mechanics provides a (more or less) good model of
how those phenomena come about — quantum mechanics tells a good story
about why sodium burns yellow, but it is just a story.

One can of course go further, following the classical realist: quantum
mechanics means what it says, and moreover what it says is (more or less)
the truth. The classical realist claims, therefore, that quantum mechanics
goes behind the phenomena, and indeed tells us just how things really are
behind the phenomena. Sodium burns yellow because it really is made of
protons and electrons and neutrons, which behave in a certain way.

Although much could be said about the relative merits of these positions,
the concern here is not with which of them we should adopt, but with
their application to quantum mechanics. For that purpose, we may ignore
the differences between van Fraassen’s view and the classical realist’s view,
and begin with what they have in common: an agreement that quantum
mechanics describes the world of our experience in terms of a ‘subphenom-
enal’ world, the world of quantum objects. To put it differently, quantum
mechanics grounds our effective science of laboratory and everyday objects
in terms of a (more) fundamental science of quantum objects.

If quantum mechanics were clearly successful at describing the world
of our experience in terms of unobservable objects such as protons, then
there would be little need for much of contemporary philosophy of physics.
However, quantum mechanics is not thus successful. I do not mean that
quantum mechanics is not successful at all. As a science of laboratory
objects it is magnificent. (Of course, there remain problems internal to the
theory. For example, nobody has a completely satisfactory way of describing
gravitational forces in quantum mechanics, but in general, the theory works
very well as a science of laboratory objects.) If you want to know what
will happen when you shine a laser beam at a polarizer, consult quantum
mechanics. If we could only believe that Bohr and the positivists were right,
then we could leave it at that. Quantum mechanics could be seen as the best
science of laboratory devices that we have had to date.

However, granting that the positivistic view of quantum mechanics is
implausible, we must face up to the fact that quantum mechanics has a
very difficult time grounding our science of laboratory objects in terms of a
science of quantum objects. The problem can be put in many forms — and
in chapter 1 the problem will be stated precisely — but one is this way: in
order for quantum mechanics to derive the behavior of laboratory objects
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xvi Preface

from the behavior of quantum objects, it must already take the behavior of
the laboratory objects for granted. For example, quantum mechanics in its
usual form must take for granted that large objects are situated in fairly well-
defined regions of space. (The cup is on the table; the train is in the station;
and so on.) However, if the science of quantum objects is fundamental, and
the science of laboratory objects is derived, then presumably we want the
properties of laboratory objects (or, at least, our beliefs about them) to be
derived from the properties of quantum objects, rather than to be taken as
given. As it stands, quantum mechanics can correctly answer the question
‘What are laboratory objects like?” only if we tell it the answer. Exactly
where quantum mechanics goes wrong will be made clear in chapter 1.

The task of ‘interpreting’ quantum mechanics, then, is to show how
quantum mechanics provides a theory of quantum objects that is capable of
grounding our science of laboratory and everyday objects, without taking
any part of that science for granted.

In general, it is difficult to say whether a proposed interpretation (of which
there are many) succeeds. For example, it is not clear just what we should
take the phenomena to be. Must an interpretation predict that the Eiffel
Tower really does have a fairly definite location, or need it only predict that
whenever one looks for the Eiffel Tower, one will find it to be in a fairly
definite location? Or is it acceptable to predict merely that people will believe
that the Eiffel Tower has a definite location? And must people agree about
what its location is, or need they merely believe themselves to agree? One’s
answers to these questions will depend on what one takes the phenomena of
everyday and laboratory objects to be. Different interpretations commit to
different accounts of what the phenomena are, and readers may find some
interpretations to be more plausible than others for this reason.

However, my aim is not to consider all existing interpretations, much
less to evaluate them. Instead, my aim is to use a few interpretations as
instruments with which to investigate some questions about quantum objects
and their relation to laboratory and everyday objects. More specifically,
this book is concerned with probability and non-locality at the level of
the quantum objects. Do quantum objects behave deterministically in some
sense? Indeterministically? Are there (‘non-local’) connections among widely
separated quantum objects? How do these features of quantum objects relate
to features of laboratory and everyday objects, or to our beliefs about them?
As soon as we recognize that quantum mechanics goes behind the phenomena,
we may recognize as reasonable the possibility that the quantum-mechanical
world is radically different from the phenomenal world, and the relation
between them becomes an open question.
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Indeed, it is not clear that the question was ever properly closed, though
it was, due to the whims of history, foreclosed. After briefly reviewing
some of the mathematics of quantum mechanics — quantum probability
theory — in a way that is as free of interpretive assumptions as I can
make it, and after saying something about what the problem of interpreting
quantum mechanics is, I will turn to a time prior to this foreclosure, when the
orthodox view (due largely to Bohr) had not yet been forged. For example,
Born was eventually the champion of indeterminism, but much earlier, in
the same breath that he introduced probabilities to quantum mechanics, he
also recognized the serious possibility of a fundamental determinism. This
brief lesson from history will open up some possibilities for interpretation.

In the rest of part 1 (chapters 2-5) I consider some of these possibilities
as they are found in some existing interpretations. In part 2 (chapters 6-9),
I raise questions about locality. First, in chapters 6 and 7, I try to get a
handle on just what kinds of ‘locality’ there are, what kinds are important,
and how they are related to determinism and indeterminism. In chapter 8§,
I consider what conclusions one might draw from the failure of the locality
conditions of chapters 6 and 7. In chapter 9, I return to the interpretations
of part 1 in the light of the discussion of chapters 6, 7, and 8.

In many ways, the two parts of the book are somewhat independent.
However, one of the underlying themes of the book is that questions about
determinism and (especially) locality are best addressed in the context of a
well-defined interpretation of quantum mechanics. Abstract analysis (such
as can be found in chapters 6-8) can go only so far in helping one to
understand non-locality, and then the concrete physical details of a given
interpretation become important. This point comes to the fore in chapter
9, where we will see that different interpretations answer questions about
locality differently.

Although this book does not pretend to be a popular account, I have tried
to make it as accessible as possible, given the nature of the topic. For much
of the material, readers will need to know very little quantum mechanics
or mathematics. Most of the proofs of the theorems that I present in the
text have already been published elsewhere in easily available journals, and
I have therefore not repeated the proofs here.> Short proofs of minor results
sometimes appear in the text or in the endnotes. [ have also relegated most
of the scholarly comments (acknowledgements, hedges, references, and so
on) to endnotes, where they are more at home anyway.

Giving thanks, however, is not a scholarly comment; it is good manners,
and a pleasure besides. The investigation as given here would have been
far less adequate had it not been for the help of many people. I am
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