The Quantum
Mechanics of
Minds and Worlds




The Quantum Mechanics
of Minds and Worlds

JEFFREY ALAN BARRETT

OXTFORD

UNIVERSITY PRESS






THE QUANTUM MECHANICS OF
MINDS AND WORLDS



This book has been printed digitally and produced in a standard specification
in order to ensure its continuing availability

OXFORD

UNIVERSITY PRESS
Great Clarendon Street, Oxford OX2 6DP
Oxford University Press is a department of the University of Oxford.
It furthers the University’s objective of excellence in research, scholarship,
and education by publishing worldwide in
Oxford New York
Auckland Bangkok Buenos Aires Cape Town Chennai
Dar es Salaam Delhi Hong Kong Istanbul Karachi Kolkata
Kuala Lumpur Madrid Melbourne Mexico City Mumbai Nairobi
Sdo Paulo Shanghai Taipei Tokyo Toronto

Oxford is a registered trade mark of Oxford University Press
in the UK and in certain other countries

Published in the United States
by Oxford University Press Inc., New York

© Jeffrey A. Barrett 1999

The moral rights of the author have been asserted
Database right Oxford University Press (maker)

Reprinted 2003

All rights reserved. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means,
without the prior permission in writing of Oxford University Press,
or as expressly permitted by law, or under terms agreed with the appropriate
reprographics rights organization. Enquiries concerning reproduction
outside the scope of the above should be sent to the Rights Department,
Oxford University Press, at the address above

You must not circulate this book in any other binding or cover
and you must impose this same condition on any acquirer

ISBN 0-19-924743-9



For Martha, Thomas, and Jacob






Alexander wept when he heard from Anaxarchus that there
was an infinite number of worlds; and his friends asking him
if any accident had befallen him, he returns this answer: ‘Do
you not think it a matter of lamentation that when there is
such a vast multitude of them, we have not yet conquered
one?’

(Plutarch, On the Tranquillity of Mind)






PREFACE

THIS book is about the quantum measurement problem, Hugh Everett
IITI’s proposed resolution, and some of the attempts to understand how it
was supposed to work. While there is a brief review of the standard for-
mulation of quantum mechanics (complete with a description of a two-slit
experiment!) and a short appendix describing the Hilbert-space formal-
ism, it is assumed that the reader already knows something about how
quantum mechanics works and is comfortable with at least some of the
mathematics. There is, in my opinion, no better introduction to the ways of
quantum mechanics than David Albert’s book Quantum Mechanics and
Experience. One might also want to work through a careful presentation
of the theory that includes a more detailed description of the mathemat-
ical formalism. P. A. M. Dirac’s Principles of Quantum Mechanics is
the classic introductory text (and I use Dirac’s notation throughout this
book). My favourite advanced introduction is Gordon Baym’s Lectures on
Quantum Mechanics. John Wheeler and W. H. Zurek’s Quantum Theory
and Measurement is the standard anthology on the measurement problem.
I have tried to refer to page numbers in this anthology whenever possible.

Many conversations with friends and colleagues contributed to this
book; in particular, I should like to thank Wayne Aitken, Frank Arntzenius,
Guido Bacciagallupi, Jeffrey Bub, Rob Clifton, Michael Dickson, Richard
Healey, Meir Hemmo, Peter Lewis, Barry Loewer, Pen Maddy, Brad
Monton, Laura Reutsche, Simon Saunders, and Brian Skyrms. I am espe-
cially indebted to David Albert for many enlightening discussions over the
past several years—anyone familiar with Albert’s work will immediately
recognize his influence on the way that I think about quantum mechanics.
I should also like to thank the anonymous referees who read this book in
manuscript form—their comments were invaluable in putting together the
final version. Finally, I should like to thank Ryan Barrett, whose excellent
work produced the final figures. It was a pleasure working with the Oxford
University Press editors—they were careful, smart, and patient.

This book was supported by a University of California President’s
Research Fellowship, and most of it was written while I was a Visit-
ing Fellow at the University of Pittsburgh Center for the History and Phil-
osophy of Science in 1996—7. I should like to thank both universities for
their kind support.

J.A B.
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A BRIEF INTRODUCTION

T HE standard theory of quantum mechanics, as formulated by P. A. M.
Dirac and John von Neumann, is in one sense the most successful physical
theory ever—no other theory has ever made such accurate empirical pre-
dictions. It is all the more impressive because what it successfully predicts,
the behaviour of the basic constituents of all physical things (electrons,
protons, neutrons, photons, etc.), is often wildly counter-intuitive., There
is, however, a problem. If one tries to understand the standard formulation
of quantum mechanics as providing a complete and accurate framework
for the description of all physical interactions, then it soon becomes evi-
dent that the theory is at least ambiguous, and, on a less charitable reading,
one might even conclude that it is logically inconsistent. This is known
as the quantum measurement problem. Hugh Everett III’s formulation
of quantum mechanics and the various reconstructions of his theory that
have appeared since are all attempts to solve the measurement problem.
But before considering possible solutions to the measurement problem,
it is important to be clear about exactly what the problem is.

The basic constituents of matter, when left to themselves, behave in
a way that is apparently nothing like the behaviour of the middle-sized
objects (chairs, coins, cars, cats, etc.) that form the bulk of our experience
and the basis for our physical intuitions. Because their behaviour is so
counter-intuitive, any empirically adequate theory, any theory that makes
the right empirical predictions for the experiments that we have performed
so far, is bound to be itself counter-intuitive. The standard theory of quan-
tum mechanics is certainly counter-intuitive. But that is not the problem.
Rather, the problem is that the standard theory cannot be taken to provide
a complete and accurate physical description of the odd behaviour that it
is supposed to describe.

Our most careful observations suggest that the basic constituents of
matter behave in a fundamentally random way. They also suggest that
the basic constituents of matter sometimes behave like particles and
sometimes like waves. The particle-like behaviour of fundamental par-
ticles is seen in such phenomena as cloud-chamber tracks and marks
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on photographic film. This particle-like behaviour agrees well with the
physical intuitions we have developed from our experience with middle-
sized physical systems. The wave-like behaviour of fundamental particles
(and of other simple, well-isolated physical systems) is seen in interfer-
ence phenomena. This wave-like behaviour of matter is very different
from what one would expect from middle-sized physical systems—one
might, for example, expect a particle (or any other physical object) to
have a determinate position and to follow a determinate trajectory, not to
spread out like a wave on a pond.

While one might lament the loss of classical determinism, it is the dual
behaviour of matter that is really puzzling. Particles (and other simple,
well-isolated systems) seem to behave one way when no one is look-
ing (the odd quantum wave-like way) and another way when someone is.
This dual behaviour is represented in the standard formulation of quantum
mechanics by two dynamical laws: one law describes the evolution of a
physical system when no one is looking and the other describes the evolu-
tion of the system when someone does. These two dynamical laws and the
criterion for when each obtains is the ultimate source of the measurement
problem in the standard theory.

There are two stock examples of quantum interference effects that we
will return to in various forms throughout the book. One of these is the two-
slit experiment and the other is Wigner’s Stern—Gerlach experiment. Both
are discussed below, followed by a somewhat more exotic example. Each
experiment shows the sort of quantum weirdness that any satisfactory
formulation of quantum mechanics must ultimately predict and explain.

1.1 A textbook example: The two-slit interference experiment

In the standard two-slit experiment one imagines launching particles, one
at a time, at a barrier with two slits cut in it and with a screen beyond the
slits (Fig. 1.1). This sort of experiment works with fundamental particles
like electrons, but similar experiments have been performed with larger,
more complicated systems. Indeed, atoms, molecules, superconducting
rings, and other physical systems exhibit similar interference effects in the
context of other experiments. Most of the particles just crash into the
barrier, but some pass through the slits and strike the screen. It is the pattern
of the particle distribution on the screen that suggests that the particles
behave like waves while they are travelling towards the screen and no one
is looking.
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_‘ -
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e source B -
Barrier Phosphorescent screen

FiG. 1.1 Two-slit setup.

First, consider what happens if we force each particle to pass one at
a time through either one slit or the other. Suppose we close the lower
slit B so that each particle must pass through the upper slit A. In this case,
unsurprisingly, we get a particle distribution on the screen that is perfectly
consistent with each particle having passed through A (one determines the
particle distribution by choosing a convenient partition of the screen, then
counting the number of particles that hit in each cell of the partition). Call
this the A distribution. If we close A and send one particie at a time towards
the barrier, we get a particle distribution that is perfectly compatible with
each particle passing through B. Call this the B distribution.

So if we open both slits and send each particle one at a time towards the
barrier, then if each particle passes through either A or B, one would expect
to get a particle distribution that is a weighted sum of the A distribution
(Fig. 1.2a) and the B distribution (Fig. 1.2b). If we aim the particles at a
point halfway between the two slits (as well as we can aim them), then one
would expect that about as many particles would pass through A as would
pass through B, so one would expect to get a distribution like Figure 1.3a.
Call this the A-or- B distribution—this is the distribution one would expect
to get with a symmetric source if each particle either determinately passed
through A or determinately passed through B.

‘We can check to make sure that the A-or-B distribution is what we do in
fact get when each particle determinately goes through A or determinately
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L i
Barrier Screen Barrier Screen
The A distribution The B distribution

(@) )

Fi1G. 1.2 A open and B open. (a) The A distribution. (b) The B distribution.

I 1 I I
A - A :
. i
B B _
i 1 l s
Barrier Screen Barrier Screen
The A or B distribution The interference distribution
(a) )

FIG. 1.3 What should happen and what does happen. (a) The A- or B- distribution.
(b) The interference distribution.
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goes through B by sending the particles one at a time toward the barrier
and then closing one or the other of the two slits at random for each trial.
When we do this, we get precisely the A-or-B distribution that one would
expect (Fig. 1.3a). Consequently, one might naturally expect that if we
do not move the source but open both A and B at the same time, then
we will again get the A-or-B distribution. Indeed, one might be tempted
to claim that with a symmetric source each particle determinately passes
through one or the other of the two slits if and only if one gets the A-or-B
distribution.

So what distribution do we get when both slits are open at the same
time? We get one like Figure 1.3b. Call this the interference distribution,
and note that it is nothing like the A-or-B distribution. The immediate
consequence is that if one takes the A-or-B distribution to be character-
istic of each particle either determinately passing through A or determi-
nately passing through B, then one must conclude on the basis of what
we actually see when we perform such experiments that at least some
particles did not determinately pass through either slit! These particles
did, however, somehow manage to get to the screen. So how did they get
to the screen without determinately passing through A or determinately
passing through B? What sort of trajectories could they have followed?

According to the standard von Neumann—Dirac formulation of quantum
mechanics (which we will consider in some detail in the next chapter) the
particles do not determinately pass through one slit or the other when both
A and B are open; rather, the theory tells us that each particle follows a
superposition of different trajectories and thus ends up in a superposition
of passing through A and passing through B. A particle in a superposition
of passing through each slit does not determinately pass through A, does
not determinately pass through B, does not determinately pass through A
and determinately pass through B, and does not determinately not pass
through A and determinately not pass through B. Indeed, a particle that
is in a superposition of passing through A and B has observable physical
properties that differ from each of these four classical alternatives. It is
the fact of each particle’s following a superposition of trajectories rather
than determinately passing through one slit or the other that explains the
interference distribution. :

While a particle is moving toward the screen, one might think of it
as a wave, and just as it would be a mistake to ask for the single pre-
cise position of a wave, the standard theory tells us that the particle
typically fails to have a determinate position. Part of the wave passes
through A and part passes through B. These two wave packets spread
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out and interfere with each other in the region between the barrier and
the screen, and then the composite wave strikes the screen. At approxi-
mately this point in the story, and one cannot say exactly when or how
this occurs, the particle stops acting like a wave—when we look at the
screen we do not see the global effects one would expect from a spread-out
wave striking the surface of the screen but rather we see the effects one
would expect from a single particle striking a single determinate point.
On the other hand, the wave-like behaviour of each particle individually
is seen in the overall particle distribution when the basic experiment is
repeated many times. One might naturally conclude from such repeated
experiments that the wave associated with each particle determines the
probability of that particle being found in each region of the screen, and
this is precisely what the standard theory predicts (and, to some extent,
explains).

The state of a physical system is represented by a vector in quantum
mechanics (something I shall discuss in more detail in the next chapter and
Appendix A). If we represent the state where a particle P determinately
passes through A by the vector |A) p and the state where it determinately
passes through B by the vector [B) p, then a state where P is in a super-
position of passing through each slit might be represented by a linear
combination (or sum) of these two vectors «|A) p + 8| B) p, where « and
B are complex-valued coefficients. When one is interested in the posi-
tion of a particle, the vectors one uses to represent the particle’s state are
functions that assign a complex number to each possible position. The
wave function ¥ that represents the state of a particle may be spread out
or well-localized. If it is spread out, then the particle is far from having
a determinate position. The better localized the wave function, the closer
the particle is to having a fully determinate position.

The puzzle is that, regardless of a particle’s initial state, whenever
one looks for it (that is, whenever one makes a position measurement),
one always finds it with a determinate position. The von Neumann-Dirac
formulation of quantum mechanics explains this by stipulating that when-
ever one looks for a particle, that particle’s state instantaneously and ran-
domly collapses to a state where the particle has a determinate position
(is in an eigenstate of position); that is, the particle’s initially spread-out
wave function instantaneously and randomly evolves to a wave func-
tion that is localized to the region where one found the particle (more
generally, the particle’s state randomly evolves to a state where whatever
physical property one is observing has a determinate property—it evolves
to an eigenstate of the observed property). Which determinate position
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the particle acquires is given by probabilities determined by the wave
function that represented the particle’s state just before it was observed.
More specifically, the standard theory predicts that if ¥ represents the
complex-valued wave associated with a particular particle, then the prob-
ability of finding that particle in a region R is equal to the sum (or, more
precisely, the integral) of [ |2 over R.

Before we look at the screen, the standard theory tells us that there is
no determinate matter of fact concerning where the particle is. According
to the standard interpretation of states (given in the standard theory by the
eigenvalue—eigenstate link),! it is not that the particle has a determinate
position and that we do not know what it is; rather, it is that it simply fails
to have any determinate position at all before it is observed. If each particle
had a determinate but unknown position, then one would presumably get
the A-or-B distribution whenever both slits were open, since each particle
would in fact determinately pass through one slit or the other; but since
we do not get the A-or-B distribution, this was taken as evidence that the
particles do not pass through determinate slits, which is precisely what the
standard theory tells us. The probabilities predicted by the standard theory,
then, are not a matter of our ignorance—rather, being in a superposition
of different states is observationally distinguishable from determinately
being in one or the other of the states. In particular, a system in a super-
position of states exhibits interference effects not exhibited by a system
determinately in one of the elements of the superposition. But while each
particle in the two-slit experiment fails to have a determinate position just
before it strikes the screen, the standard theory tells us that the process
of observing the particle somehow endows it with a determinate position.
Further, the standard theory tells us that if one looks to see which slit
each particle passes through, then one will cause the wave function asso-
ciated with each particle to collapse to an eigenstate of passing through
one or the other of the two slits (a state where the particle either determi-
nately passes through A or determinately passes through B). And, sure
enough, whenever we Jook to see which slit each particle passes through,
the interference effects are destroyed and we get the A-or-B distribution.
A proponent of the standard collapse theory would take this as (further)
evidence for supposing that the usual wave dynamics is suspended and
the state of a system randomly collapses to an eigenstate of the observable

! The eigenvalue—eigenstate link says that a system has a particular physical property
if and only if its state is represented by an eigenvector of the operator representing the
property.
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one measures whenever a measurement is made (and I shall discuss all
this in more detail in the next chapter).

It is interesting to consider what one would have to do in order to
account for what we see if one insists, contrary to the standard theory, that
each particle does in fact determinately pass through A or determinately
pass through B in the two-slit experiment above. Since the behaviour
of a particle passing through A depends on whether B is open at the
instant the particle passes the barrier (since whether B is or is not open
determines whether the particle passing through A will behave according
to the A-or-B statistics or the interference statistics, and the other way
round), the particle would have to have some way of learning whether
B was open when it passed through A. That is, in order to say that each
particle determinately passes through one or the other of the two slits, one
would somehow have to explain how the state of the slit that it did not
pass through, whether it was open or closed, affects the particle’s motion
even when there are no other particles around to carry the information
about the state of that slit—remember: all this happens when we send the
particles through the apparatus one at a time.

One strategy would be to postulate the existence of a new type of
field that affects the motion of each particle in a way that depends on
the state of the slit that the particle did not pass through. If there were
such a field, then one could say that each particle determinately passed
through one slit or the other and then account for the fact that a particle’s
behaviour typically depends on the state of the slit that they did not pass
through by appealing to differences in the field. While all this is flatly
inconsistent with the standard formulation of quantum mechanics, this is
essentially how David Bohm’s hidden-variable formulation of quantum
mechanics works. I shall discuss Bohm’s theory in more detail later. The
point of mentioning it here is just to illustrate the sort of story one would
have to tell in order to explain interference effects if one insisted, in
accord with our intuitions but contrary to the standard theory, that each
particle determinately passes through one slit or the other in the two-slit
experiment above.

1.2 Another textbook example: Spin properties of spin-% systems

Particles can be in superpositions of being located at different positions,
but they can also be in superpositions of having other incompatible
properties. A particle can, for example, be in a superposition of hav-
ing different momenta, energies, or different spin properties. The spin
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propetties of spin—% particles provide one of the simplest examples of the

nonclassical behaviour of matter.?

Electrons (and other spin—% particles) exhibit a property called x-spin
(spin-% particles can be x-spin up or x-spin down) and another property
called z-spin (they can be z-spin up or z-spin down). The results of x-spin
and z-spin measurements are repeatable: if one measures the x-spin of
an electron and finds it to be in an x-spin down state, then if one makes
a second x-spin measurement (without disturbing the electron between
measurements), one would again find it to be x-spin down.

There is a special relationship between x-spin and z-spin. If one finds
that an electron is x-spin down, and then measures its z-spin, one gets
each of z-spin up and z-spin down about half of the time. If one in fact
gets z-spin down and then remeasures its x-spin, one gets each of x-spin
up ‘and x-spin down about half of the time. One might naturally con-
clude that an intervening z-spin measurement disturbs the x-spin of an
electron, but the odd thing here is that this disturbance does not come in
degrees—if one starts with an electron in an x-spin up eigenstate (a state
where the electron is determinately x-spin up) then measures the z-spin
of the electron, the result of a subsequent x-spin appears to be completely
random regardless of how careful one is in making the intervening z-spin
measurement. Similarly, x-spin measurements appear to randomize com-
pletely the z-spin of an electron. It seems then that there is a conspiracy
that somehow prevents us from ever simultaneously knowing both the
x-spin and the z-spin of an electron.’ If spin properties behaved in the
old-fashioned, classical, common-sense way of middle-sized objects, then
one would expect no such epistemic limits; rather, one would expect that
careful enough measurements would allow one to know both the x-spin
and the z-spin of an electron.

Now consider an experiment where we send electrons one at a time into
an x-spin sorting device. The sorting device works as follows: if an x-spin
up electron enters the device, then it follows path A to I; and if an x-spin
down electron enters the device, then it follows path B to 7 (Fig. 1.4).
We can check to make sure the x-spin sorter is working by measuring the
x-spin of particles on each path. When we look, we find that each particle

2 See Baym (1969: 302—46) for a more complete discussion of spin—% systems.

3 This is an example of a quantum uncertainty relation: x-spin and z-spin are related
to each other much as position and momentum are related in the Heisenberg uncertainty
relation.
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T r—
¢ source X e
L .
sorter Path B

FiG. 1.4 Two-path setup.

takes exactly one of the two paths and that all the electrons on path A are
x-spin up and that all the electrons on path B are x-spin down.

Suppose we send z-spin up electrons into the x-spin sorter: what should
the statistics be for a z-spin measurement at /? One might expect about
half of the electrons to take path A and about half to take path B. Electrons
taking path A would be x-spin up and hence about half would be found
to be z-spin up and half z-spin down. Similarly, electrons taking path B
would be x-spin down and hence about half would be found to be z-spin
up and half z-spin down. And we find precisely these statistics when we
measure electrons on each of the two paths. So, if we assume that each
electron that we send into the x-spin sorter either determinately takes
path A or determinately takes path B, then about half of the electrons at /
should be z-spin up and about half should be z-spin down. But this is not
at all what happens. Whenever such an experiment is actually performed,
all of the electrons measured at / are found to be z-spin up!

Again we have a result that seems to be incompatible with the assump-
tion that each electron took one or the other of the two paths, but we know
that each electron somehow gets to /; and whenever we look, we always
see that each electron is on one path or the other, and our looking at the
paths causes the statistics to change to half up and half down at I. The
situation is made even more puzzling by the fact that the statistics become
half x-spin up and half x-spin down at / if we watch either path, no matter
how careful we are and even if we find that no electron in fact travelled
the path we were watching. Similarly, the presence of a barrier on either
path affects the statistics at I (it changes them from all z-spin up to half
up and half down) even if we look and find that no electron has interacted
with the barrier. It seems wrong, then, to say that each electron arriving
at [ takes one or the other of the two paths, but it also seems wrong to say
that each electron follows both paths or no path at all.
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According to the standard theory, because a z-spin up particle P is
in a superposition of x-spin up and x-spin down eigenstates (|1,)p =
1//2(115) P + [« ) P)), the particles in this experiment do not determi-
nately follow path A nor do they determinately follow path B; rather, the
standard theory tells us that they follow a superposition of the two paths
(which is what ultimately explains the interference statistics at 7). Yet
whenever we look for a particle, its state instantaneously and randomly
jumps to an eigenstate of position. Since the position of each particle is
correlated with its x-spin (this is all the x-spin sorting device does), once
a particle has a determinate position (on path A or path B), it also has
a determinate x-spin (up or down, respectively), it behaves accordingly,
and thus changes the statistics at / to those one would expect from an
electron with a determinate x-spin.

It is the fact that a particle in an eigenstate of z-spin is in a superposi-
tion of x-spin states and that a particle in an eigenstate of x-spin is in a
superposition of z-spin states that explains, in the standard theory, why we
cannot simultaneously know both the z-spin and the x-spin of a particle. It
is not that the particle has both properties simultaneously and that we just
cannot know what they are; rather, it is that a particle with a determinate
z-spin simply has no determinate x-spin and a particle with a determinate
x-spin simply has no determinate z-spin.

1.3 A more exotic example: The curious behaviour of neutral
K mesons

As suggested earlier, a particle can be in a superposition of most any
particle property. It is even possible for a particle to be in a superposition
of being two fundamentally different types of particles. Neutral K mesons
provide an example of this crazy sort of behaviour.

Neutral K mesons are produced in strong interaction processes like

7”4 p—> A%+ KO, 1.1

Charge is conserved in this interaction (as it is in all known inter-
actions): the 7 meson is negatively charged, the proton is positively
charged, and the A particle and K 0 meson are both neutral. Strangeness,
another basic property of matter, is also conserved here (as it is in all
strong interactions): both particles on the left of the interaction have
strangeness zero, the A® particle has strangeness —1 and the K% meson
has strangeness +1.
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Many particles have corresponding antiparticles with different physical
properties. If a particle is positively charged, its antiparticle would be
negatively charged. If a particle has strangeness +1, its antiparticle would
have a strangeness —1. And so on. And a particle and its antiparticle would
typlcally destroy each other if they ever met. The K O meson’s antiparticle
is the K ¥ meson, which has no charge and has a strangeness — 1. A curious
thing about neutral X mesons (and there are many curious things about
these particles*) is that they are typically found to be in superpositions
of being K© mesons and being K° mesons at the same time. That is,
on the standard interpretation of quantum- mechamcal states, a neutral
K meson is typically not a K® meson, not a K9 meson, not both, and
not neither; rather, it is in a superposition of being both types of particle
simultaneously.?

One might represent the state where a neutral K meson is determinately
a KO particle as | K 0y and the state where it is determinately a K particle
as | K0). One might then represent the states of two other types of neutral
K mesons, Kg and K, as linear superpositions of determinate K 0 and
KO states:

0 0
IKs) = JZ(IK Y +1K%) (1.2)

and

0y, _ (50
K1) = ~/2(IK ) —1K7)). (1.3)

This is the same notation used above to represent a particle in a superpos-
ition of different x-spins—in fact, the mathematical representation of
neutral K meson states is exactly the same as the representation I shall
use for x-spin and z-spin states throughout the book. I shall discuss how
to represent physical states in quantum mechanics further in the next
chapter. For now all that matters is that one recognizes that |Ks) and
{KO 1) are different superpositions of a determinate K 0 and a determinate
K" state.

4 They are, for example, involved in interactions that suggest that time-reversal symmetry
and parity must be violated by our most basic physical laws.

5 A similar sort of superposition is quite common in relativistic quantum field theory.
Indeed, a field is often thought of as a superposition of different particle configurations, each
configuration containing a different number of fundamental particles in different positions.
When one observes the particle configuration, on the standard collapse story, the state
instantaneously evolves to one of the superposed configurations.
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Ks and K; mesons both decay via weak interactions, but in very dif-
ferent ways. K g mesons decay as follows:

KS—>7t++7r_orKS——>7t0+nO (1.4

and these processes occur in a time 75 ~ 0.9 x 100 sec. K7 mesons
decay as follows:

K; —» nam, K — mev, or Kf — muv (1.5)

and these processes occur in a time that is over 500 times as long as the
K¢ mesons, 77, & 518 x 10710 sec. So the K and K are empirically
distinguishable. Indeed, since the different types of K mesons have very
different physical properties, they really do seem to be fundamentally
different fundamental particles.

The state of a neutral K meson evolves even when the particle is left
alone. On the standard collapse theory, what happens is that a K© meson
would evolve to a neutral K meson in a superposition of being a K° meson
and being a K® meson, and in this state it has a nonzero probability of
collapsing to a K9 meson if we checked to see what sort of K meson it
is. Consequently, it is possible to start with a K® meson, then find it to
be its own antiparticle, a KY meson, when it is observed later. There is
a sense in which one might say that such a particle would not even have
an identity! Figure 1.5 shows the probability of observing a K 9 meson
at time ¢ if the state at time #o is K°. Time is represented in units of tg
(see Baym 1969: 42-3 for the explicit expression of the dynamics). Such
theoretical calculations agree well with the results of actual experiments.®

b
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FIG. 1.5 Probability of observing K at ¢ if the particle is K? at 7.

6 Recent experiments suggest that certain types of neutrinos may exhibit a similar sort
of oscillating behaviour (and consequently have a nonzero rest mass).
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1.4 The measurement problem

In order to account for the crazy wave-like behaviour of matter yet ensure
that we typically get determinate results to our measurements, the stand-
ard von Neumann—Dirac theory has two dynamical laws: (1) the linear
wave equation describes the time-evolution of all unobserved systems
and accounts for their wave-like behaviour’ and (2) the random collapse
dynamics describes what happens whenever an observation is made and
accounts for the fact that we always find systems to have determinate
properties whenever we observe them. If the standard theory is right, then
according to these laws, the crazy quantum-mechanical behaviour is not
restricted to microscopic systems—it is just restricted to unobserved sys-
tems. If the theory is right, then chairs are typically in superpositions of
different locations, cats are typically in superpositions of being alive and
dead, etc. as long as no one is watching. Of course, one can describe sit-
uations where the wave function associated with a macroscopic system is
as well-localized as one wants, but as John Bell once put it, one can also
describe situations where the wave function associated with such a system
is as spread-out as one does not want. This wave-like behaviour of even
macroscopic objects is counter-intuitive, but there is nothing inherently
wrong with a counter-intuitive theory—after all, given the odd behaviour
of matter, any empirically adequate formulation of quantum mechanics
will be at least to some extent counter-intuitive. Again, the quantum mea-
surement problem is not that quantum mechanics is counter-intuitive—it
is that the theory is at least ambiguous and perhaps logically inconsistent.

In the context of the standard theory, the measurement problem results
from the fact that the two dynamical laws are mutually incompatible.
Since the first is deterministic and continuous and the second is stochas-
tic and discontinuous, no physical system can be governed by both laws
simultaneously—indeed, as we shall see, the two laws would typically
lead to very different physical states. There is nothing wrong with a the-
ory having mutually incompatible dynamical laws as long as it also pro-
vides clear and disjoint conditions for when each correctly describes the

7 An operator on vectors is linear if and only if applying the operator to the sum of
two vectors yields the same result as applying it to each of the vectors individually, then
adding each of these results. The deterministic dynamics (the dynamics described by the
time-dependent Schrodinger wave equation) is linear because it can be represented by a
family of linear operators each of which takes the state of the system at an initial time to the
state of the system at some other time.
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evolution of a system, but this is where our loose talk of things behaving
one way when someone is looking and another way when no one is look-
ing catches up to us. The standard theory tells us that the deterministic
dynamics describes the evolution of a system unless it is measured, in
which case the random dynamics kicks in. But the theory does not tell
us what constitutes a measurement. One is left to one’s own intuitions
concerning what interactions ought to count as measurements. While it
turns out that one can typically use such intuitions to get good empir-
ical predictions from the theory, the fact that our intuitions concerning
what it takes for an interaction to count as a measurement are ultimately
vague means that quantum mechanics is at best ambiguous. Further, if one
supposes that measuring devices are ordinary physical systems just like
any other, constructed of fundamental particles interacting in their usual
deterministic way (and why wouldn’t they be?), then the standard theory
is logically inconsistent since no system can obey both the deterministic
and stochastic dynamical laws simultaneously. This is the measurement
problem.

The long and continued empirical success of the standard theory makes
it possible for most working physicists simply to ignore the measurement
problem. Indeed, perhaps the most popular position right now is that the
foundational problems of quantum mechanics were solved long ago, that
Niels Bohr showed that criticisms of quantum mechanics in general and
Albert Einstein’s criticisms in particular were naive and misguided, that
there was in fact nothing wrong with the theory. Bohr was so successful
in his defence of quantum mechanics that for many years criticism of
the theory was taken to imply incompetence.3 Recently, however, Bohr’s
position has lost some of its hold on the physics community. At the 1976
Nobel Conference Murray Gell-Mann lamented that

The fact that an adequate philosophical presentation [of quantum mechanics] has
been so long delayed is no doubt caused by the fact that Niels Bohr brainwashed

8 Jeremy Bernstein recounts an incident involving Robert Oppenheimer that illustrates
the degree of consensus eventually generated by Bohr: ‘I once saw Oppenheimer reduce a
young physicist nearly to tears by telling him a talk he was delivering on the quantum theory
of measurement at the Institute was of no interest, since all the problems had been solved
by Bohr and his associates two decades earlier’ (Bernstein 1991: 63). It is curious that Bohr
and his Copenhagen interpretation of quantum mechanics could have led to such consensus
when there is good reason to suppose that few physicists ever really understood what Bohr’s
position was. Indeed, it is difficult to find a single, unambiguous statement anywhere in
the literature of what the Copenhagen interpretation was. It was the von Neumann-Dirac
formulation that made it into the textbooks, and so this was presumably the formulation that
in fact held the allegiance of most physicists.
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a whole generation of theorists into thinking that the job was done fifty years ago.
(Gell-Mann 1979: 29)

And some years after winning the Nobel Prize, Willis Lamb wrote:

A discussion of the interpretation of quantum mechanics on any level beyond this
almost inevitably becomes rather vague. The major difficulty involves the concept
of ‘measurement’ ... I have taught graduate courses in quantum mechanics for
over 20 years at Columbia, Stanford, Oxford and Yale, and for almost all of
them have dealt with measurement in the following manner. On beginning the
lectures I told the students, ‘ You must first learn the rules of calculation in quantum
mechanics, and then I will tell you about the theory of measurement and discuss
the meaning of the subject.” Almost invariably, the time allotted to the course ran
out before I had to fulfill my promise. (1969; quoted in Wheeler and Zurek 1983,
pp- Xviii—xix)

Albert Einstein, Erwin Schrodinger, Eugene Wigner, David Bohm, John
Bell, and others have been influential over the years in arguing against
the standard formulation of quantum mechanics. Indeed, Bell apparently
shared many of Einstein’s intuitions concerning what a satisfactory ver-
sion of quantum mechanics would look like.

The problem again is not that the standard theory fails to make the
right empirical predictions. When supplemented with the right intuitions,
quantum mechanics makes remarkably accurate empirical predictions for
the sort of experiments that we in fact perform. And the problem is not
that the standard formulation of quantum mechanics is counter-intuitive
either. While it would be silly to seek a counter-intuitive theory for the
sake of novelty, we know that any empirically adequate theory must be
counter-intuitive in order to account for the quantum weirdness we rou-
tinely observe in small and well-isolated systems. Rather, the problem is
that the standard theory as it stands cannot be taken as providing a com-
plete and accurate description of the behaviour of the systems we observe
and the devices we use to make these observations.

This is where Hugh Everett III comes in. Everett’s proposal for solv-
ing the measurement problem was simply to drop the collapse dynamics
from the standard formulation of quantum mechanics, take the resulting
theory as providing a complete and accurate description of all physi-
cal processes without exception, then deduce the standard predictions
of quantum mechanics as subjective appearances to observers treated as

9 Bell argued that ‘Quantum Mechanics is, at best, incomplete’ (1987:26). See Belil
(1987: 81-92) for his own account of Einstein’s intuitions.
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systems within the revised theory (Everett 1973: 9-10, 1957a: 2, 1957b:
315). The first step of this proposal would clearly eliminate any possible
conflict between the two dynamical laws, and in this sense it would clearly
solve the measurement problem. But while Everett’s proposal may sound
relatively straightforward, it turns out that there is little consensus on the
details of how it was supposed to work. Indeed, there are probably few top-
ics in the history of twentieth-century physics that have engendered more
debate and confusion than Everett’s interpretation of quantum mechan-
ics.'0 Further, since it is the collapse dynamics that ensures that we end
up with determinate records at the end of a measurement in the standard
theory, if we drop the collapse dynamics, then we have to find a new
explanation for the determinateness of our experience.!!

I do not intend to give an exhaustive discussion of everything everyone
has said about how Everett ought to be interpreted. Rather, I shall describe
what Everett himself said in considerable detail, then focus on a few of
the more influential criticisms and reconstructions of his position and
compare and contrast some of the problems and virtues of each of these.
Throughout I shall try to provide ample evidence of what people have
actually said. If nothing else, I hope that this will help to sharpen the
various debates involving Everett’s relative-state theory by pointing out
some of the ambiguities that must be resolved before a sensible discussion
can even get started. But it would be nice if we could also gain some insight
into how one might solve the quantum measurement problem.

10 The mere mention of Everett’s interpretation in a group of physicists or philosophers
of science can invoke a long discussion filled with little agreement. As Abner Shimony
once complained, ‘I briefly mentioned [Everett’s interpretation] in my original lecture, and
then most of the discussion following the lecture was devoted to it. This is not the first time
I have observed a discussion of the Everett interpretation expanding to fill the available
vessel’ (Shimony 1986: 201).

11" As we shall see, when and whether a collapse occurs at least in principle has empirical
consequences. This means that the measurement problem is a problem even for those who
are instrumentalists with respect to quantum mechanics if they want a theory that provides
coherent empirical predictions in all physical situations describable in the language of the
theory.
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THE STANDARD FORMULATION OF
QUANTUM MECHANICS

HuGH EVERETT Il presented his relative-state formulation of quan-
tum mechanics as a new, more general and complete theory than the
standard von Neumann—Dirac theory, one that entailed the same sub-
jective appearances but avoided the measurement problem. In order to
understand what Everett might have had in mind, one must first under-
stand how the standard formulation of quantum mechanics works and the
problems it encounters.

2.1 The foundations of a new theory

Classical mechanics, the theory of motion described by Isaac Newton in
the 1600s, faced no serious empirical challenges for more than 200 years,
but in the late 1800s people began to notice phenomena that classical
mechanics could not explain. Rather than completely abandon classical
mechanics, physicists, led by Niels Bohr, began by developing rules of
thumb for when microscopic systems could be treated classically and
when they could not and rules of thumb for how to make empirical pre-
dictions when a system was not behaving classically. But it was not until
the mid-1920s that a truly systematic theory of quantum mechanics began
to be developed.

The first description of the basic principles of the new quantum mechan-
ics was given by Werner Heisenberg in 1925. In response to Bohr’s old
rules of thumb, Heisenberg argued: ‘It is better . . . to admit that the partial
agreement of the quantum rules with experiment is more or less acci-
dental, and try to develop a quantum theoretical mechanics, analogous
to the classical mechanics in which only relations between observable
quantities appear’ (Heisenberg 1925; trans. and quoted in Pais 1988:
253). Heisenberg’s theory came to be known as matrix mechanics, and
many of the details of the theory were filled in within the year by Werner
Heisenberg, Wolfgang Pauli, Max Born, E. P. Jordan, and P. A. M. Dirac.
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Schrodinger described an alternative approach for formulating a gen-
eral theory of quantum mechanics (Schrodinger 1926a). His theory was
based on de Broglie’s suggestion that the relationship between photons
(light-quanta) and electromagnetic wave phenomena that was postulated
to explain the photoelectric effect ought to be generalized to include all
material particles and that all particles should thus be expected to exhibit
wave-like properties. Schrodinger’s theory came to be known as wave
mechanics.

Schrodinger’s (1926b) paper containing the one-particle, nonrelativis-
tic, time-dependent wave equation was received for publication in June
1926. Schrodinger’s wave equation is:

ih%z/f(x, 1 =Hy@x, 1), .1

where { = ./—1,% = h/2m (where h is Planck’s constant), ¥ (x, ¢) is the
wave function, and H is the Hamiltonian of the system, which is deter-
mined by the system’s energy properties. This equation gives a dynamics
for the evolution of the wave function, which Schrodinger initially under-
stood as a matter-wave. This evolution is linear and perfectly determin-
istic: if one knows the initial wave function v (x, 0) and the Hamiltonian
H, then one can in principle predict what r(x, ¢) will be at any time in
the future or past.

Schrodinger thought that the wave function associated with an electron
somehow represented the mass distribution and charge density of the
electron. More generally, he thought that waves, rather than particles, were
the most basic constituents of matter. Along these lines, he thought that the
particle-like behaviour of matter could be accounted for by the motions of
narrow, coherent wave packets. Schrodinger convinced himself that this
was possible by considering the motion of the wave packet representing
an electron in a harmonic potential. Since he was able to show that the
wave packet did not disperse in a harmonic potential, he thought that this
explained the particle-like behaviour of electrons. Schrodinger believed
that the deterministic wave equation provided a complete and accurate
description of the time-evolution of all physical systems and that the
objects of quantum mechanics were no more mysterious than classical
waves (Pais 1988: 256).

But Schrodinger’s theory soon encountered problems. It was almost
immediately pointed out that the harmonic oscillator was the exception
rather than the rule and that the wave packet representing an electron
would typically disperse very quickly on Schrodinger’s deterministic
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dynamics. This, of course, undermined Schrodinger’s interpretation of
the wave function since it would presumably be impossible to derive
particle-like properties from spread-out waves. But it also suggested that
Schrodinger was wrong to claim that one can get by with a determinis-
tic formulation of quantum mechanics based solely on his deterministic
dynamics. His dynamics could not be universally valid since we do in fact
observe localized particles in situations where his dynamics alone would
typically predict spread-out waves.

Four days after Schrodinger’s June paper, a paper by Max Born was
received for publication (Born 19264). In this paper Born proposed keep-
ing Schrodinger’s mathematical formalism and his deterministic dynam-
ics (though now with a new role), but he wanted to drop Schrodinger’s
interpretation of the quantum-mechanical waves altogether. Rather than
being the fundamental objects that constitute the real world, Born took
Schrodinger’s waves to be descriptive of particles, which were then taken
to be fundamental. Born proposed that a particle’s wave function deter-
mines the probabilities of finding that particle at various positions if one
looks for it.! The idea was to interpret the wave intensity not as the dens-
ity of an actual distribution of matter as Schrodinger had wanted but as a
probability density for the presence of a particle.

Born’s next paper was received in July of the same year (Born 19265). In
this paper he notes that whenever the state of a system i can be expressed
as a sum of determinate states ¥, each with a determinate energy

v =3 cnn, 2.2)

then |c,, |2 represents the probability of the system being found to be in the
determinate energy state ¥r,. As is the case with position, then, quantum
mechanics typically does not describe a system as having a particular
determinate energy. Rather, it tells us what the probability is for finding a
system to have a particular energy. And when the state is written as a sum
of determinate energy states, then the probability of each state is given by
the norm-squared of the coefficient on the term describing the system as
determinately having that energy.

Born also suggested that his statistical interpretation of the wave func-
tion required a new dynamical law, that the deterministic wave equation

1 He added in a footnote that further thought had revealed that the probabilities were
actually proportional to the square of the wave function (Pais 1988: 256-7).
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provided only part of the quantum dynamics. Born explained that ‘the
motion of particles follows probability laws but the probability itself
propagates according to the law of causality’.? That is, while the state
transitions that accounted for the experimental results were acausal (inde-
terministic) processes about which one could only have probabilistic laws,
the evolution of these probabilities was correctly described by the causal
(deterministic) Schrodinger dynamics. This was perhaps the first explicit
suggestion that quantum mechanics required two dynamical laws.

The physical picture that Born ended up with, then, was one where
forces, by way of Schrodinger’s linear dynamics, determined the evo-
lution of probabilities, and where these probabilities in turn described
the random evolution of states.® He further explained that, unlike the
probabilities that arise in classical thermodynamics, the probabilities of
quantum mechanics were not simply a matter of our lack of knowledge,
but rather they were the result of fundamentally random, acausal pro-
cesses and consequently could not be eliminated from the theory (Pais
1988: 258). Heisenberg agreed and concluded that ‘quantum mechanics
establishes the final failure of causality’.*

Born did not say exactly how or when random state transitions occurred.
Indeed, he felt that there was an element of mystery as to what physical
events were involved in a state transition that made it difficult to talk about
and perhaps impossible to picture: ‘Whatever happens during the transi-
tion can hardly be described within the conceptual framework of Bohr’s
[old quantum theory], nay, probably in no language which lends itself to
Visualizability.’5 For his part, Bohr agreed and did his best to add to the
mystery. He explained that quantum mechanics requires one to renounce
‘the causal space-time co-ordination of atomic processes’.% Along these
lines, Bohr argued that since there are no absolute matters of fact about
such things (only ‘complementary descriptions’), one must for ever give
up the possibility of providing causal explanations for when, where, or

2 Born said: ‘Die Beweggung der Partikel folgt Wahrscheinlichkeitsgesetzen, die
Wahrscheinlichkeit selbst aber breitet sich im Einklang mit dem Kausalgesetz aus’ (Born
1926: 804).

3 “We free forces of their classical duty of determining directly the motion of particles
and allow them instead to determine the probability of states’ (quoted in Jammer 1974: 305).

4 Heisenberg (1927); trans. and repr. in Wheeler and Zurek (1983: 83). The word acausal
usually means indeterministic in these early quotations.

5 Quoted in JTammer (1974: 306).

6 Bohr’s Como fecture, 1927.
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why physical events occur at the atomic level. Instead of providing causal
descriptions of how physical systems evolve over time, he felt that the
proper function of a physical theory was to provide empirical predictions
for what one should expect to observe under classically specified experi-
mental conditions. And one can certainly see the appeal of trying to avoid
telling a detailed causal story here.

On what came to be known as the Copenhagen interpretation, quantum
mechanics had no responsibility to provide a fine-grained account of what
happens and why, so one is never put in the embarrassing position of trying
to explain why the usual deterministic evolution of the state is suspended
during the random state transitions. Rather, quantum mechanics is to be
judged by how well it serves as an algorithm for making empirical pre-
dictions in the context of experiments where the state of the measurement
apparatus can be described classically. In response to the complaint that
quantum mechanics did not seem to provide a complete description of
physical processes, Heisenberg said with confidence that ‘the presump-
tion that behind the perceived statistical world there still hides a “real”
world in which causality holds’ is ‘fruitless and senseless’ since ‘physics
ought to describe only the correlation of observations’ (Wheeler and Zurek
1983: 83).

Few physicists, however, could consistently resist the temptation of
thinking that quantum mechanics ought to provide a precise description
of the time-evolution of the complete physical state of a system under all
circumstances. What was sacrificed instead was the belief that a complete
description of a physical system would determine all of its classical prop-
erties. More specifically, the orthodox position became that the quantum-
mechanical state provided a complete and accurate physical description
of a system even though it typically did not determine the values of all
the classical physical quantities (quantities like position, momentum, and
energy). But having made this sacrifice, physicists were still interested in
saying precisely how the quantum-mechanical state evolved.

2.2 The collapse of the wave function

Einstein did not like Born’s formulation of quantum mechanics. Within
five months of the publication of the papers where Born described his
new statistical interpretation of the wave function, Einstein had rejected
it. Einstein told Born that his formulation of quantum mechanics was
‘certainly imposing . . . but an inner voice tells me that it is not yet the real
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thing” (Einstein 1926: 91). Born later reported that

Einstein’s verdict on quantum mechanics came as a hard blow to me. He rejected
it not for any definite reason, but rather referred to an ‘inner voice.’ ... [This rejec-
tion] was based on a basic difference of philosophical attitude, which separated
Einstein from the younger generation to which I felt that I belonged, although 1
was only a few years younger than Einstein. (Born 1971: 91)

At the 1927 Solvay Congress Einstein tried to explain what it was
that he did not like about quantum mechanics. He presented a thought
experiment where electrons are sent through an aperture, travel some dis-
tance, then hit a large semispherical sheet of photographic film (Fig. 2.1).
Because of the size of the aperture and the velocity of the particles,
Einstein argued that the de Broglie—Schrodinger wave associated with
each electron would be diffracted in such a way that it would hit more or
less the entire surface of the film simultaneously. And he considered two
ways that one might understand these waves: (I) one might suppose that
they describe a cloud of electrons spread through space, and that quan-
tum mechanics, consequently, does not describe individual processes but
only an ensemble of an infinity of elementary processes or (II) one might
suppose that quantum mechanics is meant to provide a complete descrip-
tion of the individual physical processes, where each electron is somehow
individually described by the wave packet, these waves diffract, then the
particle somehow ends up hitting a single point on the film even though
the wave itself strikes the entire surface of the screen.
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Einstein rejected (I) because he felt that it was incompatible with exper-
imental results,” but he did not like (II) either. On this view, the electron
goes from a spread-out state to a localized state instantaneously—the elec-
tron wave is spread across the screen at one instant and a moment later is
concentrated at a single point, the point where we find the electron. And
Einstein thought that this required a single elementary process to produce
an action at two or more places on the screen simultaneously, and this,
he thought, required one to postulate some mechanism for action at a
distance—a mechanism that would send all of the quantum-mechanical
wave amplitude to zero at all but one point simultaneously (Instituts
Solvay 1928: 255). Einstein believed that taking the wave function as
a complete and accurate description of the state of a single electron was
incompatible with relativity: ‘If one works solely with the Schrédinger
waves, interpretation (II) of | |2 implies, to my mind, a contradiction with
the postulate of relativity.’® I believe that this worry about the compati-
bility of quantum mechanics and relativity formed the basis for Einstein’s
lifelong mistrust of quantum mechanics. Most of his colleagues thought
that his worries about a potential conflict were unfounded, but as we
shall see, while the usual linear dynamics and the statistical predictions
of quantum mechanics can be made compatible with relativity, when one
tries to solve the measurement problem, one often ends up postulating an
auxiliary dynamical law that cannot.

Max Jammer has argued that in response to Einstein’s worries,
Heisenberg, Pauli, and Dirac took the position that the wave function
does not represent a course of events in space and time, but rather, rep-
resents our knowledge about such events (1974: 373). While I do not
entirely agree with this interpretation of the Solvay discussion,” there is
certainly a long tradition of interpreting the quantum-mechanical state as
representing our state of knowledge. The short story is that it does not
work, at least not in any straightforward way.

The longer story goes something like this. Suppose that, contrary to
the standard interpretation of states, a system S is as a matter of fact

7 Einstein mentioned the Geiger and Bothe experiments (Instituts Solvay 1928: 255).

8 Sil'on opere uniquement avec les ondes de Schrodinger, I’interpretation II de [y |2
implique a2 mon sens une contradiction avec le postulat de la relativité’ (Instituts Solvay
1928: 256).

9 See e.g. what Dirac says about the process of collapse; further, the interpretation of the
wave function that Jammer ascribes to Heisenberg, Pauli, and Dirac seems to be incompatible
with the principle of state completeness, which was something that I believe all three held
by this time.
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either in box A or in box B and that its quantum-mechanical state
1/4/2(|A)s +|B)s) simply represents our lack of knowledge as to which
box actually contains the system. In this case, when we find the system
in box A, the probability of it being in box B would go from 1/2 to 0, but
this would correspond to a change in the subjective beliefs of an observer
and not to any physical events at A or B since the system was in box A
all along. All physical events would be perfectly local on this story, and
there would be no contradiction with relativity. Consequently, this sort of
straightforward epistemic interpretation of the quantum-mechanical state
would be immune to Einstein’s criticism. But if the quantum-mechanical
state of S is 1/4/2(]A)s + |B)s), it cannot be that S is either determi-
nately in box A or determinately in box B. The reason is that a system in
a superposition of |A}s and | B} s has physical dispositions that are quite
different from those it would have in state |A)g or in state |B)g. Con-
sider an observable O that has 1/./2(]A}s + | B)s) as an eigenstate with
eigenvalue +1 and every orthogonal state as an eigenstate with eigenvalue
—1.1If S were in the state 1/,/2(JA)s + | B)s), then a measurement of O
would give the result 41 with certainty, but if S were in the state {A)g
or |B)g, then a measurement of O would give the result +1 with only
probability 1/2 (and it seems to me that there is good historical evidence
that Dirac and others knew very early on that the ignorance interpretation
of quantum-mechanical states did not work because it failed to explain
such interference effects).

After a short discussion of some of Einstein’s worries about relativity
by Pauli and Lorentz, Dirac offered a description of how he understood
quantum transitions and the measurement process:

This theory describes the state of the world at any given moment by a wave function
Y, which normally varies according to a causal law in such a way that its initial
value determines its value at any later moment. It may happen, however, that at a
given moment 71, 1 may be expanded into a series of the form ¢ = ), ¢, ¥, in
which the i are wave functions which cannot interfere with each other at times
later than #;. In this case, the state of the world at times later than #; will be
described not by ¥, but by one of the ¢,. One can say that nature chooses the
particular ¥, that is suitable, since the only information given by the theory is
that the probability that any one of the ¥, will be selected is |¢,|2. Once made,
the choice is irrevocable and will affect the entire future state of the world. The
value of n chosen by nature can be determined by experiment and the results of all
experiments are numbers that describe such choices of nature. (Instituts Solvay
1928: 262)
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Note that while Dirac seems to take the reduction of the wave packet
to be a physically real process, he does not say that the choice is made by
nature when a measurement is made. Rather, he says that nature irrevoc-
ably picks one of the components of the wave function to represent the
state of the world when the wave function’s components are no longer able
to interfere with each other. This condition foreshadows recent decoher-
ence formulations of quantum mechanics. I shall discuss precisely what
decoherence is, how it might be used to address the measurement problem,
and some of the problems with this approach later (Chapter 8), but even
here one might be a little puzzled by Dirac’s proposal. First, the condition
for when nature is supposed to make its irrevocable choice is unclear.
Dirac says that this choice occurs when the terms of the superposition are
no longer able to interfere with each other; but this never really happens—
there is always, at least in principle, some experiment that would detect
interference effects between terms. Secondly, Dirac’s proposal is ambigu-
ous concerning what sort of state nature chooses. Nature is supposed to
choose a particular term in some expansion of the wave function, but how
does nature decide which expansion to use? After all, there is a continuous
infinity of different expansions from which to choose the new state.

Heisenberg strongly disagreed with Dirac’s claim that nature chooses
the component of the wave function that will represent the state of the
world. In particular, he was puzzled about when nature was supposed to
make its choice. Heisenberg pointed out that one could, at least in princi-
ple, perform experiments where one sees interference effects lasting for
arbitrarily long times. So rather than nature, Heisenberg argued that it
must be the observer who makes the choice because it is only when an
observation is made that the choice becomes a physical reality and the
interference effects are destroyed (Instituts Solvay 1928: 264-5). But, of
course, if an observer could really choose which state his object system
collapsed to, then one would be able to perform experiments where an
observer would cause a system to violate the standard statistical predic-
tions of quantum mechanics (which would be remarkable indeed). So
when Heisenberg said that it was the observer who made the choice, he
must have meant that it was an observer’s act of observation that then
forced nature to make a particular choice. That is, the observer decides
when a collapse will occur and to what set of eigenstates by deciding when
to make a measurement and what observable to measure; it is then nature
that randomly and irrevocably chooses one eigenstate as actual from the
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set of eigenstates determined by the observer’s choice—a choice is made
by nature only in so far as the observer does not decide which eigenstate of
the observable being measured ends up providing a complete and accurate
description of the state of the system after the measurement.

By 1930 Dirac’s position had moved closer to Heisenberg’s in that he
now explicitly recognized the role of observation in the dynamics. Dirac
noted that while Schrodinger’s deterministic dynamics applies to almost
all interactions, ‘There are, however, two cases when we are in general
obliged to consider the disturbance as causing a change in the state of
the system, namely, when the disturbance is an observation and when it
consists in preparing the system so as to be in a given state’ (Dirac 1930:
9). In these cases, the time-evolution of the state is no longer correctly
described by the deterministic dynamics.

The introduction of indeterminacy into the results of observations, which we had
to make in our discussion of the photon, must now be extended to the general case.
When an observation is made on an atomic system that has been prepared ina given
way and is thus in a given state, the result will not in general be determinate; that
is, if the experiment is repeated several times under identical conditions, several
different results may be obtained. !0 (10)

His argument for the necessity of a different dynamics for observations
appeals to what it means for a system to be in a superposition: “When
a state is formed by the superposition of two other states, it will have
properties that are in a certain way intermediate between those of the two
original states and that approach more or less closely to those of either
of them according to the greater or less “weight” attached to this state in
the superposition process’ (8). It is the sense in which a superposition of
two states is intermediate between the two states that requires stochastic
indeterminacy in the results of measurements.

The indeterminacy in the results of observations is a necessary consequence of
the superposition relationships that quantum mechanics requires to exist between
the states. Suppose that we have two states A and B such that there exists an
observation which, when made on the system in state A, is certain to lead to one
particular result, and when made on the system in state B is certain not to lead to
this result. Two such states we call orthogonal. Suppose now that the observation
is made on the system in a state formed by a superposition of A and B. It is
impossible for the result still to be determinate (except in the special case when
the weight of A or B in the superposition process is zero). There must be a finite

10 Note that Dirac’s use of the term deferminare is very different from my use of the
same term throughout the text.
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probability p that the result, that was certain for state A, will now be obtained
and a finite probability 1 — p that it will not be obtained. By continuously varying
the relative weights in the superposition process we can get a continuous range of
states, extending from pure A to pure B, for which the probability of the result,
that was certain for state A, being obtained varies continuously from unity to
zero. (10)

Dirac also recognized that, because of the repeatability of measurement
results, the result of a measurement must determine the state of a system
after the measurement.

Consider an observation, consisting of the measurement of an observable «, to
be made on a system in the state 1. The state of the system after the observation
must be an eigenstate of «, since the result of a measurement of « for this state
must be a certainty. (Dirac 1930: 49)

So the probability of a given result being obtained when an observation
is made on a system in a given state must be the probability of the state
of the system collapsing to the corresponding eigenstate over the course
of the observation.

Dirac’s main argument for the collapse dynamics then went as follows:
If the quantum-mechanical state of a system is not an eigenstate of the
physical quantity we intend to measure, then Born’s statistical interpreta-
tion tells us that we can only know what the probabilities are of it being
found to have a particular value. But if we make the measurement and
find out what the value of the physical quantity is, then, since we now
know what the value is and since we can repeat the measurement to see
that we do indeed know what the value is, the system must now be in
a state that describes it as having that value with probability one. But
according to Born’s statistical interpretation, there is only one state that
has this property, and it is the eigenstate of the observable that corresponds
to the result we got. Schrodinger’s dynamics, however, will typically not
predict anything even close to this as the post-measurement state. So the
evolution of the system must in fact violate Schrodinger’s dynamics by
randomly jumping to an eigenstate of the observable we are measuring.

Suppose that we build an x-spin measuring device M so that when
a system S starts in a determinately x-spin up state and M starts in a
ready-to-make-a-measurement state, the x-spin of § is undisturbed and
M ends up reporting that the measurement result was up and that when
S starts in an x-spin down eigenstate and M starts in a ready-to-make-a-
measurement state, the x-spin of S is undisturbed and M ends up reporting
that the measurement result was down (Fig. 2.2). That is, suppose that M
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has the following two dispositions:

(1) |ready)p|T)s —> lup)mlt)s

and

(2) [ready)pr|})s —> |down)pr[)s.

Now suppose that M measures the x-spin of S when it is initially in
an eigenstate of z-spin, which is a superposition of x-spin up and x-spin
down states, and suppose that the interaction between the two systems is
described by the linear dynamics. The composite system M + S would
begin in the state

Iready) s 1//2(11)s + 1)) = 1/5/2(Iready) | 1) s + [ready) s i) s)-

2.3)
Since the usual Schrodinger dynamics is linear and since our measuring
device has dispositions (1) and (2) above, the composite system will evolve
to the state

1//2(lupym1t)s + [down) 1) s), 24

which is a superposition of M recording x-spin up and S being x-spin
up and M recording x-spin down and S being x-spin down (because the
dynamics is linear, one can figure out what happens to each term of the
initial linear superposition individually, then take the linear superposi-
tion of these as the final state). The problem is that if one takes this to
be a complete and accurate description of the post-measurement state,
then one cannot say that M recorded a determinate result; or more pre-
cisely, one cannot say that M recorded up and one cannot say that M
recorded down. In order to take the quantum-mechanical state as com-
plete and accurate and to account for the repeatability of measurements,
one must suppose that the post-measurement state is either |up)a|1)s
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or [down)s|J)s, which are each incompatible with the linear dynam-
ics. Thus, we need a new dynamical law for measurement processes, and
the collapse dynamics described by Dirac is simple and compatible with
Born’s statistical interpretation of the wave function. It is our determinate
experience of one result or the other that tells us that (2.4) cannot be the
complete post-measurement state.

Dirac continued to argue for the collapse dynamics in later editions
of his book. In the 1957 edition he argued that the standard eigenvalue—
eigenstate link together with ‘physical continuity’ entailed the collapse
postulate. The eigenvalue—eigenstate link, which provides a way of under-
standing the relationship between Born’s statistical interpretation and the
doctrine of wave-function completeness, says that

If the dynamical system is in an eigenstate of a real dynamical variable &, belong-
ing to the eigenvalue &', then a measurement of & will certainly give as a result
the number £'. Conversely, if the system is in a state such that a measurement of
a real dynamical variable & is certain to give one particular result ... then the
state is an eigenstate of & and the result of the measurement is the eigenvalue of
& to which this eigenstate belongs. (Dirac 1958: 35)

And from this Dirac argued that there must be a collapse of the state on
measurement:

When we measure a real dynarmical variable &, the disturbance involved in the
act of measurement causes a jump in the state of the dynamical system. From
physical continuity, if we make a second measurement of the same dynamical
variable £ immediately after the first, the result of the second measurement must
be the same as the first. Thus after the first measurement has been made, there is
no indeterminacy in the result of the second. Hence after the first measurement is
made, the system is in an eigenstate of the dynamical variable &, the eigenvalue
it belongs to being equal to the result of the first measurement. This conclusion
must still hold if the second measurement is not actually made. In this way we
see that a measurement always causes the system to jump into an eigenstate of the
dynamical variable that is being measured, the eigenvalue this eigenstate belongs
to being equal to the result of the measurement. (1958: 36)

And thus we have the standard interpretation of states and the collapse
dynamics.

2.3 Von Neumann’s formulation of quantum mechanics

Von Neumann said that the object of his book Mathematical Foun-
dations of Quantum Mechanics (1932) was to present a unified and
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mathematically rigorous formulation of the new quantum mechanics (von
Neumann 1955, p. vii). While von Neumann took Dirac’s formulation of
quantum mechanics to be the best so far, he was critical of the math-
ematics. He complained that Dirac’s formulation of quantum mechanics
‘in no way satisfies the requirements of mathematical rigor—not even if
these are reduced in a natural and proper fashion to the extent common
elsewhere in theoretical physics’ (p. ix). The problem was that in order
to represent continuous physical quantities like position Dirac had intro-
duced ‘improper’ functions to represent states where a system determin-
ately had a particular value for the quantity. The probability distribution
of a particle in an eigenstate of being at position a, for example, was
represented by a function §(a — x) that was supposed to be zero for all
x # a and yet integrate to one. Von Neumann noted that there were no
such functions. He said that he would have no objection if such concepts
could be shown to be intrinsically necessary for quantum mechanics, but
he believed that quantum mechanics did not need bad mathematics.

In order to get a clear mathematical formulation of quantum mechanics,
von Neumann needed some way of describing interactions between phys-
ical systems, including the interaction between a measuring device and
its object system. Consequently, he provided one of the first clear state-
ments of the quantum measurement problem and one of the first attempts
to solve it—or, perhaps better, to argue that it was not a real problem.

Before discussing what von Neumann had to say about measurement,
however, I shall consider his description of the standard collapse theory
and how it should be interpreted.

2.3.1 The standard theory

The first thing that von Neumann does in his presentation of quantum
mechanics is to describe the Hilbert-space formalism (see Appendix A for
a summary of his description). He then discusses two general approaches
for using the mathematical formalism to represent quantum-mechanical
states and the dynamics.

On the Heisenberg picture the physical state is represented by a constant
vector in an appropriate Hilbert space. Which space is appropriate depends
on what physical quantities one is interested in representing. Observable
properties are represented by Hermitian operators on the space that evolve
over time. I shall describe the Heisenberg picture in more detail later
(Chapter 8).

On the Schrodinger picture, the picture I shall use most of the time,
the quantum-mechanical state of a system is represented by a unit-length
vector in Hilbert space. Again, just as on the Heisenberg picture, the space
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one chooses will depend on what physical quantities one is interested in
representing. But here, the state vector evolves according to the usual
linear dynamics, which, if one is interested in position, is just the time-
dependent Schrodinger equation (2.1). If His time-independent, then the
solution of this differential equation is

$) = e i O Hy () 2.5)

where the operator UL BN unitary (von Neumann 1955: 208).11
Since the vectors representing physical states are unit-length and since
multiplying these by a constant has no physical meaning in the represen-
tation, one might picture the deterministic dynamics by imagining a point
moving on a unit hemisphere in a continuous and perfectly deterministic
way (a hemisphere because v represents the same physical state as —r).

Each physical quantity that one might observe corresponds to a Hermit-
ian operator on an appropriate Hilbert space (von Neumann 1955: 200).
If a system S is in the state ¥ and if ¥ is an eigenstate of the observable
O with eigenvalue A (that is, if Oy = Ay), then if one measures O of
S, then one is guaranteed to get the result A. This tells us how to predict
the result of a measurement whenever a system is in an eigenstate of the
observable being measured. In general, however, a system will not be
in an eigenstate of the observable being measured, so we need to know
what happens when a measurement is made in these situations. In order
to explain the role that measurement plays in the theory, von Neumann
discussed his commitment to Born’s rule, state completeness, and the
fundamentally acausal nature of quantum mechanics.

Von Neumann was committed to Born’s rule for the simple reason that it
made the right statistical predictions. Born’s rule says that the probability
of a measurement of the physical observable O yielding the result A when
the system is initially in the state ¥ is equal to | (¢ ]) |2, where ¢ is a unit-
length eigenvector of O corresponding to the eigenvalue A (von Neumann
1955: 216-17). Von Neumann was also committed to the principle of
state completeness: everything that is in fact true of a physical system is
determined by the element of Hilbert space that represents the system’s
state (196—7). And as Dirac had already argued, Born’s rule together with
the principle of state completeness requires one to accept the standard

1T A unitary operator is a linear operator that will keep the sum of the quantum prob-
abilities represented by the state equal to one. Here it has the effect of simply rotating the
state vector.
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eigenvalue—eigenstate link: a physical system has a particular physical
property if and only if it is in an eigenstate of having that property.

It is this eigenvalue—eigenstate link that provides the standard interpret-
ation of states. On the standard interpretation of states, a system only
determinately has a property if it is in an eigenstate of having that property.
It is not that it either has or does not have the property and that we just
do not know which, but rather a system that fails to be in an eigenstate of
having a particular property or an eigenstate of not having the property is
in a superposition of having and not having the property, and so it does
not determinately have the property, does not determinately not have the
property, does not determinately both have and not have the property, and
does not determinately neither have nor not have the property.

Since Born’s rule makes the right statistical predictions, one would
naturally want a formulation of quantum mechanics that accommodates
this rule. But if one accepts Born’s rule, then it seems that the only way to
avoid the standard interpretation of states is to deny the principle of state
completeness. So just how strongly was von Neumann committed to state
completeness?

While von Neumann assumed for the purposes of his work that every-
thing that can be said about the state of a physical system must be derived
from the vector that represents its state, contrary to popular wisdom he
did not believe that the standard quantum-mechanical state was necessar-
ily complete. Rather, he thought that the principle of state completeness,
the standard interpretation of states, and the acausal nature of quantum
mechanics might ultimately prove to be provisional features of quantum
mechanics. On the other hand, he also thought that sacrificing the principle
of state completeness (and thus the standard interpretation of states) or
demanding a deterministic theory would require a radical change in quan-
tum mechanics, one that no one knew how to make.

Von Neumann seriously considered the possibility that the stochastic
nature of quantum mechanics might be explained by appealing to a more
fundamental or complete description of the world (as Einstein, for one,
had argued). On this approach, one would deny state completeness and
claim that

In reality, [the element of Hilbert space] ¢ does not determine the state exactly.
In order to know this state absolutely, additional numerical data are necessary.
That is, the system has other characteristics or coordinates in addition to ¢. If we
were to know all of these then we could give the values of all physical quantities
exactly and with certainty. (von Neumann 1955: 209)
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The hypothetical additional data that are to be added to the standard state
description to make it complete are customarily called hidden parameters
or hidden variables.

Whether or not an explanation of this type, by means of hidden parameters, is
possible for quantum mechanics is a much discussed question. The view that it will
sometime be answered in the affirmative has at present prominent representatives.
If it were correct, it would brand the present form of the theory as provisional,
since the description of states would then be incomplete. (209-10)

And he concluded that ‘an introduction of hidden parameters is certainly
not possible without a basic change in the present theory’ (210), and, later
in his book, he gave his famous argument against hidden-variable theories
(313-25). But again, even here von Neumann rejected the hidden-variable
approach to quantum mechanics not because he had shown that no such
theory was possible, but rather because he had shown that it would require
a very different sort of theory from the sort that physicists were currently
considering.!?

Much of the debate in the late 1920s concerning quantum mechanics
was focused on whether or not it was possible to formulate an empirically
adequate theory that satisfied the principle of sufficient cause (that was
deterministic), but this debate was intimately connected to the question
of how to interpret states. If one is committed to the principle of state
completeness, then the probabilities that occur in quantum mechanics
cannot be the result of our lack of information; rather, as von Neumann
put it, these probabilities must result from the fact that nature itself has
disregarded the principle of sufficient cause. If S] and S, are in the same
physical state, then they must have the same physical properties, so there
can be no reason (or cause) for one system behaving one way and the
other system behaving another way, but quantum mechanics tells us (and
our experience agrees) that such systems might in fact behave differently
even if they are in exactly the same quantum-mechanical state (an x-spin

12 Von Neumann allowed for the possibility that there was ‘a more precise analysis of
quantum mechanics’ that would enable us to introduce hidden variables to explain the stat-
istical properties of our observations, but for the time being, he said, ‘we shall abandon
this type of explanation’ and ‘admit as a fact that those natural laws that govern the ele-
mentary processes . ..are of a statistical nature’ (210). And he attributed this proposal to
Born. “This concept of quantum mechanics, which accepts its statistical nature in the actual
form of the laws of nature, and which abandons the principle of causality, is the so called
statistical interpretation. It is due to M. Born [1926] and is the only consistently enforceable
interpretation of quantum mechanics today’ (210).
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measurement of a system in an eigenstate of z-spin can result in either x-
spin up or x-spin down). Von Neumann noted that if one believed that two
such systems might react differently when one measured some physical
quantity, then one would typically have good reason to deny that they
really were initially in the same state. He none the less argued that, while
one might at first be sceptical, certain difficulties in quantum mechanics
‘permit no other way out’ but to deny that the laws of nature are causal (von
Neumann 1955: 302-3): that is, we should take the quantum-mechanical
state as complete and then deny that there is any physical cause for the
difference in the behaviour of such systems.

But again, von Neumann’s position was not as dogmatic as this sounds.
While he argued that ‘the only formal theory existing at the present time
which orders and summarizes our experiences in this area [microscopic
physics] in a half-way satisfactory manner, i.e. quantum mechanics, is
in compelling logical contradiction with causality’ (von Neumann 1955:
327), he also held that quantum mechanics was incomplete and perhaps
even false:

Of course it would be an exaggeration to maintain that causality has hence been
done away with: quantum mechanics has, in its present form, several serious
lacunae, and it may even be that it is false, although this later possibility is highly
unlikely, in the face of its startling capacity in the qualitative explanation of general
problems, and in the quantitative calculation of special ones. In spite of the fact
that quantum mechanics agrees well with experiment, and that it has opened up
for us a qualitatively new side of the world, one can never say of the theory that it
has been proved by experience, but only that it is the best known summarization
of experience. However, mindful of such precautions, we may still say that there
is at present no occasion and no reason to speak of causality in nature—because
no experiment indicates its presence, since the macroscopic are unsuitable in
principle, and the only known theory which is compatible with our experience
relative to elementary processes, quantum mechanics, contradicts it. (327-8)

While causality is an ‘age-old way of thinking of all mankind’, it is not a
logical necessity, and von Neumann did not believe that it was reasonable
to sacrifice a physical theory that made such good empirical predictions for
its sake (328). While he granted that quantum mechanics was a troubled
theory, since there was nothing better to put in its place, and since any
change that would make it more intuitive would require a very different
theory, he considered his job to be to try to make sense of the theory that
the physicists had developed so far.

Given his commitment to state completeness and the standard inter-
pretation of states, von Neumann concluded that ‘if the system is initially
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found in a state in which the values of R cannot be predicted with certainty,
then this state is transformed by a measurement M of R. . . to another state:
namely one in which the value of R is uniquely determined’. That is,
sometime during a measurement, the state of the system being measured
must instantaneously, randomly, and nonlinearly jump to an eigenstate of
the observable being measured. And the Born rule requires the probability
that a system initially in the state ¥ will end up in the eigenstate ¢, to be
[{1|¢n)|*. This, finally, was von Neumann’s description of what happens
during a measurement.!3 He concluded then that ‘We therefore have two
fundamentally different types of interventions which can occur to a sys-
tem S ... First the arbitrary changes by measurements’, where the state
1 evolves discontinuously, randomly, and nonlinearly to an eigenstate of
the observable being measured ¢, with probability [{1/|¢,) |2. ‘Second,
the automatic changes which occur with the passage of time’, where the
state ¥ (#p) evolves continuously and deterministically as described by
the time-dependent Schrodinger equation to the state U (¢ — #p)v (1g) at
time ¢. Von Neumann called these Process 1 and Process 2, respectively.

Having two dynamical laws, however, poses a problem for the theory,
which von Neumann himself immediately recognized. Since the linear
Schrodinger equation (Process 2) allows one to describe the interaction
between two systems if one knows their initial states and the Hamiltonian
H., it alone should be sufficient to describe the interaction between a mea-
suring device and the system being measured. Indeed, what else could a
measurement be other than an ordinary interaction between two physical
systems? As von Neumann confessed, ‘one should expect that [Process 2]
would suffice to describe the intervention caused by a measurement:
Indeed, a physical intervention can be nothing else than the temporary
insertion of a certain energy coupling into the observed system, i.e., the
introduction of an appropriate time dependency of H (prescribed by the
observer)’ (1955: 352). And he concluded that

We have then answered the question as to what happens in the measurement of a
quantity R, under the above assumptions for its operator R. To be sure the ‘how’
remains unexplained for the present. This discontinuous transition from 4 into
one of the states ¢1, ¢2, ... ... is certainly not of the type described by the time

13 Like Dirac, von Neumann took the repeatability of measurements to have provided
the best empirical evidence for the random collapse of the state on measurement.

14 The U (t — tg) is a family of linear (unitary), time-evolution operators that represent
how the quantum-mechanical state evolves under the time-dependent Schrddinger equation.
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dependent Schrodinger equation. The latter always results in a continuous change
of v, in which the final result is uniquely determined and dependent on . (217)

2.3.2 A summary of the theory

Setting aside the question of precisely how and when collapses occur,
we now have most of quantum mechanics on the Schrodinger picture.
Together with a rule for how to represent the states of composite systems
and independent properties, the principles of the theory are as follows:

1. Representation of states. The state of a physical system S is repre-
sented by an element {y) g of unit length in a Hilbert space H.

2. Representation of observables. Every physical observable O is rep-
resented by a Hermitian operator O on the Hilbert space, and every
Hermitian operator on the Hilbert space corresponds to some complete
observable.

3. Interpretation of states. A system S has a determinate value for
observable O if and only if it is in an eigenstate of O: that is, S has a
determinate value for O if and only if O|¥)g = Aly)s, where O is the
Hermitian operator corresponding to O, |¢)g is the vector representing
the state of S, and the eigenvalue A is a real number. In this case, one
would with certainty get the result A if one measured O of S.

4. Laws of motion

I. Linear dynamics. If no measurement is made of a physical sys-
tem, it will evolve in a deterministic, linear way: if the state of § is
given by | (f9))s at time fg, then its state at a time #; will be given by
U (to, tD1¥ (t0)) s, where U (t9, t1) is a unitary operator on H that depends
on the energy properties of S.

II. Nonlinear collapse dynamics. If a measurement is made of the sys-
tem S, it will instantaneously and nonlinearly jump to an eigenstate of
the observable being measured (a state where the system has a determi-
nate value of the property being measured). If the initial state is given
by |¢)s and [x)s is an eigenstate of O, then the probability of § col-
lapsing to |x)s is equal to |{y] )()]2 (the magnitude of the projection of
the pre-measurement state onto the eigenstate). That is, if a measurement
is made, then the system instantaneously and randomly jumps from the
initial superposition to an eigenstate of the observable being measured:

¥ =" clvn) — [¥)), (2.6)
k

where |c; |2 is the probability of ending up in the eigenstate |y i)
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5. Composition rule. If system S is represented by an element |¢) of
H; and §; by an element |) of >, then the composite system Sy + S
is represented by an element |¢) & |¥) (which I will usually write as just
@Y}y of Hi & Hy (the direct-product space). Similarly, if property Py
of system S is represented by an element |¢) of H and an independent
(quantum-mechanically compatible) property P, of S by an element |¢/)
of H,, then both properties can be simultaneously represented by an
element |¢) ® |¥) of H; ® Hj. A collapse of the state of a composite
system selects one term in the superposition of product states that contain
the eigenstates of the observable being measured (and the examples below
should help to make it clear what this means).

2.4 How the theory works

The standard theory makes very accurate empirical predictions and goes
a considerable way in explaining the quantum phenomena we see in the
laboratory. In order to see how the theory works, we will consider the spin
properties of spin-% particles again.

The Hilbert space one uses to represent the state of a system is typically
complex-valued and can be infinite-dimensional, but if one is interested
in only its x-spin and z-spin properties, then the spin state of an elec-
tron can be represented by a unit-length vector in ordinary 2-dimensional
Euclidean space (if one were also interested in the y-spin of the electron,
then one would have to represent its state in c?).

An electron, like any other system, determinately has a property if and
only if it is in an eigenstate of having that property. There are two x-spin
eigenstates |1,) and ||} (corresponding to the electron determinately
being x-spin up and determinately being x-spin down) and two z-spin
eigenstates |1,) and |{,) (corresponding to the electron determinately
being z-spin up and determinately being z-spin down). One can account
for the experimental results if one represents these eigenstates by the
following vectors:

(1 (0 YN (12
[tx) = (0) Nx)= (1) (17} = (1/\/2), Nz = (_1/\/2)- 2.7

It follows that the x-spin eigenstates are superpositions of z-spin eigen-
states and that z-spin eigenstates are superpositions of x-spin eigenstates:

[Ty = 1//2(11) + 1) (2.8)
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W) =1/4/2(1) = 1) 2.9)
(1) =1/4/2(11) + ) (2.10)
o) = 1/V201%) = Ha)- 2.11)

Given the choice of how to represent the spin eigenstates, one might
represent the x-spin operator as

10
= . 2.12
Ox (0 _ 1) ( )
HoxlY)s = AlY)s, thenif A = 1, then P is determinately x-spin up, and
if . = —1, then P is determinately x-spin down.
One might similarly represent the z-spin operator as
01
= . 2.13
Oz (1 0) ( )
And if oy ¢r)s = AlY)s, then if A = 1, then P is determinately z-spin
up, and if A = —1, then P is determinately z-spin down.

Now, suppose we measure the x-spin of an electron P initially in
the state [1,). Since it is not in an eigenstate of x-spin, according to
the standard interpretation of states, P does not even have a determin-
ate x-spin to be measured. In order to get a determinate x-spin, P
instantaneously, randomly, and nonlinearly jumps into an eigenstate of
x-spin. The collapse dynamics tells us that the probability of jumping
to [1,) is I(TZMX)[z = 1/2 and the probability of jumping to |{,) is
K1, 1) |2 = 1/2. This explains why about half of the electrons that start
in a z-spin up eigenstate are found to be x-spin up and about half are found
to be x-spin down. It also explains why one will get the same x-spin result
if a second x-spin measurement is made: while the electron does not begin
with a determinate x-spin, the first measurement would give it a deter-
minate x-spin, and it would have this x-spin until it is disturbed or until
a measurement incompatible with x-spin (like a z-spin measurement) is
made.>

Suppose we get x-spin down as the measurement result, then decide to
measure the z-spin of the electron. Since the electron is no longer in an

15 1 am assuming throughout that spin properties are a constant of motion. Whether
or not this is the case in a particular physical situation depends on the Hamiltonian that
describes the interaction between the spin—l particle and its environment. There are, of
course, Hamiltonians that would cause the spin state of the particle to evolve in interesting
ways.
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eigenstate state of z-spin, the collapse dynamics tells us that the electron
will randomly jump into an eigenstate of z-spin and that the probability
of jumping to |1,) is |{ x[TZ)lz = 1/2 and the probability of jumping to
o is a2 = 1/2,

Note that the x-spin measurement causes the electron to jump to an
eigenstate of x-spin, which is a state where it has no determinate z-spin,
and a subsequent z-spin measurement causes the electron to jump back
to a state where it has a determinate z-spin, but since these jumps are
random, it may not end up in the z-spin eigenstate in which it started. The
collapse dynamics then explains how a z-spin measurement makes the
result of a subsequent x-spin measurement entirely uncertain regardless
of how careful one is not to disturb the system.

In the two-path interference experiment described earlier (in Sec-
tion 1.2), the initial state of the z-spin up electron at location S might
be written as

112) = 1/v2(11x)p + ) P)IS) P (2.14)

If the x-spin sorter would send an x-spin up electron along path A and an
x-spin down electron along path B, then it would send a z-spin up along
a superposition of the two paths. More specifically, after passing through
the x-spin sorter, the state of the electron will be a superposition of it
being x-spin up and on path A and it being x-spin down and on path B,
and one might write this state as

1//2(11:)p1A) P + [V x)PIB) P). (2.15)

This is a state where the electron’s spin properties and position properties
are entangled and where it consequently fails to have any determinate pure
spin or pure position properties (according to the standard interpretation of
states). If one does not look for the electron on either path, then the linear
dynamics will continue to describe the time-evolution of its state. If the
state of the electron were [1,)p|A) p, then it would evolve to [1,) p|]) p;
and if its state were || ,)s|B)p, then it would evolve to [} ,)p|/}p (in
the same time since the experiment is set up so that the two paths are the
same length). It follows, then, from the linearity of the dynamics that the
above superposition would evolve to

/200 P P+ xd P p). (2.16)

The position of P is no longer entangled with its spin, which we can
represent by writing this state as

/20 p + ) p, (2.17)
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which is just another way of saying that the electron is now determinately
at position I and again is determinately z-spin up (and we have explained
the interference statistics!).

If, however, we look for the electron while it is in the entangled super-
position above, then the collapse dynamics kicks in, and it will jump to an
eigenstate of position, which will also put it in the corresponding eigen-
state of x-spin. If we look at path B, for example, then either it will or
will not be found on that path. The probability of the state collapsing
to [1,)p|A)p (in which case we would not see it on path B) is 1/2 and
the probability of the state collapsing to || ) p|B)p (in which case we
would see it on path B) is also 1/2. But, in either case, the result of a
subsequent z-spin measurement would be completely random. The fact
that observing path B causes the electron to collapse to an eigenstate of
position even if it is not found on path B explains why looking for the
electron can affect its behaviour even when one fails to find the electron
(and we have explained the A-or-B statistics!).

It is important to note the role played by the collapse postulate here:
(1) it is the collapse of the state onto an eigenstate of the observable that
we are measuring that explains why we get a determinate result to the
measurement, (2) it is also what explains why we get the same result
if we repeat the measurement without disturbing the system, and (3) the
collapse dynamics is essential to the standard explanation of the statistical
properties of our experimental results. And remember: Everett wants to
drop the collapse dynamics from the standard theory and deduce exactly
the same results as subjective appearances!

2.5 Two discontents

In spite of its remarkable empirical successes, Einstein continued to argue
against quantum mechanics. He did not like the claim that the quantum-
mechanical state was complete, nor did he like the special acausal role
that measurement was supposed to play in the theory. He took the col-
lapse dynamics to be an artefact of an incorrect understanding of the
quantum-mechanical state, and he was worried about its compatibility
with relativity.

In 1935 Albert Einstein, Boris Podolsky, and Nathan Rosen (EPR)
argued that the quantum-mechanical description of physical reality could
not be considered to be complete. While the worry was essentially the
same as that expressed by Einstein at the 1927 Solvay Congress, the argu-
ment was more sophisticated and careful. The basic argument was that
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since one can without in any way disturbing the state of a system (assuming
that all disturbances are local) predict with certainty the value of a phys-
ical quantity that is not determined by the (pre-measurement) quantum-
mechanical state, the quantum-mechanical state must be an incomplete
description of the physical properties of the system.

Consider two particles, one at location A and one at location B, in an
entangled spin state 1/3/2(1 tx)al Ix)p = | lx)al tx)p) (Fig. 2.3). If
one measures the x-spin of the particle at A, then one can predict with
certainty the result of an immediately subsequent x-spin measurement
of the particle at B (it will be exactly the opposite of the result at A).
But if the value of a physical quantity can be predicted with certainty
without the system being disturbed, then EPR held that there must exist
an element of physical reality corresponding to that physical quantity. It
is the existence of this element of reality that explains how we are able
to predict the result of the second measurement with certainty. If one
assumes that all physical interactions are local (something that Einstein
seems to have associated with the correctness of relativity), then one’s
measurement at A could in no way have disturbed the state of the particle
at B, so there must have been an objectively real, determinate value for
the x-spin of B all along, even before our measurement of A. But the
x-spin of B is not determined by the initial quantum-mechanical state
description of the two-particle system—indeed, the entangled spin state
is perfectly symmetric with respect to both possible x-spin results at B.
Consequently, there must exist elements of physical reality that are not
specified by the standard quantum-mechanical description, which means
that it provides only an incomplete description of the real physical world
(or quantum mechanics is nonlocal and thus, on Einstein’s view, somehow
incompatible with relativity).16

16 The original EPR paper is reprinted in Wheeler and Zurek (1983: 138-41).
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Schrodinger was also unhappy with the standard formulation of quan-
tum mechanics. In light of Born’s statistical interpretation of the wave
function and the associated collapse dynamics, he even came to regret his
role in the development of the theory: after debating the acausal nature
of quantum mechanics with Bohr, Schrodinger exclaimed: ‘If one has to
stick to this damned quantum jumping, then I regret having ever been
involved in this thing’ (Jammer 1974: 344, ref. 4; Pais 1988: 261). The
1935 EPR paper motivated Schrodinger to write a response describing the
contemporary situation in quantum mechanics. He presented his paper as
a confession.!”

According to the standard theory of quantum mechanics, Schrodinger
explained, the quantum-mechanical state describes the type and degree
of the ‘blurring’ of physical properties. While one might not worry about
this indeterminacy of physical properties ‘so long as the blurring is con-
fined to atomic scale’, where we cannot observe exactly what is happening
anyway, Schrodinger proceeded to show why quantum microscopic inde-
terminacy must end up generating macroscopic indeterminacy via the
linear dynamics (Wheeler and Zurek 1983: 156). This is the point of his
famous cat experiment:

One can even set up quite ridiculous cases. A cat is penned up in a steel box,
along with the following diabolical device (which must be secured against direct
interference by the cat): in a Geiger counter there is a tiny bit of radioactive
substance, so small, that perhaps in the course of one hour one of the atoms
decays, but also, with equal probability, perhaps none; if it happens, the counter
tube discharges and through a relay releases a hammer which shatters a small
flask of hydrocyanic acid. If one has left this entire system to itself for an hour,
one would say that the cat still lives if meanwhile no atom has decayed. The
first atomic decay would have poisoned it. The r-function would express this by
having in it the living and the dead cat (pardon the expression) mixed or smeared
out in equal parts. (157)

It is not the blurred model of reality itself that led Schrodinger to con-
clude that quantum mechanics cannot be taken as an accurate descrip-
tion of the physical world. He believed that there was nothing inherently
unclear or contradictory about such a model, especially if it is applied
to microscopic events alone. But since microscopic indeterminacy will
invariably infect macroscopic properties and since macroscopic proper-
ties always appear to us to be perfectly determinate, quantum mechanics

17 Schrodinger’s 1935 paper is translated and reprinted in Wheeler and Zurek (1983:
152-67.
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must somehow resolve the macroscopic indeterminacy in order to account
Jor our determinate experience, and it was the resolution of macroscopic
indeterminacy by way of the collapse dynamics that Schrodinger did not
like. He argued that the abrupt change in the quantum-mechanical state
¥ by measurement implies that ¥ cannot be taken to represent the real
physical state of affairs (158). Part of the argument was that if measure-
ments are perfectly ordinary physical interactions like any other, then the
time-evolution of the complete and accurate state description would have
to be described by the same dynamics whether a measurement was being
made or not. But since the standard theory requires a different dynamical
law to describe the time-evolution of the state ¥ when a measurement is
being made, ¢ cannot be the complete and accurate state description.

Now it was previously stated . .. and explained . .. that any measurement suspends
the law that otherwise governs the continuous time-dependence of the y-function
and brings about in it a quite different change, not governed by any laws, but
rather dictated by the result of the measurement. But laws of nature differing from
the usual ones cannot apply during a measurement, for objectively viewed it is a
natural process like any other, and it cannot interrupt the orderly course of natural
events. Since it does interrupt that of the i/ -function the latter . . . cannot serve . . . as
an experimentally verifiable representation of an objective reality. (160)

Note that this is somewhat different from von Neumann’s worry. Here
the argument is that since ¥ must follow an unnatural evolution during
measurement (in order for us to account for our determinate experience)
it cannot be taken as a complete representation of the ratural physical
state.

Schrodinger also shared Einstein’s worry about the compatibility of
quantum mechanics and relativity. He argued that ‘the conceptual joining
of two or more systems into one encounters great difficulty as soon as
one attempts to introduce the principle of special relativity into Q. M.” In
any case, he thought that anyone who reflected ‘on the apparent jumping
around of the ¥ -function’ and the ‘antinomies of entanglement’ ought
to worry about the compatibility of quantum mechanics with relativity
(Wheeler and Zurek 1983: 167).

And Schrodinger and Einstein were right to worry. The standard col-
lapse theory, at least, really is incompatible with the theory of relativity
in a perfectly straightforward way: the collapse dynamics is not Lorentz-
covariant. When one finds an electron, for example, its wave function
instantaneously goes to zero everywhere except where one found it. If
this did not happen, then there would be a nonzero probability of finding
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the electron in two places at the same time in the measurement frame. The
problem is that we cannot describe this process of the wave function going
to zero almost everywhere simultaneously in a way that is compatible with
relativity. In relativity there is a different standard of simultaneity for each
inertial frame, but if one chooses a particular inertial frame in order to
describe the collapse of the wave function, then one violates the require-
ment that all physical processes must be described in a frame-independent
way.!8 There have been several attempts to express the collapse dynamics
in a frame-independent, or more specifically a Lorentz-covariant, way, but
these attempts have encountered their own problems.!?

Given the standard theory’s problems, Schrodinger concluded that ‘the
simple procedure provided ... by the non-relativistic theory is perhaps
after all only a convenient calculational trick, but one that today, as we
have seen, has attained influence of unprecedented scope over our most
basic attitude toward nature’ (Wheeler and Zurek 1983: 167). Schrodinger
was proud of the empirical successes of the theory, but he thought that
there was something seriously wrong with the way that the standard theory
was supposed to account for our determinate experience.

Einstein later described his own worries about quantum mechanics as
being akin to Schrodinger’s. In a letter to Schrodinger dated 22 December
1950 Einstein wrote:

You are the only contemporary physicist, besides Laue, who sees that one can-
not get around the assumption of reality—if only one is honest. Most of them
simply do not see what sort of risky game they are playing with reality—reality
is something independent of what is experimentally established. They somehow
believe that quantum theory provides a description of reality, and even a complete
description; this interpretation is, however, refuted, most elegantly by your sys-
tem of radioactive atom + Geiger counter + amplifier 4 charge of gun powder +
cat in a box, in which the -function of the system contains the cat both alive
and blown to bits. Is the state of the cat to be created only when the physicist
investigates the situation at some definite time? Nobody really doubts that the
presence or absence of the cat is something independent of the act of observation.
But then the description by means of the v -function is certainly incomplete, and
there must be a more complete description. (Przibram 1967: 39)

18 One might be tempted to argue here that the evolution of the quantum-mechanical
state is not really a physical process. But if the quantum-mechanical state is not the physical
state, then what is it? It is worth remembering that the ignorance interpretation doesn’t work.

19 gee Abaronov and Albert (1981). See also Fleming (1996). On Gordon Fleming’s
proposal there are no simple matters of fact about the physical state in a space-time region;
rather, the physical state in a space-time region is hyperplane-dependent.



46 Standard formulation of quantum mechanics

Einstein also repeatedly tried to explain his worries about quantum
mechanics to his friend Max Born. Born believed that Einstein’s rejection
of the theory was primarily due to his commitment to determinism. For his
part, Einstein seems to have become rather frustrated with Born’s failure to
see how serious the conceptual problems faced by the theory really were.

In 1954 Pauli decided that he would step in and explain Einstein’s
position to Born. Pauli wrote that Einstein’s true worry was not the lack of
determinism but rather, just as Einstein had explained to Schrodinger, that
quantum mechanics failed to be realistic—that the quantum-mechanical
state could not be taken as a complete description of the actual physical
state of affairs (Pauli 1971: 221). If the usual linear dynamics is right, then
even macroscopic objects can be in superpositions of having very different
positions, so it cannot be on the basis of their quantum-mechanical states
that they have determinate positions (221-2). Further, Pauli argued, ‘it is
not reasonable to invent a causal mechanism according to which “looking”
fixes the position’ (222). Hence the quantum-mechanical state cannot be
a complete and accurate objective description of reality (223).

Pauli thought that many of Einstein’s worries, and this one in particular,
were like the question concerning how many angels might sit on the head
of a pin. His own position here, however, is interesting. Pauli seems to
have agreed with Einstein that it is unreasonable to invent a mechanism
for fixing the position of a particle when we look at it. But if this is right,
then Pauli must have also found the collapse dynamics unsatisfactory. But
then how did he understand quantum mechanics?

Pauli argued that it was too much to ask for natural laws to explain why
we experience what we do. The reason was that appearances, while not
within the control of an observer, are created outside nature and conse-
quently not within the domain of natural law:

The appearance of a definite position x¢ during a subsequent observation (for
example ‘illumination of the place with a shaded lantern’) ... and the statement
‘the particle is there’, is then regarded as being a ‘creation’ existing outside the
laws of nature, even though it cannot be influenced by the observer. The natural
laws only say something about the statistics of these acts of observation. (Pauli
1954: 223)

Rather than promoting the standard collapse formulation of quantum
mechanics, then, Pauli seems to have had in mind a version of quantum
mechanics where the usual linear dynamics always correctly describes
the time-evolution of the state of every physical system and where our
determinate experiences are explained by extra-physical matters of fact.
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To me, this sounds very much like the sorts of theory we will discuss
in Chapter 7 (the single-mind, many-minds, and correlations-without-
correlata theories in particular), where determinate appearances are to be
explained by mental (or some other extra-physical facts in the case of the
correlations-without-correlata view) rather than by physical facts.

2.6 Von Neumann’s psychophysical parallelism and Wigner’s friend

Contrary to Pauli’s (much later) intuitions, it was important to von
Neumann that a satisfactory physical theory be able to provide some sort
of account of subjective perception:

it is a fundamental requirement of the scientific viewpoint—the so-called prin-
ciple of the psychophysical parallelism—that it must be possible so to describe
the extraphysical process of the subjective perception as if it were in reality in
the physical world—i.e., to assign to its parts equivalent physical processes in the
objective environment, in ordinary space. (von Neumann 1955: 418-19)

That is, a good physical theory should allow for the possibility of describ-
ing a determinate sequence of physical events that might be identified
with the sequence of mental events involved in performing an observa-
tion. Of course, it is not the job of a physical theory to give a fine-grained
account of mental processes, but it should at least be compatible with the
possibility of identifying a sequence of physical events with the sequence
of mental events that constitutes a specific observation.

Von Neumann gave the example of measuring a temperature, and he
traced the causal chain of events from the physical system whose tem-
perature is being measured to the glass of the thermometer containing
the mercury, to the length of the column of mercury, to the path of the
light reflected off the column, to the image of the mercury colurn on
the observer’s retina, to the optical nerve tract, and finally to the chem-
ical changes in the brain of the observer making the measurement (1955:
419). At some point in this chain, he concluded, we must say: ‘and this
is perceived by the observer’. Hence, ‘we must always divide the world
into two parts, the one being the observed system, the other the observer’.
But, he argued, it is a consequence of the example of measuring tem-
perature that ‘the boundary between the two parts is arbitrary to a very
large extent’ (420). One could include the thermometer as a part of the
observer, or in the other direction, one could exclude the observer’s eyes.
Butif we are going to talk about the empirical predictions of a theory, then
we must introduce the subjective observer and draw a boundary between
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the observer and the observed since ‘experience only makes statements
of this type: an observer has made a certain (subjective) observation; and
never any like this: a physical quantity has a certain value’ (420).

The point of course is that the analysis of a temperature measurement
is supposed to make us worry less about the two dynamical laws required
by quantum mechanics.

Now quantum mechanics describes the events which occur in the observed parts
of the world, so long as they do not interact with the observing portion, with the
aid of process 2., but as soon as such an interaction occurs, i.e., a measurement, it
requires the application of process 1. The dual form is thereby justified. However,
the danger lies in the fact that the principle of the psycho-physical parallelism
is violated, so long as it is not shown that the boundary between the observed
system and the observer can be displaced arbitrarily in the sense given above [in
the temperature example]. (von Neumann 1955: 420-1)

That is, von Neumann wanted to show that it makes no empirical dif-
ference to the observer where Process 1 occurs in the chain of events
leading to the observer perceiving a particular measurement result. He
felt that this would imply that the boundary between the observer and
the observed system was arbitrary, which was then supposed to show that
quantum mechanics was compatible with the principle of psychophysical
parallelism, that it allowed one to identify a sequence of physical events
with the process of making an observation.

Von Neumann considered a measurement consisting of three physical
systems: the system being observed P, the measuring device M, and
the observer O. In this context, he wanted to show that the standard
formulation of quantum mechanics makes the same empirical predictions
if Process 1 applies to P and Process 2 applies to the interaction between
P and M + O as it does if Process 2 applies to P + M and Process 1
applies to the interaction between P + M and O.

Suppose then that observer O uses measuring device M to measure the
x-spin of a spin—% particle P. There are two possible results, up (corre-
sponding to the state [1) p) and down (corresponding to the state || ) p).
In order to specify the nature of the interaction between the systems it
suffices here to specify two dispositions for M and two for O. I shall
suppose here that the measuring device and the observer are perfect and
that we know their initial states.?

20 Von Neumann considers and rejects the claim that the quantum-mechanical statistics
are somehow the result of incomplete knowledge of the quantum-mechanical state of the
observer because it is a complex system. Since he does not find such an argument convincing,
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If M is an x-spin measuring device, then its pointer will become cor-
related with the x-spin of the system it measures. I shall also suppose
(without any loss in generality here) that in correlating its pointer M does
not disturb the state of its object system. These two conditions entail pre-
cisely the same two dispositions described earlier:

(D) lready) it p —> M mIT) P

and

(2) lready) V) p — Niml)p,

where [ready) s represents a state where M is ready to make an x-spin
measurement on P and 1), and || )y represent M in a state where its
pointer reports the results x-spin up and x-spin down, respectively. Sim-
ilarly, I shall suppose that the observer O correlates his brain state with
the report made by the measuring device, and that this process does not
disturb M or P:

(1) [ready)o M) mt) P —> [TolTmlt)p

and

@) [ready)o V)Y — ol mli) e,

where |ready) o represents a state where the observer is ready to look at
M’s pointer and read the result of the x-spin measurement and |1) o and
|4} o represent O in a state where the observer believes that the result was
x-spin up and believes that the result was x-spin down, respectively.

Now suppose that P begins in a superposition of the two x-spin eigen-
states 1/,/2(11)p + |4} p) and M and O begin in their ready states. The
initial state of the composite system P + M + O, then, is

1
7

Now consider von Neumann’s two cases. In the first case, we suppose
that the collapse (Process 1) occurs when M interacts with P and that
the interaction between O and M is given by the usual linear dynamics
(Process 2) (P is the observed system and O + M the observer). When M
and P interact two things happen. First, P collapses to an eigenstate of the
observable being measured with probabilities determined by Born’s rule.

ready) o [ready) iy —= (1) p + 1) P). (2.18)

he stipulates that ‘we will assume in all that follows that [the state of the observer] is
completely known’ (1955: 437-9).
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In this case, there is a probability of 1/2 that it will end up in an x~-spin up
eigenstate and a probability of 1/2 that it will end up in an x-spin down
eigenstate. So the composite system just before M’s pointer becomes
correlated with the x-spin of P will be represented by the statistical
mixture:

p(lready)olready)p{t)p) = 1/2
p(lready) o [ready) p | ) p) = 1/2,

where the probabilities here are the epistemic probabilities associated
with each state. The composite system really is in one or the other of the
state in a (proper) statistical mixture like that above-—we just do not know
which state it is in. And after M’s pointer becomes correlated with the
x-spin of P, it will be represented by the mixture:

p(ready)o |t m[1)p) =1/2
p(lready)o ) p V) p) = 1/2.

And finally, after O’s brain state becomes correlated with the position of
M’s pointer, it will be represented by the mixture:

p(INolMu(t)p) =1/2
p(ollimlNlp) =1/2.

That is, there is a probability of 1/2 that the final state of the composite
system will be [1)o|1}ar|t) p and a probability of 1/2 that it will be
ol Ml L) p.

In the second case we suppose that the interaction between P and M is
described by the usual linear dynamics (Process 2) and that the collapse
occurs when P + M interacts with O (P + M is the observed system and
only O the observer). In this case, it follows from the two dispositions of
M and the linearity of the dynamics that the initial state (2.18) evolves to

1

JZ(]T)M]T)P + NN p) (2.19)

[ready) o

as M’s pointer becomes correlated with the x-spin of P. Then when O
interacts with P + M two things happen. First, the composite system ran-
domly evolves to a state where M’s pointer has a determinate position

p(ready)o|timit)p) = 1/2
pllready) o) mid)p) = 1/2.
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Then O’s brain state becomes correlated with the position of the pointer

p(iMYoMultip) =1/2
P oM p) =1/2.

So, just as in the first case, there is a probability of 1/2 that the final
state of the composite system will be |1)p|1)x]|1) p and a probability
of 1/2 that it will be |{)o!{)m]d)p. Von Neumann concludes, then,
that it is empirically irrelevant where in the chain of events leading to a
conscious measurement result the collapse Process 1 occurs. Thus, quan-
tum mechanics poses no problem for the principle of psycho-physical
parallelism.

While von Neumann showed that the predictions that the theory makes
for the result of O’s x-spin measurement do not depend on when Process 1
occurs in the (von Neumann) chain of measurement interactions, he did
not show that when it is applied is empirically irrelevant in general. Indeed,
it does generally make an empirical difference when a collapse occurs,
which means that, rather than being a virtue, the fact that quantum mechan-
ics does not tell us when collapses occur makes the theory incomplete in
an empirically significant way.

Consider the physical state of M + P in each case after M has inter-
acted with P and just before O looks at the pointer. In the first case,
the state is either [1)a|1)p or |4} s 1) p. In the second case the state
is 1720 mIM)p + Yl p). And there are at least in principle
experiments that can distinguish between either of the states in the first
case and the state in the second case. Let A be an observable that has
17200 mIM p + ) ald) p) as an eigenstate with eigenvalue +1 and
every orthogonai state as an eigenstate with eigenvalue —1 (given the cor-
respondence that von Neumann postulates between physical properties
and Hermitian operators, there must be just such an observable). If one
were to measure this A observable of the composite system M -+ P, then
one would get the result +1 about half of the time if the composite system
was in either of the first two states, but one would get the result 41 with
certainty if the composite system was in the second state. Consequently,
when Process 1 occurs in the chain of measurement interactions makes
an empirical difference, not for the results of x-spin measurements but
for the results of A-type measurements.

Eugene Wigner recognized that when collapses occur makes an empir-
ical difference in the standard theory, and he thus concluded that one must
stipulate exactly when Process 1 occurs in order for quantum mechanics to
be complete. Further, he argued that quantum mechanics together with a
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principle of charity about other observers requires an explicit mind-body
dualism.

Wigner believed that he clearly had ‘direct knowledge’ of his own
sensations. And he adopted a principle of charity with respect to other
observers: while ‘there is no strict logical reason to believe that others have
similar experiences’, he said, ‘everybody believes that the phenomenon
of sensations is widely shared by organisms that we consider to be living’
(Wigner 1961: 175). Consequently, he felt that one must be able to tell
some sort of quantum-mechanical story about how living beings come to
have the determinate experiences they do.

Suppose that a system S (perhaps a patch on a phosphorescent screen)
flashes in state yrq and does not flash in state vr,. Wigner supposes that a
friend F has the following two properties (which are essentially the same
two dispositions as described above and earlier): (1) if the state of S is
Y1, then the state of F + S will be ¥ x xp after the interaction where F
observes S and (2) if the state of S is ¥, then the state of F + S will be
Yy X xo after the observation, and if the state of the observer is 1, then
he answers the question ‘Have you seen a flash?’ with ‘Yes’; and if the
state of the observer is x7, then he answers this question with ‘No’.

Wigner then considers what would happen if the state of the system S
were in the linear combination av| + B, of the two states ¥y and i
(Fig. 2.4): ‘It follows from the linear nature of the quantum mechanical
equations of motion that the state of the object plus observer is, after the
interaction, a (1 X 1)+ B (¥ X x2). If we now ask the observer whether
he saw a flash, he will with probability ja|? say that he did’ (and with
probability |8]? say that he did not); and Wigner points out that, whatever
answer his friend gives, he must be able to observe S himself and get

®
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F1G. 2.4 Wigner’s-friend setup.
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the same answer, and so far quantum mechanics encounters no special
difficulties: ‘All this is quite satisfactory: the theory of measurement,
direct or indirect, is logically consistent so long as I maintain my privileged
position as ultimate observer’ (Wigner 1961: 176).

But now consider the experiment from the perspective of Wigner’s
friend:

if having completed the whole experiment I ask my friend, ‘What did you feel
about the flash before I asked you?’ He will answer, ‘I told you already, I did [did
not] see a flash,” as the case may be. In other words, the question whether he did or
did not see a flash was already in his mind, before I asked him. If we accept this,
then we are driven to the conclusion that the proper wave function immediately
after the interaction of friend and object was already either ¥ x x1 or ¥ x x2
and not the linear combination (1 % x1) + B (¥ x x2). This is a contradiction,
because the state described by the wave function a(y¥r; X x1) + B(¥2 X x2)
describes a state that has properties which neither ¥; x x; nor ¥, x y2 has. If
we substitute for ‘friend’ some simple physical apparatus, such as an atom, which
may or may not be excited by the light-flash, this difference has observable effects
and there is no doubt that a (Y1 x x1)+ B(¥p X x2) describes the properties of the
Jjoint system correctly, the assumption that the wave function is either Y1 X xi or
Y2 X x2 does not. If the atom is replaced by a conscious being, the wave function
a1 % x1)+ (¥ X x2) (which also follows from the linearity of the equations)
appears absurd because it implies that my friend was in suspended animation
before he answered my question. (Wigner 1961: 176-7)

That is, if we believe the friend when he tells us that he had a determinate
result to his observation even before we asked him what it was, and by
his principle of charity Wigner says that we should, then we have to deny
that the state F 4 S was the superposition of the two determinate result
states before we asked. Rather, F 4+ S must have been in a determinate
result state, either ¥| X x1 or ¥p X x2, before we asked, which means that
the collapse of the state must have occurred before we asked. But when
exactly did it occur? Wigner believes that it must have occurred when
the friend made his measurement because we would expect any other
physical interaction to be correctly described by the linear dynamics.
But then what is it about the friend that makes him different from other
physical systems? The friend is a sentient being, and it is this that Wigner
takes to justify treating him differently from inanimate physical systems—
Wigner concludes, then, that it is by dint of the friend being conscious
that he causes a collapse of the quantum-mechanical state of his object
system.
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Wigner argues that ‘it follows that the being with a consciousness must
have a different role in quantum mechanics than the inanimate measur-
ing device ...In particular, the quantum mechanical equation of motion
cannot be linear if the preceding argument is accepted’ (Wigner 1961:
177). One could avoid this conclusion by denying that one’s friend has
determinate impressions and sensations, but ‘to deny the existence of the
consciousness of a friend to this extent is surely an unnatural attitude,
approaching solipsism, and few people, in their hearts, will go along with
it’ (177-8).

Since the pure state ¢ (1 x x1) + B(¥2 x x2) has different empirical
properties from a statistical mixture of ¥; x x1 and ¥ X xp, Wigner
recognized that it was a consequence of his position that one could, at
least in principle, perform experiments to determine what systems are
conscious and what are not (1961: 180-1). He noted, however, that David
Bohm had shown that ‘if the system is sufficiently complicated, it may
be in practice impossible to ascertain the difference between certain mix-
tures, and some pure states’ (Wigner 1961: 180; Bohm 1951, sects. 22.11,
8.27, and 8.28). That is, such experiments would typically be very diffi-
cult to perform. The reason that such experiments would be very difficult,
perhaps even technologically impossible, has to do with the fact that inter-
actions with the system’s environment would typically (and very quickly)
destroy the simple interference effects one might set out to measure.
1 shall discuss such decoherence effects in considerable detail later (in
Chapter 8).

2.7 The measurement problem (again)

The collapse postulate is supposed to explain our determinate experience
by guaranteeing the existence of determinate physical records at the end
of our measurements. Von Neumann argued that it was unnecessary to
say exactly how or when the collapse occurs. But Wigner recognized that
it does in fact matter when the collapse occurs; it matters because we do
not have a complete causal story without knowing this and because when
the collapse occurs can have empirical consequences of a sort that von
Neumann did not consider.

The measurement problem, then, might be put this way: The collapse
dynamics is supposed to tell us what happens when a measurement is made
and the usual deterministic dynamics is supposed to tefl us what happens
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the rest of the time. If we suppose that measuring devices are ordinary
physical systems interacting in their usual deterministic way, then we
get a straightforward logical contradiction between the predictions of the
two dynamical laws; so there must be something special about measuring
devices, something that causes them to behave in a radically different
way from other systems. But until we say exactly what it is that makes
a measuring device behave differently, we do not have an empirically
complete physical theory—we can describe experiments where the theory
makes no empirical predictions because it is unclear which dynamical law
one should use.

Wigner tried to solve the measurement problem by saying precisely
what it is that distinguishes observers from all other physical systems:
observers are conscious. But when you think about it, this does not really
provide a very clear rule for when collapses occur. Would a cat cause a
collapse? A mollusc? A rhododendron? Further, is it really necessary to
introduce something extra-physical (in this case minds) in order to solve
the measurement problem?!



THE THEORY OF THE UNIVERSAL
WAVE FUNCTION

EVERETT S description of the theory of the universal wave function,
his relative-state formulation of quantum mechanics, is contained in three
works: his thesis ‘On the Foundations of Quantum Mechanics’ (submit-
ted to Princeton University on 1 March 1957), a short paper entitled
‘“Relative State” Formulation of Quantum Mechanics’ (1957b), and a
long paper “The Theory of the Universal Wave Function’ (1973). The
main argument of the three works is the same, and many passages are
very similar, sometimes identical. This chapter contains a close reading
of the three works. The aim is to make clear what Everett himself actually
said and why it is so difficult to figure out exactly what he had in mind.

At first sight Everett’s proposal is simple enough: he wants to drop the
collapse dynamics from the standard von Neumann—Dirac formulation of
quantum mechanics, then deduce the empirical predictions of the standard
theory as subjective appearances of observers who are themselves treated
within pure wave mechanics as perfectly ordinary physical systems. The
problem, however, is that it is unclear precisely how Everett intended
to account for the determinate records and experiences of observers. As
Richard Healey once put, Everett’s interpretation of quantum mechanics
itself stands in need of an interpretation (1984: 591).

3.1  What’s wrong with von Neumann’s theory?

Everett always begins the presentation of his own theory by first describ-
ing von Neumann’s formulation of quantum mechanics. He explains that
the wave function v is supposed to provide a complete and objective char-
acterization of an isolated system (1973: 3). And he describes the two fun-
damentally different ways the state can change over time on the standard
theory: Process 1 describes the discontinuous, random change brought
about by observation, and Process 2 describes the continuous, determin-
istic change of an isolated system described by the linear Schrodinger
dynamics (1973: 3).
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In his thesis Everett asks the reader to consider an isolated system
consisting of an observer plus an object system.

Can the change with time of the state of the fotal system be described by Pro-
cess 27 If so, then it would appear that no discontinuous probabilistic process like
Process 1 can take place. If not, we are forced to admit that systems which contain
observers are not subject to the same kind of quantum mechanical description as
we admit for all other physical systems. (1957a: 6)

If one opts for the first alternative, then the standard theory is logically
inconsistent. If one opts for the second, then it is incomplete since it does
not tell us what it takes to be an observer.

In his long paper Everett explicitly worries about the consistency and
completeness of the standard formulation of quantum mechanics.

The question of the consistency of [von Neumann’s formulation of quantum
mechanics] arises if one contemplates regarding the observer and his object-
system as a single (composite) physical system. Indeed, the situation becomes
quite paradoxical if we allow for the existence of more than one observer.

In order to illustrate the paradoxical nature of the standard theory, Everett
tells a Wigner’s-friend-type story where an observer A measures the state
of a system S, then the composite system of A + S is observed by another
observer B.

If we are to deny the possibility of B’s use of a quantum mechanical description
(wave function obeying the wave equation) for A + S, then we must be sup-
plied with some alternative description for systems which contain observers (or
measuring apparatus). Furthermore, we would have to have a criterion for telling
precisely what type of systems would have the preferred positions of ‘measur-
ing apparatus’ or ‘observer’ and be subject to the alternate description. Such a
criterion is probably not capable of a rigorous formulation. (1973: 4)

Everett then abandons the hope that one can complete the standard formu-
lation of quantum mechanics by providing a criterion for what constitutes
a measurement. That is, he does not believe that anything like Wigner’s
proposed solution to the measurement problem will work.

Everett notes that one might naturally suppose that B can use the usual
linear dynamics to describe the interaction between A and S, but he recog-
nizes that this leads to problems given the standard way that one calculates
quantum probabilities:

if we do allow B to give a quantum description to A + S, by assigning a state
function ¥4+, then, so long as B does not interact with A + S, its state changes
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causally according to Process 2, even though A may be preforming measurements
upon S. From B’s point of view, nothing resembling Process 1 can occur (there
are no discontinuities), and the question of the validity of A’s use of Process 1
is raised. That is, apparently either A is incorrect in assuming Process 1, with its
probabilistic implications, to apply to his measurements, or else B’s state function,
with its purely causal character, is an inadequate description of what is happening
to A+ S.(1973: 4)

He concludes that

It is now clear that the interpretation of quantum mechanics with which we began
is untenable if we are to consider a universe containing more than one observer.
We must therefore seek a suitable modification of this scheme, or an entirely
different system of interpretation. (1973: 6)

Everett thought of the measurement problem as one of several closely
related problems faced by the standard collapse theory. Another prob-
lem was that the standard theory cannot account for approximate
measurements.

In his thesis Everett asks ‘What mixture of Processes 1 and 2 of the con-
ventional formulation is to be applied to the case where only an approxi-
mate measurement is affected; that is, where an apparatus or observer
interacts only weakly and for a limited time with an object system?’
(1957a: 6). A satisfactory theory of approximate measurement must spec-
ify the probability for getting a particular reading of the measuring appar-
atus and tell us what the corresponding new state for the object system
is. Everett, however, argues that while some approximate measurements
could be treated using projection operators, it is impossible to treat all
approximate measurements using von Neumann’s method (1957a: 6-7,
13-15).!

Another problem concerns finding a satisfactory quantum theory of
gravitation. Everett argues that quantizing general relativity raises ‘serious
questions about the meaning and interpretation of quantum mechanics
when applied to so fundamental a structure as the space-time geometry
itself’ (1957b: 315). He says that his aim is to present a reformulation of
quantum mechanics that can be applied to general relativity. Again, this
requires a formulation of quantum mechanics that can be applied to the
entire universe, and because of the measurement problem, the standard
von Neumann formulation of quantum mechanics is inappropriate for

' More specifically, he shows that the relative system states for the measuring apparatus
after an imperfect measurement typically cannot be generated from the original object system
state by the application of any projection operator.
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describing events in a closed and isolated system that contains observers
(and the universe is presumably just such a system) (1957b: 315-16).
Everett saw such specific problems as different aspects of the same
general problem: the standard formulation of quantum mechanics can only
be consistently applied to systems that are subject to external observation:

The probabilities of the various possible outcomes of the observation are pre-
scribed exclusively by Process 1. Without that part of the formalism there is no
means whatever to ascribe a physical interpretation to the conventional machinery.
But Process 1 is out of the question for systems not subject to external observation.
(1957a: 8)

What Everett wanted was a formulation of quantum mechanics that could
be understood as a complete and accurate physical description of any
physical system, regardless of whether it was open or closed. Such a the-
ory could be understood as providing a framework for a complete and
accurate quantum-mechanical description of the entire universe, includ-
ing the observers.

3.2 Other formulations of quantum mechanics and their problems

In his long paper Everett described five alternatives for developing a sat-
isfactory formulation of quantum mechanics, one that can be consistently
applied to closed systems.

Alternative 1 is just the standard collapse formulation of quantum
mechanics but with the stipulation that there is in fact only one real
observer (that is, I suppose that only my observations cause collapses).
Everett says that ‘this view is quite consistent, but one must feel uneasy
when, for example, writing textbooks on quantum mechanics, describing
Process 1, for the consumption of other persons to whom it does not apply’
(1973: 6). But it is also difficult for me to see how this view is any better
than the standard formulation of quantum mechanics since it is still unclear
precisely when the collapse is supposed to occur. Does it occur when my
retina becomes correlated with the pointer on my measuring device, or
does it occur when my brain becomes correlated with my retina, or does
it somehow occur when I become aware of the position of the pointer,
etc.? And how one answers such questions here can make an empirical
difference for the results of self-measurements of Wigner’s-friend-type
interference observables on such a theory.

Alternative 2 limits the applicability of quantum mechanics to exclude
observers, measuring devices, or systems approaching macroscopic size.
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One problem with this is that if we try to limit the applicability of the
theory to exclude measuring devices or macroscopic systems, then we
are faced with the difficulty of precisely defining the domain of the theory
(1973: 6). Everett also appeals to von Neumann’s principle of psychophys-
ical parallelism to argue that giving special treatment to sentient beings
is unacceptable, which, of course, also argues against Wigner’s proposal:

And to draw the line at human or animal observers, i.e., to assume that all mechan-
ical aparata obey the usual laws, but that they are somehow not valid for living
observers, does violence to the so-called principle of psycho-physical parallelism,
and constitutes a view to be avoided, if possible. To do justice to this principle we
must insist that we be able to conceive of mechanical devices (such as servomech-
anisms) obeying natural laws, which we would be willing to call observers. (1973:
6-7)

Von Neumann'’s principle of psychophysical parallelism, which he in turn
attributed to Bohr, was that it must be possible to describe the extra-
physical process of subjective perception as if it were in reality in the
physical world, to assign to its parts equivalent physical processes in
the objective environment, in ordinary space (von Neumann 1955: 418).
Everett’s interpretation of the principle was that a satisfactory formula-
tion of quantum mechanics must allow one to model an observer as an
ordinary physical measuring device equipped with memory registers with
which to record the results of its measurements. The idea is that if one is
able to explain the states of such measurement records, then one could, at
least in principle, explain the mental states of a real observer who made
similar observations. Note that, while von Neumann used the principle of
psychophysical parallelism to explain how the standard collapse theory
works, Everett thought that this same principle was in fact incompatible
with the standard collapse theory. Everett thought that a satisfactory for-
mulation of quantum mechanics should allow one to explain precisely
what happens when a measurement occurs and why one gets the result
that one does, and, as we have already seen, the standard theory does not.2

Alternative 3 denies that an observer like B (in the Wigner’s-friend-
type experiment described in the last section) could ever be in possession
of the state function of a composite system like A + S (a system that
contains a sentient observer!) because determining the state of such a
system would require such a dramatic intervention that A would cease

2 In some formulations of quantum mechanics, as we shall see later, the explanation of
our determinate measurement records is not a purely physical one (many-minds theories,
etc.). These theories violate the principle of psychophysical parallelism.
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to function as an observer (and one might add that such an experiment
would be virtually impossible to perform because of the complexity of the
systems involved and the difficulty in isolating such systems from their
environments—I shalli discuss such issues in Chapter 8). Everett has two
objections to this line of argument. First, regardless of what the state of
A+ S is, quantum mechanics guarantees that it is in an eigenstate of some
complete set of commuting operators and that measuring any of these will
in no way disrupt the operation of A. In other words, the standard theory is
perfectly compatible with our determining what the quantum-mechanical
state of any system is without disturbing it. Secondly, Everett argues that
it is irrelevant whether or not B knows the state of A + §; if he believes
that it has an objective state that evolves deterministically, then he will
also believe that it cannot be a random collapse that ultimately determines
A’s measurement result (1973: 7).

Alternative 4 abandons the state function as providing a complete phys-
ical description of a system. A might make his measurement and get a
determinate result and B might still take the state function to provide
a correct, though incomplete (since it would not tell him what result A
got), description of the state of A 4+ S. Everett says that the proponents
of such an approach assume that one could ultimately get a determinis-
tic theory where the quantum probabilities resulted from our ignorance
concerning the values of the extra parameters that would supplement the
state function to provide a complete state description. He does not say
anything against such an approach at this point, but after his presentation
of pure wave mechanics in his long paper Everett returns to his discussion
of alternative formulations of quantum mechanics and describes Bohm’s
hidden-variable theory and what he does not like about it.

According to Bohm’s theory each particle always has a determinate
position and follows a continuous and deterministic trajectory and the
wave function always evolves in the usual linear, deterministic way. One
can think of the positions of an N particle system as being represented by
a single point in 3N-dimensional configuration space (since there are N
particles and three position coordinates for each particle). One might then
picture the motions of the particles by considering how that point would
be pushed around by the probability current in configuration space as
the wave function evolves. Everett’s only explicit criticism of this theory
is on the grounds of simplicity: ‘if one desires to hold the view that
is a real field then the associated particle is superfluous since, as we
have endeavored to illustrate, the pure wave theory is itself satisfactory’
(1973: 112). In other words, Everett believes that he can account for
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our experience by appealing to the wave function alone. If this is right,
then hidden variables like the particle positions in Bohm’s theory are
unnecessary and redundant. But this is all contingent on Everett being
able to deliver a satisfactory account of our determinate experience on the
basis of the deterministic evolution of the wave function alone.

Alternative 5, the one Everett likes, assumes ‘the universal validity of
the quantum description, by the complete abandonment of Process 1. On
this view

The general validity of pure wave mechanics, without any statistical assertions,
is assumed for all physical systems, including observers and measuring apparata.
Observation processes are to be described completely by the state function of the
composite system which includes the observer and his object-system, and which
at all times obeys the wave equation (Process 2). (1973: 8)

On this approach the quantum-mechanical state is taken to provide a com-
plete and accurate description of the physical state of the entire universe
and the usual deterministic linear dynamics is assumed to provide a com-
plete and accurate description of the time-evolution of this state.

Everett argues that this alternative has many advantages over the others
considered. It is simple. It is applicable to the entire universe. All physical
processes are treated equally, and in particular, measurements play no
special role in the theory, which means, Everett argues, that the principle
of psychophysical parallelism is automatically satisfied (1973: 8). On
this view, one thinks of the wave function of the whole universe as the
fundamental physical entity. Everett suggests calling it the theory of the
universal wave function, ‘since all of physics is presumed to follow from
this function alone’ (1973: 9).

Everett thought that his view corresponded closely with that held by
Schrodinger, but he argued that such a view can only make sense when
observation processes themselves are treated within the theory:

It is only in this manner that the apparent existence of definite macroscopic
objects as well as localized phenomena, such as tracks in cloud chambers, can be
satisfactorily explained in a wave theory where the waves are continually diffusing.
With the deduction in this theory that phenomena will appear to observers to
be subject to Process 1, Heisenberg’s criticism of Schrodinger’s opinion—that
continuous wave mechanics could not seem to explain the discontinuities which
are everywhere observed—is effectively met. (1973: 115)

Everett wanted to show that observers, when treated within pure wave
mechanics, are subject to something like an illusion where physical



The theory of the universal wave function 63

processes that are perfectly continuous and deterministic seem to be dis-
continuous and random and where properties that are in fact indetermi-
nate, even indeterminate properties of macroscopic objects, appear to be
determinate.

The relationship between Everett’s view and Schrodinger’s is interest-
ing. As we have seen, Schrodinger found the idea of the collapse of the
wave function objectionable, and he believed that the linear wave equation
provided a complete and accurate description of the time-evolution of the
state of the world. He initially thought that the wave function described
something like the distribution of matter, and it may have been this line
of thought that developed into his later position that the wave function
represented ‘simultaneous happenings’. Schrodinger said that

Nearly every result [a quantum theorist] pronounces is about the probability of
this or that . .. happening—with usually a great many alternatives. The idea that
they be not alternatives but all really happen simultaneously seems lunatic to
him, just impossible. He thinks that if the laws of nature took this form for, let
me say, a quarter of an hour, we should find our surroundings rapidly turning
into a quagmire, or sort of featureless jelly or plasma, all contours becoming
blurred, we ourselves probably becoming jelly fish. It is strange that he should
believe this. For I understand he grants that unobserved nature does behave this
way—namely according to the wave equation. (Schrodinger 1995: 19; quoted in
Lockwood 1996: 165)

He further argued that

The compulsion to replace simultaneous happenings, as indicated directly by the
theory, by alternatives, of which the theory is supposed to indicate the respective
probabilities, arises from the conviction that what we really observe are par-
ticles ... Once we have decided this, we have no choice. Butitis a strange decision.
(Schrodinger 1995: 20; see Lockwood 1996: 165)

In light of the similarity in their general views, it is easy to see why Everett
acknowledged a debt to Schrodinger.

3.3 Everett’s project

After describing the virtues of pure wave mechanics, Everett admitted
that “There remains, however, the question whether or not such a theory
can be put into correspondence with our experience’ (1973: 9). For his
part, Everett was confident that the theory of the universal wave function



64 The theory of the universal wave function

could explain our determinate experience: ‘The present thesis is devoted to
showing that this concept of a universal wave mechanics, together with the
necessary correlation machinery for its interpretation, forms a logically
self consistent description of a universe in which several observers are
at work’ (1973: 9). An important component of his interpretation of pure
wave mechanics was his model of observers as physical measuring devices
with registers for recording their measurement results. Everett described
his main argument in his long paper as follows:

We shall be able to introduce into [the theory of the universal wave function] sys-
tems which represent observers. Such systems can be conceived as automatically
functioning machines (servomechanisms) possessing recording devices (mem-
ory) and which are capable of responding to their environment. The behavior of
these observers shall always be treated within the framework of wave mechanics.
Furthermore, we shall deduce the probabilistic assertions of Process 1 as sub-
Jective appearances to such observers, thus placing the theory in correspondence
with experience. We are then led to the novel situation in which the formal the-
ory is objectively continuous and causal, while subjectively discontinuous and
probabilistic. While this point of view thus shall ultimately justify our use of the
statistical assertions of the orthodox view, it enables us to do so in a logically
consistent manner, allowing for the existence of other observers. (1973: 9)

At the beginning of his short paper Everett describes his project as
follows:

This paper proposes to regard pure wave mechanics (Process 2 only) as a com-
plete theory. It postulates that a wave function that obeys a linear wave equation
everywhere and at all times supplies a complete mathematical model for every
isolated physical system without exception. It further postulates that every system
that is subject to external observation can be regarded as part of a larger isolated
system. (1957b: 316)

The idea is to start with no explicit interpretation of the wave function,
explore the structure of pure wave mechanics, then choose an interpre-
tation of the wave function based on that structure that accounts for our
experience: ‘The wave function is taken as the basic physical entity with no
a priori interpretation. Interpretation only comes after an investigation of
the logical structure of the theory. Here as always the theory itself sets the
framework for its interpretation’ (19574: 316). And Everett explains the
relationship between pure wave mechanics and the conventional formula-
tion: “The aim is not to deny or contradict the conventional formulation of
quantum theory, which has demonstrated its usefulness in an overwhelm-
ing variety of problems, but rather to supply a new, more general and
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complete formulation, from which the conventional interpretation can be
deduced’ (1957b: 315). Indeed, the new theory is very much like the old
one, only without the collapse postulate:

The new theory is not based on any radical departure from the conventional one.
The special postulates in the old theory which deal with observation are omitted
in the new theory. The altered theory thereby acquires a new character. It has to
be analyzed in and for itself before any identification becomes possible between
the quantities of the theory and the properties of the world of experience. The
identification, when made, leads back to the omitted postulates of the conventional
theory that deal with observation, but in a manner which clarifies their role and
logical position. (1957b: 315)

Again the collapse postulate (Process 1) would be recaptured as descrip-
tive of the subjective experience of observers, who are treated as ordi-
nary physical systems within pure wave mechanics. In his thesis abstract
Everett says:

The new theory results from the conventional formulation by omitting the special
postulates concerned with external observation. In their place a concept of ‘relativ-
ity of states’ is developed for treating and interpreting the quantum description of
isolated systems within which observation processes can occur. Abstract models
for observers are formulated that can be treated within the theory as physical sys-
tems subject at all times to the same laws as all other physical systems. Isolated
systems containing these model observers in interaction with other subsystems
are investigated, and certain changes that occur in an observer as a consequence
of the interaction with the surrounding systems are deduced. When these changes
are interpreted as the experience of the observer this experience is found to be in
accord with the statistical predictions of the conventional ‘external observation’
formulation of quantum mechanics. (1957a: 2)

That s, the physical changes that occur in the physical system representing
an observer tell us what the observer experienced.

In summary, then, Everett’s project was to assume (1) that a single wave
function, an element of a Hilbert space, provides a complete and accurate
description of the state of the entire universe and (2) that this universal
wave function under all circumstances evolves according to the determin-
istic linear dynamics; and then from these two assumptions to deduce the
statistical predictions of the standard formulation of quantum mechanics
as the subjective appearances of observers modelled as physical systems.
But while this may seem perfectly clear, it is difficult to figure out how
his theory was supposed to work.



66 The theory of the universal wave function
3.4  The fundamental relativity of states

Everett sometimes called his theory the relative-state formulation of quan-
tum mechanics, and he insisted that it was the principle of the relativity
of states that allowed one to interpret the quantum description of isolated
systems. While the principle of the relativity of states is perfectly straight-
forward, it is difficult to determine the role that it is supposed to play for
Everett in explaining our determinate experience.

If a system is described by a wave function, then there is generally
no guarantee that each subsystem can be described by a wave function.
Suppose, for example, that M measures the x-spin of an electron S in an
eigenstate of z-spin. Given the dispositions of a good measuring device,
the composite system will end up in a state like

5 bespinup) )5 + -spin downl [ )s),  G.D
which is a nonseparable state where neither M nor S possesses an inde-
pendent wave function of its own.

Concerning this sort of state Everett says that we notice that ‘there
is no longer any definite independent apparatus state, nor any indepen-
dent system state. The apparatus therefore does not indicate any definite
object-system value, and nothing like Process 1 has occurred’ (1957a: 13).
So how are we supposed to account for the fact that M seems to have a
perfectly determinate record? After all, if a good observer measures the
x-spin of a system, he will presumably end up getting the determinate
result x-spin up or the determinate result x-spin down. The standard for-
mulation of quantum mechanics predicts that the probability of each result
will be 1/2 in this situation, and this really does seem to describe what we
observe. How then are we supposed to deduce this as a subjective appear-
ance from pure wave mechanics when pure wave mechanics predicts a
post-measurement state like the entangled superposition above?

Everett says that ‘In order to bring about this correspondence with
experience for the pure wave mechanical theory, we shall exploit the cor-
relation between subsystems of a composite system that is completely
described by a state function’ (1973: 9). He explains that while a sub-
system typically does not have a determinate state of its own, one can
always ascribe to it a state relative to a specification of the state of the
rest of the composite system. In the above post-measurement state, for
example, while M did not get a determinate result to its measurement
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(indeed, M does not even have a determinate state of its own), the state
|x-spin up) »s is uniquely picked out in the entangled superposition as the
state of M relative to |1) s being the state of S. It is not that [x-spin up) s
is the state of M and |1) is the state of S. Rather, given that the superpo-
sition describes the state of the composite system M + S, |x-spin up) s is
the state of M relative to |1)s being the state of S, and |x-spin down) s
is the state of M relative to || )s being the state of S, etc.

One might think of relative to, then, as a relation between possible pure
states of subsystems. Consider a composite system S = S; + S, in the
state 5. To every state ¥s; of S1 we can associate a state of S, which is
the state of .S relative to v, —this relative state is written as g, rels, -
One can determine what ¥, relys, is by writing 5 in any basis where
s, occurs in exactly one term in the expansion. This term will have the
form: Y5, ¥s, relys, 3

Everett explains the fundamental relativity of states as follows:

Summarizing: There does not, in general, exist anything like a single state for
one subsystem of a composite system. Subsystems do not possess states that are
independent of the states of the remainder of the system, so that the subsystem
states are generally correlated with one another. One can arbitrarily choose a
state for one subsystem, and be led to the relative state for the remainder. Thus
we are faced with a fundamental relativity of states, which is implied by the
Sformalism of the composite systems. It is meaningless to ask the absolute state of
a subsystem—one can only ask the state relative to a given state of the remainder
of the subsystem. (1957b: 317)

The fact that Everett put this passage in italics is a sure sign of its sig-
nificance, but how does the notion of relative states help to account for
subjective appearances (which, after all, is Everett’s goal)? In the conclu-
sion of his long paper, Everett says

The ‘quantum jumps’ exist in our theory as relative phenomena (i.e., the states of
an object-system relative to chosen observer states shows this effect), while the
absolute states change quite continuously. (1973: 115)

After a typical measurement interaction the composite system is left in
a superposition of states, but, in each of the superposed states (if one
chooses an appropriate basis in which to write the state of the composite
system) the measuring apparatus is described as having recorded a def-
inite result and the object system is left in approximately an eigenstate

3 See Bverett’s definition (1973: 38).
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corresponding to that result. But the state of the composite system is the
entangle superposition, not one or another of the relative states.

The discontinuous ‘jump’ into an eigenstate is thus only a relative proposition,
dependent on the mode of decomposition of the total wave function into the
superposition, and relative to a particular chosen apparatus-coordinate value. So
far as the complete theory is concerned all elements of the superposition exist
simultaneously, and the entire process is quite continuous. (1957b: 318)

The point here is that the jump into a state where there is a determinate
measurement record is only a relative proposition—relative to a speci-
fication of the state of the rest of the composite system. While Everett
almost always writes the post-measurement state of an observer and his
object system in a representation where the observer can be said to have
a definite record in each element of the superposition, he also describes
one’s choice of basis as an arbitrary choice—he insists that there is no
preferred way to decompose the total quantum-mechanical state into rela-
tive states. Just as the post-measurement state can be written so that each
term describes a state where the observer recorded a determinate result,
it can also be written so that no term describes the observer as having
recorded a determinate result. So not only is the result recorded by the
observer only a relative proposition, but whether he recorded any deter-
minate result whatsoever is only relative as well. But, then, how do these
relative facts account for our determinate experience?

But perhaps we are asking this question too soon since Everett does
not take what has been said so far as explaining our determinate experi-
ence. Rather, it is at precisely this point in his presentation, just after he
describes the principle of the relativity of states and how one would apply
the principle to a typical measurement situation, that he says that it is
unclear how anyone could account for determinate measurement results
in such a situation:

As a result of the interaction the state of the measuring apparatus is no longer
capable of independent definition. It can be defined only relative to the state of
the object system. In other words, there exists only a correlation between the
states of the two systems. It seems as if nothing can ever be settled by such a
measurement. (1957b: 318)

And he continues:

This indefinite behavior seems to be quite at variance with our observations, since
physical objects always appear to us to have definite positions. Can we reconcile
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this feature [of] wave mechanical theory built purely on Process 2 with experience,
or must the theory be abandoned as untenable? In order to answer this question
we consider the problem of observation itself within the framework of the theory.
(1957b: 318)

So instead of using it to provide an account of our determinate experience,
Everett uses his most detailed discussion of the principle of the relativity
of states to pose a problem for his theory: how can a global state where
an observer has no determinate measurement record, but only various
relative records, be understood as a state where the observer has the same
determinate experience predicted by the standard formulation of quantum
mechanics?

Everett sketches his answer to this question at the end of the introduction
to his long paper. His answer seems to have something to do with the
principle of the relativity of states, but it is unclear precisely what the
relationship is:

Let one regard an observer as a subsystem of the composite system: observer +
object-system. It is then an inescapable consequence that after the interaction
has taken place there will not, generally, exist a single observer state. There
will, however, be a superposition of the composite system states, each element
of which contains a definite observer state and a definite relative object-system
state. Furthermore, as we shall see, each of these relative object system states will
be, approximately, the eigenstates of the observation corresponding to the value
obtained by the observer which is described by the same element of the superposi-
tion. Thus, each element of the resulting superposition describes an observer who
perceived a definite and generally different result, and to whom it appears that
the object-system state has been transformed into the corresponding eigenstate.
In this sense the usual assertions of Process 1 appear to hold on a subjective level
to each observer described by an element of the superposition. We shall also see
that correlation plays an important role in preserving consistency when several
observers are present and allowed to interact with one another (to ‘consult’ one
another) as well as with other object-systems. (1973: 10)

From this it seems that an observer’s experience is to be explained by the
fact that after a measurement there typically is some expansion of the state
of the observer + object system where each element in the expansion is
close to being an eigenstate of the observer getting a determinate result
and the object system being in an eigenstate corresponding to that result.
But how is this fact supposed to explain an observer’s actual experience?

The global state of the composite system will typically not describe the
observer as having recorded any particular determinate result. Moreover,
almost all subsystem states that one might specify (in the Hilbert-space
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sense of almost all) would determine a relative state where the observer
failed to record any determinate result. Everett knows this, but at the same
time he insists that the choice of basis is arbitrary.

In fact, to any arbitrary choice of state for one subsystem there will correspond
a relative state for the other subsystem, which will generally be dependent upon
the choeice of state for the first subsystem, so that the state of one subsystem is not
independent, but correlated to the state of the remaining subsystem. (1973: 10)

In order to get a relative state where the observer records a determinate
result, one must specify a very special state for the remainder of the system
(or for the observer himself )—if the choice of basis is arbitrary, then what
justifies this very special choice?

Everett’s discussion of the principle of relative states leaves us with
a problem: how does the fact that an observer’s results are determinate
in each element of a very special expansion of the global wave function
account for the fact that it appears to the observer that he in fact recorded
a single determinate measurement resuft?

3.5 The appearance of phenomena

After describing some of the properties of quantum mechanics without
the collapse postulate (Process 1), Everett explains that

This. .. has the far reaching implication that for any possible measurement, for
which the initial system state is not an eigenstate, the resulting state of the com-
posite system leads to no definite system state nor any definite apparatus state.
The system will not be put into one or another of its eigenstates with the apparatus
indicating the corresponding value, and nothing resembling Process 1 can take
place. (1973: 60)

It seems, then, that Everett cannot intend to simply deduce Process 1
from pure wave mechanics alone, nor can he claim that the pure wave
mechanics by itself typically predicts the same post-measurement states
as the standard collapse formulation of quantum mechanics.

Everett describes a typical measurement interaction and the resulting
entangled superposition of the measuring apparatus and the object system:

Thus in general after a measurement has been performed there will be no definite
system state nor any definite apparatus state, even though there is a correlation. It
seems as though nothing can ever be settled by such a measurement. Furthermore
this result is independent of the size of the apparatus, and remains true for apparatus
of quite macroscopic dimensions. (1973: 61)
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To illustrate this, Everett considers an experiment where one couples an
x-spin measuring device to a cannonball so that if the particle is found to
be x-spin up, then the cannonball will be shifted one foot to the left; and if
it is found to be x-spin down, then the cannonball will be shifted an equal
distance to the right. If the particle begins in a superposition of x-spin up
and x-spin down, the linear dynamics requires that the cannonball will end
up in an entangled superposition of two positions, which Everett takes to
mean that “There is no definite position for our macroscopic cannonball!’
(1973: 61).4

Note that in Everett’s discussion of the determinate properties of can-
nonballs, he wholeheartedly accepts the consequences of the standard
eigenvalue—eigenstate link concerning the conditions under which a phys-
ical property is determinate. There is further evidence that he accepted
the standard eigenvalue—eigenstate link in the longer quotations above.
If he really did intend to maintain the standard interpretation of states in
some sense, then this is a critically important point for understanding his
formulation of quantum mechanics.’

But if macroscopic systems typically fail to have determinate positions
and if observers’ physical records are similarly indeterminate, then this
is a serious problem for pure wave mechanics:

This behavior seems to be quite at variance with our observations, since macro-
scopic objects always appear to us to have definite positions. Can we reconcile
this prediction of the purely wave mechanical theory with experience, or must we
abandon it as untenable? (1973: 61-2)

And Everett again explains the problem and his strategy for solving it:

We saw ... that in general a measurement ... had the outcome that neither the
system nor the apparatus had any definite state after the interaction—a result
seemingly at variance with our experience. However, we do not do justice to the
theory of pure wave mechanics until we have investigated what the theory itself
has to say about the appearance of phenomena to observers, rather than hastily
concluding that the theory must be incorrect because the actual states of systems
as given by the theory seem to contradict our observations. (1973: 63)

4 Given that he could have used almost any macroscopic system to make this point, that
Everett chose to use a cannonball may go some way in explaining how he ended up working
with the Weapons Systems Evaluation Group at the Pentagon after receiving his Ph.D. from
Princeton (1957a: 1). Everett later worked at the Institute for Defense Analysis.

5 That he assumes the eigenvalue—ecigenstate link without comment in his discussion of
determinate properties is perhaps the best evidence for David Albert’s claim (1992: 116)
that Everett may have had something like the bare theory in mind (Ch. 4).
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While an observer’s physical records are typically indeterminate, perhaps
it really is possible to explain why they none the less seem to be perfectly
determinate to an observer treated within the theory. It is, after all, not at
all clear what it would be like fo be an observer who had in fact recorded
a superposition of results—what does the theory predict concerning such
an observer’s experience? Would it be anything like our experience?

But then again how could pure wave mechanics predict a single deter-
minate appearance when appearances on Everett’s theory are supposed to
be fully determined by the states of physical records? If the linear dynam-
ics is taken to describe the time-evolution of all systems at all times, then
after a typical measurement neither an observer M (treated as a physical
system) nor the object system will have a determinate state, but will both
be part of an entangled superposition like

1
NG (Jrecorded x-spin up) 7|1, )s + |recorded x-spin down) a1 ) s).

v

(3.2)
On the standard interpretation of states this state does not describe a situ-
ation where the observer recorded any single, determinate measurement
result. Indeed, if one assumes the principle of state completeness (which
Everett did), then it is difficult to see how such a state could describe a situ-
ation where the observer had a single determinate measurement record on
any interpretation of the states—if this state is supposed to describe a situ-
ation where the observer recorded a single, determinate result, then which
result does it describe him recording? Because of the symmetry between
the two terms, this state cannot be taken to select either of the two possible
results. Moreover, our empirical evidence presumably requires that any
superposition of the two results be compatible with actually obtaining
either result (because it is empirically possible for one to get any result
that is associated with a nonzero amplitude!). It seems, then, that there
can be nothing in the quantum state predicted by the usual linear dynam-
ics alone that determines which measurement result the observer got. If
states like this are supposed to be complete and accurate descriptions of
the composite system M + S (and Everett insists that they are), then pure
wave mechanics is simply incompatible with the claim that an observer
typically records a single, determinate measurement result.®

6 1f there is a single, determinate result, then the post-measurement state is incomplete
since it does not specify what that result is. One could respond that the post-measurement
state is complete in the sense that it completely determines the quantum-mechanical prob-
abilities. This is right, but I think a little misleading. If there is a physical matter of fact
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Compare how measurements work in pure wave mechanics and in the
standard collapse formulation of quantum mechanics. On the standard the-
ory the fact that an observer typically records a determinate, repeatable
measurement result is explained by the collapse of the state on measure-
ment, and the fact that our measurement results seem to be randomly
distributed and have the relative frequencies that they do is explained by
the way that the state collapses. On the standard theory, the composite
system randomly ends up in an eigenstate of the observer recording one
or other of the two possible measurement results: in the above experiment
either |x-spin up) ps(1,) s or [x-spin down} (| .} 5, €ach with probability
1/2. According to the standard interpretation of states, each of these are
states where the observer has in fact recorded a perfectly determinate
measurement result. And since one would presumably want any physi-
cal theory that one is taking seriously to predict that a post-measurement
state will typically be one where an observer has a determinate record of
the measurement outcome, this is good. But in pure wave mechanics an
observer typically does not even have a determinate quantum-mechanical
state of his own, let alone a state that describes him as having recorded a
determinate measurement result, and this is bad.

Everett, however, does not respond to the determinate-experience prob-
lem by claiming that after a typical measurement an observer does in fact
have, contrary to the standard interpretation of states, a determinate physi-
cal state and a determinate record of the outcome; rather, he argues that one
must consider the appearance of phenomena to observers. An observer
who is actually in an entangled superposition of having recorded mutu-
ally incompatible results and who thus has no determinate measurement
record would none the less experience the appearance of a determinate
result. On the other hand, we have just seen that there can be no single,
determinate physical record represented in the usual quantum-mechanical
state predicted by the linear dynamics.

This dilemma suggests that in order to make sense of Everett’s posi-
tion one might ultimately want to distinguish between physical states
which evolve in a deterministic way but where there are typically no
determinate records and mental states which represent the determinate
subjective appearances experienced by observers and which evolve in a

about what result the observer recorded, then since the usual quantum-mechanical state does
not tell us what the physical record is here, the usual quantum-mechanical state does not
completely specify all physical matters of fact concerning the composite system and is thus
not a complete physical description.
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stochastic way.” But this sort of distinction between physical and mental
states would be incompatible with how Everett understands observers
and their mental states. Not only does he require that a satisfactory for-
mulation of quantum mechanics satisfy the principle of psychophysical
parallelism, but he took an observer’s physical state to determine fully his
mental state.

We are faced with the task of making deductions about the appearance of phenom-
ena on a subjective level, to observers which are considered as purely physical
systems and are treated within the theory. In order to accomplish this it is necessary
to identify some objective properties of such an observer (states) with subjective
knowledge (i.e., perceptions). (1973: 63)

An observer for Everett is modelled as an automaton. The observer’s
knowledge and experience are fully determined by the physical state of
his memory registers. The physical state z//[g’ B, fepresents a situation
where the observer O has determinately recorded in his memory the events
A, B, ... As Everett puts it, “These configurations can be thought of as
punches in a paper tape, impressions on a magnetic reel, configurations of
arelay switching circuit, or even configurations of brain cells’ (1973: 65).

The automaton model of observers provides Everett with a final descrip-
tion of his problem and ultimate goal:

Our problem, then, is to treat the interaction of such observer-systems with other
physical systems (observations), within the framework of wave mechanics, and
to deduce the resulting memory configurations, which we can then interpret as
the subjective experiences of the observers. (1973: 65)

From this it might sound as if Everett intends to show that after an x-
spin measurement, say, an observer will end up with precisely one of the
determinate memory configurations predicted by the standard collapse
formulation of quantum mechanics, either W{%} or wﬁx]. But again, we
have already seen that if the linear dynamics describes the measurement
process and if one assumes the principle of state completeness, then this
cannot be right. Further, this cannot be what Everett himself has in mind
since he has already argued that nothing like Process 1 can occur in the
time-evolution of the quantum-mechanical state (which, by the way, is
simply a consequence of assuming that the deterministic dynamics always
describes the time-evolution of the state). Moreover, he has argued that an

7 This distinction would presumably lead to something like the single-mind or many-
minds theories of Ch. 7.
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observer has no determinate physical record after a typical measurement.
If one supposes that a determinate physical record is necessary for there to
be a determinate mental record, which seems to be a reasonable enough
assumption about the relationship between physical and mental states,
then there can be no determinate mental record either!

3.6 The deduction of subjective appearances

Everett begins his deduction of the subjective appearances predicted by
the standard formulation of quantum mechanics by defining what it means
for an observer to make a good observation. On his definition, an obser-
vation is good if and only if the interaction between the observer and the
object system is such that if the object system begins in an eigenstate of
the observable being measured, then its state would be unchanged and the
memory configuration of the observer would end up in an eigenstate of
recording a determinate result that represents which eigenstate the object
system is in (1957a: 19, 1973: 65-6). ‘The requirement that the eigen-
states for the system be unchanged is necessary if the observation is to
be significant (repeatable), and the requirement that the observer state
change in a manner which is different for each eigenfunction is necessary
if we are to be able to call the interaction a measurement at all” (1973: 66).

Note that Everett’s automaton model of observers and his conditions
for a good observation correspond to how we have been treating observers
all along: (1) if a good observer measures an object system that is initially
in an eigenstate of the observable being measured, then the observer and
the object system will end up in a separable state where the observer has
recorded which eigenstate the object system was in and the object system
is still in that eigenstate; and it follows from this and the linear dynam-
ics that (2) if a good observer measures an object system that is not in
an eigenstate of the observable being measured, then the observer and
object system will end up in a correlated superposition of the observer
having recorded various incompatible results and the object system being
in the corresponding eigenstates, Everett calls these Rule 1 and Rule 2,
respectively (1973: 67). Rule 2 just says that Rule 1 can be applied sep-
arately to each element of a superposition and then superpose the results
to obtain the final state after the measurement interaction. The fact that
each element can be thought of as separately obeying the wave equation
follows from the linearity of the dynamics (1973: 67). In general, then, if
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an observer M begins in a ready-to-make-a-measurement state and meas-
ures the observable O of system S, with eigenstates ¢%, then the total
state transforms according to

[ready) s ) aids — 3 ailai) uds. (3.3)

And the job at hand is that ‘“We must now seek the interpretation of such
final total states’ (1973: 68).

The key to explaining the determinate perceptions of an observer is to
be found by considering the post-measurement state term by term (in the
observer’s determinate-record basis).

We note that there is no longer any independent system state or observer state,
although the two have become correlated in a one—one manner. However, in each
element of the superposition . . . the object-system state is a particular eigenstate of
the observer, and furthermore the observer-system state describes the observer as
definitely perceiving that particular system state. It is this correlation that allows
one to maintain the interpretation that a measurement has been performed. (1973:
68, 1957a: 23)

But we are still faced with the same question as before: how is this fact
supposed to account for the observer’s determinate experience? Everett
marks the end of this passage with a long footnote:

At this point we encounter a language difficulty. Whereas before the observation
we had a single observer state afterwards there were a number of different states
for the observer, all occurring in a superposition. Each of these separate states is
a state for an observer, so that we can speak of the different observers described
by the different states. On the other hand, the same physical system is involved,
and from this viewpoint it is the same observer, which is in different states for
the different elements of the superposition (i.e., has had different experiences
in the separate elements of the superposition). In this situation we shall use the
singular when we wish to emphasize that a single physical system is involved, and
the plural when we wish to emphasize the different experiences for the separate
elements of the superposition. (1973: 68 n.)

And this is one of Everett’s two most detailed explanations of how pure
wave mechanics accounts for our determinate experience!8

Everett insists that the observer is represented by a single physical
system throughout the measurement. And he says thatitis only with regard

8 1 shall discuss the other detailed explanation, the ‘Note added in proof” to his 1957b
paper, in Sect. 3.8. .
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to the observer’s subjective experience that one would talk of there being
many observers after the measurement. There is a sense, then, in which
each physical observer has many mutually incompatible experiences and
memories. But then how does one explain why it seems that one typically
ends up with a single determinate measurement result? If there is only one
physical me associated with many mutually incompatible experiences,
then if I do in fact get a single determinate result, it must be because my
mental state is not determined by my physical state. But then what does
determine my mental state?

I might respond by denying that I do in fact typically get a single,
determinate measurement result. In the spirit of the fundamental relativity
of states one might deny that there is any absolute matter of fact about
what measurement result I recorded and say that such facts are relative
Sacts: Isaw the pointer pointing to “x-spin up’ relative fo my object system
being x-spin up, but I saw the pointer pointing to ‘x-spin down’ relative
to my object system being x-spin down. But since on this view there is
no absolute matter of fact about what 1 saw, it is unclear exactly how
this is supposed to account for my experience (experience about which
there really does seem to me to be an absolute matter of fact). Or put
somewhat differently, if what I experience is a relative fact, then what is
it that explains why it does not seem to me that it is?!°

Without further explanation, Everett says that we can now carry the
discussion a step further by considering what would happen if M repeated
his measurement on S. Given the properties of a good measuring device
and the linearity of the dynamics, the state will evolve as follows:

lai, ready) y ) @i — Y ailai, ai) uds. 3.4
i i

Everett concludes:

Again, we see that each element ... describes a system eigenstate, but this time
also describes the observer as having obtained the same result for each of the
two observations. Thus for every separate state of the observer in the final super-
position, the result of the observation was repeatable, even though different for
different states. This repeatability is, of course, a consequence of the fact that
after an observation the relative system state for a particular observer state is the
corresponding eigenstate. (1973: 69, 1957a: 23)

9 1shall consider such puzzles, and possible resolutions, more in later chapters. Everett’s
insistence on the notion of relative state here strongly suggests something like the relative-
fact reading that I consider in Ch. 7.
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And that is Everett’s explanation for why observers have the same sub-
jective experiences when they repeat their measurements.

Everett also shows that two observers who make the same measure-
ment (of a quantity like x-spin) on an undisturbed system and compare
their results will end up in a state where each term of the determinate-
record expansion describes both observers as having the same measure-
ment record and the object system being in the corresponding eigenstate:
“This means that observers who have separately observed the same quan-
tity will always agree with each other’ (1973: 80).

Note here, however, that each of the last two results are contingent on
the measurements being perfect. If one does not repeat a measurement
in precisely the same way as one performed it the first time, then one
will typically fail to record the same result in each term of the quantum-
mechanical state. Similarly, if the two measuring devices do not interact
with the object system in precisely the same way, then their records will not
be perfectly correlated and there will be a nonzero amplitude associated
with a state where their results do nor agree. So Everett needs to say
something about imperfect measurements. But I shall return to this after [
discuss the experiments that are suppose to allow one to deduce the usual
statistical predictions of quantum mechanics.

In order to deduce the usual quantum statistical predictions as subject-
ive appearances, Everett considers what would happen if M measured
the same observable O of a number of separate systems St, Sy, ... that
are all in the same initial state s = Y a;|¢;)s,, where [¢;) are again
eigenfunctions of A.

If the initial state of the composite system is

[readyy, ready,, ...) yPs,9s, - - - » 3.5)

then the state after M’s first measurement will be

> ailai,ready,, .. Yy ldi)s s, - - (3.6)

and the state after M’s second measurement will be

> aajlaiaj, .. mldi)s, 195)s, - - (.7)
Lj

And so on, as M’s memory registers become correlated with the states of
the systems being measured.
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This ever more complicated total state is a superposition of states each of
which describes the observer with a definite memory sequence and the sys-
tems that have been measured in corresponding eigenstates. Indeed, every
possible sequence of measurement results is represented by some term in
the final superposition. Concerning this state Everett concludes that

In the language of subjective experience, the observer which is described by
a typical element .. .of the superposition has perceived an apparently random
sequence of definite results for the observations. It is furthermore true, since
in each element the system has been left in an eigenstate of the measurement,
that if at this stage a redetermination of an earlier system observation . .. takes
place, every element of the resulting final superposition will describe the observer
with a memory configuration .. . in which the earlier memory coincides with the
later—i.e., the memory states are correlated. It will thus appear to the observer
which is described by a typical element of the superposition that each initial
observation on a system caused it to ‘jump’ into an eigenstate in a random fashion
and thereafter remain there for subsequent measurements on the same system.
Therefore, qualitatively, at least, the probabilistic assertions of Process 1 appear
to be valid to the observer described by a typical element of the final superposition.
(1973: 70)

And thus he claims that he has deduced the qualitative phenomena of the
collapse of the wave function (Process 1) in terms of the subjective experi-
ences of observers treated within pure wave mechanics—even though
there is, as a matter of fact, never a collapse of the quantum-mechanical
state.

In order to derive the quantitative assertions of Process 1 as well, Everett
introduces a measure on the elements in the final superposition so that he
can talk sensibly about what the statistical properties of the measurement
results would be for a rypical observer in the superposition. What he
wants to show is that the usual quantum statistics would be exhibited by
the sequence of results represented by a fypical element in the final super-
position (1973: 71). He then takes this together with the considerations
above to constitute a complete deduction of the usual statistical predic-
tions of quantum mechanics as subjective appearances of an observer
treated within pure wave mechanics.

Everett argues that the only mathematically natural probability measure
on the elements of the final superposition is the one determined by the
norm-squared of the amplitude associated with each element. The measure
of a set of elements, then, is given by the sum of the norm-squared of the
amplitude of each term in the set (1973: 71-2). And it is with this measure
that we are supposed to deduce the usual quantuim statistics as appearances
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for a typical observer in the final superposition of the total state describing
the corresponding physical observer.

If we consider the sequences to become longer and longer (more and more obser-
vations performed) each memory sequence of the final superposition will satisfy
any given criterion for a randomly generated sequence, generated by the indepen-
dent probabilities afa; [the norm-squared of the coefficient on each element of
the object system state], except for a set of total measure which tends toward zero
as the number of observations becomes unlimited. Hence all averages of func-
tions over any memory sequence, including the special case of frequencies, can
be computed from the probabilities a¥a;, except for a set of memory sequences of
measure zero. We have therefore shown that the statistical assertions of Process 1
will appear to be valid to almost all observers described by separate element of the
[final] superposition .. . in the limit as the number of observations goes to infinity.
(1973: 74)

Everett then argues that this result can be generalized to apply to arbitrary
sequences of observations (1973: 74-7).

Throughout the discussion Everett insists that all physical processes are
‘entirely deterministic and continuous’ and lead to a superposition ‘each
element of which describes the observer with a different memory state’
and thus explains why it ‘appears to the observer that the probabilistic
aspects of the usual form of quantum theory are valid’: “We have thus
seen how pure wave mechanics, without any probability assertions, can
lead to these notions on a subjective level, as appearances to observers’
(1973: 78).

Everett presents essentially the same argument in his earlier paper
(1957b). After describing the state that would result from performing
the same measurement on a number of identically prepared systems, he
notes that

A typical element . . . of the final superposition describes a state of affairs wherein
the observer has perceived an apparently random sequence of definite results for
the observations. Furthermore the object systems have been left in the correspond-
ing eigenstates of the observation. (19575: 320)

And if the observer repeats a measurement, then each element in the final
state will describe him as recording the same result as he did the first time
he performed that measurement.

It will thus appear to the observer, as described by a typical element of the super-
position, that each initial observation on a system caused the system to ‘jump’
into an eigenstate in a random fashion and thereafter remain there for subsequent
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measurements of the same system. Therefore—disregarding for the moment quan-
titative questions of relative frequencies—the probabilistic assertions of Process 1
appear to be valid to the observer described by a typical element of the final super-
position. (1957b: 320)

Concerning quantitative questions of relative frequencies, Everett notes
that as more and more observations are performed, ‘each memory
sequence of the final superposition will satisfy any given criterion for
a randomly generated sequence, generated by the independent probabil-
ities [given by Process 1], except for a set of total measure which tends
toward zero as the number of observations becomes unlimited’ (1957b:
322). Everett thus concludes that “We have therefore shown that the stat-
istical assertions of Process 1 will appear to be valid to the observer, in
almost all elements of the superposition .. . in the limit as the number of
observations goes to infinity’ (1957b: 322, 1957a: 31). And this means
that ‘all predictions of the usual theory will appear to be valid to the
observer in almost all observer states’ (1957b: 322, 1957a: 32).

It is important to be clear about the mathematical facts here since
Everett’s description allows for some confusion. It is typically false
that most terms in the final superposition (written in the observer’s
determinate-record basis) in the ordinary counting sense of most will
describe sequences of measurement results that have the right relative fre-
quencies, but it is always true that most of the elements in the final super-
position in the norm-squared-coefficient measure will describe sequences
of results that have close to the right relative frequencies. So it is this sec-
ond fact that must somehow explain why Process 1 will appear to be valid
to a typical observer.!?

A similar line of argument is also supposed to explain what happens
when one repeats a measurement after an intervening measurement of
an incompatible observable. If an observer measures one observable, say
x-spin, and then measures a noncommuting observable of the same sys-
tem, say z-spin, then the observer will not necessarily get the same result
for a subsequent measurement of the first observable (x-spin) in every ele-
ment of the total composite state. But if this sequence of measurements

10 gyt again, all of the observers described by the superposition are the same observer in
that they all correspond to the same physical system—it is just that this one physical observer
somehow has many mutually incompatible experiences and memories. A typical memory
sequence, in the norm-squared sense of typical, will exhibit the usual quantum statistics. But
just as one might wonder how having many mutually incompatible experiences accounts for
one’s own determinate experience, one might wonder why it is the norm-squared measure
that is relevant to one’s experience. I shall discuss both of these problems later.
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{sequence of three measurements here) is repeated on similarly prepared
systems, then as the number of systems observed gets large almost all (in
the norm-squared measure) of the terms in the determinate-record expan-
sion of the final state will describe the observer as having recorded the
same relative frequencies for the sequence of measurements as predicted
by the standard formulation of quantum mechanics.

If such stories work at all, a similar story would provide a way of
understanding imperfect measurements. While it is unlikely that any two
observers, or even the same observer repeating a measurement, will ever
perform exactly the same measurement on a system twice, it must be the
appearance of the right joint relative frequencies in a typical element of the
final superposition that explains the sort of repeatability of observations
that we see in real experiments. If even a single observation is made on a
system and is then followed by a similar observation of the same system,
then most of the terms in the post-measurement state, in the norm-squared
measure, not the usual counting measure, will describe situations where
both observations yielded the same result. As a large number of such
experiments are performed, most of the terms in the final state (in the
norm-squared measure) will describe a situation where most experiments
yielded the same result for both measurements.

Everett also thought that the EPR experiment was easily understood in
the context of pure wave mechanics, and he claimed that ‘one observer’s
observation upon one system of a correlated but non-interacting pair of
systems, has no effect on the remote system, in the sense that the outcome
or expected outcome of any experiments by another observer on the remote
system are not affected’ (1973: 83). But the extent to which this is true
depends, as we shall see, on exactly how one understands pure wave
mechanics and how it is supposed to account for our experience.!!

In any case, Everett believed that he had deduced the standard statistical
predictions of quantum mechanics (for the sorts of experiment we in
fact perform), as subjective appearances, from a perfectly deterministic
physical theory.

We have now completed the abstract treatment of measurement and observation,
with the deduction that the statistical predictions of the usual form of quantum
theory (Process 1) will appear to be valid to all observers. We have therefore
succeeded in placing our theory in correspondence with experience, at least insofar
as the ordinary theory correctly represents experience. (1973: 85)

11 1t is true, for example on the bare theory described in Ch. 4 but not on the revised
single-mind theory described in Ch. 7.
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He claimed that

The theory based on pure wave mechanics is a conceptually simple causal theory,
which fully maintains the principle of the psycho-physical parallelism. It therefore
forms a framework in which it is possible to discuss (in addition to ordinary
phenomena) observation processes themselves, including the inter-relationships
of several observers, in a logical, unambiguous fashion. (1973: 118)

And that

While our theory justifies the personal use of the probabilistic interpretation as an
aid to making practical predictions, it forms a broader frame in which to understand
the consistency of that interpretation. (1973: 118)

And he believed that this formulation of quantum mechanics may prove
fruitful in field theories since ‘one can assert that field equations are
satisfied everywhere and everywhen, then deduce any statistical asser-
tions by the present method’ (1973: 119). It also ‘avoids the necessity of
considering anomalous probabilistic jumps scattered about space-time’
(1973: 119), which, of course, would help one to reconcile quantum
mechanics with relativity. And finally “The wave theory is definitely ten-
able and forms, we believe, the simplest complete, self-consistent theory’
(1973: 115).
Everett concludes by noting that

Aside from any possible practical advantages of the theory, it remains a matter of
intellectual interest that the statistical assertions of the usual interpretation do not
have the status of independent hypotheses, but are deducible (in the present sense)
from the pure wave mechanics that starts completely free of statistical postulates.
(1957b: 323, 1957a: 36)

Or put another way, even if one does not like the theory, one should find
it interesting that the collapse dynamics is not independent of the linear
dynamics. If this is true, then it is certainly interesting.

3.7 The mechanics of macroscopic systems

Everett took one of the virtues of his formulation of quantum mechanics to
be that it explains the classical appearance and behaviour of macroscopic
systems. He starts by considering an electron and a proton each with a def-
inite momentum, in a box. If each particle has a definite momentum, then
neither particle has a determinate position (which is precisely what the
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standard interpretation of states would say). One would expect a hydrogen
atom in the ground state to form in the box eventually.

We notice, however, that the position amplitude density of each particle is szill
uniform over the whole box. Nevertheless the amplitude distributions are now
no longer independent, but correlated. In particular, the conditional amplitude
density for the electron, conditioned by any definite proton ... position, is nor
uniform but is given by the familiar ground state wave function for the hydrogen
atom. What we mean by the statement, ‘a hydrogen atom has formed in the box,’
is just that this correlation has taken place—a correlation which insures that the
relative configuration for the electron, for a definite proton position, conforms to
the customary ground state configuration. (1973: 86)

So while the general state does not describe a hydrogen atom with a deter-
minate position, Everett argues that it does describe a hydrogen atom,
and that the same line of argument holds for more complex systems
constructed by way of strong correlations (1673: 86-7). Everett notes
that while it is a consequence of the linear dynamics that a cannonball
would typically evolve to a state where its centre of mass had no deter-
minate position, any specified centre of mass would pick out a state that
describes a cannonball—that is, the particles that make up the cannonball
do not spread out independently but rather preserve the structure of the
macroscopic object and end up in a final state that can be described as a
superposition of cannonballs at different positions (1973: 87-8).

The quantum-mechanical state of a system of macroscopic objects,
a collection of cannonballs say, does not ascribe anything like determi-
nate positions or momenta to the individual objects. But any such state
‘can at any instant be analyzed into a superposition of states each of
which does represent the bodies with fairly well defined positions and
momenta’ (1973: 89). For real macroscopic systems these local branch
states are not states where the systems have determinate positions and
momenta; rather they are states where the product of the uncertainties is
very small by macroscopic standards. The idea, then, is that one could
use a basis that provides such ‘quasi-classical’ branch states to account
for our determinate experience of macroscopic objects.!?

12 The notion of a quasi-classical state will play a central role in how Gell-Mann and
Hartle understand Everett’s formulation of quantum mechanics later (Ch. 8). It is worth not-
ing, however, that Everett’s discussion of quasi-classical states here is not meant to explain
why observers have determinate experiences. This is something that he believed that he had
already explained in his short paper and in the first part of his long paper by noting that
an observer will have a determinate record in each term of the global state (when written
in an appropriate basis). Given that he had already explained why there are determinate
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Each of these states then propagates approximately according to classical laws,
so that the general state can be viewed as a superposition of quasi-classical states
propagating according to nearly classical trajectories. In other words, if the masses
are large or the time short, then there will be strong correlations between the initial
states (approximate) positions and momenta and those at a later time, with the
dependence being given approximately by classical mechanics. (1973: 89)

An observer will not see macroscopic objects as ‘smeared out’ over large
regions of space and thus notice that the actual physical state is a super-
position of very different quasi-classical states. Rather, when he makes
his observation, the observer will become correlated with the macroscopic
system in such a way that relative to his recording a (roughly) determinate
result, the macroscopic system will be in the single corresponding quasi-
classical state:

After the observation the composite system of objects -+ observer will be in a
superposition of states, each element of which describes an observer who has
perceived that the objects have nearly definite positions and momenta, and for
whom the relative system state is a quasi-classical state...and furthermore to
whom the system will appear to behave according to classical mechanics if his
observation is continued. We see, therefore, how the classical appearance of the
macroscopic world to us can be explained in the wave theory. (1973: 90)

That is, there will be some expansion of the global state where each term
describes observers as having almost determinate records of both the posi-
tions and momenta of macroscopic systems, and one would expect the
values of these almost determinate quantities to evolve in an almost clas-
sical way. And Everett takes this to be enough to account for the classical
appearance of such systems. There are, however, two natural questions:
(1) how does the existence of such an expansion explain our determinate

experiences of macroscopic objects, his discussion of quasi-classical states was supposed
to explain why one would judge that these determinate experiences agree with the predic-
tions of classical mechanics. This distinction is important. If I am right, then environmental
decoherence has nothing whatsoever to do with Everett’s explanation for why observers
have determinate experiences. Indeed, if I understand it correctly, Everett’s notion of a
quasi-classical state does not even rely on environmental decoherence; rather, it seems that
he just wants the reader to think of the global state as a superposition of states describ-
ing macroscopic systems (the quasi-classical states), each evolving in (approximately) the
familiar classical way. And if this is right, then Everett’s notion of a quasi-classical state is
itself very different from Gell-Mann and Hartle’s (in so far as I understand their notion of a
quasi-classical state). Finally, it is worth noting that Everett has already argued that whether
or not a system exhibits quantum-mechanical indeterminacy is independent of its size (see
e.g. Sect. 3.5 above and Everett 1973: 61).
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experience? and (2) why should one think that almost determinate records
are sufficient to explain our fiully determinate experience?

3.8 What are branches?

The recurring problem is that it is difficult to see how Everett’s account
of an observer’s determinate experience is supposed to go even in the
simplest situations. Let’s give it one more try.

In his thesis Everett says something in his discussion of the qualitative
appearance of quantum jumps that provides a clue to how the relativity of
states is supposed to work. After pointing out that each term in the final
state, when written in the observer’s definite memory basis, describes the
observer with a definite memory sequence, Everett concludes that ‘Rela-
tive to him the (observed) system states are the corresponding eigenfunc-
tions ...’ (1957a: 24; my italics). One might take this as evidence that he
really did believe that there was ultimately no preferred basis for express-
ing the total state and that there was typically no absolute matter of fact
about the state of any subsystem. Indeed, Everett reminds us that

Throughout all of a sequence of observation processes there is only one physical
system representing the observer, yet there is no single unique state of the
observer. .. Nevertheless, there is a representation in terms of a superposition,
each element of which contains a definite observer state and a corresponding
system state. (1957b: 320, 1957a: 25)

But at this point he also begins to talk about the various branches of
the wave function as if they were somehow real entities. Everett argues
that while there is only one physical observer, during a typical measure-
ment the observer state ‘splits’ into a number of simultaneously existing
‘branches’, each of which describes the observer as having obtained a
determinate, though different, measurement result.

Thus with each succeeding observation (or interaction), the observer state
‘branches’ into a number of different states. Each branch represents a different
outcome of the measurement and the corresponding eigenstate for the object-
system state. All branches exist simultaneously in the superposition after any
given sequence of observations. (1957b: 320, 1957a: 26)

He adds that

The ‘trajectory’ of the memory configuration of an observer performing a sequence
of measurements is thus not a linear sequence of memory configurations, but



The theory of the universal wave function 87

a branching tree, with all possible outcomes existing simultaneously in a final
superposition with various coefficients in the mathematical model. In any familiar
memory device the branching does not continue indefinitely, but must stop at a
point limited by the capacity of the memory. (1957b: 321, 1957a: 26)

And he explains further in a footnote:

Note added in proof —In reply to a preprint of this article some correspondents
have raised the question of the ‘transition from possible to actual,” arguing that in
‘reality’ there is—as our experience testifies—no such splitting of observer states,
so that only one branch can ever actually exist. Since this point may occur to other
readers the following is offered in explanation.

The whole issue of the transition from ‘possible’ to ‘actual’ is taken care of in
the theory in a very simple way-—there is no such transition, nor is such a transition
necessary for the theory to be in accord with our experience. From the viewpoint
of the theory all elements of a superposition (all ‘branches’) are ‘actual,” none any
more ‘real’ than the rest. It is unnecessary to suppose that all but one are somehow
destroyed, since all the separate elements of a superposition individually obey the
wave equation with complete indifference to the presence or absence (‘actuality’
or not) of any other elements. This total lack of effect of one branch on another
also implies that no observer will even be aware of any ‘splitting” process. (19575:
320-1)

So Everett talks about ‘branches’ being ‘real’ and ‘splitting’ into new
‘branches’ that are all equally ‘actual’, and he feels that he needs to explain
why this ‘splitting’ process goes unnoticed. The fact that he uses scare
quotes throughout suggests that he is not altogether comfortable with
this sort of talk, but there it is, and it has led many readers, in spite of
Everett’s insistence that the post-measurement states he considers always
describe a single physical observer, to suppose that he took each term in
the superposition to describe a real physical world inhabited by one of the
many physical copies of an observer that are created by each observation.

The footnote above continues with an analogy between pure wave
mechanics and Copernican astronomy.

Arguments that the world picture presented by this theory is contradicted by
experience, because we are unaware of any branching process, are like the criticism
of the Copernican theory that the mobility of the earth as a real physical fact is
incompatible with the common sense interpretation of nature because we feel no
such motion. In both cases the argument fails when it is shown that the theory
itself predicts that our experience will be what it in fact is. (1957b: 321)

So the explanation is that while it may appear that pure wave mechanics
is incompatible with our experience since we do not feel any branching
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process, just as classical mechanics predicts that one would not feel the
earth move, pure wave mechanics predicts that one would not feel any
branching process.

Everett claims that it is the total lack of influence of one branch on
another that explains why one would not feel the branching process. Since
it is unclear what he meant by branches, it is also unclear how this expla-
nation is supposed to go. But regardless of what he meant by branches,
if one takes the linear dynamics seriously, then it is generally false that
there is a total lack of influence of one branch on another, and Everett
knew this.

In his long paper Everett explained that while one might think of a
measurement in pure wave mechanics as collapsing the state of the object
system into a non-interfering mixture of states just as predicted by the
standard formulation of quantum mechanics, the two theories only make
the same empirical predictions for measurements made on the original
object system. If one were (as in a Wigner’s-friend-type story) to measure
an observable of the original object system and the measuring apparatus,
then one must take into account interference effects (1973: 81). After an
x-spin measurement, say, pure wave mechanics predicts that the post-
measurement state of the measuring device and the object system will be
close to

1 . .
ﬁ(lX-Spm up) pm[Tx)s + [x-spin down) pr [ ) s) (3.8)

while the standard theory predicts that the final state will be close to either
[x-spin up) 7|1, ) s or [x-spin down) as|| ) s, and there are measurements
of the composite system M + S that would, in principle, allow one to deter-
mine whether the measurement interaction between M and S led to the
pure superposition or a statistical mixture of the two states where the result
is determinate. And it is for this reason that pure wave mechanics makes
different empirical predictions from the standard collapse formulation of
quantum mechanics.

Everett later explained that this is why one cannot suppose that there is
only one branch, the one that describes the observer as getting the result
that he in fact got, after a measurement.

We take this opportunity to caution against a certain viewpoint which can lead to
difficulties. This is the idea that after the apparatus has interacted with the sys-
tem, in ‘actuality’ one or the other of the elements of the resultant superposition
described by the resultant wave function has been realized to the exclusion of the
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rest, the existing one simply being unknown to an external observer . . . This posi-
tion must be erroneous since there is always the possibility for the external observer
to make use of interference properties between the elements of the superposition.
(1973: 105)

While one can correctly calculate marginal expectations for subsystems
by supposing that the system is in a mixture of states, ‘the representation
by a mixture must be regarded as only a mathematical artifice which,
although useful in many cases, is an incomplete description because it
ignores phase relations between the separate elements that actually exist,
and which become important in any interactions which involve more than
just a subsystem’ (1973: 106).13

Given that there are experiments that would at least in principle detect
the presence of other branches, Everett’s explanation why one does not feel
a branching process cannot be that there can be no interactions between
branches. Rather, a successful explanation would presumably rest on the
fact that, where real observers are involved, the sort of interference experi-
ment that would detect the presence of other branches would be extra-
ordinarily difficult to perform. But, as we shall see later (Chapter 8), the
difficulty of such measurements is not by itself enough to explain why it
seems that we have the determinate measurement records we do.

It is tempting to talk as if we were somehow in a particular branch
and that this is what explains our particular determinate experience, but
Everett himself never says this. It is unclear exactly how Everett thought of
branches. It is also unclear whether and in what way a particular observer
is associated with a particular branch. What Everett actually says (in his
two main passages on the topic) is that there is always a single physical
observer, there is no single state of the observer, the different branches
represent different subjective experiences of the observer, and all branches
exist simultaneously (1957b: 320); and he says that since after an obser-
vation there are typically many different relative states for an observer, we
can speak of different observers described by the different states; but since
there is only one physical system involved, there is only one observer who
has ‘different experiences for the separate elements of the superposition’
(1973: 68).

13 Such passages seem to me to provide further evidence that decoherence effects had
nothing to do with Everett’s explanation why observers seem to get determinate measurement
results. Indeed, Everett’s discussion of statistical mixtures here foreshadows some of the
problems with the decoherence theories I shall discuss later (Ch. 8).
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Everett says that the various elements of the wave function play the
role of assigning states to the memory of the observer. ‘In conclusion, the
continuous evolution of the state function of a composite system in time
gives a complete mathematical model for processes that involve an ideal-
ized observer. When interaction occurs, the result of the evolution in time
is a superposition of states, each element of which assigns a different state
to the memory of the observer’ (1957a: 34). But again, it is difficult to say
what Everett meant by assigning many mutually incompatible memories
to an observer when we in fact only ever experience one.

Near the end of his long paper Everett describes his new view of physics
from the perspective of pure wave mechanics. Physics now consists in the
study of quantum-mechanical correlations, and most physical laws are
nothing more than statements concerning the quantum-mechanical cor-
relations between subsystems.!# Such laws can always be written in the
form: under conditions C the property A of a subsystem of the universe
is correlated in such-and-such a way with the property B of another sub-
system (1973: 117-18). But these physical properties do not seem to be
determinate properties. Indeed, Everett concludes that there are no abso-
lute physical facts about subsystems: ‘All statements about subsystems
then become relative statements, i.e., statements about the subsystem rela-
tive to a prescribed state for the remainder (since this is generally the only
way a subsystem even possesses a unique state)’ (1973: 118).15 This
again suggests that the particular determinate experience of an observer,
like a physical property of a subsystem, is a relative fact. But relative to
what?

3.9 Interpreting Everett

On the title-page of his thesis Everett reported that ‘An earlier less con-
densed draft of the present work, dated January 1956, was circulated to
several physicists. Their comments were helpful in the most difficult task
of finding the right words to attach to the individual constructs of the
present rather straightforward mathematical machinery.” But he laments
that ‘It would be too much to hope that the revised wording avoids every
misunderstanding or ambiguity’ (1957a: 1).

He was right. The fact that most no-collapse theories have at one time
or another been attributed to Everett shows how much the no-collapse

14 Compare this to David Mermin’s position (Sect. 7.5).
15 such passages suggest something like the relative-fact formulation (Sect. 7.4).
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tradition owes to him, but it also shows how hard it is to say what he
actually had in mind.

1 shall not argue for a particular way of interpreting Everett since I do
not believe that there is enough textual evidence to determine exactly
what he wanted. I shall not systematically evaluate all of the ways that
people have interpreted Everett either. Rather, in the next few chapters,
I shall describe a few general approaches for trying to make sense of the
determinate experience of observers in the context of Everett’s theory.
And I shall start with one of the craziest.



4

THE BARE THEORY AND
DETERMINATE EXPERIENCE

IF one accepts Everett’s model of a good measuring device and if one
insists that the usual deterministic linear dynamics always correctly
describes the time-evolution of the quantum-mechanical state, then, as
we have seen, an ideal observer M who begins in an eigenstate of being
ready to measure the x-spin of a system S that is initially in an eigenstate
of z-spin will end up in a post-measurement state like

1
7

There are several strategies for interpreting |¢r).

One strategy would be to insist that, contrary to what the standard
eigenvalue—cigenstate link tells us about [y), there is a single post-
measurement observer who has recorded a single determinate meas-
urement result. If this is right, then |1} must be an incomplete description
of the state of the composite system M + § since it clearly fails to tell us
what result M recorded. Further, even if the coefficients on the two terms
in the post-measurement superposition (in the determinate-record basis)
were different, one would not want to say that the quantum-mechanical
state was complete since we know from experience that any term in the
post-measurement state with a nonzero coefficient represents a possi-
ble measurement record (and the usual quantum-mechanical state would
not tell us which term represented the observer’s actual record). On this
strategy, one would have to supplement the usual quantum-mechanical
state description with a parameter that effectively selects one of the terms
in the final state (in the determinate-record basis) as the one that cor-
rectly describes what result the observer in fact recorded. That is, if
one insists that the usual linear dynamics always correctly describes the
time-evolution of the quantum-mechanical state and that there is a sin-
gle post-measurement observer who records a single determinate meas-
urement result, then one is naturally led to abandon the assumption that

[¥) = —5 ([x-spinup) pr[1y)s + |x-spin down)pr || )s).  (4.1)
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the quantum-mechanical state provides a complete description of the post-
measurement state of the observer and his object system. Given this, one
might try to complete the state by (1) choosing a particular physical quan-
tity as always determinate (the path taken by standard hidden-variable
theories) or (2) choosing a rule that itself chooses a determinate physical
quantity given the current quantum-mechanical state and the system in
which one is interested (the path taken by some so-called modal theories).
But in either case, one must also have a rule for determining the value
of the determinate physical quantity. What quantity is determinate, its
value, and the quantum-mechanical state would then together provide a
complete physical description of a system at a time. I shall discuss such
theories in more detail later.

Another strategy for interpreting {vr) would be to take it as describing
a situation where M somehow determinately got both x-spin results. One
might give up the assumption that there is only one post-measurement
physical observer (as one does in a many-worlds theory). Or one might
take there to be one physical observer with many mutually independent
mental states (as one does in a many-minds theory). Or one might insist
that there is only one world and that each observer has only one mind
but that one needs a new indexical (akin to time) for discussing facts
about an observer at different branches akin to how time allows one to
discuss facts about an observer at different times—one might then say
that relative to one branch, the observer records x-spin up, while relative
to another branch, the observer records x-spin down, etc. (as one does in
a relative-fact theory). But, whichever path one takes, one must explain
why it seems to an observer that there is a simple matter of fact concerning
which measurement result he recorded. The purported advantage of this
general strategy is that, unlike the hidden-variable strategy above, the
usual quantum-mechanical state can still be understood as being in some
sense complete—we do not need to add a parameter that selects a single
term in the post-measurement state as representing the observer’s actual
record since every record represented in the post-measurement state is in
some sense equally actual. Most people think that Everett had a theory
like this in mind (indeed, most people think he had a many-worlds theory
in mind). I shall discuss such theories in more detail later.

Finally, and this is the really crazy one (even crazier, I think, than the
relative-fact theory), one might take |1} to describe a situation where
M recorded no determinate x-spin result at all. To take this strategy ser-
iously, one would have to allow that observers in fact typically (indeed,
almost always) fail to record the sort of ordinary determinate measurement
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results they believe they do. That is, rather than explain why we have the
determinate experiences that we have, such a theory would deny that we
typically have the sorts of determinate experience we believe we have.
Consequently, if such a theory can provide an account of our experience
at all, it must be radically different from the sort of account we are used to.

4.1 The bare theory

In this chapter I shall consider something that David Albert calls the bare
theory. The bare theory is simply the standard von Neumann—Dirac for-
mulation of quantum mechanics with the standard interpretation of states
(the eigenvalue—ecigenstate link) but stripped of the collapse postulate—
hence, bare. The bare theory tells us that the global state ¥ provides a
complete and accurate description of the state of the observer and object
system after the measurement. And, given the standard interpretation of
states, this means that a typical observer will not determinately get any
ordinary measurement result, no matter how insistent he might be. While
the bare theory might at first look like a very bad idea, Albert argues that
it is in fact ‘an amazingly cool idea’, and he says that ‘zhis is the idea that
strikes me as interesting to read into Everett’s paper’ (1992: 124).

While I believe (at least 99.4 per cent of the time) that the bare theory
ultimately fails to provide a satisfactory account of our experience, there
are none the less several reasons for taking it seriously. Because of the
bare theory’s formal simplicity, whatever formal properties it has will in
one way or another show up in all no-collapse formulations of quantum
mechanics. Its simplicity also makes the bare theory a good starting-point
for developing a satisfactory no-collapse theory—by carefully consider-
ing the problems it faces, one might determine what must be added or
changed to get a satisfactory no-collapse theory. There are also good
philosophical reasons for studying the ways of the bare theory. The bare
theory’s account of experience, for example, makes Descartes’s demon
and other brain-in-the-vat stories look like wildly optimistic appraisals
of our epistemic situation. Further, the bare theory raises basic questions
concerning the nature of empirical adequacy and even the possibility of
empirical inquiry. And finally, the bare theory does indeed turn out to
be an interesting way to read Everett. It makes sense of the way Everett
sets up the basic problem that his pure wave mechanics must solve: to
deduce the subjective appearances of an observer who is in an entangled
post-measurement state that does not describe him as having recorded
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any determinate result. It also allows us to make sense of each of the
thought experiments that Everett describes, and it explains how they are
relevant to the deduction of subjective appearances—not the same subject-
ive appearances predicted by the standard theory, but appearances that
are subjectively indistinguishable from the generic sorts of appearance
predicted by the standard theory.

4.2 The suggestive properties

The bare theory has several suggestive properties.! These properties tell
us what an observer would report concerning his experience in various
measurement situations if the theory were true. While these properties
hold for any physical observable, I shall keep things simple by consider-
ing only spin observables of spin-% systems. I shall describe some of
these properties in this section, but save most of the discussion of their
significance in interpreting Everett for later sections.

Suppose that M is an x-spin observer in Everett’s sense: M can be mod-
elled as an automaton with physical memory registers that represent M’s
memories of his x-spin measurements. This model requires a close corres-
pondence between physical memory configurations and mental states: if
an appropriate memory register is in an eigenstate of recording a particular
x-spin result, then the observer M will determinately believe that he got
that result. But Everett’s commitment to state completeness also suggests
that if M determinately believes that he got a particular x-spin result, then
the appropriate memory register must be in an eigenstate of recording that
result (otherwise, one might argue, the usual quantum-mechanical state
would not tell us what the observer’s determinate belief was when he
determinately had one and would thus be incomplete). I shall suppose,
then, that a memory register is in an eigenstate of recording a particu-
lar x-spin result if and only if M determinately believes that he got that
result. And with respect to what M reports about his own mental state, I
shall suppose that if he determinately has the disposition to report that he
believes X, then he determinately believes X. This means that one will
be able to figure out what M believes either by considering the physical
state of his memory registers or by considering his sure-fire dispositions
to make various reports about his own mental state.

! Some of these properties were first suggested by Everett (19574a,b). There have been
several subsequent attempts to clarify the properties and to determine their significance: see
Hartle (1968), DeWitt (1971), Everett (1973), Graham (1973), Albert and Loewer (1988),
Albert (1992), Barrett (19954, 1998) for examples.
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I shall also suppose, as I have supposed for observers all along, that M
is a good x-spin observer in Everett’s sense (indeed, one might call him a
perfect observer): I shall suppose that when a measurement is made, the
appropriate memory register becomes perfectly correlated with the x-spin
of the S without disturbing it. That is, I shall suppose that M has the two
sure-fire dispositions that were discussed earlier: (1) if the initial state is
one where M is ready to make a measurement and S is in an x-spin up
eigenstate |r) p7|1) s, then M will evolve to an eigenstate of recording the
result up and S will still be determinately x-spin up [1)ar11) 5 and (2) if
the initial state is one where M is ready to make a measurement and S is in
an x-spin down eigenstate |r) 3s|J ) s, then M will evolve to an eigenstate
of recording the result down and S will still be determinately x-spin down
Y mid)s. These two dispositions tell us how M is wired to record his
measurement results.

Following Everett, I shall also suppose that M can remember an arbi-
trarily large number of measurement results and calculate any of their
statistical properties. This is clearly an unrealistic idealization, but so are
M'’s other properties.

And now we are ready to reconsider the sequence of thought experi-
ments that Everett described and prove a few simple theorems about the
bare theory.

It follows from how M has been wired (from the two dispositions that
he has as a good x-spin observer) and from the linear dynamics that if the
initial state of M 4+ S is

[r)arlalt)s + Bl)s), (4.2)
then the state after M’s x-spin measurement will be
W) =altults+BlLInul)s. 4.3)

Here M’s state has become entangled with S°s state. Furthermore, assum-
ing that @ and B are both nonzero, [1) is not an eigenstate of M reporting
a particular determinate x-spin result; rather, it describes M as being part
of a superposition of states where it would report mutually incompatible
results. That is, |y) is not a state where M would report x-spin up and it
is not a state where M would report x-spin down. It is, however, a state
where M would (falsely) report that it got some determinate x-spin result,
either x-spin up or x-spin down. This report is false because M in fact
fails to have either determinate record.”

2 M’s state here is sometimes referred to as an improper mixture of the two possible
record states. According to the eigenvalue—eigenstate link, an improper mixture is not a state
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Determinate result. Suppose that M is wired so that it has the disposition
to answer the question ‘Did you get some determinate result to your x-spin
measurement, either x-spin up or x-spin down?’” with “Yes’ if it recorded
x-spin up (if M + S ended up in the state |1)p]1)s) and with “Yes’
if it recorded x-spin down (if M + S ended up in the state [{}37]4)s). If
M in fact recorded a superposition of the two possible x-spin results (if
M + S were in the state described by (4.3) above), then it follows from
the linearity of the dynamics that he would answer the question ‘Did you
get some determinate result to your x-spin measurement, either x-spin
up or x-spin down?’ with ‘Yes’; that is, M would report that he got a
determinate x-spin result when he did not determinately get up and did
not determinately get down.

Asking M whether he got a determinate x-spin result here amounts
to measuring a physical observable of M 4 S. Let D be an observable
such that eigenvalue +1 corresponds to a state where M has the disposi-
tion to report ‘I did get a determinate result to my x-spin measurement’
and eigenvalue —1 corresponds to any orthogonal states. Since |1} (1) s
corresponds to a state where M has recorded 1 for the outcome of its meas-
urement, if M is operating correctly (that is if M is operating according to
the dispositions described earlier), he will report that it obtained a deter-
minate x-spin result when in this state; and since the same is true for
[4)m]{}s, both of these are eigenstates of D with eigenvalue +1. That is,

DIt mIts = P mlIt)s and D) mll)s = 1) mld)s. 4.4
So

Dly) = D@t mIt)s + Blimld)s)
=aDMult)s + BDI ) ml)s
=a[M)ult)s +BlLul)s
= |y). 4.5)

Consequently, |¢) is an eigenvector of D with eigenvalue +1, which is
just another way of saying that M has the sure-fire disposition to report
‘I got a determinate result to my x-spin measurement, either x-spin up or
x-spin down.’

where M has a determinate record. It is important to distinguish this state from a proper
mixture; a state in which M has in fact recorded one or the other of the two possible results
but we do not know which.



98 The bare theory and determinate experience

Consider what this means. Suppose that the bare theory is true, and that
an observer begins a measurement in an initial state like the one described
above (4.1) (a remarkably unlikely event if the bare theory is true, but let’s
set this aside for now). If the observer is competent at reporting his beliefs
when he determinately observes a pointer in an eigenstate of pointing at
x-spin up and when he determinately observes a pointer in an eigenstate
of pointing at x-spin down, then by the argument above, when he ends
up in a superposition of believing that he sees x-spin up and believing
that he sees x-spin down, he will report that he got a determinate result;
that is he will answer the question ‘Did you get a determinate result of
either x-spin up or x-spin down?’” with ‘Yes’, and this is what he would
actually believe (assuming that the observer believes what he has the
sure-fire disposition to report). Further, he would believe that he knows
what that result is (because this is precisely what he would have the sure-
fire disposition to report in each situation where he did in fact record a
determinate result). But both of these beliefs would be false because he
did not in fact determinately record either of the two results (and while
he may claim to know which determinate result he got, there is in fact no
specific determinate result that he believes that he got). A proponent of
the bare theory would believe that a significant portion of the experience
of real observers can be explained as this sort of illusion: a situation
where an observer (falsely) believes that he has an ordinary determinate
experience.

One might object that the operator D that is supposed to correspond to
the question ‘Did you get some determinate result to your x-spin meas-
urement?’ is the identity here and that such a simple operator cannot
possibly represent such an interesting question (for just such an objec-
tion, see Weinstein 1996). First, it is probably worth noting that Dis
not really the identity: while every linear superposition of |1)7/1)s and
¥y m{)s are eigenstates of D with eigenvalue 41, |r) | 1) s, for exam-
ple,is not(b]r}M|T)S = —|ryp|1)s). Butthe important point here is that
how one represents the observable corresponding to asking M whether
he got a determinate result is irrelevant. What matters is that if M were
constructed with the dispositions described above, if he were wired to
report that he recorded a determinate result in those situations where he
did in fact record a determinate result (which is how we believe that we
are wired), then the usual linear dynamics entails that he would have
the sure-fire disposition to report that he got a determinate x-spin result
when he was actually in an entangled superposition of recording mutually
incompatible x-spin results.
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Repeatability. Suppose M makes a second x-spin measurement. Let M
and M be the registers M uses to record the first and second measurement
results. If S is undisturbed between measurements, the state |y~ ) after the
second measurement will be

M 1D | M)s + Bl ) s (4.6)

Let C be an observable such that states where M has the disposition to
report that his first and second x-spin measurements agree (that is, they are
both 1 orboth |) correspond to eigenvalue +1. Since registers M1 and My

agree in the states represented by [1) sy, |1) s, 11)s and [{)ar, L) a1 ) s,
it follows that

CIMvm IMan! M) s = MM 11)s
and  ClLan ) m ) s = a1 an 1 4)s. (4.7)

Since |y) is just a linear combination of eigenvectors of ¢ with eigen-
value -1, it is also an eigenvector of C with eigenvalue +1, so M has
the disposition to report that his first and second x-spin measurements
agree.

Agreement. Suppose that rather than being interpreted as registers of the
same observer, My and M; are interpreted as different observers capable
of comparing their results. It immediately follows from the repeatability
property above that if M| and M, compare their results, they will have
the sure-fire dispositions to report that their measurement results agree
(even though neither in fact recorded a determinate result).

These three properties tell us that if M makes reliable reports about his
beliefs when he does end up with determinate records, then if M starts
in an eigenstate of being ready to measure the x-spin of S, he will report
that he got a determinate x-spin result, up or down, even if S is initially
in a superposition of x-spin eigenstates; if M carefully remeasures S,
then he will report that his second result agrees with his first; and if a
second perfect observer measures the x-spin S and the two observers
compare their results, then both will report that their results agree. One
might conclude, then, that it would seem to each observer that the state
of the object system had collapsed to exactly one of the eigenstates of
the observable being measured when the time-evolution of the composite
system was in fact perfectly deterministic and continuous. This, of course,
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is part of what Everett wanted—there is a sense in which one might say
that the bare theory allows one to deduce the phenomena of a collapse
as the subjective appearances of an observer treated within the context
of the theory. But again, if « and g are both nonzero, then according to
the standard interpretation of states, an observation will in fact typically
not yield a determinate measurement record, at least not in the ordinary
sense, which is presumably what one would need to deduce the same
subjective experiences predicted by the standard theory. I shall consider
the sense in which the bare theory does and does not predict the same
appearances as the standard theory in more detail after I discuss the bare
theory’s statistical properties.

Relative frequency. Consider a system T consisting of an observer M
and an infinite set of systems Sy, S2, S3,..., S, ..., each of which is
initially in the state o|1)s, + Bl{)s,, where [1)s, and |{)g, are x-spin
eigenstates and « and B are nonzero. Let T}, be the system consisting of
M’s first n registers and systems 1 through S,,. The Hilbert space where
one represents the state of T;, is

Hy = MRS @ ®8,1® S, (4.8)

where M is the Hilbert space representing the first n registers of the
measuring device M, 81 is the Hilbert space representing the system Si,
etc.

Suppose M makes an x-spin measurement on each S, in turn. The
states before and after the nth measurement might be represented by
elements of 7, . For example, the state of T before the first measurement
is represented by the vector

Irym(@lt)s, +B1)s,), (4.9)

which is an element of H ;. After the first measurement, 77 will be in the
state represented by

alMmit)s, + BImMN) s (4.10)

Similarly, the state of T in Hy before the second measurement is the state
represented by

(it riml s, + B ) s)(@lt)s, + Bl s,). (4.11)
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and after the second measurement,

1, Dms Ds, + aBlt, Ll s 1d)s,
+ Ball, Dl s IMs,
+ B2, Dml) s 1) s, (4.12)

There are 2" terms in the vector |y, representing the state of T}, after n
measurements when written in the determinate-record basis.

Choose a determinate-record basis for M in each space H,, a basis such
that each element describes a determinate memory configuration for the
observer in the states described in this experiment. Call this the X ,-basis,
and let the observable X n be such that T}, is in an eigenstate of X n if and
only if M is determinately reporting a particular sequence of results for
the first » measurements. Given this, one can define a family of relative-
frequency operators F (¢) such that Fn ) = |y) if and only if
anllfn) =AlYy)and (n —m)/n = l¢|? + ¢, for € > 0, where n — m is
the number of 4-results that M has after n measurements. That is, if T},
is in an eigenstate of Fy(€), then M is in an eigenstate of reporting that
the ratio of the number of {-results n — m to the total number of results n
is within € of |a|2—that is, that the ratio of 4-results to | -results is about
what the standard theory would predict. Note, however, that since |y, ) is
not an eigenvector of X, for any finite n, it is also not an eigenvector of
ﬁ’,, (¢) for any finite n.

Write |v,) in the X n-basis, and let | x (¢),) be the sum of those terms
where the ratio of the number of 1-results n — m to the total number of
results » is W1th1n € of |cx12 In other words, let |x(¢),) be the sum of
the terms in the X n-expansion of |y, ) that are eigenvectors of F,, () with
eigenvalue +1. Thatis, | x (¢),) is the sum of the terms in the determinate-
record expansion of the state after » measurements where the relative
frequencies are about what the standard collapse theory would predict.
Note that since l()((e)nl)((e),,)l2 < 1 for all finite #, | x (¢),) does not
correspond to the state of any system; rather, | x (¢€)») is just the orthogonal
projection of the state |yr,) onto the A = +1 eigenspace of Fy (¢). Finally,
note that for all n, | x (¢),,) is an eigenvector of I:",, (e) with eigenvalue +1.

The following lemma says that, for all ¢ > 0, the magnitude of the
component of |Y,) that is an eigenvector of Fy(€) with eigenvalue +1
(that is, the magnitude of [x (¢),)) goes to one as x gets large. We will
then interpret this to mean that 7,, approaches a physical state where the
observer M has the sure-fire disposition of reporting the usual quantum
statistics for his measurements.
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Lemma Forall € > 0, limy— 00 [{x (€)n|x (€))% = L

Proof. Written in the X,-basis, the vector representing the state of 7,
after n measurements |, is

anIT’ T’ sy T)M]T)SllT)Sz cee IT)SH
+ "B, L DS s - s,

+ @ N A L DD D, - )s, ),
+ ...
+ B DD s s - s, (4.13)

with 2" such terms.

Ishall first partition these terms into equivalence classes by the relative
frequency of t-results in each term, then consider a measure u, that
assigns a real number to each equivalence class. For a given #, all terms
where the number of 4-results equals » —m will be in the same equivalence
class By,. For a given n, w, (B,,) will be the sum of the squares of each
of the coefficients of the terms in B,,. For a given n, then, there will be n
equivalence classes, and

i (B = ( ;’1) o "B “.14)
which means that
> ( ,’;) "B = (@ lx @), (4.15)

m

where the sum is over all m such thatm < nand [¢[? —€ < (n — m)/n <
lar|? + e—that is, the sum is over all m where the ratio of the number of 4
results to the total number of results is within € of Jo|2. Since it is a basic
result of probability theory that

Jim A (Z) g =1, (4.16)
[(x (€)nlx(€)n)? - Lasn — oo. 0

Given this, it is easy to show that, as n gets large, |, ) gets arbitrarily
close to an eigenvector of F,(¢) with eigenvalue 41 (that is, the state of
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the composite system gets closer and closer to a state where M would
have the sure-fire disposition to report that his results exhibit the standard
relative frequencies).

Theorem Forall € > 0, lim,— o0 [{(¥n — X (€)nltn — x ()2 =0.

Proof. Since |y (€)y,) is an orthogonal projection of |, ) onto a sub§pace
of H;, namely the eigenspace corresponding to eigenvalue 41 of Fj, (),
|, — x (€)y) is orthogonal to | x (€)). So, by the Pythagorean theorem,

{n — X (nln — X)) = [{¥n]¥n) > — (X (€)nl X (€)n) %
4.17)

Since [(Yn|¥,)2 = 1 for all n and since |(x(€)nlx(€)n)|* — 1 as
n— 00, [{¥n — X (€)nl¥n — x(€)n)|> = 0asn — oo. |

It would be nice if one could use von Neumann’s formalism to conclude
that the composite system converges to an eigenstate of the appropriate
relative-frequency operator in the limit, but one cannot conclude this here
because the space in the limit H, is nonseparable and so it does not even
qualify as a Hilbert space on von Neumann’s definition (see condition E
in Appendix A). Consequently, I shall simply interpret the fact that the
state of the composite system gets arbitrarily close to a state where the
observer M would report that he got the standard relative frequencies for
his first n measurements as n gets large to mean that the composite system
approaches a physical state where M would report that he got the usual
relative frequencies.3

So, given this assumption about limiting states, it follows from the
above theorem that if M makes measurements of the x-spin on each
system, then the composite system will approach a state where M would
answer the question “Were your results distributed with the usual quantum

3 If one does not like this way of talking, then one can read ‘approaches a state where

. 7 as ‘for any distance in the appropriate Hilbert-space metric, there are a number of
measurements # that put the composite system within the specified distance of a state where
M would report that his results after » measurements were distributed with the usual quantum
relative frequencies’. But there is little reason for such squeamishness since there are richer
mathematical formalisms than von Neumann'’s for representing quantum-mechanical states
where such processes have perfectly well-defined limits. See e.g. Farhi e al. (1989). The
important thing to note here is that as the difference in physical states decreases, so does
the difference in physical dispositions. Along these lines it is also worth noting that this
experiment can be reformulated as a two-box experiment like that discussed at the end of
Ch. 5. (M would not keep track of his results but only the current relative frequency of
ups, say. The yes-no question would be ‘Is the relative frequency within ¢ of the quantum
relative frequency?’ In the limit, and there is a Hilbert-space limit here, the wave function
would zero outside the yes box.)
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relative frequencies?” with “Yes’ as the number of observations gets large.
Note that while the composite system approaches a state where M would
report that he has a determinate sequence of measurement records that
are distributed with precisely the same relative frequencies predicted by
ordinary quantum mechanics, if o and 8 are nonzero, then M in fact has no
sequence of determinate measurement records. Further, note that M will
always approach a state where he makes this report, not almost always
as the collapse dynamics would predict. Thus there is a subtle difference
in the nature of the limiting statistics in the bare theory and the standard
collapse theory.

Randomness. Asthe number of x-spin measurements gets large, the com-
posite system also approaches a state where M would answer the question
“Were your results randomly distributed?” with ‘Yes’.

Proof. Given the argument for the relative-frequency property, this is
fairly straightforward. Write [y}, the state of T,, after n measurements,
inthe X n-basis (the determinate-record basis). Each term in the expansion
will correspond to a different sequence of measurement results, and each
length-n sequence will be represented by some term in the expansion. Let
Ay, be the set of all possible length-n sequences of measurement results,
andlet R, C A, be the set of random length-n sequences (on any standard
notion of random).% Let £(R,) be the sum of the norm-squared coeffi-
cients on each term of |y, ) that describes a random sequence of results. If
w(Ry) goes to one as n gets large, then one can conclude, as in the case of
the relative-frequency property, that the composite system approaches a
state where M would report that his measurement results were randomly
distributed. Since every possible length-n sequence of results is repre-
sented by exactly one term in the determinate-record expansion of ),
since the norm-squared of the coefficient of each term goes to zero as n
gets large, and since the proportion of length-n sequences that are ran-
dom goes to one as n gets large (on any of the standard notions of what
it means to be a random sequence), ;i (R,) goes to one as n gets large.
So the composite system approaches a state where M would report that
his measurement results are randomly distributed (on any standard notion
of a random sequence, and more generally on any notion of a random

4 One might, for example, choose an algorithmic language £, then say that a finite
sequence of results is random if and only if the shortest algorithm (written in £) that prints
the sequence and stops is longer than the string itself (and one might say that an infinite
sequence is random if and only if there is no finite-length algorithm that prints that sequence).
See Chaitin (1987).
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sequence where the proportion of random length-n sequences goes to one
in the limit).

Combining the relative-frequency and randomness properties, an
observer who repeated the same x-spin measurement on identically pre-
pared systems would approach a state where he would report that his
results were randomly distributed with the same relative frequencies pre-
dicted by the standard collapse theory. But, of course, there is nothing
special about x-spin measurements: if any experiment yields a state where
the amplitude of M recording the result r is e, then the composite system
will approach a state where M will report that the result r is randomly
distributed with the usual quantum-mechanical relative frequency |or|? in
the limit as the number of identical experiments gets large. I shall call this
the general limiting property. The general limiting property explains why
the composite system would approach a state where an observer would
report the usual quantum statistics for any experiment as that experi-
ment is repeated an infinite number of times—even if each experiment
involves making a series of measurements of possibly incompatible quan-
tum observables.’

Perhaps an example would help to clarify how the general limiting
property works in predicting beliefs about joint probabilities. Suppose
that two observers A and B are prepared to make space-like separate
x-spin measurements of systems S4 and Sp respectively and that the two
systems were initially in the EPR state

1
2
When A and B perform their measurements, they become entangled with
-S4 and Sp. If one writes the state of the composite system in the A-B

pointer basis, then the square of the coefficient on each term gives the
standard quantum probability of getting the joint result at A and B that is

(Nxdsaltxdss = [Tx)salda)sp)- (4.18)

5 Instead of considering each experiment to consist of a single x-spin measurement,
suppose that each experiment consists of an arbitrary finite sequence of measurements.
Note that if the coefficient on the term where the sequence of results is 7 is ¢ after the
first experiment, then as a series of identical experiments are performed, the composite
system will approach a state where the observer will report that his results were randomly
distributed and that the relative proportion of the sequence r was J)? by the same sort of
argument as given for x-spin measurements above. Note that this simple argument works
for any repeated experiment with a finite number of possible results.
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described by that term (see Appendix B for a concrete example of what an
EPR experiment would look like in the bare theory). It follows from the
general limiting property that as this EPR experiment is repeated, the com-
posite system will approach a state where A and B would report exactly
the same statistical correlations predicted by the standard collapse theory.
Since the probabilities predicted by the standard theory fail to satisfy the
Bell-type inequalities, the bare theory predicts that the composite sys-
tem will approach a state where A and B report that their results failed to
satisfy the Bell-type inequalities.® Observers in the bare theory might con-
sequently be tempted to conclude that there is some sort of nonlocal causal
connection between their measurements. But note that since the usual lin-
ear dynamics can be expressed in a perfectly local form, there are in fact no
nonlocal causal influences here. The bare theory explains the appearance
of nonlocality in a way that is perfectly compatible with special relativity.”
A feature of this account of the EPR statistics is that while the observers
would conclude that their measurement results violated the Bell-type
inequalities, there would in fact fail to be any determinate measurement
records. The bare theory thus provides a rather curious way of under-
standing Everett’s claim that nonlocality is only apparent in his theory.
Together with the determinate-result property, the general limiting
property entails that an observer will believe that he got a perfectly deter-
minate result to each experiment, and, if he is persistent, then he will
approach a state where he believes that his results were randomly dis-
tributed with the same relative frequencies (and joint relative frequen-
cies) as predicted by the standard collapse theory (whenever it makes a
coherent prediction). This is what Everett wanted in his deduction of the
predictions of the standard collapse theory as subjective appearances.8

6 The Bell-type inequalities are inequalities between probabilities like the one described
by Bell himself in his famous EPR paper. There are now many such inequalities that one
might naively expect to hold, but which are violated by the statistical predictions of quantum
mechanics (and our best empirical results).

7 Remember that one problem with the standard formulation of quantum mechanics is
that the collapse dynamics fails to be Lorentz-covariant, which makes it incompatible with
relativity. Since the usual linear dynamics can be written in a covariant form, in so far as
the bare theory can explain the statistics reported by observers, it can do so in a perfectly
covariant way. But while the statistical properties reported by an observer in the standard
collapse theory are properties of his actual measurement results, the statistical properties
reported by an observer in the bare theory are not the statistical properties of any determinate
results.

8 Or perhaps we should say that this is close to what Everett wanted. We are, after all,
still talking about the limiting properties of the composite system. If the measurements are
made at equal time-intervals (and if we assume the standard eigenvalue—eigenstate link),
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But the observer will in fact typically fail to have any determinate records
or beliefs concerning which specific sequence of results he recorded, so
the statistical properties that he would report in the limit would not be the
statistical properties of any actual determinate sequence of results. And
this is presumably not what Everett wanted.

4.3 Imperfect measurements

So far we have assumed that all measurements are perfect—that all meas-
urement interactions induce a perfect correlation between the state of an
observer’s most immediately accessible physical records and the observed
quantity of the object system without disturbing the property being meas-
ured. In practice, however, neither of these assumptions are typically war-
ranted. Further, if the usual linear dynamics always correctly describes
the time-evolution of every physical system, then it is highly unlikely that
the state of the world is ever one where an observer determinately per-
forms any experiment. I shall continue to make this last assumption, and
consider here what happens when one drops the first two.

An imperfect x-spin measurement might look something like the fol-
lowing. Suppose that before the measurement the state of the observer M
and his object system S is represented by

7 m(eft)s + Bli)s). (4.19)
After an imperfect measurement, rather than
althmliths + B IMN)s, (4.20)

then M never actually aquires the sure-fire disposition to report the appropriate quantum
statistics. One might try to get closer to what Everett wanted by weakening the eigenvalue—
eigenstate link so that M would have the sure-fire disposition to make the appropriate
reports when the composite system gets close enough (in the Hilbert-space metric) to the
appropriate state. As we shall see later, weakening the eigenvalue—eigenstate link in this
way can have curious consequences. Another way that one might get closer to what Everett
wanted would be to suppose that all the measurements were made within a finite time: the
measurements at, say, 1/2 second, 3/4 second, 7/8 second, etc. In so far as such a sequence
of measurements is physically possible (see Earman and Norton 1996 for a nice discussion
of the physical possibility of such supertasks), M would presumably have the appropriate
sure-fire dispositions at 1 second. One problem with this second strategy is that since we
presumably never make such a sequence of measurements, it is unclear how such a story is
supposed to be relevant to our experience.
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the composite system will be in a state like

o IMmMs + B M) s
+ vildmMs + vl timlils
+ v3llryar(elt)s + Bli)s)]

+ yslregister correlated with the wrong
spin observable) s - - -
+ yg!blown to bits) s - - -
+ e, (4.21)

where |o/|? & |a|?, |8']2 ~ |B|?, and all of the y-coefficients are small
(in the obvious sense). Clearly, M is not in an eigenstate here of reporting
that he got either x-spin up or x-spin down as the result of his meas-
urement. But if the coefficients are zero on all the terms that describe the
observer as no longer being capable of making a report (like the term with
coefficient yg above), then the definite-result property discussed earlier
has a natural extension. After the above imperfect measurement, while
the observer is not in an eigenstate of answering the question ‘Did you
get a definite experimental result of either x-spin up or x-spin down?’
with “Yes’, he is in an eigenstate of answering the question ‘Did you get a
definite experimental result of either x-spin up, x-spin down, measuring-
device failure, etc.?’ with ‘Yes’. The point is that no matter how bad the
measurement is, as long as the observer is still determinately able to make
a report, there is always a question that one can ask such that his sure-fire
response will suggest that the measurement yielded some perfectly ordin-
ary determinate result. The determinate-result property then is relatively
robust.

The repeatability and agreement properties, however, are very sensitive
to measurement imperfections (as we noted in the context of Everett’s
own thought experiments). A real observer would typically have a non-
zero amplitude of disturbing his object system over the course of his
measurement, and he would probably not repeat exactly the same errors
in every measurement. Consequently, one would not expect an observer to
end up in a state where he determinately reports that he got the same result
when he repeated his measurement, nor would one expect two observers
to end up in a state where they determinately agreed that their results
agreed. But the general limiting property is somewhat less sensitive to
measurement imperfections.
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If all imperfections in an observer’s x-spin measurements consist of
the measurements being made in directions slightly off the x-axis (and
thus correspond to measurements of spin observables slightly different
from x-spin) and if these errors are randomly distributed in such a way
that there is an average (mean) spin measurement of the observer’s actual
spin measurements in the limit as the number of measurements gets large,
then one can show that an observer will approach a state where he has
the sure-fire disposition to answer the question ‘What was the relative
frequency of spin-up results to the total number of measurements that
yielded definite spin results?” with the usual quantum statistics for the
average spin measurement.” This fact might then be used to provide an
account of repeatability and agreement in imperfect experiments in terms
of reports that observers would make in the limit as they perform many
imperfect experiments about how often they found that repeated measure-
ments yielded the same results.

Allthisis fine as far as it goes, but there is arather serious problem: every
thought experiment we have considered so far depends on an observer and
the systems he observes beginning the experiment in a very special state.
The observer must be in an eigenstate of being alive, conscious, in the
right place with a properly functioning measuring device, etc., and the
systems he observes must determinately exist, be in the right location to
be observed, etc. But if the bare theory is right, then, given the nature
of the usual linear dynamics, one would expect such special conditions
virtually never to be met. Further, we have assumed that the observer is
in an eigenstate of being sentient after an experiment as well, but, given
the linear dynamics, one would not expect this condition to be satisfied in
a real experiment even if, by some miracle, the special initial conditions
were met. And finally, where the limiting properties are concerned, it is
difficult to say what their relevance to our experience could be, given
that we never in fact perform such infinite sequences of measurements.
But let’s back up a little and try to see how far the bare theory can go in
explaining our experience.

9 Such an experiment is analogous to an infinite coin-toss experiment where the prob-
ability of heads changes from toss to toss but there is none the less a mean probability of heads
p* in the limit—one would expect almost all sequences of tosses (in the product measure
generated by p*) to have a relative frequency of heads of px in the limit. Similarly, almost
all of the terms in the determinate-result expansion (in the squared-coefficient measure)
will eventually exhibit appropriate relative frequencies in a sequence of imperfect x-spin
measurements.
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4.4 The account of experience

So just how far can the bare theory go in explaining our experience?
More specifically, does the bare theory allow one to deduce the empirical
predictions made by the standard theory as subjective appearances as
Everett wanted? Can we get anything like the right empirical predictions?

As we have seen, one can cook up a reasonable-sounding argument
that an observer who begins in a state where he is ready to make a series
of measurements on various systems would believe (have the appropriate
sure-fire dispositions) that he got a determinate result for each meas-
urement and that the composite system will approach a state where the
observer would believe that his results were randomly distributed accord-
ing to the usual quantum statistics as he makes enough measurements of
each type of similarly prepared system. This sounds very much like what
Everett wanted. But even in a very special story like this (a story where the
observer begins in an eigenstate of being ready to perform his measure-
ments, etc.), there is an important sense in which one cannot deduce the
standard theory’s empirical predictions as subjective appearances. Rather
than predict the same determinate appearances as predicted by the stand-
ard theory, the bare theory seeks to explain why one might falsely believe
that one had determinate appearances of the sort predicted by the standard
theory.

In order to be clear about the way in which the bare theory accounts for
our experiences and beliefs, it is useful to distinguish between ordinary
and disjunctive records, experiences, and beliefs. Suppose that an observer
M measures the x-spin of a system in an eigenstate of z-spin and thus
ends up in a superposition of recording x-spin up and x-spin down. It fol-
lows immediately from the standard eigenvalue—eigenstate link (and the
assumption that we can talk about an observer having a belief the same
way that we talk about a measuring device having a physical record)
that in this state M does not believe x-spin up, does not believe x-spin
down, does not believe both, and does not believe neither. Thus, a pro-
ponent of the bare theory cannot say that either M would determinately
believe x-spin up or that M would determinately believe x-spin down
after the measurement. And this means that if one insists that exactly one
of the two ordinary beliefs is what M would in fact believe, then the bare
theory cannot account for M’s experience. But again, and this is a criti-
cally important point that is easy to miss, a proponent of the bare theory
would deny that M would end up with either of these two ordinary deter-
minate beliefs—he would not say that M/ would determinately believe that
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he had recorded x-spin up, nor would he say that he would believe that
he had recorded x-spin down; rather, he would say that M would deter-
minately believe that he had recorded x-spin up or x-spin down. One
might call the experience leading to this disjunctive belief a disjunctive
experience. This disjunctive experience would be phenomenally indistin-
guishable from either getting x-spin up or getting x-spin down because
this is precisely what the observer would have the sure-fire disposition
to report (and we are assuming that he believes what he reports). But it
would be wrong to say that it would be phenomenally indistinguishable
from getting x-spin up and it would be wrong to say that it would be phe-
nomenally indistinguishable from getting x-spin down since the observer
would not be in an eigenstate of making either of these reports. And,
for the same reason, it would also be wrong to say that the disjunctive
experience would be phenomenally distinguishable from getting x-spin
up or that it would be phenomenally distinguishable from getting x-spin
down. Again, the right thing to say is that the observer would be unable
to distinguish the disjunctive result from x-spin up or x-spin down.

The bare theory, then, does not seek to account for the sort of ordinary
determinate experiences that we (naively, according to the bare theory)
suppose ourselves to have. Rather, the bare theory denies that there typ-
ically are any such phenomenal experiences, then seeks to explain why
one might none the less believe that there were—why one would mistake
disjunctive experiences for generic nondisjunctive experiences (generic
because one would find a particular disjunctive experience neither distin-
guishable nor indistinguishable from a given specific associated ordinary
experience).

Perhaps the following thought experiment will help to make the distinc-
tion between ordinary and disjunctive records, experiences, and beliefs
clearer. Suppose that an observer measures the x-spin of three object sys-
tems: the firstis in an x-spin up eigenstate, the second is in an x-spin down
eigenstate, and the third is in a superposition of x-spin up and x-spin down.
The observer will believe that he has a determinate phenomenal result in
all three cases. Moreover, he will believe that the result of his last meas-
urement was phenomenally indistinguishable from the result of exactly
one of his first two measurements. But the observer’s disjunctive result
will be neither distinguishable nor indistinguishable from getting x-spin
up (the observer will not have a determinate belief concerning whether
his first and third results agree) and it will be neither distinguishable nor
indistinguishable from getting x-spin down (he will not have a determi-
nate belief concerning whether his second and third results agree); rather,
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the disjunctive experience will be indistinguishable from either x-spin up
or x-spin down (the observer will determinately believe that the result of
the third measurement is indistinguishable from exactly one of the first two
measurement results, but again he will not have any determinate belief
regarding which of the first two results it is indistinguishable from).

Further, if an observer can correctly identify those experiences that are
ordinary and have specific determinate content when he has them, then it
follows from the linear dynamics (and the assumption that the observer
actually believes whatever he has a sure-fire disposition to report that
he believes) that he would believe that his disjunctive experiences are
perfectly ordinary and specific. If the observer has the sure-fire disposition
to report ‘Sharp!” when he determinately records x-spin up, and if he has
the sure-fire disposition to report ‘Sharp!” when he determinately records
x-spin down, then he will have the sure-fire disposition to report ‘Sharp!’
when he is in a superposition of recording x-spin up and x-spin down.
And this is why the observer would believe that all of his experiences were
perfectly determinate and had ordinary specific content when he would
in fact have no determinate belief concerning which sharp result he got.

Disjunctive experiences and beliefs have no ordinary specific content.
It is as if they were the shells of ordinary experiences and beliefs with
nothing inside. But it is precisely this lack of ordinary specific content that
an observer would be unable to detect through introspection. If the bare
theory were true, then first-person authority concerning whether particular
experiences and beliefs had ordinary specific content would be routinely
violated in a striking way—an observer would typically believe that he
had an ordinary determinate experience when there would in fact be no
such experience that he believed that he had.

One might be tempted to conclude that the bare theory simply fails to
account for our experience since it predicts that our experience typically
has no ordinary specific content when we know by direct introspection that
it does. But I do not think that this is the right conclusion. If one believes
that one’s experience typically has ordinary specific content and that this
is something about which one cannot possibly be mistaken, then one will
obviously not like the account of experience provided by the bare theory.
But it is also true that if one believes that a spoon bends as it is put into a
glass of water and that this is something about which one cannot possibly
be mistaken, then one will not like the account of experience provided
by classical optics. The point is just that we typically give our theories
the chance to explain why things are not as they seem. Just as classical
optics explains why spoons seem to bend in water and why looking at a
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half-submerged spoon is an unreliable way to determine whether or not it
is straight, the bare theory explains why disjunctive experiences seem to
have ordinary determinate content when they in fact do not and why direct
introspection is an unreliable way to determine whether an experience
is ordinary or disjunctive. As with any theory, whether the bare theory
provides a satisfactory account of our experience depends on precisely
what one wants explained. In certain special situations (like those we have
been discussing) the bare theory explains why one’s experience seems to
be ordinary and determinate when it is not, and, while it is uncomfortable
to sacrifice first-person authority to this extent, it seems to me that this
really might be taken as a satisfactory, though perverse, account of one’s
experience in these situations.

While the bare theory’s account of the determinateness of experience
is akin to the standard account of why spoons seem to bend in water,
the illusions predicted by the bare theory are clearly more troubling than
those predicted by classical optics. Indeed, the illusions predicted by the
bare theory are so radical and would have to be so pervasive that they
would ultimately undermine whatever empirical reasons one might think
one had for accepting the bare theory in the first place. And it seems to
me that this is the real problem.

The main point of this section is that while Everett thought that pure
wave mechanics made the same empirical predictions as the standard
collapse theory, if by pure wave mechanics he meant the bare theory, then
- he was wrong. While the standard theory predicts that I will typically get
a single, determinate, and perfectly ordinary measurement result, the bare
theory predicts that I will get a disjunctive result, which I will judge to
be indistinguishable from some determinate result but which will fail to
be determinately distinguishable or indistinguishable from any particular
ordinary result. More specifically, while the standard theory might predict
that an observer would get the ordinary resuit up or that he would get the
ordinary result down, the bare theory would predict that the observer
would believe that his result was perfectly ordinary and that it was up or
down, but the observer would not determinately believe that he got up
and not determinately believe that he got down. While an observer in the
bare theory would believe that he got a determinate result, there would,
contrary to the predictions of the standard theory, be no determinate result
that he believed that he got. This means that if Everett had the bare theory
inmind, then he did not deduce the standard theory’s empirical predictions
as subjective appearances.
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4.5 Problems with the bare theory

One might take the fact that the bare theory makes empirical predictions
of a fundamentally different sort than the standard theory, that it predicts
disjunctive rather than ordinary experience, as a sufficient reason for judg-
ing that the bare theory is false. But that a theory predicts a new sort of
illusion cannot by itself be a sufficient reason to abandon the theory, and
it certainly does not provide any evidence that the theory is false—the
physical world really could be deeply illusory. On the other hand, one
should not conclude that all is well with the bare theory.

4.5.1 Preferred basis

Jeffrey Bub, Rob Clifton, and Brad Monton (BCM) have argued that
the bare theory requires one to choose a preferred basis and that this
undermines one of the most compelling arguments for the bare theory: its
formal simplicity.

As we have seen, the bare theory accounts for reports of determinate
experience by predicting that an observer would typically mistake dis-
junctive results for ordinary results. One might naturally wonder whether
there is some way to wire an observer so that he would always provide
reliable answers concerning the state of his memories of past observations.
It turns out that the answer is no. The reason is that the bare theory places
a very strong constraint on the reliability of an observer: if an observer
must answer a question the same way in two orthogonal states but dif-
ferently in an superposition of the orthogonal states in order to answer
the question reliably, then no observer can answer the question reliably in
general since, by the linearity of the dynamics, he will always answer the
question the same way in the superposition as he does in the orthogonal
states.

This is where the preferred basis comes in. BCM argue that since there
is no universally reliable observer in the bare theory, one must choose
the circumstances under which a good observer will be able to answer
reliably a particular question about his own memory state and that this
requires one to choose a preferred basis.

Suppose we want to be sure that some observer N has the disposition
to answer the question ‘Did you get a determinate result to your x-spin
measurement?” with ‘No’ if he ends up in the state

1
—5 T Iths + [HIwid)s) (4.22)
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and ‘No’ if he ends up in the state
1

V2
If the system recording the memory of the initial measurement result
is larger than a few particles, then it would be very difficult to wire N
to perform this sort of introspection (since he would have to perform
something akin to an interference experiment on the record in order to
answer this question reliably in these states); but suppose that we succeed
in wiring him accordingly. While N would reliably report whether he
recorded a determinate x-spin result in states [y) or |¥»), he would
mistakenly report that he failed to record a determinate result when
he was in fact in an eigenstate of recording a determinate result, say
x-spin up. If asked whether he recorded a determinate result, N would
answer ‘No’ in state v} and ‘No’ in state [y;), so by the linearity of the
dynamics, he would also (though this time mistakenly) answer ‘No’ in
state [1)n[1)s = 1/4/2(1y1) + [¥2)).

Consider what happens when we try to tell the bare theory’s
determinate-result story with N. After he performs an ideal x-spin meas-
urement of a system in an eigenstate of z-spin, rather than being under
an illusion that he got a determinate result as in the standard sort of bare
theory story, N would (correctly) believe that he did not get a determinate
result. But again, N would also (mistakenly) report that he did not get a
determinate report in those situations where he did. That is, if an observer
were wired like N, then the observer would never believe that he got a
determinate measurement result; and, of course, the standard bare theory
stories are not going to work for an observer like this.

It is the fact that a proponent of the bare theory must thus choose
one from an infinite number of possible ways that an observer might be
wired that is supposed to worry us here (since choosing how an observer is
wired amounts to choosing which of the observer’s reports will be reliable,
which amounts to choosing a preferred basis for the observer). If the only
reason for choosing the standard bare theory model of an observer was
to get the standard bare theory stories to work, then I think that there
would be some reason to worry, but there are in fact several independent
reasons one might want to model observers this way. First, we believe
that we typically get determinate results, which in the context of the bare
theory means that we are not wired like N. Secondly, we believe that if
we are wired to answer any question reliably, then we are wired to answer
the question ‘Did you get a determinate result to your measurement?’

) = — (MnIt)s — N s). (4.23)
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reliably when we either determinately did or determinately did not record
a result. Thirdly, we have good physiological evidence that our brains are
not wired to perform the sort of self-measurements that would reliably
determine whether they are in a specific superposition of having recorded
mutually incompatible results—our brains are either wired like N’s to
make complicated interference measurements on the brain subsystems
that are used to record our memories or they are not, and what we know
about brain physiology suggests that they are not. And finally, the standard
bare theory model of observers is precisely Everett’s model, so even if the
model turned out to be wrong, it would at least be a historically faithful
reading of Everett.

Another reason for not worrying too much about the preferred-basis
problem in the bare theory is that the preferred basis plays a very mod-
est role. In a many-worlds theory (Chapter 6), for example, the preferred
basis determines what worlds there are and what physical properties are
determinate in each world. In the bare theory the choice of the preferred
basis has nothing to do with the fundamental nature of the physical uni-
verse or its dynamics but rather simply represents a plausible choice about
how to model observers. I do not think that the preferred-basis problem
is a very serious one for the bare theory, especially when compared to the
other problems it faces.

4.5.2 Empirical incoherence

In a world described by the bare theory one would be fundamentally
mistaken concerning even the basic nature of one’s own experience. This
radical failure of first-person authority is one of the things that makes the
bare theory philosophically interesting, but it also leads to methodological
problems. There is nothing inherently wrong with a theory predicting a
failure of first-person authority, but because of the way that first-person
authority fails in the bare theory, the theory ends up being empirically
self-defeating—the truth of the bare theory would undermine whatever
empirical justification one may have thought one had for accepting it
in the first place because one would never be able to trust one’s beliefs
concerning what one had observed (or even whether one had observed
anything determinate).

We can only accept a physical theory on empirical grounds if we can
explain how, if it were in fact true, one might have empirical justification
for accepting it. We will say that a theory that allows us to tell such a
story is empirically coherent. If a theory fails to be empirically coherent,
it might be true, but if true, then one could never have empirical reason
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for accepting it as true. In this sense, a theory that fails to be empirically
coherent could not be an object of scientific knowledge. Again, such a
theory might be true—it is just that if it were true, then one would never
know that it was. The bare theory fails to be empirically coherent since it
predicts that one would almost never be in a position to determine reliably
the nature of one’s own experience.

The bare theory requires one to be extraordinarily sceptical concerning
the limits of knowledge. In his First Meditation Descartes considered the
possibility that our experience might be the result of an evil demon bent on
deception. He asks his reader to imagine a demon who could impress ideas
on an observer’s mind. If one’s experience were the result of the actions of
such a demon, then one would be justified in concluding very little about
the actual nature of the physical world. But at least one would know what
one had experienced, or at least what one was currently experiencing. The
bare theory, however, does not even allow for this. Imagine a super-demon
who can and typically does lead one to believe that one has determinate
experiences with specific content when one’s experience typically fails to
be determinate and fails to have any ordinary specific content. With such
a demon around, empirical inquiry would be impossible. And this is what
it would be like for the bare theory to be true.10

4.5.3 No account of statistical results

There is not much to say about this one. The bare theory’s general limiting
property tells us what an observer would report in the limit as an infinite
number of similar measurements were made on similarly prepared sys-
tems if one assumes that there is a well-defined limiting state; but we never
in fact perform an infinite number of similar measurements on similarly
prepared systems, so it is difficult to see how these limiting results could
be relevant to our actual statistical reports and beliefs.

One might hope that knowing what an observer would report about
his statistics in the limit would provide statistical information about finite
sequences of measurement results. Ordinarily it might, but in the bare
theory a finite system only determinately has a property when it is in
an eigenstate of having a property. After a finite number of observations
an observer will typically have no determinate sequence of measurement
records nor anything determinate to say about the statistical properties
of his results. He will, of course, believe that his results exhibit some
determinate statistical properties (by the linearity of the dynamics and

10 See Barrett (1996) for a more detailed discussion of empirical coherence.
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because he would believe this of every determinate sequence of results),
but he will typically not end up believing that they exhibit any particular
statistical properties after a finite sequence of measurements. The bare
theory thus has no explanation why the standard statistical predictions
of quantum mechanics are in any way relevant to the experience of real
observers.

Of course, the composite system will always be getting closer to a
state where the observer would report that his first # results exhibit the
usual quantum statistics. One might suppose that close is good enough
and try weakening the standard eigenvalue-eigenstate link so that states
close (in the appropriate Hilbert-space metric) to an eigenstate deter-
minately have the corresponding physical property. This, however, has
curious consequences.

Consider the experiment where M measures the same observable on a
sequence of identically prepared systems. On the weakened eigenvalue—
eigenstate link, the composite system would eventually be close enough to
the appropriate eigenstate that one would be able to say that the observer
has the sure-fire disposition to report and hence believes that his results
were randomly distributed with the usual quantum relative frequencies.
But by the same argument, since the norm-squared of the coefficient on
each term in the determinate-record expansion goes to zero as the num-
ber of measurements gets large, the composite system would eventually
be close enough to the appropriate eigenstates that one would be able to
say that the observer would believe that he failed to get each particular
length-n sequence of measurement results. Yet he would also be in a state
where he would believe that he got some determinate sequence of results.
That is, after a finite number of observations, the observer would believe
that he got a determinate length-n sequence of results but that he did not
get any particular length-n sequence of results, which, on most accounts,
is a logical contradiction. So the weakened eigenvalue—eigenstate link
together with the way that we have supposed that observers are wired
would require an observer eventually to report and believe a logical con-
tradiction on the basis of his most careful empirical observations!!!

11 Some of these considerations are from conversations with Brad Monton. Note there
is also a corresponding limiting argument in the bare theory with the standard eigenvalue—
eigenstate link: in the limit as an observer makes an infinite number of measurements the
composite system will approach a state where he reports that he failed to get each possible
infinite sequence of results but also believes that he got some infinite sequence of results!
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4.5.4 No general account of determinate results

Perhaps the best reason to reject the bare theory is that the standard bare
theory stories only work if one supposes that an observer typically begins
determinately sentient and ready to make measurements on systems that
are somehow initially prepared in separable states, and the observer must
stay determinately sentient throughout the experiment. If the bare the-
ory were true, however, such just-right conditions would virtually never
be met.

Suppose one sets out to measure the x-spin of a system in an eigenstate
of z-spin and that it just happens that a large truck is driving by one’s
laboratory at the same moment. If the truck begins determinately outside
the laboratory, then the usual linear dynamics tells us that it will not
stay there for long; rather, it will very quickly evolve to a superposition
of travelling along many mutually incompatible trajectories, and some of
these trajectories would no doubt send it ploughing through the laboratory.
Even if the coefficient on the term that describes the truck as crushing the
observer is very small, if it is nonzero, then the observer will end up
in a superposition of recording x-spin up, recording x-spin down, and
recording nothing because he was run over by a truck just as he was
about to glance at his measurement device. According to the standard
eigenvalue—eigenstate link, such an observer would not end up determin-
ately reporting or believing anything at all because he would no longer
determinately be the sort of physical system that could make reports or
have beliefs.

But the situation is actually worse than it may sound here since there
would most likely fail to be any determinate sentient observer (or deter-
minate truck) before the experiment either. As Albert put it:

If the bare theory is true, then it seems extraordinarily unlikely that the present
quantum state of the world can possibly be one of those in which there’s even a
matter of fact about whether or not any sentient experimenters exist at all. And
of course in the event that there isn’s any matter of fact about whether or not any
sentient experimenters exist, then it becomes unintelligible to inquire ... about
what sorts of things experimenters will reporz. (1992: 124-5)

The point here is that one would expect a typical global quantum-
mechanical state to be nowhere near being an eigenstate of there being
trucks with determinate positions or observers with determinate beliefs
(in the Hilbert-space metric and sense of typical), and without special ini-
tial conditions or special energy properties (neither of which are assumed
by the bare theory), the bare theory would do nothing that would lead
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to an atypical global state.!? The upshot is that if the bare theory were
true, then there would typically be no determinate experience to explain
nor anyone determinate to do the explaining. Such are the bare theory’s
problems. 3

12 Choose a fine- grained partition of the Hilbert space used to represent the global state
so that each cell in the partition is assigned equal probability measure (in the Hilbert-space
norm-squared measure). Choose a cell in the partition at random, then choose any state in
that cell. Such a state counts as a typical global state.

13 Butthat the global state is most likely nowhere near being an eigenstate of any physical
property that interests us is something that any successful no-collapse theory must somehow
take into account!
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SELECTING A BRANCH

ONE problem we saw with the bare theory was that, in so far as it pre-
dicts determinate experiences, it tells us that they are typically disjunct-
ive, and that they thus fail to have any ordinary determinate content.
An obvious strategy for fixing the bare theory would be to drop the
standard eigenvalue—eigenstate link and supplement the usual quantum-
mechanical state with something that would provide observers with ordi-
nary measurement results—even in those situations where they do not
begin in an eigenstate of being ready to perform a particular measure-
ment. One would then want to provide a dynamics for this extra aspect of
the physical state.!

Here 1 shall consider how one might add a physical quantity to the
usual quantum-mechanical state description in order to account for our
determinate measurement records. The value of this quantity in effect
selects exactly one Everett branch as actual—the branch that describes
an observer as recording the measurement results that he in fact records.
There are essentially two ways of doing this: (1) one might stipulate a
single preferred physical quantity as always determinate, something like
particle configuration in Bohm’s theory, or (2) one might stipulate a rule,
like the rules provided by various modal theories that are designed to
select a determinate property for each physical system (hence for each
observer) at each time given the current quantum-mechanical state. In
either case, the complete description of the physical state at a time is
given by the usual quantum-mechanical state together with the value of
the determinate physical quantities.

! One might, as in a many-worlds theory, suppose that there is one world for each term
in the global state written in the determinate-record basis, then provide a dynamics for how
the local states of such worlds evolve (by stipulating a rule for determining which worlds
at different times are in fact the same world). Or perhaps the most direct way to guarantee
that experiences have ordinary determinate content would be, as in a many-minds theory,
to add the mental states of observers to the usual quantum-mechanical state, then provide a
dynamics for the mental states given the time-evolution of the wave function. I shall consider
each of these proposals later (in Chs. 6 and 7, respectively).
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On this sort of theory, what the determinate quantities are and how their
values change over time is supposed to explain why we record what we in
fact record. In order for a modal or hidden-variable theory to account for
our experiences and beliefs, then, one must be convinced that it is precisely
those physical quantities that the particular theory makes determinate that
determines our experiences and beliefs—that is, one must believe that the
determinate quantities make our most immediately accessible physical
records determinate. On Bohm’s theory, for example, the positions of
particles are always determinate: if this makes our most immediately
accessible physical records determinate, then Bohm'’s theory provides an
account of our determinate experience; if not, then it is no better off than
the bare theory.

Any theory that selects a single Everett branch as privileged is incom-
patible with Everett’s claim that the usual quantum-mechanical state pro-
vides a complete physical description. The usual state determines all
possible branches on all possible resolutions of the state; it does not
select any branch as acrual. But perhaps one can only get a satisfac-
tory no-collapse theory by violating this principle of state completeness.
It ultimately depends on precisely what one wants from a satisfactory
theory.

5.1 Bohm’s theory without the trajectories

The formulation of quantum mechanics that David Bohm described in
1952 has long stood as a counter-example to many of the deep philosoph-
ical conclusions that people have tried to draw from quantum mechanics.
According to Bohm’s theory the world consists of a collection of particles
that always have determinate positions and always follow continuous tra-
jectories that are determined by the usual linear evolution of the wave
function. While Bohm’s theory is deterministic, it none the less makes
the same statistical predictions as the standard collapse theory for par-
ticle positions (probabilities in Bohm’s theory are naturally understood
epistemically) whenever the standard theory makes coherent predictions.
Unlike the standard theory, however, Bohm’s theory treats measurements
the same way it treats every other physical interaction—a system fol-
lows precisely the same dynamics during a measurement as it does the
rest of the time. Measurements have determinate outcomes on Bohm’s
theory because every particle always has a determinate position and it is
assumed, as a basic interpretational principle of the theory, that the result
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of every measurement is ultimately recorded in terms of the position of
something.?

While Bohm’s theory is often called a hidden-variable theory, where
the positions of particles are the so-called hidden variables, this is rather
misleading. As Bohm and Hiley put it:

our variables are not actually hidden. For example, we introduce the concept
that the electron is a particle with a well-defined position and momentum that is,
however, profoundly affected by a wave that always accompanies it . .. Far from
being hidden, this particle is generally what is most directly manifested in an
observation. (Bohm and Hiley 1993: 2)

Again, it is the determinate particle positions that are supposed to account
for our determinate experiences and beliefs on Bohm’s theory.

But before considering how Bohm’s theory works, I shall consider a
more primitive theory. Bell described his interpretation of Everett, his
Everett (7) theory, as Bohm’s theory without the continuous particle
trajectories:

instantaneous classical configurations are supposed to exist, and to be distributed
in the comparison class of possible worlds with probability |y [2. But no pairing
of configurations at different times, as would be effected by the existence of
trajectories, is supposed. And it is pointed out that no such continuity between
present and past configurations is required by experience. (Bell 1987: 133)

The wave function ¢ evolves in a perfectly linear way, but the classi-
cal configuration (the positions of each particle) jumps around in a ran-
dom way that depends only on |v|2. This means that one’s measurement
records would typically change in a pathologically discontinuous way
over time and hence be wildly unreliable as records of what actually
happened.

Consider how Bell’s Everett (?) theory would describe an x-spin meas-
urement. Suppose that an observer M measures the x-spin of a spin-%
system S that is in a superposition of different x-spins. The composite
system will end up in the familiar superposition of M recording x-spin up

2 It is sometimes said that in Bohm’s theory one assumes that every measurement is
ultimately a measurement of position, but this, I believe, just means that one assumes that
every measurement is ultimately recorded in the position of something. One can get even
clearer by noting that the content of a measurement record in Bohm’s theory is determined
by the position of something relative to the wave function—that is, a different wave function
and the same position might produce a different record. I believe that this point is at least
implicit in Albert’s (1992) discussion of how measurement works in Bohm’s theory.
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and S being x-spin up and M recording x-spin down and S being x-spin
down:

altults +BImil)s; .1

but, on the Everett (?) theory, the particle configuration is always deter-
minate. This means that if M records his measurement result in terms of
the positions of particles, he will end up with a determinate record corres-
ponding to one or the other of the two terms in the final state—that is, the
particle configuration will effectively select one of the two terms in (5.1)
as actual and M is thus guaranteed to end up with the determinate record
x-spin up or the determinate record x-spin down. Which configuration
the observer ends up with, hence which determinate physical record he
gets, is randomly determined, where the probability of M getting a par-
ticular record is equal to the norm-squared of the amplitude of the wave
function associated with the record. If the amplitudes associated with the
records x-spin up and x-spin down are a and B respectively (as above),
then the probability of the observer ending up with a configuration record-
ing x-spin up is ||? and the probability of the observer ending up with a
configuration recording x-spin down is | 8]2.

Suppose that the observer gets the result x-spin up for the outcome of
his first measurement. Now what happens if the observer carefully repeats
his measurement? The usual linear dynamics tells us that the state after
the second measurement will be

alt, ult)s + B LImid)s. (5.2

So what is the observer’s actual memory configuration? Again, the prob-
ability of the actual configuration ending up associated with a particular
term in the quantum-mechanical state is completely determined by the
current quantum-mechanical state and is independent of past configu-
rations. It is given by the square of the coefficients on the terms when
the wave function is written in the configuration basis. Here, then, there
is a probability of |8]? that M will end up with a configuration record-
ing x-spin down for the second result even though he actually recorded
x-spin up for the first result. In other words, there is a probability of |8 2
that the observer’s second measurement result will disagree with his first.
But if M does in fact get x-spin down for his second measurement, the
classical configuration will now be one associated with the second term
of the above state, which means that M’s ‘record’ of his first measure-
ment (in terms of the configuration) will now be x-spin down, and it
will thus appear, based on an examination of his records, that the two
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measurements did in fact yield the same result. Because the sum of the
norm-squared amplitudes associated with those classical configurations
where the observer’s records exhibit the usual quantum statistics would
typically be close to one, the actual configuration would almost always
be such that the observer’s records would exhibit the usual quantum
statistics and correlations. So it would typically appear that the stand-
ard collapse theory made the right empirical predictions even though
the observer’s memories would in fact be wildly unreliable (Fig. 5.1).

The Eiffel Tower
has always been
in Pittsburgh!

Pittsburgh
The Eiffel Tower
- has always been
in Paris!
Paris
The Eiffel Tower
has always been
in Berlin!
Berlin ﬁ’
to f t
—————.
Time

An Eiffel Tower ﬁl A local historian

FI1G. 5.1 A relatively tame Eiffel-Tower trajectory on Bell’s Everett (?) theory.
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As Bell put it:

in our interpretation of the Everett theory there is no association of the particular
present with any particular past. And the essential claim is that this does not mat-
ter at all. For we have no access to the past. We have only our ‘memories’ and
‘records’. But these memories and records are in fact present phenomena. . .. The
theory should account for the present correlations between these present phenom-
ena. And in this respect we have seen it to agree with ordinary quantum mechanics,
in so far as the latter is unambiguous. (Bell 1987: 135-6)

Bell thought of the particle configuration at a time as selecting the
single Everett branch that describes the actual physical configuration of
our world, and he thought that one only needs one world to account for
our experience—our world (Bell 1987: 97, 133). One could, however,
convert Bell’s Everett (7) theory into a many-worlds theory by imagining
an infinite collection of worlds, each with a determinate particle con-
figuration and each evolving randomly according to the dynamics Bell
describes.

So what are we to make of Bell’s Everett (?) theory? Bell for one did
not like it much. He said that ‘if such a theory were taken seriously it
would hardly be possible to take anything else seriously’ (1987: 136; see
also 1987: 98). He seems to have been worried most about the social
implications of the theory; but one might also worry that if the Everett (7)
theory were true, then, like the bare theory, one could have no empirical
reason for accepting it as true.

The problem is that Bell’s Everett (?) theory, though arguably bet-
ter off than the bare theory, is not empirically coherent. While one can
test the instantaneous empirical predictions of the Everett (?) theory (the
way that records are correlated at a particular instant), because one’s
memories are wildly unreliable one can have no empirical justification
for accepting any specified dynamical law (for how the particle config-
uration evolves). In particular, if the Everett (?) theory were true, then
one could have no empirical justification for accepting its pathologically
discontinuous dynamics as the correct description of the time-evolution
of the particle configuration. Another way to put this is that if one is
willing to concede that one’s memories concerning past configurations
were unreliable in the sense required to take the Everett (?7) theory ser-
iously, then one would have exactly as much empirical justification for
accepting that the physical state has always been exactly what it is right
now as one would have for accepting the dynamics given by the Everett (7)
theory.
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One could make the Everett (7) theory empirically coherent by changing
its dynamics so that measurement records are typically reliable records
of past events. Bohm’s theory provides just such a dynamics.

5.2 Bohm’s theory

On Bohm’s theory, the quantum-mechanical state i evolves in the usual
linear, deterministic way, but particles always have determinate positions
and move along continuous trajectories described by an auxiliary dynam-
ics. In its simplest form Bohm’s theory is characterized by a few basic
principles:>

1. State description. The complete physical state at a time is given by
the wave function i and the determinate particle configuration Q.

2. Wave dynamics. The time-evolution of the wave function is given
usual linear dynamics. In the simplest situations, this is just Schrodinger’s
equation:

ay N
ih— = HY. 53
ih— 14 (5.3)
More generally, one uses the form of the linear dynamics appropriate to
one’s application (as in the x-spin examples discussed below).

3. Particle dynamics. The particles move according to

dQx 1 Im(y*Viy)
ok _ 1 ImymVih)) 5.4
i mp VY g 4

where my is the mass of particle k and Q is the current configuration.
4. Distribution postulate. There is a time fg where the epistemic prob-
ability density for the configuration Q is givenby p(Q, #y) = |V (0, to) [2.

If there are N particles, then ¥ is a function in 3N -dimensional config-
uration space (three dimensions for the position of each particle), and the
current particle configuration Q is represented by a single point in config-
uration space (in configuration space a single point gives the determinate
position of every particle). Each particle moves in a way that depends on
its position, the evolution of the wave function, and the positions of every
other particle. The easiest way to picture the particle dynamics is to pic-
ture the point representing the N-particle configuration as being carried

3 This description of Bohm’s theory follows Bell (1987: 127) rather than Bohm’s
quantum-potential description.
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along by the probability currents generated by the linear evolution of the
wave function ¥ in configuration space.

Bell put this point in a rather dramatic way: ‘No one can understand
this theory until he is willing to think of ¥ as a real objective field rather
than just a “probability amplitude.” Even though it propagates not in
3-space but in 3N-space’ (1987: 128). While Bell’s position here might
be a bit extreme, it really does seem that the natural place to tell causal
stories in Bohm’s theory is in configuration space. In any case, since the
dynamics is deterministic, possible trajectories never cross at a time in
configuration space.

Since every particle always has a determinate position even when the
universal wave function fails to be in an eigenstate of configuration,
Bohm’s theory violates the standard eigenvalue—eigenstate link. Indeed,
Bohm’s theory does not use either direction of the standard interpretation
of states: not being in an eigenstate of position does not mean that a system
fails to have a determinate position; and being in an eigenstate of some
observable, x-spin say, is typically not understood to mean that the system
has a determinate x-spin. Rather, since position is the only noncontextual,
observable property, it is usually taken to be the only intrinsic, observable
property that a particle can have.* Consequently, one must assume that
every measurement is ultimately a measurement of position; or better, one
must assume that the fact that particles always have determinate positions
ultimately explains our determinate experiences and beliefs.”

Since the total particle configuration can be thought of as being carried
around by the probability current in configuration space, the probability
of the particle configuration being found in a particular region of config-
uration space changes as the integral of [%]? over that region changes.
More specifically, the continuity equation

%’;’ + div(pv?) =0 (5.5

is satisfied by the probability density p = [1/|>. And this means that if the
epistemic probability density for the particle configuration is ever )2,
then it will always be ll/llz, unless one makes an observation.® That is,

4 A contextual quantity is one whose value typically depends on how one goes about
measuring it.

5 One can empirically determine the effective wave function of a system, which is a
function of the actual particle configuration and the global quantum state.

6 See Diirr et al. (1993a) for a discussion of the equivariance of the statistical distribu-
tion p.
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if one starts with an epistemic probability density of p(#y) = [g.//(to)lz,
then, given the dynamics, one should update this probability density at
time ¢ so that p(t) = ll/f(t)lz. And if one makes an observation, then the
epistemic probability density will be given by the effective wave function.
Suppose one is prepared to measure the x-spin of a particle P in an
eigenstate of z-spin, say {1,) p. What it means for P to be in determinate
z-spin state in Bohm’s theory is that one has a roughly localized and
symmetric wave packet in a quantum-mechanical state like
1
2
where the first half of the expression is the spin component and the second
is the position component (the wave function is initially concentrated in
the start region S) and where the particle P is in fact somewhere in the
wave packet with a probability density given by [ |2. If such a wave
packet were to pass through a Stern—Gerlach device oriented along the
z-axis, then the whole wave packet would be deflected. But if such a
wave packet were to pass through a Stern—Gerlach device oriented along

the x-axis (as shown in Fig. 5.2), then the two spin components of the
wave function will be separated: the {1, ) p component will be deflected

(te)p + 15 PIUS)P, (5.6)
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FI1G. 5.2 How the probability current moves a single particle. Note that P does
not move in the x-direction until it is influenced by only one spin component.
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up and the ||, )p component will be deflected down (Fig. 5.2). By the
distribution postulate, and by symmetry, there is an even chance that P
begins in the top or bottom half of the initial wave packet. And if P
begins in the top half of the wave packet, then it will be carried up by the
probability current; and if it begins in the bottom half of the wave packet,
then it will be carried down. Further, if it is in the top half of the top half
of the initial wave packet, then it will end up in the top half of the up
wave packet; if it is in the bottom half of the top half of the initial wave
packet, then it will end up in the bottom half of the up wave packet; if it
is in the top half of the bottom half of the initial wave packet, then it will
end up in the top half of the down wave packet; and finally, if it is in the
bottom half of the bottom half of the wave packet, then it will end up in
the bottom half of the down wave packet. Whichever wave packet P ends
up in will determine how it will behave on a second x-spin measurement
(if, for example, it ends up associated with the spin up component, then
it will surely be deflected up on a subsequent x-spin measurement since
all of the probability current will flow up). On the other hand, the shifting
in the relative position of the particle in the wave packet is what accounts
for the fact that, if the distribution postulate is satisfied, then one will not
know how a second x-spin measurement will come out after a subsequent
z-spin measurement.”

Since Bohm’s theory is deterministic, trajectories cannot cross at a time
in configuration space, and here configuration space is ordinary 3-space.
Also, note that the direction that P is deflected in this experiment is as
much determined by the state of the measuring device as by the state
of the system being measured. More specifically, one would get exactly
the opposite x-spin result for a particular trial if one modified the Stern—
Gerlach device so that it deflects the |1, ) p componentdown and the || ) p
component up.8 If the particle was deflected up, for example, then it was
in the top half of the initial wave packet and thus it would also be deflected
up by the modified Stern—Gerlach device but it would now behave like an
x-spin down particle instead of an x-spin up particle. It is because the spin

7 Since the result of such an x-spin measurement would then depend not on whether P
was initially in the top or bottom half of the wave packet before the first experiment, which
is something one could know before the second x-spin measurement, but, rather, on whether
P was initially in the top half of the top half, bottom half of the top half, top half of the
bottom half, or bottom half of the bottom half before the first x-spin measurement, which
according to the distribution postulate is something one would not know before the second
x-spin measurement.

8 Unlike Albert’s (1992) colour and hardness boxes, this modification would involve
more than just rotating our measuring device by 180 degrees.
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behaviour that a particle exhibits is determined by the details of how one
performs one’s measurement (the same particle is determinately up for one
device but determinately down for another), spin properties are contextual,
and thus are not usually considered to be genuine physical properties on
Bohm’s theory. Again, since position is the only noncontextual property,
it is usually taken to be the only fundamental physical property.

Let’s return to our first Stern—Gerlach device, and suppose we record
the direction that P is deflected in the position of another system, call it M.
Suppose that the interaction is such that if P were in a pure x-spin up wave
packet, then M’s wave packet would not move; and if P were in a pure
x-spin down wave packet, then M’s wave packet would be deflected down
(Fig. 5.3(a) ). By the linearity of the wave dynamics, then, the two-particle
wave function after the interaction will be

%(lTx)Plup)PlrecordS up)ar + [ ) pldown) p[records down) pr).

(5.7
And M will record up if and only if P is deflected up. Here ¥ evolves
in 6 N-dimensional configuration space and one must keep track of the
point representing the two-particle configuration (Fig. 5.3(b) ). The posi-
tion of M tells us which wave packet the two-particle configuration ends
up associated with, but the record does not tell us precisely where the
configuration is within that wave packet. While we know how P will
behave on a subsequent x-spin measurement, we do not, for example,
know how it will behave on a subsequent z-spin measurement or a second
x-spin measurement if that measurement follows a z-spin measurement.

AU 1 )ls), | I I Mo

Stern—Gerlach
device

FIG. 5.3(a) A simple recording in Bohm’s theory. M’s wave packet moves to
down if and only if P travels the | x-path.
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FIG. 5.3(b) The two-particle configuration in a two-particle wave packet. Note
that M moves to down if and only if the two-particle configuration starts in the
bottom half of this two-particle wave packet.

More specifically, when we condition on the information about P’s posi-
tion gained from M, we can rule out one or the other of the two resulting
wave packets as determining P’s future behaviour, but we cannot tell
where P is in its new effective wave packet Y g. If p is the epistemic
probability density and i is the global wave function, then it is no longer
the case that p = [ |2; ratber, after conditioning on the new information
provided by the position of M, p = |¢¥g 2.

5.3  Surreal trajectories and the persistence of memory

What makes Bohm’s theory better than Bell’s Everett (?) theory is that
the particle trajectories connect past events with current records in such a
way that our current records are typically reliable. There is an argument,
however, that the trajectories predicted by Bohm’s theory are not the real
trajectories followed by particles, but rather are ‘surreal’.? The worry is

9 The original argument and this terminology comes from Englert ef al. (1992).
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x-spin ¥
B Y

FIG. 5.4 Crossing-paths setup.

that one might observe a track in a bubble chamber when Bohm’s theory
predicts that the particle in fact travelled a very different path. If Bohm’s
theory really did predict the wrong trajectories for particles, then this
would be a problem (the particle dynamics would be false and, among
other things, we are relying on the particle dynamics to guarantee the
empirical coherence of Bohm’s theory). I believe, however, that so-called
surreal trajectories pose no serious problems for Bohm’s theory, and 1
will argue this in the context of the minimal version of Bohm’s theory
described earlier.

Consider an experiment where a spin-% particle P starts atregion Sina
z-spin up eigenstate, has its wave packet split into an x-spin up component
that travels from A to A’ and an x-spin down component that travels from
B to B’ (Fig. 5.4).10 The wave function evolves as follows:

Initial state:

1) pISYp = 1//2(11) P + N2) PIS) P (5.8)

After the initial wave packet splits:

1/2(4 ) p1A)Y P + L2 P B) P). (5.9

Final state:
1/3/2(1) P1AYp + 1Lx) 1B p). (5.10)

By symmetry, the probability current across the line L is always zero.
This means that if P starts in the top half of the initial wave packet, then
it will move from S to A to I to B’; and if it starts in the bottom half of

10 Since the standard line is that position is the only observable physical quantity in
Bohm’s theory, this does not mean that P has a determinate z-spin; rather, it is just a
description of the spin index associated with P’s effective wave function.
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the initial wave packet, then it will move from S to B to [ to A’. In other
words, one might say that whichever path P takes, it will ‘bounce’ when
it gets to region /. The problem is that quantum mechanics predicts, and
our experience confirms, that if we detect a particle at A, then it will be
found at A’; and if we detect it at B, then it will be found at B’. That
is, we never observe the odd bouncing behaviour predicted by Bohmian
mechanics.

Since Bohm’s theory predicts that particles can bounce out of regions
where there are no fields (at least no fields in the usual sense of a field), one
might try to use this fact to cause problems for the theory. This is precisely
what Englert ez al. (1992) try to do. Their argument goes something like
this:

Assumption 1 (explicit). Our experimental measurement records tell us
that in a two-path experiment like that described above each particle either
travels from A to A’ or from B to B’; that is, they never bounce.

Assumption 2 (implicit). Our measurement records reliably tell us where
a particle is at the moment the record is made.

Assumption 3 (implicit). One can record which path a particular particle
takes without breaking the symmetry in the probability currents that pre-
vents the particle from crossing the line L.

Conclusion. The trajectory predicted by Bohm’s theory, where the par-
ticle bounces, cannot be the particle’s actual trajectory; that is, Bohm
trajectories are not real, they are ‘surreal’. And note that if the trajectories
predicted by Bohm’s theory are not the actual trajectories, then Bohm’s
theory is false, which would constitute very good grounds for not liking it.

Note that Englert et al. do not claim that Bohm’s theory makes the
wrong empirical predictions, nor do they claim that it is somehow log-
ically inconsistent; rather, they argue (on the implicit assumption that
our particle detectors reliably tell us where particles are) that Bohm’s
theory makes the wrong predictions for the actual motions of particles.
Dewdney et al. (1993) have tried to defend Bohm’s theory in the context
of an experiment like that described by Englert et al. above by denying
that their detectors would be reliable. While this is certainly an option
for a proponent of Bohm’s theory, I shall argue instead that whenever
one makes a determinate record in Bohm’s theory using a device that
induces a strong correlation between the measured property and the posi-
tion that records the outcome, that record will be reliable at the instant the
determinate record is made. Rather than show that Bohm’s theory is false
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FI1G. 5.5 Crossing paths with position record.

or that it requires one to deny the reliability of good measuring devices,
one could think of experiments like those described by Englert ef al.
ultimately illustrating the inherently nonlocal nature of Bohm’s theory.11
Consider what happens when one records the path travelled by the
particle in terms of the position of a recording particle M (Fig. 5.5). That
is, the interaction between P and M is such that if P’s effective wave
function was an up eigenstate of x-spin, then M’s effective wave function
would stay at U; and if P’s effective wave function was a down eigenstate
of x-spin, then M’s effective wave function would move to record D. The
effective wave function of the composite system evolves as follows:

Initial state:

112 PISYPIUYM = 1S)PIUYMY//2(0 ) P + i) P)- (5.11)

P’s wave packet splits:

U m1//2(1x)P1A) P + Hx) PIB) P). (5.12)

M’s position is correlated with the position of P:

201 p 1A PIUYM + i) PIB) PID) 1) (5.13)

11 Actually, the experiments that they describe are not really in the domain of Bohm’s
theory since their ‘one-bit detectors’ would presumably require a field-theoretic description.
But I think that their experiments can be translated into experiments within the domain of
Bohm’s theory (as described below).
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The two wave packets appear to pass though region / (but they miss each
other in configuration space!):

17200 pIDpIUYM + W) T pID) pp). (5.14)
Final state:

1/3/2(10) pIA Y PIUYM + 1420 1B PID) ). (5.15)

So does the position of M reliably record where P was when the record
was made? Yes. What happens here is that the position with M correlation
destroys the symmetry that prevents P from crossing L: while the two
wave packets both appear to pass though region /, they in fact miss each
other in configuration space (Fig. 5.6).

In order to see how P and M move in this experiment, consider the
evolution of the wave function and the two-particle configuration in con-
figuration space. If the two-particle configuration starts in the top half of
the initial wave packet, then P would move from Sto Ato  to Aland M
would stay at U. If the configuration starts in the bottom half of the initial
wave packet, then P would move from § to B, then M would move to
D, then P would move from B to I to B’. That is, regardless of where
P starts, it will pass though the region I (without bouncing). Moreover,
M will record that P was on path A if and only if P ends up at A’ and
that P was on path B if and only if P ends up at B’. That is, when we
make a determinate record of P’s position before P gets to I, then P

(@ (@]
4+ %IDP B r ?”ﬁp § (N
l LTavsy T Y 1), § 11,

5T ®|¢X>P 1) T @ITQP ®li>

u D

P's x-position
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T

M's x-position M's x-position

FIG. 5.6 The same in configuration space. (a) First half of the experiment.
(b) Second half of the experiment.
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will follow a perfectly natural trajectory, and our record will be reliable.
Again, recording the position of P destroys the symmetry that prevents
P from crossing L.

Records in terms of position are thus perfectly reliable in Bohm’s theory
if there is a strong correlation between the position of the system being
observed and the position of the recording system. And since position
is the only determinate physical quantity on Bohm’s theory, one might
simply conclude that all determinate records produced by strong corre-
lations are reliable in Bohm’s theory and dismiss the surreal trajectories
objection altogether. This is not such a bad conclusion, but I think that
the right thing to say about surreal trajectories is a bit more subtle.

Consider an experiment where one tries to record P’s position in some-
thing other than the position of M. One might naturally, and quite cor-
rectly, object that there is no other determinate quantity in Bohm’s theory
that one could use to record P’s position, but in the spirit of trying to
revive Englert et al.’s challenge to Bohm’s theory, read on. Suppose, for
example, that one tries to record P’s position in M’s x-spin (and while
one would not talk this way in Bohm’s theory, it is still clear enough what
this means): suppose that the interaction between P and M is such that
if P’s initial effective wave function were an x-spin up eigenstate, then
nothing would happen to M’s effective wave function; but if P’s initial
effective wave function were an x-spin down eigenstate, then the spin
index of M’s effective wave function would be flipped from x-spin up to
x-spin down (Fig. 5.7). In the standard formulation of quantum mechanics
one would naturally think of this interaction as recording P’s position in
M’s x-spin (once a collapse had eliminated one term or the other of the
superposition).

|T) D down

FiG. 5.7 We try to record P’s position in M’s x-spin.
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The effective wave function of the composite system evolves as follows:

Initial state:

1) PISYPIt ) MIR M = IS) Pt ) MIR) M1/ /20150 P + 14 x) P)-
(5.16)
P’s wave packet is split:

It mIR M1/ 2014 ) PIAY P + )P |B) P). (.17

The x-spin component of M’s wave packet is correlated to the position
of P’s:

IRy m1//2(10) PlIAY P12 m + L) PIB) P ) M) (5.18)
The two wave packets pass through each other in configuration space:
[R)m /201 PID It M + W) PIT P2 ) (5.19)
Then they separate:
IR)m1/v/2012) P IAT) Pt + k) PIB) P ) b)) (5.20)

Then M'’s position is correlated to the x-spin component of its wave
packet:

/2010 p1AY P14 MUY + W) PIBY P M D). (5.21)

Note that here the symmetry in the probability current that prevents P
from crossing L is preserved (Fig. 5.8). That is, P bounces just as it did
in the first experiment. If the configuration begins in the top half of the
initial wave packet, then P will move from S to A to [ to B/, then M will
move to D. If the two-particle configuration begins in the bottom half of
the initial wave packet, then P will move from S to B to I to A’, then M
will move to U. That is, the final position of M will be at U if P travelled
along the lower path and it will be at D if P travelled along the upper path.
In other words, M’s final position does not reliably tell us where P was
when the two wave packets became correlated. It does, however, reliably
tell us where P is at the moment that the spin correlation was converted
into a determinate measurement record (when the x-spin correlation was
converted into a position correlation)—specifically, P is associated with
the same two-particle spin packet as M wherever this requires P to be in
ordinary 3-space.
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FiG. 5.8 The same in configuration space.

Since the only determinate records in Bohm’s theory are records in the
position of something, M did not determinately record P’s position until
we converted the spin correlation into a position correlation. And when
this position correlation is made, we reliably, and nonlocally, generate a
record of P’s position at that moment: If M moves to U, then this means
that P is associated with the x-spin up component at A’; and if M moves
to D, then this means that P is associated with the x-spin down component
at B’

The moral is that one cannot use a determinate record in Bohm’s theory
to figure out which path P took unless one knows when the record was
made. Butin this, Bohm’s theory is far better off than the standard collapse
theory since on the eigenvalue—eigenstate link one can say nothing about
which trajectory a particle followed since it failed to have a determinate
position until it was observed. If one does not worry about retrodiction in
the context of the standard theory (and Englert ez al. do not seem to worry
about this), then there is certainly nothing to worry about in the context
of Bohm’s theory.

There is no reason that I can see, then, to suppose that the Bohm tra-
jectories are not the actual particle trajectories. Nor is there any reason to
conclude that our detectors are unreliable (one might say that the detector
is not fooled by a late measurement but rather that it reliably detects the
position of the test particle nonlocally). Whenever the position of one sys-
tem is recorded in the position of another system via a strong correlation
between the effective wave functions of the two particles, then that record
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will reliably tell one where the measured particle is at the moment the
determinate record is made.

5.4 The failure of covariance

While surreal trajectories do not pose a serious problem for Bohm’s theory,
the way that the theory accounts for nonlocal statistical correlations does.
In order to be compatible with relativity, a theory’s dynamics must be
Lorentz-covariant, and the dynamics that described particle motions in
Bohm’s theory is not. This is illustrated by the fact that space-like separate
measurements will have different outcomes on the theory depending on
the temporal order in which they are performed. The problem, of course,
is that according to relativity theory there is no matter of fact about the
temporal order of such events.!?

Consider an EPR experiment in Bohm’s theory. Two particles P4 and
Pg begin in the EPR state

1
2
in some region S; then they move away from each other (say to regions A
and B respectively) and x-spin measurements are made on each particle

(Fig. 5.9). If the x-spin of particle P4 is measured first, then the state of
the composite system will evolve as follows:

(IT}()PAN/)C)PB - |‘Lx>PAITx)PB) (522)

Initial state:
1
%([Tx)PAI\LﬁPB = x| Tx) PRISY P, IS) Py (5.23)

State after x-spin measurement on P4 at A:
1
NV

State after x-spin measurement on Pp at B:

(11 P AT Py ) Py = W) Pl AT Py 1) ) IS) Py (5:24)

1

TPl AT AL 2o 1B g = ) 24| A7) 4 1) 2y 1B ).

(5.25)

12 The main argument of this section follows Albert (1992).
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F1G. 5.9 An EPR experiment in Bohm’s theory.

Suppose that each particle begins in the top half of the initial wave
packet.!> When P4 is measured at A, the wave packet will split
into two components [1,)p, 4 ,) Py, Which will go to region AT, and
Nx)ps11x) P, Which will go to region A™, and since the particle P4
begins in the top half of the initial wave packet, the probability current
will carry it to region AT (Fig. 5.10(@) ). The two-particle configuration
will now be in a region of configuration space where the |{,)p, 1) Pg
component of the wave function is zero. Consequently, the subsequent
measurement on the second particle Pp will move it to region B~ regard-
less of its initial position. So if P4 is measured first, P4 is deflected up
and Pp is deflected down.

Now suppose that Pp is measured first. Since it begins in the top half
of the initial wave packet, it will be carried by the |4 ) p,|14) Py com-
ponent of the wave function as it goes to region BT (Fig. 5.10(b)). But
the two-particle configuration will now be in a region of configuration
space where the [1,)p, [l ) p, component of the wave function is zero,
so the subsequent measurement of P4 will move it to region A™. So if
Pp is measured first, P4 is deflected down and Pp is deflected up. So
the temporal order of the measurements determines the outcomes. The
problem here is that relativity tells us that if the two measurements are
space-like separate (outside each other’s light cones), then there will be
an inertial frame where the P4 measurement occurs first and another
inertial frame where the Pp measurement occurs first. But since the tem-
poral order of the measurements determines the outcomes in Bohm’s

13 Note that the distribution postulate allows for the two-particle configuration to be
anywhere where there is positive wave-function support.
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FiG. 5.10 Two EPR experiments in configuration space. (@) A measures first.
(b) B measures first.

theory, it makes mutually contradictory predictions for the results of the
experiment in the two inertial frames. In other words, Bohm’s theory is
only logically consistent if one chooses a preferred inertial frame. Which
is just another way of saying that Bohm’s theory is incompatible with
relativity.

The conflict between Bohm’s theory and relativity is not subtle. If
the distribution postulate fails to be satisfied as a boundary condition;
that is, if any observer knows more about the position of a particle than
the probability density given by the norm-squared of its effective wave
function, then that observer can in principle send superluminal signals.
Suppose our two EPR observers A and B agree that x-spin up behaviour of
B’s particle means “The Yankees won’ and x-spin down behaviour means
‘The Mets won’. Suppose further that observer B is in orbit around the
Alpha Centauri star system {which looks like just one star, but is actually
three) with one EPR particle and suppose that observer A is 4.3 light-
years away in New York City with the correlated particle. And suppose
that observer A knows that his particle P4 is closer to AT in the wave
packet than it is to A™. The World Series ends (at 12.00 midnight EST)
and observer A measures the x-spin of particle P4. Since Py is in the
top half of the wave packet, he knows that it will be deflected to region
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AT regardless of whether his Stern—Gerlach device is set up to deflect
the |1,)p,14x) p; component of the wave function into the region A™
(call this Setup 1) or set up to deflect the || ) p,[1;) P, component into
region in AT (call this Setup 2). That is, observer A knows that if he
makes his measurement using Setup 1, then the two-particle configuration
will end up associated with the [1,)p, || )P, component of the wave
function and B’s particle will exhibit x-spin down behaviour; and he
similarly knows that if he makes his measurement using Setup 2, then the
two-particle configuration will end up associated with the | ) p, [1+) Pg
component and B’s particle will exhibit x-spin up behaviour.

When the Yankees win, A makes his x-spin measurement using Setup 2
(and his particle is deflected up, which in this case means that he got x-
spin down). Observer B then, one second after 12.00 midnight EST (in the
earth frame), measures the x-spin of his particle; he gets x-spin up, so he
almost instantaneously learns that the Yankees won. About four years, four
months later, the television signal from the game reaches Alpha Centauri,
and observer B and his astronaut colleagues watch it on their portable
TV. Observer B wins the pool again; and by dint of his colleagues’ firmly
held relativistic intuitions, no one suspects cheating.

How seriously one takes this conflict with relativity to be depends
on one’s physical intuitions. Of course, we have no empirical reason to
suppose that superluminal signalling is possible. But in the context of
Bohm’s theory this just means that we have no empirical reason to suppose
that the distribution postulate is false. If the distribution postulate is true,
then Bohm’s theory makes the same statistical predictions as the standard
collapse theory for the results of EPR experiments, and since we have
a no-signalling theorem for the standard theory of quantum mechanics,
we have a no-signalling theorem for Bohm’s theory (with the distribution
postulate) as well. Similarly, while there would have to be a preferred
frame and while there would in fact be superluminal causal relations, if
the distribution postulate is true, then one would never be able to detect
the preferred frame. A proponent of Bohm’s theory might then argue that
the failure of covariance is not so bad since the distribution postulate will
ensure that the world always appears to be consistent with relativity. This
line will not, however, be well received by most physicists, who firmly
believe that we have strong theoretical reasons for requiring a Lorentz-
covariant dynamics.

Bohm’s theory provides the fine-grained causal explanation of the quan-
tum statistics that Einstein seemed to want, and, as he also wanted, quan-
tum probabilities here are ultimately due to our ignorance. But the price
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for such a theory is a direct conflict with relativity, a price that Einstein
was certainly unwilling to pay.1*

5.5 Position as the preferred physical property

Another potential problem for Bohm’s theory is the special role played
by position in the theory. Since position is usually taken to be the only
real physical quantity on Bohm’s theory, one can only provide an account
of our determinate experiences and beliefs in the theory if one assumes
that determinate particle positions (together with the wave function) are
sufficient to guarantee that our most immediately accessible measurement
records are determinate. But is it in fact true that determinate positions
guarantee determinate measurement records? Bell sometimes argued that
they would (1987: 128, 166), and Albert argued that they might not (1992:
170-6).

It seems to me that one should worry about taking position as the only
determinate physical quantity. Suppose that my brain physiology and the
connection between my brain states and mental states is such that my
most immediate records of my experience are in terms of energy. If this
were true, and it might be for all I know about how my brain works, then
making positions determinate, as Bohm’s theory does, would not neces-
sarily make my most immediately accessible records of my experience
determinate. That is, whether Bohm’s theory can account for the experi-
ences and beliefs of a particular sentient being depends on the details of
how measurements are performed, the being’s physiology, and the rela-
tionship between physical and mental states. The problem is that while
making some physical quantities determinate would do nothing to account
for our determinate experiences and beliefs, it is difficult to know whether
and to what extent determinate particle positions would provide such an
account.

But given the way that a typical system interacts with its environment,
it is very difficult to make a record without correlating the position of
something with the record. Consequently, one would expect that most of
our records involve some sort of position correlation. If the position of any

14 Bell always liked Bohm’s theory and he thought that it was just the sort of theory
that Einstein should have liked. While Bohm'’s theory is strikingly nonlocal, Bell thought
of his own famous no-go theorem not as an argument against Bohm’s theory but rather as
an argument that one could do no better than Bohm’s theory. See Bell’s (1987) collection
for a history of his thought on Bohm’s theory, the implications of Bell’s theorem, and his
interpretation of Einstein’s intuitions.
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system in the environment of an observer becomes well-correlated with
the observer’s brain record (recorded in terms of energy), then there would
be a determinate record of the observer’s result in terms of the position of
that system. And since the observer would then have the sure-fire dispo-
sitions of someone with a determinate belief, one might argue that such
decoherence effects would in Bohm’s theory provide an account of our
experience. But is having the same physical dispositions as someone who
believes something (in this case the result of a measurement) a sufficient
condition for believing the thing? In our discussion of the bare theory
we assumed that it was, but whether one really wants to assume this will
depend on one’s best theory of mind.

The problem here is part of a more general one. Just as there is a
matter of fact about what determinate physical properties would explain
my determinate mental state (at least at a time), there is presumably a
matter of fact about what the real, intrinsic physical quantities are. Con-
sequently, one should probably worry about choosing particle position as
the determinate physical quantity unless one can argue (1) that we have
good reason to suppose that by making it determinate we can account for
our determinate experiences and beliefs and (2) that position is in fact
the only real, intrinsic property of particle. But it would be a mistake to
argue too strongly for (1) or (2). For one thing, one might worry over the
odds that of all the physical properties that might in fact be determinate
that position is the one. For another, we have good reason to suppose
that particle position is not the physical quantity that we ultimately want
determinate. In order to have a Bohm-like quantum field theory, rather
than particle positions, one would presumably want to make some field
quantity or another determinate, and we would want this field quantity
to then explain our determinate experience.! But if we ultimately want
to end up with a quantum field theory, then we presumably do not want
to argue too strongly right now that it is determinate particle positions
and only determinate particle positions that would explain our determi-
nate experience. My point is simply that since we are not in the posi-
tion (so to speak) to say which physical quantity we ultimately want
to take as always determinate, it would be a mistake to defend Bohm’s
theory as it stands by arguing for position as the one and only always

15 Note that determinate patticle positions would not do much to explain the behaviour
of neutral K mesons that we discussed in Ch. 1. This is an example of the sort of thing a
successful field theory would explain. The problem is that because of the special role that
position plays in Bohm’s theory (and the associated problem with covariance), it is difficult
to use it as the foundation of a relativistic field theory.
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determinate physical quantity. Perhaps we ought to drop the commit-
ment to determinate position and settle for a commitment to finding a
satisfactory Bohm-like theory (one where it may not be position that is
determinate).

5.6 The limiting properties in the context of Bohm’s theory

There is one more thing that I should like to discuss before I consider the
many-worlds theories. It is not a problem with Bohm’s theory. It is just
a piece of trivia concerning the relationship between the bare theory and
Bohm’s theory that may make each theory a little clearer. It has to do with
the bare theory’s limiting properties and a subtle difference between the
two theories.

Consider an experiment in Bohm’s theory where M measures the x-spin
of aseries of particles in eigenstates of z-spin whose positions are all in fact
in the top half of their effective wave packets (Fig. 5.11). And suppose
that, because of this last fact, each x-spin measurement is guaranteed
to yield the result x-spin up. Suppose M contains two boxes labelled
ves and no and that there is a particle P that starts in the yes-box and
moves to the no-box if and only if M ever records the result x-spin down.
According to Bohm’s theory (just as in the bare theory), M approaches
a quantum-mechanical state where all of the quantum probability moves
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FIG. 5.11 A difference between Bohm’s theory and the bare theory.
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out of the yes-box and into the no-box. In the bare theory we interpret
this limiting state as a state where P is determinately in the no-box and
where M thus reports that it recorded at least one x-spin down result.
Of course, on the bare theory, M would never determinately record any
x-spin results on this experiment (but it none the less ends up with the
sure-fire disposition to report that it recorded at least one x-spin down
result). This, however, is not the limiting disposition of M on Bohm’s
theory. On Bohm’s theory, since all of the measurement results were in
fact x-spin up, and since the position of P is determined by the actual
positions of the measured particles (the directions that they are in fact
deflected in the x-spin measurements), P would simply stay in the yes-box
in this experiment, even in the limit, and thus, contrary to the bare theory’s
prediction, M would have the sure-fire disposition to report (accurately)
that it recorded no x-spin down results. More generally, the bare theory
predicts that M would approach a state where it reports that half of its
results were x-spin up on this experiment, but here, given the unusual
initial configuration, Bohm’s theory predicts that M would always report,
even in the limit, that all of his results were x-spin up.

One reaction to this would be to point out that the initial configuration
required for this thought experiment would virtually never obtain. Given
the distribution postulate, the probability of all of the object particles
initially being in the top half of their effective wave would be zero. There
is, however, always at least one question such that the composite system
will approach a state where the bare theory predicts that M would answer
the question with no but where Bohm’s theory predicts M will answer the
question with yes.

Suppose that the initial particle positions are randomly distributed so
that half are in the top half and half in the bottom half of their effec-
tive wave packets. When M measures the x-spins of the particles, it will
always record some determinate sequence of results, and will, at least in
principle, always be able to report reliably what its results were. But for
any particular sequence of results, the composite system will approach a
state where M reports on the bare theory that it did not get that sequence
of results (because the sum of the norm-squared of the coefficients on
the terms that describe M as having recorded some other sequence of
results goes to one in the limit). Consequently, if we ask M whether it got
such-and-such sequence of results, where such-and-such was in fact the
sequence that he recorded, then he would answer yes on Bohm’s theory,
but such an observer would always answer ro on the bare theory.
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On Bohm’s theory, a particle can have a determinate position when its
wave function is not an eigenstate of position. But one can also tell stor-
ies (like the one above) where the wave function is in one place and the
particle is somewhere else entirely. !0 The moral is just that the eigenvalue—~
eigenstate link can fail in both directions in Bohm’s theory even for
position. 17

Neither Bell’s Everett (?) theory nor Bohm’s theory are very close to
Everett’s description of his relative-state formulation. They require one
to choose an always determinate physical quantity and to provide an aux-
iliary dynamics for it, and Everett said nothing to suggest that he wanted
an always determinate quantity or an auxiliary dynamics. These theories
also each violate the principle of state completeness, which was some-
thing to which Everett was clearly committed. Finally, Everett explicitly
said that his formulation of quantum mechanics was better than Bohm’s
theory, which allows one to make the rather obvious inference that his
formulation was not Bohm’s theory (and probably not Bell’s Everett (?)
theory either). On the other hand, we shall see that when we try to make
sense of the usual interpretations of Everett, we often end up with a theory
that is very much like one or the other of these two theories.

16 Asa very simple example, consider an x-spin measurement by an ideal Stern—Gerlach
device where the initial wave packet is an eigenstate of z-spin and the particle is precisely
in the middle of the wave packet: the two x-spin components will separate, and the particle
will be left stranded in a region with no wave function support.

17 On the topic of exotic states in Bohm’s theory, consider what would happen (in a
one-particle universe) if the particle started in a position where the wave function was zero
and the wave function was initially trapped in an infinite potential when the potential was
turned off. The wave function would immediately spread out and sweep the particle out of
space entirely—that is, since none of the probability can pass the particle (given the particle
dynamics), one can show that for every distance d from its initial position, the particle must
be farther away from its initial position than d the instant after the wave function is released.
In this sort of exotic situation, then, Bohm’s theory exhibits a kind of indeterminism. See
Earman (1986) for examples of such indeterminism in classical mechanics.
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MANY WORLDS

THERE are many many-worlds interpretations.! The DeWitt-Graham
interpretation, however, has been particularly popular. Indeed, it is prob-
ably their splitting-worlds interpretation that most people think of when
they think of Everett.

6.1  The splitting-worlds interpretation

In the preface to their 1973 anthology The Many-Worlds Interpretation of
Quantum Mechanics Bryce DeWitt and Neill Graham say that Everett’s
interpretation of quantum mechanics

denies the existence of a separate classical realm and asserts that it makes sense to
talk about a state vector for the whole universe. This state vector never collapses
and hence reality as a whole is rigorously deterministic. This reality, which is
described jointly by the dynamical variables and the state vector, is not the reality
we customarily think of, but is a reality composed of many worlds. By virtue of
the temporal development of the dynamical variables the state vector decomposes
naturally into orthogonal vectors, reflecting a continual splitting of the universe
into a multitude of mutually unobservable but equally real worlds, in each of
which every good measurement has yielded a definite result and in most of which
the familiar statistical quantum laws hold. (1973, p. v)

1 Asan example of the range of theories involved, consider Frank Tipler’s many-worlds
theory. Tipler claims that most sceptics of the many-worlds interpretation ‘have a mistaken
idea of what the [many-worlds interpretation] really means’ (1986: 204). The problem, he
says, is that ‘many presentations of the [many-worlds interpretation] have made it appear
more counter-intuitive than it really is” (1986: 206). One example of this is when it is
claimed that the entire universe is split by a measurement. According to Tipler, ‘this is not
true. Only the observed/observer system splits; only that restricted portion of the universe
acted on by the measurement operator M splits.” Tipler observes that this splitting cannot
go on for ever: ‘since the information stored in human beings is finite, the set of all possible
measurements can split a human being into only a finite number of pieces’. He goes on to
estimate that 2 human being can only be split into about ‘2 raised to the 10%6 power’ pieces.
Such calculations suggest that Tipler takes his talk of people splitting quite seriously. But
not only is it difficult to see how this notion of splitting people is supposed to account for
our experience; it is difficult to see how a split person, in the sense that Tipler seems to
require, could even survive. In any case, this, together with the other theories I consider in
the chapter, illustrates the range of many-worlds theories out there.
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Both DeWitt and Graham seem to take this talk of many, simultaneously
existing, and continually splitting worlds quite seriously. DeWitt explains
that

This universe is constantly splitting into a stupendous number of branches, all
resulting from the measurement-like interactions between its myriads of compo-
nents. Moreover, every quantum transition taking place on every star, in every
galaxy, in every remote corner of the universe is splitting our local world on earth
into myriads of copies of itself. (161)

The entire universe then splits into nearly identical copies of itself when-
ever a measurement-like interaction or quantum transition occurs any-
where. It is, however, unclear here precisely what in the usual linear
evolution of the state is to count as a measurement-like interaction or
quantum transition. All we know is that the splitting process is such as
to ensure that the measurement records resulting from good measure-
ments are determinate in each world. And it is this that will explain our
determinate measurement results on the splitting-worlds theory.

While we do not know exactly what counts as a measurement-like
interaction, the interaction between a good x-spin measuring device M
and its object system S is presumably one. Suppose that S is initially
in a z-spin eigenstate and M is in a ready-to-make-a-measurement state.
Imagine a very simple universe where the initial global state is

Iready) s 1/4/2(11 )5 + [Lx)s)- (6.1)

This state is supposed to describe a universe containing a single world
which itself contains two physical systems M (in state |ready) ) and S
(in state 1/./2(11,)s + |4)s)- After the measurement interaction, the
linear dynamics tells us that the global state of the universe will now be

1//2(lup) p|ty)s + Idown) pr () s). (6.2)

This is an entangled superposition of states corresponding to M record-
ing different x-spin results. Concerning such a state, Graham claims that
‘According to Everett, this superposition describes a set of simultaneously
existing worlds, one for each element of the superposition. In each world
the apparatus has a unique pointer reading, the one described by the corres-
ponding element . .. of the superposition’ (1973: 232). The superposition
above then describes a universe containing two werlds, each containing
almost identical copies of the pre-measurement systems M and S. In one
world the measuring device, call it My, recorded the result up, and the
object system, call it S1, is in an x-spin up state; and in the other world the
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measuring device, call this one Mo, recorded the result down and Sy is in
an x-spin down state. That is, the measurement-like interaction between
M and S somehow caused the initial world to split into two worlds, and
in each of these new worlds there is a determinate result to the x-spin
measurement. And it is this last fact that explains the determinateness of
our experience on the splitting-worlds interpretation—here an observer
would be split by the interaction between M and S and one of the result-
ing observers would see the result up in one post-measurement world and
other observer would see the result down in the other post-measurement
world.

Given DeWitt (and Graham’s) description, then, the splitting-worlds
theory might be summarized as follows:

1. There is a state vector that represents the state of the entire universe.

2. The global state evolves according to the usual deterministic linear
dynamics and never collapses (one assumes that there is something like
a global Hamiltonian that determines this evolution).

3. The universe (physical reality) consists of many mutually unobserv-
able but equally real worlds.

4. A complete description of physical reality requires one to specify
the universal state vector and the dynamical variables.?

5. The state vector representing the global state naturally decomposes
into orthogonal vectors that represent the states of the various worlds.
There is exactly one world corresponding to each term in the preferred
decomposition of the global state and each term describes the local state
of the corresponding world.

6. The natural decomposition of the global state vector is one where
there is a determinate record (typically different in each world) of the result
of every good measurement, and this is what explains our determinate
measurement records.

It is important to distinguish here between two types of states: there
is a global state of the universe given by the universal wave function ¥
and there is the local state of each of the many worlds that comprise

2 It is unclear what DeWitt and Graham meant by a specification of the dynamical
variables; but, since the global state alone is not enough, perhaps it is the specification of
dynamical variables together with the global state that is supposed to determine the local
state of each world. On this reading the specification of dynamical variables would amount
to a choice of a specific preferred basis in which to expand to global state. In any case, if
one stipulates a particular preferred basis, then, as we will see, one resolves the ambiguity
concerning what interactions are supposed to count as measurements.
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the universe. The same global state would decompose into different local
states for different choices of a basis. In order to account for determinate
measurement results, one would want each local state to be one that typ-
ically describes observers as having determinate measurement records.
Choose one such basis as the determinate-record basis.3 There is one
world for each term in the determinate-record expansion of ¥ and each
term describes the local state of its corresponding world. As the global
state evolves in the usual linear way, what worlds there are and what their
local states are change as the determinate-record expansion of ¢ changes.
At atime each world is associated with a complex-valued amplitude given
by the coefficient on the term in the expansion describing the state of that
world. This amplitude presumably has something to do with the proba-
bility of an observer finding himself in that world, but so far it is unclear
exactly how probabilities are supposed to work in the theory. Note that
once one chooses a preferred basis, one immediately knows what counts
as a measurement-like interaction: a measurement-like interaction is any
interaction that leads to more terms in the preferred decomposition of
the global state. Putting the pieces together, one might picture the x-spin
measurement described above as illustrated in Figure 6.1.

Since DeWitt and Graham present their theory as a reading of Everett,
one might naturally wonder how well it meshes with what Everett actually
said. Everett himself clearly took principles (1) and (2) above to be features
of his formulation of quantum mechanics: he insisted that there was a
single universal wave function and that it always evolved in the usual
linear way. It is difficult to say, however, to what extent he was committed
to principle (3). Nowhere in his published works did he ever claim that
the terms representing the branches of the state vector were meant to
describe different worlds. He said that each term describes a branch,
that these branches are all equally real, and that each branch describes a
different sequence of experiences for an observer; but he also said that after
an observer makes a measurement, there is only one physical observer,
which is, strictly speaking, false on the splitting-worlds theory. Also,
since Everett always insisted that the wave function by itself provided a
complete and accurate description of the physical state, he would probably

3 Just as I did in Ch. 3. Such a basis is also called a pointer basis since presumably
one way to ensure that all good observers have determinate measurement records would
be to ensure that the pointer on each measuring device typically displays a determinate
measurement result.
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object to principle (4) in so far as it requires one to add something to
the state description that is not provided by the wave function alone.
On the splitting-worlds theory one must choose what physical quantities
one wants to be determinate in a world, which amounts to choosing a
physically preferred basis. Without a preferred basis, the global state fails
to determine the local states. But if anything must be added to ¢ to get
a physical description, then Everett would presumably disapprove. Also,
on a closely related point, while Everett always wrote the state of the
observer and object system in the observer’s determinate-record basis
when explaining why pure wave mechanics makes the same empirical
predictions as the standard theory, he nowhere singles out any basis as
privileged when he describes his theory; rather, in his discussion of the
principle of the relativity of states he goes out of his way to explain that
no basis is in anyway privileged. It is unclear exactly what Everett would
say about principles (5) and (6), but since one cannot determine the local
states in the splitting-worlds theory without knowing the preferred basis,
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the wave function y does not by itself determine the complete physical
state, which, again, is probably something that Everett would not like.*

Failing to agree with what Everett actually said is, of course, not so bad.
Indeed, perhaps the most significant virtue of the splitting-worlds theory is
that it immediately answers one of the questions that Everett himself con-
tinually raised but never clearly answered: it explains the sense in which
an observer has a determinate measurement record when the global state is
a superposition of incompatible record states. On the splitting-worlds the-
ory, it is because every good observer’s measurement record is in fact per-
fectly determinate in that observer’s world that explains each observer’s
determinate experience. After an x-spin measurement, the observer in one
world believes that he recorded the result x-spin up because he did. The
observer in another world believes that he recorded the result x-spin down
because he did. And, ideally, both of these observers will inhabit worlds
where the local state of the object system will agree with their recorded
result. Unlike the bare theory, judgements of the determinateness of meas-
urement results are not to be explained as some sort of illusion; rather,
each post-measurement observer really does typically record a single, per-
fectly ordinary, determinate result. The metaphysics is important here: it
is the many-worlds ontology that explains our determinate experience.

While the splitting-worlds theory explains our determinate experi-
ence and is in many ways clearer than Everett’s formulation of quantum
mechanics, it also encounters several problems. Some of these problems
are closely related to aspects of the theory that DeWitt and Graham never
pin down precisely. I think that some of the problems encountered by the
splitting-worlds theory are quite serious, while some of the traditional
complaints against the theory are not really problems at all.

6.2 Traditional and real problems

6.2.1 Too many worlds?

In the preface to their Everett anthology DeWitt and Graham explained
that few physicists have taken Everett’s interpretation of quantum mechan-
ics seriously.

4 1t should also be noted, however, that Everett had a chance to disagree with DeWitt
and Graham’s reading of his work (when they were putting together their anthology on the
many-universes formulation, for example), but, as far as I can teli, he did not tell anyone
that they got it wrong.
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Looked at one way, Everett’s interpretation calls for a return to naive realism
and the old fashioned idea that there can be a direct correspondence between
formalism and reality. Because physicists have become more sophisticated than
this, and above all because the implications of his approach appear to them to be
so bizarre, few have taken Everett seriously. (1973, p. v)

Of course, what makes the splitting-worlds interpretation so bizarre is
the splitting worlds. DeWitt described his own reaction when he first
considered the interpretation:

1 still recall vividly the shock I experienced on first encountering this multiworld
concept. The idea of 10199+ slightly imperfect copies of oneself all constantly
splitting into further copies, which ultimately become unrecognizable, is not easy
to reconcile with common sense. Here is schizophrenia with a vengeance. (DeWitt
and Graham 1973: 161)

One recurrent complaint is that the splitting-worlds theory is ontologic-
ally extravagant. Along with its other problems, Bernard d’Espagnat adds
that

This theory also has the very unpleasant feature that, in a way, it runs counter to
the principle of the economy of assumptions (Occam’s razor) which is otherwise
known to be so important in science. Indeed it even does so without any restraint,
since it goes as far as postulating infinities of completely unobservable worlds or
at least states of the universe. (D’Espagnat 1971: 445-6)

Presumably the complaint here is not so much that the splitting-worlds the-
ory requires too many theoretical assumptions but rather that it postulates
the existence of too many entities. After all, one might argue, if one wants
to explain our experience, then one only needs to postulate the existence
of one world—our world. In this sense, claiming that there is more than
one physical world would always be postulating entities beyond necessity.

If many-worlds interpretations do not need a plurality of equally real
worlds in order to account for our experience, then why would one pos-
tulate an extravagant many-worlds ontology? Bell thought that there was
no good reason (Bell 1987: 97, 133). If one had a successful many-worlds
theory, then one could presumably take just one of the worlds to be ours,
and simply deny (or not care much about) the existence of the others.
One would then be left with the linearly evolving wave function and a
parameter that indicates which component of the wave function describes
the actual determinate state of our world. In other words, one would be
left with a hidden-variable theory. If one took position as the privileged
observable, then the particle configuration would select a single term in
the position-basis expansion of the global state, the term that describes the
actual positions of the particles in the only world there is. As it happens,
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Bohm’s theory is an example of just such a theory. In such a theory, how-
ever, one cannot take the wave function alone as providing a complete
description of the physical state. And here, I think, we arrive at what it
is that a many-worlds proponent believes he is purchasing with his vast
ontology of worlds: he believes that he can take the global wave function
by itself to be a complete and accurate specification of the physical state
of the entire universe. It is not at all clear that this is true—after all, the
global wave function by itself does not even tell us how many worlds there
are, let alone what their local states are; and, even when supplemented
with the choice of a preferred physical quantity, the global state does not
tell us what we should expect to see in our world, which one might take
to be a significant descriptive gap. But, even if one does take the global
state to be in some sense complete on a splitting-worlds theory, then one
might wonder whether it is worth the vast ontology of worlds. In any
case, there is a proposed trade-off here between two types of simplicity:
one is purchasing a weak sort of state completeness by postulating a vast
ontology of worlds.

Abner Shimony has also argued against the many-worlds interpretation
on the grounds of ontological extravagance, but for a somewhat different
reason.

It has also been objected that the many-worlds interpretation violated the methodo-
logical rule that entities ought not to be multiplied beyond necessity. The only
necessity which has been adduced for maintaining the equal reality of an infi-
nite number of branches is unwillingness to curtail the range of the validity of
standard quantum dynamics. But in view of the fact that the experimental confir-
mation of that dynamics is almost entirely based upon the behavior of microscopic
systems—the only macroscopic evidence being provided by special systems like
superconductors—it is very hazardous indeed to extrapolate the validity of that
dynamics to the universe as a whole. (Shimony 1989: 393)

While I agree that ontological extravagance may purchase little in the
splitting-worlds theory, I do not think that the fault lies with the quantum
dynamics. First, while it might turn out that the linear dynamics does
not correctly describe the time-evolution of all physical systems, it does
seem to describe correctly the time-evolution of every physical system
that we have been able to check by performing appropriate interference
experiments. Also, the linear dynamics is particularly simple and has
other virtues that one might look for in a dynamical law.> Consequently,

5 Ttcan, for example, be expressed in a covariant form, which is something that is typically
difficult to do with the auxiliary dynamical laws that have been proposed for quantum
mechanics (like the standard collapse dynamics or Bohm’s law for particle motions).
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it does not seem crazy, at least not to me, to suppose that it is universally
valid, assuming, of course, that one can find a satisfactory account for the
determinateness of experience. Secondly, the linear dynamics does not
by itself lead one to postulate the existence of many worlds (in Bohm’s
theory the linear dynamics holds for all physical systems whatsoever and
yet there is only one world); rather, it is the claim that the linear dynamics
always obtains and the claim that the usual quantum-mechanical state
provides a complete physical description and the desire to account for
the determinateness of experience in as familiar a way as possible that
together suggests the wild ontology. Thirdly, perhaps more than anything
else, Shimony’s argument points out a problem with Occam’s razor. Very
few of the choices made in constructing physical theories are necessary.
A good methodological principle would admonish one not to postulate
entities beyond what seems appropriate given everything one wants from
one’s best physical theories. How seriously one should worry about the
ontological excesses of the splitting-worlds theory depends on what other
things one wants from quantum mechanics in addition to a parsimonious
ontology and what other theoretical options are available.

An extravagant ontology might, of course, be taken to compound
whatever other problems are faced by the splitting-worlds interpre-
tation. Michael Lockwood has argued that the splitting-worlds inter-
pretation ‘is a possible view, though I can see no good reason
why anyone should wish to adopt it. Essentially, it just piles onto-
logical extravagance on top of all the other difficuities that beset
the von Neumann approach’ (Lockwood 1989: 225-6). And R.IG.
Hughes has similarly argued that far from placing us in a position
better than von Neumann’s interpretation, in this interpretation ‘any
transition not governed by Schrodinger’s equation is now accompanied
by an ontological outburst’ (Hughes 1989: 293-4). I shall discuss why
one might take the splitting-worlds theory to share some of the same
problems as the standard von Neumann-Dirac theory when I discuss the
preferred-basis problem, but even here one can begin to see the prob-
lem: DeWitt and Graham’s world-splitting rule tells us that worlds split
whenever a measurement-like interaction occurs, but they never explain
precisely what counts as a measurement-like interaction; rather, this is
determined by one’s choice of a preferred basis in the theory, which is
never made explicit. But note that if one did know what it took to count
as a measurement-like interaction here, then one would be able to solve
the measurement problem in the standard collapse theory by stipulating
that the global wave function collapses whenever precisely that sort. of
interaction occurs.
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6.2.2 The feeling of splitting

The earliest readers of Everett wondered why we do not notice the constant
splitting predicted by the theory. DeWitt’s explanation, like Everett’s, was
that, to the extent that an observer can be regarded as simple automaton,
the laws of quantum mechanics are such that they would not allow one to
feel oneself split (DeWitt and Graham 1973: 161).

DeWitt’s argument goes as follows. First, he assumes that ‘If the split-
ting of the universe is to be unobservable the results [of repeated mea-
surements] had better be the same’ (1973: 161). Then he appeals to the
argument that Everett himself gave to account for the repeatability of
observations that they would in fact be the same (if a second observer N
perfectly repeated M’s measurement, then N and M would agree on the
result of the measurement in both post-measurement worlds). And from
this DeWitt concludes that “The splitting into branches is thus unobserved’
(161). But, of course, this conclusion would only follow if one believed
the converse of DeWitt’s initial assumption. That is, one would have to
believe that if the results of repeated measurements were the same, then
the splitting of the universe would be unobservable; but there is no reason
that I can see for believing that the antecedent here constitutes a sufficient
condition for the unobservability of splitting.

As we saw in Chapter 3, Everett discussed Wigner’s-friend-type inter-
ference observations, which, in the language of the splitting-worlds the-
ory, would allow one to detect, or at least to infer (depending on what
one counts as a detection), the presence of other worlds. If one made an
A-type measurement of Wigner’s friend, his measuring device, and the
particle he had observed, and if one always got the result 41, then this
would mean that although the friend might have recorded the determinate
result x-spin up in our world, the global state must be a superposi-
tion of determinate up and down record states, and there must conse-
quently be another world where the observer got x-spin down for the
measurement. And so A-type measurements would allow one in prin-
ciple to detect the presence of other worlds. But if other worlds can
be detected, then the process of splitting is also (at least in principle)
detectable. Consequently, if we do not notice the process of splitting,
then it must be that we are typically not set up to make the sort of
measurement that would detect such a process at work, which, if the
preferred basis of the theory is anything like pointer position, is cer-
tainly right (again, it would be extremely difficult to perform anything
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like an A-type measurement on a macroscopic system like Wigner’s
friend).

For his part, DeWitt insisted that ‘no experiment can reveal the existence
of the “other worlds”’ (1973: 165). None the less, he also seems to have
noticed that there were observations like an A-measurement of Wigner’s
friend that would show that the local state of one’s own world was not
complete (164). But these are precisely the same experiments that would
allow gne to infer the presence of other worlds and determine their local
states.

6.2.3  Compatibility with other physical theories

Another problem with the splitting-worlds theory concerns whether or
not it is compatible with other physical theories and basic conservation
principles.

Many critics of the theory have worried about the fact that it is incom-
patible with the conservation of mass since if the world splits into N
copies, there would then be N times as much stuff as there used to be.”
It does not seem to me, however, that the violation of the conservation of
mass itself poses a serious problem for the splitting-worlds theory. Each
world resulting from a split would contain the same amount of stuff as the
initial world, so it would be easy to explain how we ended up believing
in the conservation of mass when mass was in fact not conserved.

There are, however, closely related problems that are serious. Con-
sider, for example, the question of when a world splits. According to the
splitting-worlds theory, a world splits when a measurement-like inter-
action occurs, but according to relativity there is no absolute matter of
fact concerning when any event occurs—indeed, as I have already dis-
cussed, observers in different inertial frames will typically even disagree
about the temporal order of events. But when a world splits is presumably
a frame-independent matter of fact—it seems to be precisely the sort of
event that could not depend on one’s inertial frame since there is pre-
sumably a simple matter of fact about whether the world is split or not.
Along similar lines, Hughes has complained that the splitting-worlds the-
ory fails to provide a causal explanation for how ‘a measurement of spin
causes a global bifurcation of space-time’ (1989: 293—4). But again if one
identifies a world with a space-time manifold, I do not understand how a

6 See Albert (1986).

7 See Healey (1984: 594), Albert and Loewer (1988: 198-203), and Lockwood (1989:
228-9) for examples of this objection.
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world could split—when could it happen when time might be thought of
here as a coordinate property of the manifold itself!? Unless one can find
some way to describe the process of a world splitting without choosing a
preferred inertial frame, then one has a direct contradiction with relativity.
In defence of the splitting-worlds theory, however, one might note that
other theories of quantum mechanics, the standard collapse theory and
Bohm’s theory for example, do not mesh well with relativity. But, then
again, this may not provide much consolation.

6.2.4 What it takes to be a world

This is a rather different sort of criticism.® If one supposes that the state
of a world determines the behaviour of physical systems in that world in
so far as their behaviour is determined, then the splitting-worlds theory
is incompatible with the usual linear dynamics; that is, under a plausible
assumption about what it means for one of the worlds in the splitting-
worlds theory to be a world, that its local state provides the most complete
description possible of the dispositions of the physical systems inhabiting
it, the splitting-worlds theory is logically inconsistent. How serious one
takes this problem to be depends on how strongly one believes that the
complete state of a world must provide the most complete description
possible of what will happen in that world.

Consider what happens when one makes an A-type measurement in the
splitting-worlds theory. Suppose that M performs an x-spin measurement
on S and ends up in the global state

1/4/2(Jup) a1ty ) s + 1down) yr (1) s). (6.3)

Given an appropriate preferred basis, this global state describes two
worlds: one with local state |up) |1, )s and the other with local state
[down) ar1 ) 5. Suppose that these local states determine, in so far as they
are determined, all outcomes of measurements in the respective worlds,
and suppose that M sets out to measure an observable A which has this
state as an eigenstate with eigenvalue +1 and every orthogonal state as
an eigenstate with eigenvalue —1. If M measures A of S7 4+ M in the
first world, the world where the state of the composite system M| + $»
is [up) a1t ;) s, and if this state must provide the most complete possible
description of what will happen, then M’s result must be a matter of
chance where the probability of getting the result +1 is 1/2 (since the

8 See Albert and Barrett (1995).
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local state of this world lies at a 45-degree angle to the eigenstate of A
with eigenvalue +1). And, by a similar argument, one would expect that
the measuring device M3 in the other world would have the probability
of 1/2 of getting the result +1 for an A-measurement on the composite
system My + S,. But the linear dynamics requires that M have the sure-
fire disposition of reporting 1 as the A-measurement result. So we have
a contradiction here between the linear dynamics and the assumption that
the local state of a world completely determines the physical dispositions
of systems in that world. Put the other way round, the linear dynamics
requires that the result of the A-measurement be +1 in each world, but
there is no way to infer this result from the local state of either world.

Clifton (1996a) gives a particularly nice example that shows that if one
accepts the implications of the linear dynamics, then the local states of
worlds in the splitting-worlds theory can be completely irrelevant to the
sure-fire dispositions of the physical systems that inhabit those worlds.
Consider the two global states

1//2(ready) N up) pr (1) s + Iready) v |down) ard ) s) 6.4)

and

1//2(fready) y [up) 11 1) s — [ready) y [down) p]x)s), (6.5)

where N is an A-measuring device ready to measure the composite system
M + S. On the splitting-worlds theory, both of these global states describe
the same two worlds: one with local state |ready)y|up) |1 ,)s and the
other with local state |ready)y|down) ]l ,)s. But since the two global
states are orthogonal, the sure-fire dispositions of N as predicted by the
usual linear dynamics are radically different for each global state. Even
though the local states are the same for each global state, in the first global
state, an A-measurement must yield the result +1, and in the second global
state, it must yield the result —1. That is, the local physical state of the
world N inhabits has nothing at all to do with the sure-fire dispositions
of N.

One could solve this problem by giving up the assumption that the
dispositions of a physical object inhabiting a world are determined as
completely as possible by the physical state of that world. But it seems
odd to me to claim that the events in a world are determined by something
other than the state of that world. One would naturally suppose that if
something outside the world was responsible for an event in the world,
then that thing was not really outside the world after all. In this sense,
worlds in the splitting-worlds theory are not really worlds.
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There is, however, a more serious problem involving the metaphysics
of worlds—there is no clear notion for the identity of a world over time in
the splitting-worlds theory, and this makes it difficult to understand what
empirical predictions the theory makes.

6.2.5 Identifying worlds

Jeremy Butterfield has noted that few many-worlds proponents provide
a clear notion of the identity of a world over time. Most authors define
branches or worlds at an instant by associating one branch or world with
each term in some preferred expansion of the global quantum state, but
they typically fail to explain what makes a world the same world at dif-
ferent times. Butterfield argues that this lacuna is often difficult to see
because the talk of a branch or the world splitting is ‘a metaphor so vivid
that we tend to forget that we have been given no account of transtemporal
identity for branches’ (1996: 6).

This is certainly a problem for the splitting-worlds theory. What we
need is a connection rule that tells us how to hook together local states
at different times into histories. If we had such a rule, then each history
would pick out a different world, and we would have a notion of the
identity of a world over time. But without such a rule, or some other
way to identify the same world at different times, it is difficult to see
how one could identify the same observer at different times either. And
without a clear notion of the identity of an observer over time, it is sense-
less to ask whether the theory makes the right empirical predictions for
the measurement outcomes of a particular observer. If one has no notion
of the identity of an observer over time, then one obviously cannot pre-
dict an observer’s future experience. In so far as it lacks a notion of
the identity of a world over time (and thus no notion of the identity
of an observer over time), the splitting-worlds theory is thus empiri-
cally incoherent (and no better off than Bell’s Everett (?) theory). But
if one adds a connection rule to the theory, then this further (because
one also needs to choose a preferred basis) detracts from the theory’s
simplicity.

One cannot judge whether a many-worlds theory is acceptable with-
out first getting the metaphysics straight since the details of the meta-
physics are important to whether and how the theory accounts for an
observer’s determinate records, experiences, and beliefs. For one thing,
how we understand the metaphysics affects whether and how we might
understand quantum probabilities.
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6.2.6 Whence probability?

Suppose that an automaton M repeats the same measurement on each of
a sequence of systems in the same state S, Sp, ... Let |, ) represent the
state of M and the first 7 object systems after n measurements and let |1, )
be the vector that represents the state of M and the first # object systems
after n measurements but without the terms that describe sequences of
results that are nonrandom or have relative frequencies that differ from
those predicted by the standard formulation of quantum mechanics. As
we saw earlier, the difference between [v,) and |,) goes to zero in the
limit as n gets large. From this fact DeWitt concludes that in the context of
the splitting-worlds theory (1) ‘Each automaton in the superposition sees
the world obeying the familiar statistical quantum laws’ and (2) ‘The con-
ventional probability interpretation of quantum mechanics thus emerges
from the formalism itself’ (DeWitt and Graham 1973: 163). Such conclu-
sions are, however, at best misleading. On the splitting-worlds theory it is
typically false that each world, or even most worlds in the usual sense of
most, exhibit the familiar quantum statistics. Indeed, the vast majority of
worlds, in the usual counting sense of most, will obey laws very different
from the familiar statistical quantum laws. But perhaps more importantly,
the splitting-worlds theory, as it stands, provides nothing like the conven-
tional probabilities of quantum mechanics. Something is missing from
the splitting-worlds theory. Exactly what one takes it to be depends on
exactly what one wants the theory to explain.
David Albert and Barry Loewer argued that

Whatever merits DeWitt’s argument for his claim that the probability interpretation
emerges from the quantum mechanical formalism may have, it doesn’t address the
really difficult problem that the dynamical equations of motion are deterministic.
Since, according to the [splitting-worlds theory], it is certain that all outcomes of
the measurement will occur and be observed . . . what can be meant by saying that
the probability of a particular outcome = ¢? If probability is to be introduced
into the picture, it must necessarily be by adding something to the theory.

So what needs to be added?

. we might say that some of the worlds ... are more ‘actual’ than others ...
Then probability can be identified with the probability that the actual world
will follow a particular branch ... The trouble with this suggestion is not only
that it is mysterious (what distinguishes the more actual worlds from the less
actual ones?), but also that it gives up the central feature of the SWV [splitting-
worlds view], that the state-function entirely exhausts what there is to be said
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about the physical world. (Albert and Loewer 1988: 201; see also Albert 1992:
114-15)

Albert and Loewer suggest that we need some way of marking exactly
one future world as actual.

Butterfield agrees that something is missing, but he disagrees with
Albert and Loewer concerning what it is. Rather than there being a prob-
lem with taking all worlds to be equally actual, Butterfield takes the prob-
lem to be that there is no account for the persistence of branches: ‘I think
that Everettians may well be able to explain why the quantum algorithm’s
numbers deserve the name “physical probabilities”. But doing so depends
on filling a lacuna: giving an account of the persistence for branches’
(1996: 14).

It seems to me that there is a sense in which both Albert and Loewer and
Butterfield are right. If one followed Albert and Loewer’s suggestion and
added to the theory a parameter that marked exactly one Everett branch
as actual, then one would end up with a hidden-variable theory in which
there would be no special problem about making sense of probabilities.
On the other hand, if we had a way of identifying worlds and observers
over time—what I understand Butterfield to mean by ‘an account of the
persistence of branches’—one might be able to say that all worlds are
equally actual and still make sense of probabilities. Further, note that if
one followed Albert and L.oewer’s suggestion of marking one world as
actual, then one would automatically have a way of identifying worlds and
observers over time since there would only be one world. One might take
their suggestion then to provide a sufficient but not necessary condition
for making sense of quantum probabilities in the context of a many-worlds
theory.

Inorderto say that one has captured the conventional quantum probabil-
ities, one must be able to assign probabilities to measurement outcomes—
after all, the standard collapse formulation of quantum mechanics allows
one to do just this. Suppose I perform an x-spin measurement on a system
S initially in the state
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The resultant state will be something like
17210 ml s + /3/21 20 mlx) s 6.7

9 That every world is actual does not necessarily mean that every world is my world.
If one assumes that it makes sense to identify one world as my world (or our world), then
one might talk about the (epistemic) probability of my (our) world having such-and-such
properties.
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In order to capture the usual predictions of quantum mechanics, one would
like to say that the probability that I would end up in the world described
by the first term is 1/4 and that the probability that I will end up in the
world described by the second term is 3/4. If one could say this, then one
would have an explanation for the fact that I get results that tend to be
close to the usual statistical predictions of quantum mechanics. But, as
Albert and Loewer point out, on the splitting-worlds theory, as it stands,
one cannot say this. Rather, the splitting-worlds theory tells me that both
worlds are equally real and that there will be a fully real copy of me in each
world, so presumably neither has a better claim than the other to being
the one that I end up experiencing. And here one can see Butterfield’s
point too. The problem is at least in part one of having no clear notion
of the identity of the observer over time—one cannot assign probabilities
to my future experience because there is no clear notion of which future
observer is me.

Suppose we have a machine where whenever an observer walks into
one side of the machine wearing a blank T-shirt, two perfect copies of the
observer walk out the other side of the machine, but one with a T-shirt
marked 1 and the other with a T-shirt marked 2. One might imagine this
machine as something like a (malfunctioning) transporter from Star Trek:
it reads off the information it needs to construct a copy of the observer,
destroys the observer in the process, then uses the information to construct
two copies (rather than the usual single copy constructed by a functioning
transporter). Imagine walking into such a machine. What is the probability
that you would emerge as the observer with a 1 on his T-shirt? One might
suppose, by symmetry, that the answer is 1/2, but it seems to me that
this cannot be right. Rather, it seems to me that, by symmetry, there can
be no good reason to identify either one of these observers as the real
me. Consequently, it seems to me to be senseless even to ask what the
probability is of me ending up as the observer with the T-shirt marked 1.
More generally, to talk about the probability of a particular object having
some property in the future, one must be able to identify thar object in
the future. At least part of the problem in getting the usual probabilistic
predictions from the splitting-worlds theory then arises because it provides
no way to identify a particular observer in the future.

The standard collapse formulation of quantum mechanics (together
with the rules-of-thumb we use for determining what constitutes a meas-
urement interaction) makes very accurate statistical predictions concern-
ing what we should expect to see when we perform experiments. Indeed, it
is the fact that it so successfully predicts what we should expect to see that
has made it such a useful theory. Unless one can provide similarly accurate
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statistical predictions concerning our future experience, one cannot claim
to have captured the conventional probability interpretation of probability.
The problem is not that the splitting-worlds theory fails to make the right
empirical predictions; rather, the problem is that because the splitting-
worlds theory does not provide transtemporal identities, it does not make
any empirical predictions concerning my future experience.

One might try adopting a weaker standard of empirical adequacy and
argue that rather than capturing the standard predictions of quantum
mechanics concerning future events, all we really need is for a theory
to explain why a zypical observer should expect to record the usual quan-
tum statistics at a time. If we can do this, then, the argument might go,
we have ‘deduced’ the usual quantum probabilities. It seems to me that
such a theory would make much weaker empirical predictions than the
standard theory. But further, I do not think that the splitting-worlds theory
as it stands can accomplish even this.

Consider trying to use the splitting-worlds theory to make bets about
where the Eiffel Tower is right now. Suppose that the universal wave
function assigns a small but nonzero amplitude to me having all the beliefs
that I have as [ write this and the Eiffel Tower being in Pittsburgh (as it
presumably would given the usual dynamics). So I bet a friend $10 that
the Eiffel Tower is in Pittsburgh right now. This is presumably a bad
bet, but why? The splitting-worlds theory doesn’t say. There are worlds
where I believe what I believe and the Eiffel Tower is in Pittsburgh, and in
those worlds I would win the bet. There are worlds where I believe what
I believe and the Eiffel Tower is not in Pittsburgh, and in those worlds
I would lose the bet. But there is nothing in the splitting-worlds theory
as it stands that tells me which sort of world I inhabit right now or even
which sort I should expect to inhabit right now. More generally, there will
be some worlds where my records exhibit the usual quantum statistics
and some where they do not, and the splitting-worlds theory gives me no
reason to expect that I inhabit the former sort of world right now.

As it stands, then, the splitting-worlds theory does not even explain why
one should expect to record the usual quantum statistics right now. The
best that it can do is to tell us that some observers in some worlds record
the usual quantum statistics while other observers in other worlds do not.
The right conclusion to DeWitt’s argument above is that most worlds in the
norm-squared measure exhibit the usual quantum statistics, but this fact
does not by itself tell us anything about what we should expect to be true
in our world even at a time. Part of the problem with getting the standard
statistical predictions has to do with the lack of a notion of transtemporal
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identity for observers, but another part of the problem is that there is
nothing whatsoever in the splitting-worlds theory to tie our experience
(even at a time) to the fact that most worlds in the norm-squared measure
exhibit the usual quantum statistics.

DeWitt seems to have noticed that the splitting-worlds theory alone
did not explain why one should expect the usual quantum statistics. After
presenting his interpretation of probability, he confessed that

The alert reader may now object that the above argument in circular, that in order
to derive the physical probability interpretation of quantum mechanics, based on
sequences of observations, we have introduced a nonphysical probability concept,
namely that of the measure of a subspace in Hilbert space. (DeWitt and Graham
1973: 163)

And he continued:

It should be stressed that no element of the superposition is, in the end, excluded.
All the worlds are there, even those in which everything goes wrong and all the
statistical laws break down. (186; see also 163)

DeWitt wanted to find some way of explaining why one should none the
less expect to find oneself in a world that exhibits the usual quantum
statistics. His main argument was anthropic: perhaps life simply fails to
evolve in maverick worlds where the usual quantum statistics fail to hold,
‘so no intelligent automata are around to be amazed by it” (186; see also
163). But even if one finds an anthropic argument appropriate here, it
is difficult to see why one should take the usual quantum statistics as
a precondition for the possibility of sentient life. Presumably, there are
worlds where life evolved very much as we believe it did in ours but where
observers none the less record very different statistics from those predicted
by the standard theory. In the event that one does not find this anthropic
argument convincing, DeWitt also argued that ‘It is possible that maverick
worlds are simply absent from the superposition’ (163). If this were right,
then it would certainly explain why we should expect to get usual quantum
statistics in our world (since every world would exhibit the usnal quantum
statistics), but in order to get what DeWitt seems to want here, one must
abandon the linear dynamics, Everett’s model of measurement, or change
the splitting-worlds theory in some other fundamental way, and DeWitt
offers no concrete suggestions. Further, to fix the theory so that the only
terms in the global state are terms where the usual quantum statistics
are exhibited strikes me as being manifestly ad hoc. It seems to me that
such desperate suggestions show that DeWitt himself felt that something
important was missing from the splitting-worlds account of probability.
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DeWitt did not want to add anything to the global state that would pick
out one world as actual; rather, he held with Everett that all branches
of the superposition are ‘equally real’. But he also claimed that ‘Each
branch corresponds to a possible universe-as-we-actually-see-it” (DeWitt
and Graham 1973: 163). It is unclear from what DeWitt said precisely
how this was supposed to work, but if the splitting-worlds theory could
somehow make predictions about what one should expect to be true of
the world-as-we-actually-see-it, then this would allow for the possibil-
ity of explaining why one should expect the world-as-we-actually-see-it
to exhibit the usual quantum statistics. This would provide the weaker
sort of account of quantum probabilities—the sort that does not require
the theory to make predictions for an observer’s future experience and
thus does not require a notion of the transtemporal identity of observers,
but only requires one to account for why one should expect right now
to have records in this world that exhibit the usual quantum statistics.
The explanation might go something like this: (1) one should expect the
world-as-we-actually-see-it to be typical, (2) typical worlds exhibit the
usual quantum statistics, (3) therefore, one should expect the world-as-
we-actually-see-it to exhibit the usual quantum statistics.

But why and in what sense should we expect our world to be typical?
One answer, not a very good one, is that if there are N alternatives, then
one should always expect each alternative to occur with probability 1/N.
This is sometimes called the principle of indifference. If one adopted
this principle, then all one would need to show is that most worlds, in the
usual counting sense of most, exhibit the usual quantum statistics. It would
then follow that one should expect our world to exhibit the usual quantum
statistics, But there are at least two problems with this. First, the principle
of indifference is generally a bad principle to adopt. And secondly, as
mentioned earlier, it is simply false that most Everett worlds, in the usual
counting sense of most, will exhibit the usual quantum statistics.

It was this second problem that bothered Graham. Graham believed
that ‘Provided one is ready to accept the existence of multiple, simul-
taneously existing worlds, Everett’s interpretation satisfactorily explains
the apparent reduction of the state vector characteristic of quantum mea-
surements’ (Dewitt and Graham 1973: 232). But, because one would
typically fail to get the right quantum statistics in most worlds, he argued
that Everett’s account of why one should expect to get the usual quan-
tum statistics was inadequate (note that he is reading Everett as a many-
worlds theorist). That is, what worried Graham was that (if one considers
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measurements of observables with discrete spectra) there would typically
be fewer worlds where observers see statistics close to the usual quantum
statistics than worlds where they see statistics very far from the usual
quantum statistics—indeed, in the limit as the number of such measure-
ments gets large, the numerical proportion of worlds where the observers
get within € of the right quantum statistics typically goes to zero.

Consider the situation where M measures the x-spin of a sequence of
systems, each in the initial state
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The number of terms in the state of M and the first n object systems, when
written in the determinate-record basis, will be 2" after n» measurements,
and every possible sequence of measurement records will be represented
exactly once. It is this last fact that causes the problem. The proportion
of length-n binary sequences where about 1/4 of the elements are 1, and
about 3/4 are |, goes to zero as n gets large. It is only true that most
worlds exhibit the right quantum statistics if each term in the initial state
here had the coefficient 1/./2.

Regardless of what the coefficients are in an experiment like that above,
the number of length-n binary sequences is 2", so the number of terms in
the determinate-record expansion of the state of the composite system will
be 2" after n measurements (and there will be exactly one term for each
possible sequence of results). The number of length-n binary sequences
with p 1, results will be (Z) = n!/p!(n — p)! And the proportion of
length-n sequences where the relative frequency of 1, -results is » will be
(;,)/2". What happens is that, as n gets large, almost all of the length-n
sequences of results will have about the same number of 1-results as |-
results (that is, as n gets large, the proportion of sequences where the ratio
of t-results to n is within € of 1 /2 approaches 1). The numerical proportion
of length-n sequences where the relative frequency of 4 results is within
0.1 of 1/2, for example, is 0.656 for n = 10, 0.737 for n = 20, 0.846
for n = 50, and 0.965 for n = 100. But this means that the numerical
proportion of length-n sequences where the relative frequency of 4-results
is close to anything other than 1/2 goes to zero as r gets large. Which
means that if we associate one world with each term in the determinate-
record expansion of the wave function (where there is one term for each
possible sequence of x-spin results), then the relative frequency of 1-
results will be 1/4 in almost none of the worlds in the experiment described
above, which means that almost none of the worlds will exhibit the right
quantum statistics for this sequence of experiments.
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The moral is simply that most worlds, in the usual counting sense,
will typically exhibit the wrong relative frequencies, and in the limit as
the number of measurements gets large almost all worlds will exhibit
the wrong relative frequencies. In the norm-squared measure, however,
Everett’s measure, the measure of worlds where observers get the right
quantum statistics will tend to increase over time, and in the limit, almost
all (measure one) of the worlds will have this property (this is a conse-
quence of the general limiting property I discussed in Chapter 4). But
Graham believes that Everett does not sufficiently motivate his choice of
measure.

In short, we criticize Everett’s interpretation on the grounds of insufficient moti-
vation. Everett gives no connection between his measure and the actoal operations
involved in determining a relative frequency, no way in which the value of his
measure can actually influence the reading of, say, a particle counter. Further-
more, it is extremely difficult to see what significance such a measure can have
when its implications are completely contradicted by a simple count of the worlds
involved, worlds that Everett’s own work assures us must be on the same footing.
(DeWitt and Graham 1973: 236)

That is, Everett’s argument (in the context of the splitting-worlds theory)
was that most worlds in the norm-squared measure would have the right
quantum statistics, but he did not explain why an observer should expect
his world to be typical in this sense (the sense of typical provided by this
particular measure). What Graham wanted was that the usual quantum
statistics be true in most worlds, in the usual counting sense of most; then
a typical observer (in the standard counting sense of typical) would get
the usual quantum statistics.

Graham’s solution was to formulate a new model of measurement in the
splitting-worlds theory—a model that predicted that one would measure
the usual quantum statistics in most worlds.!? Then, Graham argued,

If we assume our own world to be a ‘typical’ one [now in the simple numerical
sense], then we may expect a human or mechanical observer to perceive relative

10" Graham modelled the usual Everett sequence of measurements as a ‘two step’ process:
first a macroscopic apparatus measures the relative-frequency operator on a collection of
identically prepared systems, then an observer reads the pointer on the measuring apparatus,
which causes the state of the observer and the apparatus to split into Everett worlds. Graham
then argues that given the properties one would expect a real macroscopic measuring device
to have, the observed pointer reading will be near the right value for the relative frequency
in the numerical majority of Everett worlds (DeWitt and Graham 1973: 238-50): “We thus
conclude that the values of relative frequency near [those values predicted by the standard
theory] will be found in the majority of Everett worlds of the apparatus and the observer’
(252).
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frequencies in accordance with the Born interpretation. Why we should be able
to assume our own world to be typical is, of course, itself an interesting question,
but one that is beyond the scope of this paper. (DeWitt and Graham 1973: 252)

So even if one can get the numerical majority of worlds to exhibit the
usual quantum statistics by changing how one models measurements, the
theory still fails to explain why we should expect our world to exhibit
the usual quantum statistics. As Graham noted, there is still something
missing.

Graham was worried that there was nothing in the splitting-worlds
theory that tied Everett’s norm-squared measure to our experience. This is
a good thing to worry about, but why he thought that we would be better off
having most worlds in the usual counting sense exhibit the usual quantum
statistics is mysterious, unless he accepted something like the principle of
indifference. If one could show that most worlds exhibit the usual quantum
statistics, and if one then assumed that each world had an equal probability
of being ours, then one would have a straightforward explanation for why
one should expect our world to exhibit the usual quantum statistics; but
what is the justification for this second assumption?

The principle of indifference is not a very good principle of reason. For
one thing, if any such principle were in fact true, then it would presumably
be very difficult to say when and how to apply it. Since the Eiffel Tower
either is in Pittsburgh or is not in Pittsburgh, the principle of indifference
seems to tells us, in so far as it tells us anything at all, that the probability
of the Eiffel Tower being in Pittsburgh is 1/2! With this sort of reasoning,
one is doomed to failure. But if this is a misapplication of a generally valid
principle, then what exactly is the principle and how was it misapplied?

I take the moral to be that we cannot count on an appeal to any universal
principle of reason to fill the gap in Graham’s explanation for why one
should expect to inhabit a world that currently exhibits the usual quantum
statistics—that is, there is no reason to suppose that just because there are
N worlds, the probability of our world being a particular one of these is
1/N. Of course, one could stipulate as a new axiom of Graham’s theory
that this is in fact the right probability; then the theory could explain
why one should expect to see the usual quantum statistics at a time. But
without accepting something like the principle of indifference, it seems to
me that there can be no reason to prefer Graham’s counting notion of what
it means for a world to be typical over Everett’s norm-squared notion.

Without a universal principle of reason to tell us what we should expect
(how we should assign probabilities to various possible alternative worlds
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being the-world-as-we-see-it), we must rely on the theory itself to explain,
if it can, why one should expect to get the usual quantum statistics. Given
this, perhaps the simplest thing to do in the context of the splitting-worlds
theory would be to stipulate as a new axiom of the theory that the proba-
bility that a particular Everett world is the world-as-we-actually-see-it at
a time is given by Everett’s norm-squared measure.

If one can make sense of the notion of the world-as-we-actually-see-it,
then this revised splitting worlds theory would explain why one should
expect the world-as-we-actually-see-it to be one that exhibits the usual
quantum statistics: it would be highly probable (at every time) that the
world-as-we-actually-see-it is one that exhibits the usual quantum statis-
tics (in our records). But there are still at least two problems: (1) the
assumption that one must add to the theory is quite strong—presumably
much too strong for one to say that the explanation why one should expect
to see the standard predictions of quantum mechanics emerges from the
formalism alone and (2) this approach (of trying to make sense of what
it means to talk about the world-as-we-see-it, then adding a new axiom
to the theory that assigns a high probability to the world-as-we-actually-
see-it being one that exhibits the right quantum statistics), if it succeeded,
would still fail to predict our future experience (because we still do not
have transtemporal identity). In this sense, one still fails to get the con-
ventional quantum probabilities from the splitting-worlds theory. Indeed,
there is a pretty good argument that nothing like the splitting-worlds the-
ory (a theory where observers keep splitting into almost identical copies)
could ever accomplish this. Just as I cannot say anything sensible about
the probability that I will be the person wearing the number 1 T-shirt after
walking into a person duplicator, I cannot say anything sensible about the
probability that I will be the observer that gets up when I measure the
x-spin of a system in an eigenstate of z-spin on any theory that predicts
that there will be two post-measurement observers each with an equal
claim to be the future me. Consequently, if one wants a theory that can
predict and provide rational expectations for future events, then it seems
to me that this perfectly symmetric splitting of observers has to go. And
we will consider a way of doing just this shortly.

Exactly what one takes the probability problem to be depends on
what one wants the splitting-worlds theory to explain, but the general
moral is simple: unless knowing that most worlds in the norm-squared
measure will exhibit the usual quantum statistics at an instant explains
everything one wants explained about quantum probability, then there is
something missing from the account of quantum probabilities given by
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the splitting-worlds theory as it stands. And again, it seems that no the-
ory in which constantly splitting observers are cloned can make the same
sort of predictions about future experience that are made by the standard
theory of quantum mechanics because of the transtemporal identity prob-
lem. Without a way of identifying observers over time there can be no
explanation why / should expect to see my future measurement results
exhibit the usual quantum statistics. And this means that at the end of the
day one cannot recapture the usual quantum probabilities.!!

6.2.7 The preferred-basis problem

The most straightforward version of the splitting-worlds theory, the one
that we have been considering here, postulates the existence of a world
corresponding to each element in a linear expansion of the universal wave
function. But since there are many possible expansions of the wave func-
tion, one must choose a preferred basis, a basis that, as a matter of physi-
cal fact, determines what worlds there are and their local states given the
global state. By choosing a preferred basis one determines what physical
quantity is always determinate. As we began to see in the last chapter,
however, it is not so easy to choose a preferred basis.

Part of the problem is that it is unclear which basis one should choose.
Since we want each observer in each world to have determinate percep-
tions and memories, we want to choose a basis whose elements each
correspond to a state where every sentient observer has determinate per-
ceptions and memories, but what basis is that? The basis one should choose
in order to make our most immediately accessible measurement records
determinate presumably depends on the details of how we conduct our
experiments, our physiology, and the relationship between physical and
mental states, and we simply do not know enough of the details to make
the choice. Indeed, brains are sufficiently complicated that we may never
know precisely what physical property would have to be determinate in
order for even a single memory to be determinate in a particular brain.

The other part of the preferred-basis problem is that even if we did
somehow figure out what determinate physical property would guarantee
determinate mental states and then chose that property as the one and only

11 Much work has been done by philosophers on the ways of identity, and one could
no doubt formulate a fancy theory of personal identity for the splitting-worlds view (one
could take the pre-split observer to be a past temporal part of each post-split observer, etc.).
But one would need a fancy way of understanding probabilities to go along with the theory
of personal identity—so fancy that it would be difficult (for me at least) to understand the
relevance of such probabilities to my experience.
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always determinate physical property, our theory would end up looking
blatantly ad hoc. Why should one expect that exactly that brain property
that sentient beings use to record their perceptions is the only physical
property out of a continuously infinite number of properties that one can
define that is always determinate? This is really crazy: our most basic
physical laws should not depend on details of our brain physiology.

Of course, one might try to argue that this works the other way round:
thatrather than physical laws depending on our brain physiology, our brain
physiology evolved to exploit whatever property was in fact determinate as
a matter of physical law. But it is not at all clear how such an evolutionary
story would go since there would typically be no evolutionary pressure
for an organism to record its memories in the always determinate quantity.

It is important to get clear about this. Consider an observer Jack who
records the result of an x-spin measurement in the x-spin of a single par-
ticle in his brain (he just correlates the x-spin components of the two
wave functions) without correlating the position of anything with either
x-spin.'? The problem is that Jack lives in a world described by Bohm’s
theory, where only positions are always determinate; consequently, he
does not record determinate measurement results, and hence cannot be
said to have any determinate beliefs about the outcomes of his measure-
ments. He will none the less act just as if he always has perfectly deter-
minate memories of measurement results just like everyone else. After
making an x-spin measurement, Jack will have the sure-fire disposition
to report that he recorded a determinate result for the same reason that
a bare theory observer would; and, just as on the bare theory, this report
would be false, because there would be no determinate record of x-spin
up and there would be no determinate record of x-spin down (since Jack
recorded the result in a contextual property, what the record is depends
on precisely how Jack reads it; see Albert 1992: 170-6). But if we ask
him what his memories are and if he responds by moving his mouth,
say, then this will correlate the position of something with his brain state,
which on Bohm’s theory will endow him with an effectively determinate
result, namely the result that he reports. That is, even though Jack in fact
recorded no determinate result, as soon as he is called upon to act on his
‘memories’ in any way that correlated the position of anything with his
brain state, he will end up with an effectively determinate memory, and
from then on he will act as if this had been his actual mental state all

12 Jack is a close cousin to Albert’s John and John-2 (1992: 170-6).
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along.!? And since on Bohm’s theory the probability of ending up with a
particular effective memory is equal to the probability of ending up with
an ordinary memory if one had recorded the result in terms of position
in the first place, Jack will get along just as well as everyone else, and
there would be no clear evolutionary reason for Jack-type organisms who
typically do not have determinate beliefs about their experience (at least
not until they are required to act on their beliefs) to be selected against. It
is the possibility of successful organisms who do not in fact have the sort
of determinate experiences that they claim to have that makes it difficult to
argue that evolutionary processes would select for a brain physiology such
that a sentient observer always records experiences in terms of whatever
physical property is in fact always determinate.

The preferred-basis problem, then, is that we do not know what physical
property we need to make determinate to account for experience, and
even if we did, stipulating that such a just-right property was the only
determinate physical property would make our theory look ad hoc. And
finally there is no reason to believe that sentient beings would naturally
evolve so that their most immediately accessible records were in terms of
the physical property that was in fact always determinate.

It would be nice if there were some way to make the choice of the
preferred basis independent of contingent facts about such things as brain
physiology and the relationship between mental and physical states, but
if our goal is to account for our determinate experience, then it seems
that such facts are ultimately relevant, and one can always ask of any
proposed preferred basis whether making that particular quantity deter-
minate provides a theory that accounts for our determinate experiences.
The inevitable abyss of worrying about the details of brains and such is
what makes the preferred-basis problem so annoying. One remedy would
be not to require that physical theories account for our experience (as Pauli
suggested; see Section 2.5), but then how would we judge their empirical
merits? Or one might go the positivist route and try to formulate one’s
best physical theories so that they predict appearances directly without
one having to know anything about how brains function. In any case, one
cannot help thinking that we must somehow be asking for far too much
from our physical theories when we ask them to make precisely the right
brain properties determinate at precisely the right times (as one would

13 1 am not sure that one would want to say even now that the observer has a determinate
mental state, but this would depend on the details of one’s theory of mind.
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want to do by choosing a just-right preferred basis or as Wigner’s theory
does by stipulating a very special collapse rule).

It seems to me that the preferred-basis problem is as serious a problem
for the splitting-worlds theory as the original measurement problem was
for the standard theory—indeed, as suggested earlier, one might argue
that the preferred-basis problem is just the original measurement prob-
lem in another guise. Just as the collapse on measurement is what makes
outcomes determinate in the standard theory, the splitting of worlds on
measurement is what makes outcomes determinate in the splitting-worlds
theory. And since, in the context of the splitting-worlds theory, itis the pre-
ferred basis that determines what physical correlations will cause worlds
to split, the preferred basis determines what correlations will lead to
determinate measurement results. Since choosing a preferred basis in the
splitting-worlds theory amounts to choosing what interactions will consti-
tute measurements with determinate results, and since the measurement
problem in the standard theory was precisely the difficulty of determining
what interactions one should take as generating determinate measure-
ment results (what interactions one should take to cause collapses), the
splitting-worlds theory is arguably no better off than the standard collapse
theory.

So the analogy between the original measurement problem and the
preferred-basis problem is this. The standard formulation of quantum
mechanics tells us that a collapse occurs whenever a measurement is
made, but it does not tell us what constitutes a measurement. Similarly,
the splitting-worlds theory tells us that a world splits (in so far as one
can identify the world) whenever a measurement-like interaction occurs
in that world, that is, whenever the preferred basis requires the world
to split, but it does not tell us which basis is preferred. If the standard
theory is to explain the determinateness of experience, then the collapse
must occur in such a way that the brain of an observer typically ends up
recording a determinate result. Similarly, if the splitting-worlds theory is
to explain the determinateness of experience, then worlds must split in
such a way that brains typically end up recording determinate results in
each world. And not just any preferred basis will do this. The problem is
that in each theory one must make a choice (when collapses occur in one
and when splits occur in the other), but this choice is constrained by the
fact that in the end we want an account of our determinate of experience.

Bell was one of the first to argue that because of the preferred-basis
problem Everett’s theory was no better off than the standard collapse
theory. According to Bell, Everett ‘seems to envisage the world as a
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multiplicity of “branch” worlds, one corresponding to each term ... in
the expansion [of the state in some basis]’. In order to do this, however,
Bell believed that Everett needed a preferred basis. Further, Bell argued
that in order to account for appearances Everett’s preferred basis needed
to make instrument readings determinate in each branch:

This preference for a particular set of operators is not dictated by the mathematical
structure of the wave function ... It is just added (only tacitly by Everett, and only
if I have not misunderstood) to make the model reflect human experience. The
existence of such a preferred set of variables is one of the elements in the close
correspondence between Everett’s theory and de Broglie’s—where the positions
of particles have a particular role.

The problem then becomes one of trying to specify what it takes for
something to count as a determinate instrument reading, which Bell took
to be fully analogous to trying to specify what counts as a measurement
in the standard theory. One of the arguments that Bell gives in favour of
Bohm’s theory is that, unlike Everett’s theory, it explicitly tells us what
physical quantity is preferred (Bell 1987: 95-7). But, of course, this is a
real virtue only if position is in fact the right quantity to choose as always
determinate.

In order to argue that Bohm’s theory successfully accounts for our deter-
minate experiences and beliefs, one would have to argue that making posi-
tions always determinate provides determinate experiences and beliefs;
but if one had such an argument, then one could solve the preferred-basis
problem for the splitting-worlds theory—choose position as the preferred
basis. The problem, of course, is that we have no such argument. On the
other hand, it would be great if we knew that determinate positions would
account for our determinate experiences and beliefs since choosing a well-
entrenched property like position as always determinate would look much
less ad hoc than choosing some special brain property. But again, in so
far as we have good reason to want a quantum field theory, we have good
reason to suppose that position is not the quantity that we want to choose
as always determinate. Moreover, even if a particular choice of a deter-
minate quantity did provide determinate records, experiences, and beliefs
for us, it would always be possible to consider deviant observers, like
Jack, who would typically fail to have any determinate belief concerning
what they observed immediately following an observation.

The preferred-basis problem is often described as a violation of a sup-
posed democracy of bases in the mathematical formalism of quantum
mechanics. In response to this complaint, Daumer et al. (1996), among
others, have argued (in the context of trying to justify the special status
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of position in Bohm’s theory) that it is naive to believe that all Hermitian
operators in the Hilbert-space formalism have equal claim to correspond-
ing to physically real, measurable quantities.!* This is clearly right. One
should not find arguments against the existence of a preferred basis from
the assumption that all Hermitian operators are created ontologically equal
very compelling. On the other hand, I do not think that this point addresses
the real preferred-basis problem.

The real preferred-basis problem is not that having a preferred basis
violates some basic principle of the ontological democracy of bases but
rather that presumably only a very special basis will provide a satisfactory
account of our determinate experience, and we do not know which it is;
and, if we choose a physically preferred basis solely on the basis of what
we believe would make our experience determinate given our physiology
and practices, then this choice will look ad hoc. There is nothing inherently
wrong with choosing a preferred physical quantity; but if one wants the
choice to look natural, then one needs to have good physical reasons for
that particular choice, not reasons having to do with human physiology
and practice.

Butagain, one cannot help thinking that we have made the job of physics
too difficult: after all, classical mechanics was never required to provide a
detailed account of the determinateness of our experience. There is, how-
ever, a significant difference between quantum and classical mechanics.
In classical mechanics there is a collection of interrelated physical prop-
erties that are always determinate and the collection is rich enough that
we tacitly came to believe that these determinate properties (in so far as
they evolved in the right way) would ultimately allow us to account for
our actual determinate experience. 151 quantum mechanics, however, the
Kochen—-Specker theorem (Kochen and Specker 1967) provides very good
reason for supposing that we cannot get the right empirical predictions and
make all classical properties of a system determinate without sacrificing
functional relationships between the properties (in which case one might
argue that they are not really the properties we wanted to make determi-
nate). Indeed, it seems that the set of properties that can be simultaneously
determinate without sacrificing functional relationships is relatively small
(see Bub and Clifton 1996).

14 Such arguments are typically made in the context of Bohm’s theory, by proponents of
the theory.

15 Every physical quantity of a system that can be expressed as a function of the positions
and momenta of its particles and its Hamiltonian are determinate properties of the system in
classical mechanics. This is what I mean by the rich set of classically determinate properties.
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One might insist that all that it really takes to explain our experience
is that there be some determinate physical quantity in our theory that is
well-correlated with our experience. It seems to me, however, that while
the supposed association between the determinate physical quantity and
our experience might explain our determinate experience, there remains
the question whether it in fact does explain our determinate experience
given our actual physiology and practice. It is not that there is a definitive
argument that none of the determinate quantities that have been proposed
so far (like position in Bohm’s theory) can be right; rather, it is that having
a physical quantity that is well-correlated with our experience is not the
same as having good empirical evidence that it is that particular quantity
that would in fact explain the determinateness of our most immediate
measurement records.

If this is right, then along with its other problems we are apparently
faced with the embarrassment of having to stipulate a special privileged
physical quantity as always determinate in the splitting-worlds theory
(just as one must in Bohm’s theory).

6.3 Many worlds without splitting

Many of the problems encountered by the splitting-worlds theory can be
avoided by identifying worlds with trajectories of local states rather than
with local states at a time. That is, one might stipulate that the global
state always evolves in the usual linear way, choose a preferred basis
that makes observers’ records always determinate in each local state (the
states described by the terms in the expansion), then choose a connec-
tion rule for hooking up local states at different times into trajectories.
Each of these trajectories might then be taken as representing a history
of a possible world. Finally, one might specify a probability measure
over possible histories (hence over the possible worlds) that determines
the prior epistemic probability that each possible world is actually ours
(Fig. 6.2).

Call this a many-threads theory. There is a different many-threads the-
ory for each choice of preferred basis, connection rule, and initial prob-
ability measure. On such a theory, the connection rule determines what
threads there are, and one might think of each thread as the specification
of the history of a single world. These worlds never split, so there are no
special problems with the identity of observers over time. Consequently, it
seems to me that one could take each physically possible world described
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FiG. 6.2 How a connection rule might thread possible local states into worlds.

by such a theory to be real while only one of these worlds would be
ours (with prior epistemic probabilities given by the measure over trajec-
tories stipulated by the theory). One can see how a many-threads theory
works by comparing a repeat x-spin measurement on a splitting-worlds
theory (Fig. 6.3(a) ) with the same sort of measurement on a (memory-
preserving) many-threads theory (Fig. 6.3()).

The connection rule ties together states of the same world at different
times so that one can make sense of the transtemporal identity worlds and
hence observers, which in turn makes it easier to interpret probabilities
in the theory. On the other hand, one must still choose a preferred basis
(or, more generally, a preferred basis for each time) and a connection rule
for threading together local states at different times.!® So we still have
the preferred-basis problem and we need to find a rule for connecting
local states so that the theory is both empirically coherent and empirically
adequate.

There is an analogy between possible worlds in a many-threads theory
and possible worlds in classical mechanics. For a given Hamiltonian, each
initial state in classical mechanics picks out a different trajectory through

16 1t would be much better if we had a natural rule that selected a single objectively
preferred set of alternative histories where observers have determinate records given the
boundary conditions of the universe. This is what Gell-Mann and Hartle wanted in their
many-histories theory. I shall consider this in Ch. 8.
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FIG. 6.3(a) A repeated x-spin measurement in a splitting-worlds theory.

phase space, a different history. One might take there to be a possible
world corresponding to each such history and then take these classically
possible worlds to be real (in the sense that people sometimes take possible
worlds to be real). Finally, one might take a given probability measure
over these possible worlds as providing prior epistemic probabilities for
each world being ours, where ours is used here in its perfectly ordinary
sense (since one can now appeal to standard notions of personal iden-
tity). Analogously, one might take each history described by a particular
many-history formulation of quantum mechanics as the history of some
real world (in whatever sense one takes possible worlds to be real), and
then take the probability distribution over these worlds as providing prior
epistemic probabilities for each world being ours.
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FIG. 6.3(b) A repeated x-spin measurement in a many-threads theory.

There is, however, also a disanalogy between such classical and quan-
tum worlds. Given a Hamiltonian, the possible classical worlds are
indexed by the set of possible initial states—that is, the initial state of
a classical world fully determines the history of that world. But the initial
local state of a quantum world would typically not determine that world’s
history since many different histories might pass through precisely the
same local state at a particular time. Indeed, the local state of a world by
itself would not even allow one to calculate the quantum probabilities for
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future states of that world (one would also need to know the global state
of the universe). 17

If one insists on having the physical state of a quantum world at a time
provide the quantum probabilities for future states of that world (which, as
discussed earlier, might be taken as part of what it would mean for a state
to be the state of a world), then one would want to include the global wave
function as part of the state description of each world. Given both the local
state of a world and the global wave function, one could use the linear
dynamics and the particular connection rule stipulated by one’s theory to
make predictions about the future states of one’s own world. If one did
not know the complete local state of one’s world, then one might use the
linear dynamics, the connection rule, and the prior epistemic probabilities
over worlds stipulated by the theory to make statistical predictions.

And this should be starting to sound familiar. If we include the global
state as a part of the state description of each world, then one might think of
each world as being described by a hidden-variable theory. If the preferred
basis is position, if the connection rule is that any local state can follow
any other with probabilities given by the squares of the coefficients on
the current global state, and if the initial epistemic probabilities are given
by the squares of the coefficients on the initial state, then each world is
described by Bell’s Everett (?) theory.!8 If the preferred basis is position, if
the connection rule is Bohm’s velocity equation, and if the initial epistemic
probabilities are given by the squares of the coefficients on the initial wave
function (as stipulated by the distribution postulate), then each world is
described by Bohm’s theory. More generally, the preferred basis stipulated
by a many-threads theory determines what physical quantity is always
determinate in a corresponding hidden-variable theory, and the connection
rule gives the dynamics for this quantity. That is, if one includes the global
wave function in the state description of the worlds, then each world might

17 That is, as long as one allows for the possibility of interference between the various
histories (as happens in the context of A-type measurements, for example), then the current
local state of a history is not enough to determine its future local state. Whether or not there
will in fact be interference effects between histories depends upon the global state and the
Hamiltonian.

18 One might think of the probabilities in Bell’s Everett (?) theory dynamically, as Bell
does. On this view, one simply thinks of the next local state as being chosen randomly as
the local state evolves: the probability of the next local state being ¥; is |g; 12, where ¥y is
a term in the wave function when written in the configuration basis and g; is the coefficient
on this term. It is easy to see that this is empirically equivalent to the other way of picturing
the theory.
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be thought of as being described by a particular hidden-variable theory,
where the preferred basis selects the always determinate physical quantity
(the hidden variable), the local state of each world at a time gives the
value of this quantity in that world, and the connection rule (together with
the linear dynamics) determines, in so far as it is determined, how the
quantity evolves in each world: a many-threads theory is ultimately just a
hidden-variable theory where one simultaneously considers all physically
possible worlds.

Bell’s Everett (?) theory illustrates the role that the connection rule
plays in a many-threads theory. If any local state can follow any other
local state, then one might be able to argue that most observers’ ‘records’
would be consistent with the statistical predictions of quantum mechan-
ics, but one could have no empirical grounds for choosing one set of
dynamical laws over another. The connection rule must be such that it
makes our memories reliable in order for us to have any empirical justi-
fication for accepting the linear dynamics and that particular connection
rule (the auxiliary dynamics). One can get an empirically coherent theory
by stipulating a connection rule that typically makes records of past events
reliable in a world. Bohm’s theory does precisely this and in a perfectly
natural way.

The moral then is this: if one tries to fix the splitting-worlds theory
by getting rid of the splitting process (which is clearly the source of the
identity and probability problems faced by the splitting-worlds theory),
and if one is willing to think of the global wave function as a part of the
state of each world, then one naturally ends up with a perfectly ordinary
hidden-variable theory—and Bell’s Everett (?) theory and Bohm’s theory
ultimately do not look like such bad ways of understanding Everett after
all. Such theories are easily understood, and we know that we can get them
to make essentially the same empirical predictions as the standard theory
does for the always determinate quantities (as we shall see in the next
chapter). Perhaps interpreters of Everett would make their own positions
clearer by contrasting them with a hidden-variable theory that is taken as
simultaneously describing the time-evolution of many possible worlds.
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MANY MINDS

ONE might understand Everett’s branches as describing the states of
different minds rather than different worlds.! On this sort of theory an
observer’s determinate experiences and beliefs are explained by the fact
that he always has a determinate mental state. In this sense, such theories
might be said to predict appearances directly. Albert and Loewer have
done the most to explain how such a theory might work. I shall also
discuss Lockwood’s many-minds theory and its relationship to Albert
and Loewer’s. And finally, I shall discuss the relative-fact theory and the
correlations-without-correlata view.

7.1  How many minds?

Albert and Loewer (AL) have sketched two closely related theories
(AL 1988). I shall call one the single-mind theory and the other the many-
minds theory. These theories provide a way of understanding what Everett
meant when he claimed that his goal was to recapture the usual predictions
of quantum mechanics as subjective appearances.

Like Bell’s Everett (?) theory and Bohm’s theory, both the single-mind
and many-minds theories can be thought of as attempts to fix the bare
theory. The main problem with the bare theory again is that while it pre-
dicts that one will typically believe that one got a determinate result after
a successful measurement, there is typically no determinate resulit that
one believes that one got. Perhaps the most straightforward way to ensure
that observers always have determinate experiences and beliefs (and in
some sense the most ad hoc) is simply to stipulate that observers do in
fact always have determinate mental states. This is precisely what Albert
and Loewer do. While they take the usual linear dynamics to provide
a complete and accurate description of the time-evolution of the phys-
ical world, they postulate the existence of nonphysical minds that always
have determinate mental states whose time-evolution is given by a mental
dynamics.

' As suggested by Richard Healey (1984: 608, 612~14) and others.
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7.1.1 The single-mind theory

If one takes the linear dynamics to be universally true, as Everett insisted,
then the physical state of an observer and his object system after a measure-
ment will typically be an entangled superposition of the observer having
recorded mutually contradictory results, and there will be nothing in the
quantum-mechanical state that picks out a single, determinate measure-
ment result. Consequently, if one wants a complete description of the state
of affairs to pick out a determinate result, then one must add something
to the usual quantum-mechanical state. If one understands the measure-
ment problem as a problem in accounting for the determinate experiences
and beliefs of observers, then the most direct way to solve the problem
would be to stipulate that observers always have determinate mental states.
A complete specification of the state, then, would require one to supple-
ment the usual quantum-mechanical state with a description of the mental
states of all observers.

The single-mind theory is a sort of hidden-variable theory, but instead
of taking positions as always determinate, one takes mental states as
always determinate. While in Bohm’s theory one might worry that making
positions determinate may not ultimately explain our determinate experi-
ences and beliefs, there is no such worry here. By making mental states
always determinate, one automatically accounts for the determinateness
of our experiences and beliefs (assuming that mental states determine both
experiences and beliefs), and if these mental states evolve in the right way,
then the theory will be empirically adequate. While one might complain
that this solution of the determinate-experience problem is cheap, it is
none the less effective.

Let M be an observer, and let Bys[x](¢) represent that M believes x
at time ¢. The single-mind theory requires only a partial correspondence
between physical and mental states. It is assumed that there is generally a
physical state ¥r57[x](¢) that implies that M believes x attime ¢, Bys[x]1(¢).
But it is also an important feature of the theory that Bys[x](¢) does not
necessarily imply that the quantum-mechanical state is W37 [x](¢). It is this
second feature that allows an observer’s physical state to be a complicated
superposition of physical states corresponding to mutually contradictory
beliefs concerning the outcome of a specific measurement while his men-
tal state is always one where he has a determinate belief correspond-
ing to exactly one element of the superposition. Since 3 [x](¢) entails
Byr[x](t), one might think of this physical state as an eigenstate of belief;
in this case, an eigenstate of M believing x. Similarly, one might suppose
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that it is always possible to represent the universal state as a superposition
of states that describe M as having different but determinate beliefs, and
that M’s mental state is always associated with exactly one of the terms
in such an expansion.?

The physical state always evolves in the usual linear way, but in order
to have a complete theory, we also need to specify a mental dynamics.
Perhaps the simplest mental dynamics would be one like the configuration
dynamics in Bell’s Everett (?) theory, where the probability of M’s current
mental state being Bjys[x](¢) is fully determined by the current physical
state alone and is always equal to the norm-squared of the component of
the universal state that describes M as currently believing x. One might
picture the mental state of an observer as randomly jumping from branch
to branch of the determinate-belief superposition, paying no heed to where
it was last, in such a way that the probability of it being associated with a
particular branch is always equal to the norm-squared of the amplitude of
that branch. This is the single-mind analogue of the evolution of position
in Bell’s Everett (?7) theory.

If M measured the x-spin of a system S initially in an eigenstate of
z-spin, then, by the linear dynamics and by what it means to be a good
observer, M would end up in a superposition of belief eigenstates corre-
sponding to getting mutually incompatible results:

1
7

Here one component of his physical state describes him as believing
that the result was x-spin up and the other describes him as believing
that the result was x-spin down. On the single-mind theory, however,
M’s mental state would end up associated with exactly one term in the
post-measurement superposition—in this case, there would be an even
chance that M’s post-measurement mental state would be Bys[1](#1) and

Yumps(t) = [ap DY s + a3 ) 5] (7.1)

2 This explanation of the determinacy of experience requires one to adopt a theory of
mind where an observer’s mental state is well-defined at an instant. Matthew Donald (1996)
has argued that such an assumption is implausible. It seems to me, however, that if one was
willing to go along with Everett’s dispositional account of mental states initially, then one
should be willing to go along with the assumption that a mental state is well-defined at an
instant (since dispositions are well-defined at an instant). If one wants an account of mental
states in terms of mental processes, then more work needs to be done, but the problem
does not seem to me to be insurmountable. First, instead of the determinate-belief basis,
one might try choosing the preferred basis to be whatever basis makes a mental process
determinate, then show that the mental dynamics generates sequences of process states that
can be identified with the observer having a determinate mental state.
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that it would be Bys[11(#1). If M repeats his measurement, then ideally
he would end up in the physical state
1

2
And on the simple mental dynamics described above, there would again
be an even chance of getting each result. This means that there is an even
chance that M would end up in a mental state where he believes that he
got x-spin down as the result of his second measurement even when he in
fact got x-spin up as the result of his first measurement. But if M does get
a different result for his second measurement, he will falsely ‘remember’
getting precisely that result for his first measurement: if M ends up believ-
ing that he got x-spin down for his second measurement, his mind will
also be associated with a branch of the wave function where he believes
that he got x-spin down for his first measurement regardless of what he
actually got. So even if the mental dynamics is a random function of
the observer’s current physical state alone and if the observer’s memories
were consequently unreliable concerning even his own past mental states,
the observer would never notice (Fig. 7.1). The linear dynamics, the prop-
erties of a good observer, and the relationship between mental states and
physical states would conspire to make it impossible for an observer to
tell that his experiences were in fact pathologically discontinuous. Indeed,
on this dynamics, just as in Bell’s Everett (?) theory, an observer would
almost always judge that his measurement results exhibited the usual
quantum statistics.

Ymrs(t2) = — [mlt, t11M)s +¥ull. JN)st. (7.2)
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Also, just as in Bell’s Everett (?) theory, the fact that an observer’s
records of past events would be unreliable makes it difficult to say how the
observer could have any empirical justification for accepting any dynam-
ical law, even the single-mind theory’s dynamics, if this version of the
single-mind theory were true. In order to avoid the problem of empirical
coherence, one might want to specify a mental dynamics where the cur-
rent mental state is a function of both the current quantum-mechanical
state and past mental states. While they do not provide a complete mental
dynamics, Albert and Loewer want their dynamics to have this property
of reliability.> What they in fact use is a mental dynamics that mim-
ics the empirical predictions of the standard collapse theory in so far as
this is possible. The intuition is that a mind sticks with a branch in the
determinate-belief decomposition of the global state until a measurement
occurs in that branch. The mind is then assigned to a new branch just
as if the physical state really was described by the branch that it was on
and a collapse occurred with the probabilities given by Born’s rule. The
observer’s new mental state will typically be one where his memories are
reliable. While this is not a complete mental dynamics, they are sure that
one can cook up a dynamics that will make the single-mind theory both
empirically coherent and empirically adequate (Albert 1992: 129).

AL do not like their single-mind theory because it does not generally
predict that mental states would supervene on physical states since even
a complete description of the physical world would fail to determine the
menta] state of an observer. The physical state ¥a745(¢1), for example, is
consistent with either Bys[11(f1) or Bys[{1(¢1). AL describe this type of
nonphysicalism as ‘especially pernicious’, and they tell us that it is this
lack of mental supervenience that leads them to consider the many-minds
theory (AL 1988: 206). As Albert put it:

the dualism of this sort of picture is . .. pretty bad. On this proposal (for example)
all but one of the terms in a superposition [like those above] represent (as it were)
mindless hulks; and which one of those terms is not a mindless hulk can’t be
deduced from the physical state of the world, or from the outcome of any sort of
experiment; and it will follow from this proposal that most of the people we take
ourselves to have met in our lives have as a matter of fact been such hulks, and
not really people (not really animate, that is) at all! (1992: 130)

The problem, then, is this: when I make observations and then compare
notes with a friend, his mind and my mind will each be associated with

3 See Albert (1992: 126-9) and Loewer (1996). I shall discuss this second paper later in
this chapter.
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some term in the determinate-belief expansion of the global state, but not
necessarily the same term. Suppose that my friend (F) and I (M) both
make perfect x-spin measurements and end up in the physical state

1
Ums(t2) = 7 n It rltlit)s + yullIvrllIN)sl. (7.3)

Suppose, however, and this is entirely possible given the mental dynamics
that AL describe, that my mental state ends up associated with the first
term in the superposition and I get x-spin up, and that my friend’s mental
state ends up associated with the second term and he gets x-spin down.
Since the mental dynamics is supposed to be memory-preserving, in so
far as is possible, when I ask my friend what he got as the result of his
x-Spin measurement, my mental state will end up associated with a branch
where I still believe that I got x-spin up, but because of the correlation
between my physical state and my friend’s, this will also be a mental
state where I believe that he told me that he also got x-spin up. I might
conclude, from what I heard, that my friend believes that he got x-spin
up, but this would be false. While I am getting what I take to be perfectly
clear answers to my questions, these answers have nothing at all to do
with the actual mental state of my friend, and 1 am consequently not
talking with my friend at all. To the extent that [ am talking with anyone,
I am talking with a mindless hulk. And my friend will find himself in
a similar situation (Fig 7.2). Indeed, while observers might believe that
they talk with each other routinely, since the physical state does not do
much to constrain the mental state of an observer and since observers
fail to have direct epistemic access to each other’s mental states, it would
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typically be impossible to figure out what anyone else actually believes. So
while the single-mind theory can account for each observer’s experiences
in an empirically adequate way, it makes real communication between
observers impossible and thus describes a sad and lonely world, unless
one takes comfort in the company of mindless hulks.

One solution to the mindless-hulk problem would be to change the
mental dynamics so that all minds end up associated with the same branch
of the wave function (written in the determinate-belief basis). The idea
here is that since the time-evolution of my mental state already depends
on my past mental states to provide for reliable memories, one might as
well have it also depend on other observers’ mental states to provide for
genuine communication between observers. When I get x-spin up, then
all other observers become associated with the branch that determines the
outcome of my observation (Fig. 7.3).

This solves the mindless-hulk problem, but on this modified single-
mind theory the result of my measurements might instantaneously deter-
mine the outcome of measurements made by a distant observer (in an
EPR experiment, for example, where one thinks of each observer’s mind
as having the same location as his body). Note that this is not the case
on AL’s mental dynamics since on their dynamics each mind evolves
independently of all other minds. In an EPR experiment, on AL’s mental
dynamics, each observer would end up believing that his results and his
friend’s results were statistically correlated in such a way as to violate the
Bell inequalities, but they would as a matter of fact not know what the
other observer’s results were. What each thought the other said his results
were would be determined by the term that their own mind ended up
associated with, and since we know from the bare theory that most terms,
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in the norm-squared measure, will exhibit the usual EPR correlations,
and since this measure represents the probability of an observer’s mind
ending up associated with each term, with high probability an observer’s
mind will eventually be associated with a term that exhibits the usual EPR
correlations.*

While one might not like the nonlocality (more specifically, the lack of
Lorentz-covariance) of the modified mental dynamics where the evolution
of each mind depends on the current state of other minds (just as the
evolution of a particle’s position depends on the positions of other particles
in Bohm’s theory), when compared with other options for solving the
mindless-hulk problem, it may not seem so bad.’

7.1.2  The many-minds theory

AL’s solution to the mindless-hulk problem is to suppose that every sen-
tient physical system, every observer, is associated with not a single mind
but rather a continuous infinity of minds (AL 1988: 206). Each mind is
supposed to evolve exactly as described in the single-mind theory; there
are just more of them associated with each observer (Albert 1992: 130).
Each of an observer’s minds evolves independently of his other minds,
but in such a way that a mind’s own beliefs about its own past mental
states are typically reliable. Whenever a measurement is made, some of
an observer’s minds will become associated with each branch of the wave

4 There is a close relationship between the AL single-mind theory and the bare theory.
Since the probability of a mind being associated with a particular term on AL’S mental
dynamics is equal to the norm-squared of the coefficient on that term and since the bare
theory’s general limiting property tells us that as the number of experiments gets large
almost all of the terms, in the norm-squared measure, in the determinate-belief expansion
of the state describe situations where an observer’s results exhibit the usual quantum statis-
tics (including the joint and conditional statistics and the statistical correlations with other
observers’ results), an observer on the single-mind theory will almost always believe that
his own results and the results of his colleagues exhibit the usual quantum statistics. Even
though, because he has most likely been talking to mindless hulks, he will not actually
know what the results of his colleagues were (because his colleagues’ minds are most likely
associated with other terms in the determinate-belief expansion).

5 Lockwood raises a nonlocality objection to the proposal of solving the mindless-hulk
problem by fiat: “The possibility of actually meeting mindless hulks can perhaps be ruled out
by fiat. For one could stipulate that the stochastic evolution takes place under the constraint
that living bodies, as they manifest themselves within a single Everett branch, are required
either all to be ensouled, or all to be mindless hulks. That, however, would call for a non-
local coordination of the various mind evolutions, and thus undercut what is one of the
major motivations for adopting a no collapse, no hidden variables view, in the first place’
(1996: 175).
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function that describes the observer as getting a definite result. Since the
norm-squared of the coefficient on each term in the determinate-belief
expansion of the wave function determines the probabilities for a particu-
lar mind being associated with that term, one might naturally take the
norm-squared of the coefficient on each term to determine the measure p
of the continuous infinity of an observer’s minds associated with that term.
And if one believes that another observer reported that he also got x-spin
up, for example, there will typically be at least some of that observer’s
minds which did in fact get x-spin up, and it is these minds that one is
talking to. It is as if every hulk has been given a mind; indeed, many.

One might think of each of an observer’s minds as representing a differ-
ent perspective or view of the physical world. But while each mind sees
a single, determinate, and consistent series of events, the global observer,
as a collection of minds, has many mutually incompatible experiences.
If an observer begins in an eigenstate of being ready to make an x-spin
measurement of a system in an eigenstate of z-spin, all of the observer’s
minds will end up with determinate beliefs concerning the result of his
observation, but not the same determinate beliefs. Here, with probability
one, half of the observer’s continuous infinity of minds would end up
believing that the result was x-spin up and the other half would end up
believing that the result was x-spin down.

AL describe their many-minds theory as follows:

The individual minds, as on the [single-mind theory], are not quantum mechanical
systems; they are never in superpositions. This is what is meant by saying that
they are non-physical. The time evolution of each of the minds on the [many-
minds theory] is, just as on the {single mind theory], probabilistic. However,
unlike the [single-mind theory], there are enough minds associated with the brain
initially so that minds will end up associated with each of the elements of the final
superposition. An infinity of minds is required since a measurement or a sequence
of measurements may have an infinite number of outcomes. Furthermore, although
the evolution of individual minds is probabilistic, the evolution of the set of minds
associated with [a particular observer] is deterministic since the evolution of the
measurement process is deterministic and we can read off from the final state the
proportions of the minds in various mental states. (AL 1988: 207)

It is important to be clear here about exactly what is evolving in a deter-
ministic way and what sort of supervenience the many-minds theory pro-
vides. One might distinguish between at least three types of mental states
in the theory. Call the state of one of an observer’s minds a local mental
state. Local mental states evolve randomly (but in a memory-preserving
way) according to the dynamics described by the single-mind theory and
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do not supervene on observers’ physical states. Call the state of all of
an observer’s minds his complete mental state. This state tells us which
minds are in which local states (we are assuming with AL that minds have
transtemporal identities). It also evolves randomly as the local mental
states of each mind evolves. These states do not supervene on observers’
physical states either. Finally, call the measure of an observer’s minds
associated with each term in the determinate-belief-basis expansion of the
wave function the observer’s global mental state. It is only the observer’s
global mental state that one might expect to evolve in a continuous deter-
ministic way and to supervene on his physical state (though it might hap-
pen, since the dynamics of each mind is stochastic, that all of an observer’s
minds jump to a single branch. But events like this would be expected with
probability zero).

Despite its inherent craziness, AL argue that the many-minds theory
has several advantages over other interpretations of Everett and other
versions of quantum mechanics generally. First, unlike the bare the-
ory, the many-minds theory is ‘in accord with our very deep conviction
that mental states never superpose’ (AL 1988: 208). None the less, AL
argue that it remains true to Everett’s fundamental idea that the time-
evolution of the entire universe and every physical system is completely
and accurately given by the linear dynamics: “There is no need to postulate
collapses or splits or any other non-quantum mechanical physical phe-
nomena’ (208). The reason that physical is emphasized here, of course, is
that the many-minds theory supposes the existence of nonphysical entities,
the observer’s minds, whose local states are not determined by the global
quantum-mechanical state, and it is these nonphysical entities that exhibit
what one might call nonquantum mechanical behaviour. On the other
hand, it seems that Everett really did believe that mental states evolve in
a fundamentally different way than physical states. He repeatedly said
that, on his formulation of quantum mechanics, while the evolution of
the universal quantum-mechanical state is always linear and determin-
istic, the evolution of subjective appearances is random and probabilistic.
The many-minds theory also provides a particularly natural way to make
sense of Everett’s claim that, at the end of a typical measurement, while
in one sense there is only one physical observer, in another sense there
are many observers with mutually incompatible experiences: if we count
physical systems in the many-minds theory, there is only one observer;
but if we count minds, then there are many with mutually incompatible
experiences.

Another virtue of the many-minds theory is that ‘the choice of basis
vectors in terms of which the state of the world is expressed has no physical
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significance’ (AL 1988: 208). AL take this to mean that the many-minds
theory avoids the preferred-basis problem. This is not to say that the
many-minds theory has no preferred basis—after all, the determinate-
belief basis acts as a sort of preferred basis in the theory. While one might
say that this basis has no physical significance and that it consequently
plays a more modest role than the preferred basis in the splitting-worlds
interpretation (it does not, for example, determine once and for all what
physical properties are determinate), the determinate-belief basis plays
an important empirical and explanatory role in the theory. One must,
for example, appeal to the determinate-belief basis in order to specify
the transition probabilities for a mind to go from one mental state to
another. More generally, without explicitly specifying the preferred basis,
the many-minds theory has no explicit mental dynamics. And since the
preferred basis is nowhere explicitly specified, one might argue that the
many-minds theory is at best incomplete.

AL also argue that the many-minds theory encounters no special prob-
lems in interpreting probability: ‘Probabilities are completely objective,
although they do not refer to physical events but always to sequences of
states of individual minds’ (AL 1988: 208). Since each mind follows a
random trajectory with probabilities given by the mental dynamics, one
should eventually expect the memories of almost all of an observer’s
minds, in the norm-squared measure, to exhibit the usual quantum statis-
tics. Further, on the sort of mental dynamics that AL have in mind,
probabilities are, as in the standard collapse formulation of quantum
mechanics, the result of fundamental stochastic events.

AL also claim that the many-minds theory’s dynamical laws can be
expressed in a local, Lorentz-covariant form, which means that the many-
minds theory meshes well with relativity (AL 1988: 209-10). What they
have in mind here is that since one can read off the global mental state of
an observer from the universal wave function, and since the evolution of
the wave function can be expressed in a covariant form, so can the global
mental dynamics.

6 Like Albert and Loewer, Lockwood’s many-minds theory also requires a preferred basis
where every observer has determinate beliefs. Each Everett branch then can be described by
a product of a determinate-belief state and the corresponding relative state of the composite
system containing the observers. Also like Albert and Loewer, Lockwood argues that there
is no ‘objectively preferred basis’: ‘For a many minds theorist, the appearance of there
being a preferred basis, like the appearance of state vector reduction, is to be regarded as
an illusion. And both illusions can be explained by appealing to a theory about the way
in which conscious mentality relates to the physical world as unitary quantum mechanics
describes it’ (1996: 170).
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Finally, AL consider the many-minds theory to have a decided advan-
tage over the single-mind theory because the many-minds theory allows
an observer’s global mental state to be uniquely fixed by his physical
state. As they describe the deal, “We have purchased supervenience of
the mental on the physical at the cost of postulating an infinity of minds
associated with each sentient being’ (AL 1988: 207). In the end, however,
one might take the price to be too high considering what one gets.’

Consider the type of mental supervenience that the many-minds theory
provides. If one wants mental supervenience, one presumably wants the
mental state that one is capable of introspecting right now, the mental state
that one has epistemic access to, to supervene on one’s physical state.
I believe that I have a more or less definite mental state characterized by
a single set of more or less consistent beliefs. But the many-minds theory
tells me that I (global) am associated with an infinite set of minds that
most likely have wildly contradictory beliefs and whose mental states I
(local) generally cannot know. What comfort is it supposed to give me that
my global mental state supervenes on my physical state when I don’t even
know what my global mental state is? If one wants supervenience, then
one presumably wants one’s local mental state, the state that determines
one’s experiences and beliefs and the only state to which one has epistemic
access, to supervene on one’s physical state. And in the many-minds
theory my local mental state does not supervene on my physical state.

That each observer is associated with a continuous infinity of minds
is at least counter-intuitive. Being counter-intuitive is not a fatal flaw in
a theory, but one might eventually decide that associating each observer
with an infinity of minds costs more than it’s worth. If someone is worried
about the mindless-hulk problem, then supposing, without any possibility

7 Again, an observer’s global mental state does not necessarily supervene on his physical
state. The mental state of each of the observer’s minds is a random function of his physical
state and independent of the states of his other minds, and his global mental state is deter-
mined by the local mental states of all of his minds. Consequently, it could happen, although
it would be extraordinarily unlikely, that all of the observer’s minds, for example, become
associated with a single branch in the determinate-belief expansion of the wave function.
1 do not take this lack of strict supervenience as a serious problem, but if one is worried
about it, one could guarantee strict supervenience by changing the theory. Rather than have
each mind evolve randomly, associate one mind with every possible memory-preserving
trajectory through an observer’s determinate mental states, let u* be the product measure
on the set of minds generated by the Albert and Loewer measure 1 on minds at a time, and
take ™ as determining the probability that a local observer will find himself associated with
one of the minds (u* would play the same role in this theory as the measure over trajectories
with reliable records in the many-worlds theories discussed earlier). Here the wave function
would strictly determine the global mental state of the observer and how it evolves.
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of empirical support, that every hulk has at least one mind associated with
it does not seem to me to be the sort of thing that should resolve the worry.
Rather, the many-minds theory has an ad hoc flavour to it. It looks as if
minds were added just to give hulks mental states—and they were.

The difference between a many-worlds theory (like the many-threads
theories at the end of the last chapter) and a many-minds theory (like AL’s)
is not that great. It really just amounts to a difference in what sort of facts
one takes as being determinate. On a many-worlds theory physical records
and thus local mental states are determinate, and on a many-minds theory
it is only local mental states that are determinate. If one had a successful
many-minds theory, then one could always convert it to a many-worlds
theory. By doing so, one could solve the mindless-hulk problem and elim-
inate the mind-body dualism to which AL are committed at the cost of
introducing the determinate-belief property as a preferred physical prop-
erty. A many-minds theory with the completely random mental dynamics
that were discussed first would convert to something like Bell’s Everett (?)
theory but where one considers all possible trajectories and, rather than
position always being determinate, it would be belief that is always deter-
minate (belief here is supposed to be the physical property that if deter-
minate would make all observers’ beliefs determinate). AL’s many-minds
theory would convert to a many-worlds theory where the physical prop-
erty that determines one’s beliefs is always determinate and each world
evolves independently of the others in a random, but memory-preserving,
way similar to the evolution of beliefs predicted by the standard collapse
theory.

7.2 The auxiliary dynamics

AL did not give an explicit mental dynamics, but they did not take this
to be a very serious problem. As Albert put it: “What’s been said so
far...doesn’t amount to a completely general set of laws of the evolution
of mental states; but laws like that can be cooked up, and they can be
cooked up in such a way as to guarantee that everything I’ve said about
them so far will be true’ (1992: 129). But just as the many-worlds the-
ories need an explicit rule to connect states at different times, without
an explicit mental dynamics, the single-mind and many-minds theories
are incomplete. Regardless of whether one likes the ontology of worlds
or minds better, one needs an auxiliary dynamics that describes how the
determinate local states evolve while the universal wave function is evolv-
ing in its usual linear way. Of course, there is always Bell’s Everett (?)
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solution, but if such a dynamics actually described how worlds or minds
evolved, then it would be impossible to tell a convincing story how one
ended up with empirical justification for believing that it did. Here I want
to discuss two very different ways in which one might go about specifying
a dynamics that provides for reliable memories of past events.

7.2.1 The transcendental approach

There is a way to exploit the bare theory’s suggestive properties in order to
get a dynamics for mental states. It is inherently crazy, and it encounters
serious problems, but it is perhaps as close as one can get to Everett’s
original goal of deducing the usual predictions of quantum mechanics as
subjective appearances from pure wave mechanics.

Consider the single-mind theory. An observer’s mind does nothing to
affect his physical dispositions. Just as in the bare theory, the physical
dispositions of all physical systems, including observers, are fully deter-
mined by the wave function and the linear dynamics. And this means that
an observer in the single-mind theory will have exactly the same physical
dispositions as an observer in the bare theory, which means that all of
the conclusions that we reached in the bare theory about what reports an
observer would make apply equally well to an observer in the single-mind
theory. So assuming that an observer will report and believe whatever he
is in an eigenstate of reporting and believing, the bare theory’s suggest-
ive properties tell us something about what an observer would report
and believe about his own experience and its relationship to the experi-
ence of other observers in a single-mind theory. So if we suppose that an
observer’s reports and beliefs about his own experiences and beliefs are
typically true, then the bare theory’s suggestive properties strongly con-
strain the fundamental nature of mental states and how they could evolve
in a single-mind theory.

The type of scientific knowledge that we usually take ourselves to
have requires our beliefs concerning own experience and the experience
of other observers to be typically reliable; indeed, one might take the
general reliability of our beliefs about the nature of our own experience
to be a precondition for the possibility of scientific inquiry. In any case,
let’s suppose that whenever a careful inquirer has a sure-fire disposition
to report something about his own (or other’s) experiences and beliefs,
then that report is typically true.®

8 This is the transcendental part: one starts by supposing that scientific inquiry is
possible—that our beliefs about our own and others’ measurement results are typically true.
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Suppose an observer makes a perfect x-spin measurement of an object
system initially in an eigenstate of z-spin and ends up in the physical state
predicted by the linear dynamics. The bare theory’s determinate-result

- property tells us that the observer will report that he got either x-spin up
or x-spin down as the result of his measurement. If we stipulate that the
mental dynamics is such that an observer’s reports concerning his own
experiences and beliefs are typically true, then this means that he must
actually end up with a mental state corresponding to one or the other
of the two possible x-spin results. This might be taken as something of
a justification for introducing determinate ordinary mental states—the
linear dynamics together with Everett’s model of observers as automata
tell us that an observer will report that he has a determinate ordinary
mental state, and by giving the observer a determinate ordinary mental
state in the single-mind theory, we make his report true.

Now suppose the observer got the result x-spin up to his first measure-
ment, and then, without disturbing the object system, he makes a second
perfect x-spin measurement. The bare theory’s repeatability property tells
us that an ideal observer will report that he got the same result for both
measurements. In order for his belief concerning his own experience to be
true here, the mental dynamics must be such that the observer in fact gets
the same result for his second measurement as he did for his first; that is,
he must get x-spin up for his second result. In other words, if one assumes
an ideal observer’s reports about his experience to be true whenever pos-
sible, then the repeatability property requires the mental dynamics to be
memory-preserving.

Now suppose that two observers make perfect x-spin measurements.
The first observer measures the x-spin of an object system in an eigenstate
of z-spin and gets the result x-spin up; the second observer then measures
the x-spin of the same object system, which has not been disturbed since
the first measurement, and gets a result. The bare theory’s agreement
property tells us that if the two observers compare their x-spin results,
they will conclude that they got the same result; so by assuming that an
observer’s beliefs about the relationship between his own experience and

The bare theory’s suggestive properties then strongly constrain the mental dynamics of
the single-mind theory. That is, if an observer’s reports about his own experience and its
relationship to the experience of other observers are typically true whenever he is in an
eigenstate of making such a report, then the suggestive properties tell us what properties
the observer’s mental state must have and how it must evolve, inasmuch as they tell us what
the observer will report about his own experience and its relationship to the experience of
other observers.
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the experience of other observers are typically true, the mental dynamics
must be such that the second observer in fact gets the same result as the
first, x-spin up. Since the result of the first observer determines the result
of the second observer, neither observer has to worry that he is talking to
a mindless hulk when he hears his friend tell him that their results agree.

Finally, suppose that an observer performs an experiment where he
measures the same observable on a series of systems in identical states.
The bare theory’s general limiting property tells us that the composite
state of the observer and the object systems will approach an state where
the observer has the sure-fire disposition to report that his results were
randomly distributed with the usual quantum relative frequencies. Note
that the general limiting property places an extremely strong constraint
on the mental dynamics here: it requires the mental dynamics to yield the
usual quantum statistics for the subjective experience of every observer
in the limit. In order for this report to be true, the mental dynamics must
be such that the observer’s measurement results really were randomly
distributed with the appropriate relative frequencies. Specifically, if one
requires that the mental dynamics is trial-independent (requires that it be
given by a trial-invariant law), then in order for the observer to have a
probability-one chance of his mental state agreeing with the report that
he must make in the limit, each measurement result must be randomly
determined by probabilities equal to the limiting relative frequencies.

The upshot is that if we accept Everett’s model of observers and if
we assume that one believes whatever one has a sure-fire disposition of
reporting and if we assume that one’s beliefs about one’s own experience
and its relationship to the experience of other observers are typically true
and if we require a trial-independent dynamics, then we can deduce almost
all of the predictions of the standard collapse formulation of quantum
mechanics as subjective appearances from pure wave mechanics. It is
remarkable how far we can push this. Or, as Everett might have put it, it
is at least a matter of intellectual interest that pure wave mechanics places
this strong a constraint on the auxiliary dynamics. It may even seem, at
first glance at least, that we have fully determined the auxiliary dynamics.
Here the dynamics that governs the evolution of mental states and thus
accomplished Everett’s goal of deducing all the empirical predictions of
quantum mechanics as subjective experiences of observers.

It is, however, somewhat too optimistic to conclude that this transcen-
dental approach fully determines the auxiliary dynamics. Perhaps the
most serious problem is that this approach is based on the assumption
that the mental dynamics is such that an observer’s beliefs concerning his
own experience and its relationship to the experience of other observers
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are typically true. As the typically here suggests, this assumption is ulti-
mately rather vague. And as long as this basic assumption is vague, the
transcendental approach cannot determine a complete and unambiguous
mental dynamics. So why don’t we make it precise and assume that the
mental dynamics is such that every observer’s reports and beliefs are
always true?

One problem with this is that if one accepts the bare theory’s limiting
properties, which play a basic role in the transcendental approach, then
this condition is impossible to satisfy (for reasons that I have already
discussed, but in another context). Suppose an observer measures the
same observable on each of a series of identically prepared systems. The
observer will always report that he got a determinate result for each of
his measurements, and as the number of measurements increases, the
composite state will approach one where he will report that he got the
usual quantum statistics. But since the norm-squared of the coefficient
on the term in the determinate-belief expansion of the observer’s state
that describes that observer as having recorded a particular sequence of
results always goes to zero in the limit, the composite system will also
approach a state where the observer will have the sure-fire disposition
to report that he failed to get any particular sequence of results that we
ask him about (this is the same feature of the linear dynamics that we
considered earlier in the context of the Bohm’s theory). This means that
if the observer believes what he reports, then in the limit he will believe
that he got some determinate sequence of results but that he failed to get
each particular sequence of results, which presumably cannot be true.
The moral here is that if one believes that the limiting properties tell us
what an observer would believe in the limit, then it is impossible for any
no-collapse theory to make all of an observer’s reports and beliefs true of
even his own experience.

Here is one last observation about the auxiliary dynamics. Suppose a
many-minded observer M measures the x-spin of a system S in an eigen-
state of z-spin and ends up in the state

1
V2
One would expect half of the observer’s minds to end up believing that
S is x-spin up and half to end up believing that S is x-spin down. Now

suppose that someone measures an observable A that has (7.4) as an
eigenstate with eigenvalue +1 and everything orthogonal as an eigenstate

[altIIT)s + oML s] (7.4)
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with eigenvalue — 1. Measuring A does not disturb the observer’s physical
state, but on AL’s dynamics it does change the states of the minds. Albert
stipulates that each individual mind ‘always evolves just as if that mind’s
present beliefs about the quantum state of the world were actually true’,
and in this situation Albert interprets this rule to entail that half of those
minds that believed that S was x-spin up before the A-measurement will
believe that it is x-spin down after and half of those minds that believed
that S was x-spin down before the A-measurement will believe that S is
x-spin up after (1992: 187). In other words, the memories of a particular
mind concerning what it (he or she) believed about the x-spin of § before
the A-measurement may be false.

But it does not seem to be a necessary property of an empirically ade-
quate theory that an observer’s memories be unreliable in a Wigner’s-
friend experiment. Consider Bohm’s theory. Suppose that our friend
records his measurement result in terms of the position of something,
and suppose that our A-measuring device is designed so that it does not
disturb our friend’s quantum-mechanical state and so that the effective
wave function of its own pointer is stationary if and only if the sys-
tem being measured beings in a +1 eigenstate of A. In this situation an
A-measurement of our friend and his object system would produce no
probability currents, which in Bohm’s theory means that nothing (and
this includes the system that our friend used to record his measurement
result) would move, which means that our A-measurement would not
disturb our friend’s record.

7.2.2 The Bohm—Bell-Vink dynamics

On Bohm’s theory the positions of particles are always determinate. As
the wave function evolves in the usual linear way, the theory tells us
how positions change. If the particles are initially distributed in the usual
random quantum way, then they will always be distributed in the usual
way, and the theory makes the usual statistical predictions for position
measurements. But if a solution to the measurement problem requires
one to account for the determinate experiences of observers, then one
will take Bohm’s theory to solve the measurement problem only in so
far as one is convinced that making positions determinate makes the
experiences of sentient beings determinate. And there is no reason to
suppose that all sentient beings must uvltimately record their measure-
ment results in terms of position. On the other hand, the trick that Bohm
used to give a dynamics for position can be used to give a dynamics for
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almost any property (including whatever property would make beliefs
determinate).

Following Bell (1987: 176-7), Vink (1993) has described a natural way
to extend Bohm’s theory to physical quantities other than position. On
Vink’s formulation of quantum mechanics the quantum-mechanical state
Y evolves in the usual linear, deterministic way and the Bell-Vink dynam-
ics (which is simply an extension of Bohm’s dynamics to discrete quan-
tities generally) describes the time-evolution of the determinate physical
quantities. Suppose that the current value of some physical quantity is 0.
The probability that the value jumps to o, in the time-interval dt is T, dt,
where Ty, is an element in a transition matrix that is completely deter-
mined by the evolution of the wave function. More specifically, the wave
function evolves according to the time-dependent Schrodinger equation

ihd | Y (1)) = Hly (1)), (1.5)

where H is the global Hamiltonian. The probability density P, is defined
by

Pu(t) = lonl¥ () 1? (7.6)
and the source matrix Jy,, is defined by
Imn = 2 Im(( (£)|0n) (0n| H |0m ) (0m [ (D). (1.7)
Finally, if J;,, > 0, then forn £ m
Tun = Jun /B Pm; (7.8)

and if J;,,, < 0, then T, = 0.

Vink shows that if one takes Q to be position and takes the lattice to be
fine-grained enough, then this stochastic dynamics approximates Bohm’s
position dynamics over an appropriate time interval. More generally, he
argues that his theory makes the same statistical predictions for the values
of the determinate quantities as the standard theory (whenever it makes
coherent predictions). It is an interesting feature of the stochastic dynam-
ics that one can eventually expect to get the usual quantum statistics even
if the actual epistemic distribution of determinate values begins far from
quantum equilibrium. 10

9 Bohm (1952), Bohm and Hiley (1993), and Bell (1984) described how to make various
field quantities determinate. Vink (1993) described how to work the trick for virtually any
physical property.

10 yplike Bohm’s deterministic theory, Vink’s stochastic theory does not need the dis-
tribution postulate. Because of the random mixing that is automatically generated by the
dynamics, it can get by with a significantly weaker assumption.
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Given that we can make the value of virtually any physical quantity
determinate and describe its dynamics, Vink proposed making the value
of every physical quantity determinate. The problem with this is that the
Kochen—Specker theorem tells us that we can only keep the empirical pre-
dictions of the standard theory (where it makes unambiguous predictions)
and make the value of every physical quantity determinate if we sacrifice
the functional relationships between physical quantities.!! The value of a
particle’s position-times-momentum, for example, would generally not be
the value of its position multiplied by the value of its momentum. Indeed,
the situation is worse: on Vink’s theory the value of a particle’s position-
squared would generally fail to be the square of the value of its position
squared.

In order to account for the experience of observers, however, we do
not need to make every physical property determinate——we just need to
make the physical property that determines our mental states determinate.
Suppose that there is some physical property Q that fully determines the
mental state of all observers. We do not know what Q is, but it presum-
ably depends on such things as the details of human physiology (and the
physiology of whatever other sentient beings there are), and, chances are,
it is an extraordinarily complicated property (one might even expect that
which property determines mental states changes over time, but to keep
things simple, let’s not worry about this here). Since we want mental
states always to be determinate, we want Q always to have a determinate
value. If Q is discrete, then we can take Vink’s dynamics to describe its
time-evolution. And we have a new formulation of quantum mechanics—
call it the Q-theory. By hypothesis, the Q-theory provides an immediate
account of the determinateness of experience, but we can also expect it
to be empirically adequate in so far as Vink’s dynamics makes the same
predictions for Q as the standard theory does. And one might similarly

11 See Kochen and Specker (1967), and more recently Mermin (1990). Both Vink (1993)
and Bub (1995b) have worried about the consequences of the Kochen—Specker theorem for
making every physical property determinate. Vink has concluded that it does not cause any
serious problems since, he argues, ‘during a measurement the wave function of the quantum
system effectively evolves into an eigenstate of the observable being measured, and then
[the usual functional relationships hold] among any set of operators that commute with the
one being measured’ (1993: 1811). Bub on the other hand has concluded that the Kochen—
Specker theorem does indeed pose serious problems and that one thus only ought to make
determinate a single privileged physical property and the maximal set of properties that
can also be made determinate given the current wave function while preserving functional
relationships. A feature of Bub’s proposal is that, except for the one privileged physical
property, what physical properties there are changes over time.
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expect that an observer’s memories are typically reliable on this theory
since this is true in the standard theory.

One could convert the Q-theory into a many-threads theory by taking
0 to be the always determinate physical quantity and the Bohm-Bell-
Vink dynamics as the connection rule that describes how local states hook
together to form the histories of worlds. That is, one could take Q as the
physical quantity that is determinate in all worlds and take 7, as the tran-
sition probabilities for a world to go from one local state to another. Or one
could convert the Q-theory into a single-mind theory by simply taking O
to provide a direct representation of the mental state of an observer, and
one would have an explicit mental dynamics (even if one does not know
what Q is). Or one could convert the Q theory into a many-minds theory
by considering a continuous set of determinate quantities Q,, supposing
that each of these evolves according to the Bohm-Bell-Vink dynamics,
and taking each to provide a direct representation of the minds associated
with an observer. Each of these theories would be memory-preserving.
And this last theory would look very much like AL’s many-minds theory.

Because it might otherwise get lost in the list of options we are consider-
ing, I should like to say a few things about the single-mind Q-theory here.
On this theory one supposes that each observer has just one mind; then
while one might still think of Q as a physical quantity that, if determinate,
would make all mental states determinate, rather than stipulate that this
physical quantity (or any other physical quantity) is in fact determinate,
one interprets O as a direct representation of the mental state of all sen-
tient observers. The Bohm-like time-evolution of Q would describe the
coordinated evolution of all observers’ minds. While @ is a mental param-
eter in this theory, it is analogous to the particle configuration in Bohm’s
theory: just as the configuration determines the positions of each particle
and coordinates their motion in Bohm’s theory, O determines the state of
each mind and coordinates the changes in these states in the single-mind
Q-theory.

The single-mind Q-theory has several nice features. Of course, one
immediately makes every observer’s experiences and beliefs determinate
by stipulating that each observer always has a determinate mental state.
Since Q is understood as a mental parameter rather than a physical one,
there is no physically preferred quantity. Unlike other formulations of
quantum mechanics that appeal to minds, we have an explicit mental
dynamics here (while we do not know what Q is, we know that it evolves
according to the Bohm—Bell-Vink dynamics, and we know, among other
things, that this will give us the usual statistical quantum predictions for
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simple experiments). And just as Bohm’s theory correlates positions of
distant particles to select effectively a single branch of the global state
as actual, a single-mind Q-theory would do the same thing for mental
states of ‘distant’ minds, so one does not have to worry about talking
to mindless hulks. Of course, the single-mind Q-theory requires one to
postulate nonphysical minds with transtemporal identities and the mental
dynamics would fail to be covariant (in very much the same way as the
particle motions in Bohm’s theory fails to be covariant, but here it is
a nonphysical property that violates relativity); but all told, it may be
difficult to do much better.!?

7.3  Lockwood’s minds

Lockwood agrees that the best way of understanding Everett is in terms
of many minds, but he disagrees concerning many of the details of Albert
and Loewer’s theory. One might think of the debate between Lockwood
and Albert and Loewer as being about how close a many-minds theory
can get to Everett’s stated position while still giving us what we expect
from a good physical theory. Lockwood believes that he can eliminate
both the commitment to independent minds and the commitment to the
existence of a fundamentally random process (the time-evolution of the
minds). Albert and Loewer believe that Lockwood ends up with a theory
where there is no adequate interpretation of probability and that one can
consequently have no empirical reason to accept it.

If one accepts Everett’s claim that each branch is equally actual after,
say, an x-spin measurement of a system initially in an eigenstate of z-spin,
then, according to Lockwood, one must conclude that the observer ‘is
literally in two minds’ after the measurement (1996: 166). Consequently,
Lockwood concludes that there really is ‘a multiplicity of distinct con-
scious points of view’ associated with each sentient being at any given
time (170). He refers to these subjectively distinct points of view as minds.
Like Albert and Loewer, Lockwood supposes that there is a continuous
infinity of minds associated with each observer and that these minds are
typically in different mental states and that there is a natural measure
which tells us what proportion are in what state. Lockwood insists on
two things: ‘first, the simuitaneous existence of distinct (and indeed, of
subjectively distinct) maximal experiences, each of which exists in a con-
tinuous infinity of identical copies; and second, the existence of a naturally
preferred measure on sets of simultaneous maximal experiences’ (182).

12 See Evan Squires (1991 and 1993) for a similar story.
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For Lockwood, this continuous infinity of subjectively distinct minds
together make up the observer’s ‘multimind’ or just ‘Mind’ for short.
But on Lockwood’s theory, as on Albert and Loewer’s, it is presumably
the fact that there is a single mind that records exactly those subjective
appearances that I am having right now that accounts for my determinate
experience.

So what is wrong with Albert and Loewer’s theory? Lockwood com-
plains that while Albert and Loewer’s theory ‘plainly succeeds in recon-
ciling the universal occurrence, within the physical universe, of unitary
evolution, with the appearance of state vector reduction in accordance
with the usual statistical rules’, ‘the appeal to dualism, in order to make
sense of quantum mechanics, strikes me as a rather desperate expedi-
ent’ (1996: 176). Lockwood’s goal then is to ‘reap the benefits of Albert
and Loewer’s approach, without having either to embrace dualism or to
introduce any irreducible elements of randomness into the picture’ (176).
His strategy is to give up the transcendental identity of minds. If one
gives up the transcendental identity of minds, then one also gives up the
transtemporal identity of minds, and it is pointless to worry about such
things as which minds have which mental states at a time or how a mind’s
mental state changes over time. Since it is only in the mental dynamics
that Albert and Loewer appeal to a fundamentally random process, by
giving up the transcendental identity of minds Lockwood believes that
he can eliminate all random processes from quantum mechanics. And
finally, by giving up the transcendental identity of minds, he believes
that he can recapture complete supervenience of the mental on the phys-
ical and thus avoid Albert and Loewer’s commitment to mind-body
dualism (184).

In his response to Lockwood, Loewer distinguishes between two types
of many-minds theories. He calls one the Continuing Minds View (CMV).
On this view there is a matter of fact concerning whether a particular
mind associated with a brain’s quantum state at one time is the same as a
particular mind associated with the brain’s quantum states at a later time.
Since there are no physical facts which ground such identities over time,
Loewer grants that this view is ‘robustly dualist” (1996: 229). Loewer
recognizes that the commitment to mind-body dualism makes the CMV
inherently unattractive, but he argues that it is none the less much bet-
ter than the Instantaneous Minds View (IMV), which he takes to be the
view championed by Lockwood. On this view minds have no transtem-
poral identity, so one needs no mental facts to ground the identity of
minds over time, and it seems more likely that one can avoid a dualistic
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theory of mind. The problem, however, is that on the IMV quantum prob-
abilities cannot, as on the CMYV, be understood as dynamical chances of
observer’s minds evolving to occupy various mental states. Since there is
no identity of minds over time on the IMV, one cannot even talk about the
time-evolution of the state of a particular mind.

Lockwood believes that his theory can provide a satisfactory account
of probability. It is true that one has a natural measure over the set of
instantaneous minds given by the norm-squared of the coefficients on
each term in the determinate-belief expansion of the wave function. But
again, since one does not have a notion of identity of a mind over time, it
can presumably make no sense at all on Lockwood’s view to talk about the
probability of an instantancous mind evolving from one mental state to
another. Can the measure on instantaneous minds in Lockwood’s theory
be understood as representing quantum probabilities?

Albert and Loewer do not believe that it can. Loewer argues that
Lockwood’s measure lacks properties that are common to all measures
that truly represent probabilities. Loewer believes that if it is rational
for an agent to assign a probability less than one to a future event, then
there must be some matter of fact about that event of which the agent
is ignorant (1996: 231). But since every matter of fact on Lockwood’s
view is determined by the wave function alone and since an observer can
know the post-measurement wave function before performing an x-spin
measurement on a system in an eigenstate of z-spin, an observer can
know every matter of fact about the post-measurement state before per-
forming the measurement—on Lockwood’s theory there is no matter of
fact about which minds will occupy which mental states, only what pro-
portion of minds will occupy which mental states, and this fact is fully
determined by the wave function alone. But since an observer can know
everything there is to know about the post-measurement state before per-
forming the measurement, the fact that the theory assigns the number 1/2
to the outcome x-spin up can have nothing to do with the probability of
that outcome occurring. Thus, Loewer concludes that Lockwood’s meas-
ure over instantaneous minds cannot be interpreted as a probability. Of
course, on the CMV, where one has the identity of minds over time, there
is a critically important matter of fact about the post-measurement state
that the observer cannot know from the post-measurement quantum state
alone: he cannot know before his measurement what the mental state of
his mind will be after his measurement, and it is this lack of knowledge
that is expressed by the observer’s belief that the probability of getting
x-spin up is 1/2.



Many minds 209

Indeed, it does seem that Lockwood has a very unusual notion of prob-
ability in mind. He claims that the probability measure on the set of
simultaneous maximal experiences plays a role in his theory akin to that
which elapsed time plays with respect to successive maximal experiences.
Just as one might say that this pain lasted twice as long as that, Lockwood
wants to be able to say that this pain ‘is, superpositionally speaking, twice
as extensive as that” when the ‘probability’ of this pain is twice as great
as the ‘probability’ of that pain (182). He asks his reader to picture a two-
dimensional experiential manifold, where each experience has a temporal
length and a superpositional breadth: ‘How bad, overall, a pain of a given,
constant intensity is depends on the overall area which it occupies in one’s
experiential manifold; and this will be a function both of temporal “length”
and superpositional “width”’ (182). So part of Lockwood’s account of
rational behaviour would presumably go something like this: since one
would generally want to avoid pain, one would want to act so as to mini-
mize the superpositional width of a painful experience just as one would
want to act to minimize its temporal length, and one might thus have the
measure over instantaneous minds affect one’s deliberations much as the
usual sort of probabilities would.

It seems to me that rather than recapturing the standard quantum prob-
abilities, Lockwood wants to introduce a entirely new notion of probabil-
ity. There is, of course, nothing wrong with a new notion of probability,
but I find this one puzzling. For one thing, my personal experience pro-
vides me with no reason to suppose that experience has a superpositional
dimension—as far as [ can tell, my experience at every time would be accu-
rately described by a single term of the superposition in the determinate-
belief expansion of the global state. But further, it is difficult to make any
sense of who experiences what on this theory. If the different maximal sets
of experience are subjectively distinct, as Lockwood says, then how could
a pain be subjectively worse for me if it occurred in a greater measure of
elements of my Mind? It seems to me that since I only ever experience one
mental state at a time, it must be my mind, not my Mind (or multimind),
that accounts for my experience. But Lockwood denies that my mind has
a transcendental identity, so to talk of its state or how it evolves would be
to talk nonsense. Again, if I am right, then my experience is the experience
of a mind (characterized by a single maximal mental experience) and not a
Mind (characterized by the set of all physically possible maximal mental
experiences); which means that if Lockwood gives up the transcendental
identity of minds, then he cannot account for my experience. Not only is
it difficult to understand Lockwood’s probability measure as representing
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familiar probabilities, then, but it is also difficult to see how he can account
for the sort of determinate experience that we take ourselves to have.

Lockwood believes that his theory is empirically equivalent to Albert
and Loewer’s, and since their theory is empirically adequate, he believes
that one must also grant that his theory is empirically adequate. But since
minds on Albert and Looewer’s many-minds theory typically have reliable
memories of their own past mental states and since minds on Lockwood’s
many-minds theory do not even have transcendental identities, there is a
sense in which the two theories cannot possibly make the same empirical
predictions.

While Loewer is willing to grant that the two theories predict that the
same experiences will somehow be occurring at a given time, he argues
that the two accounts cannot be evidentially equivalent. More specifically,
he argues that if IMV is true, then one could never have empirical jus-
tification for accepting it as true; that is, Loewer argues that the IMV is
empirically incoherent. If one agrees with Loewer’s earlier conclusion that
Lockwood has no adequate account of probability, then the argument that
there could be no empirical justification for accepting Lockwood’s theory
as true is straightforward: since the measure over instantaneous minds
cannot be interpreted as a probability, nothing follows from Lockwood’s
theory concerning the likelihood of an agent having a particular mental
state at a time; consequently, that one in fact has a particular mental state
can provide no evidence whatsoever for or against the theory. In contrast,
one can have empirical evidence for or against the CMYV since it makes
specific statistical predictions about the mental state of each mind and
how this state will evolve over time. That is, AL’s many-minds theory is
empirically coherent and Lockwood’s is not.

It is Lockwood’s denial of the transcendental identity of minds that
makes his theory empirically incoherent. But here the problem is not, as
in Bell’s Everett (?) theory, that one has no empirical evidence for the
theory’s dynamics because one cannot in fact reliably remember one’s
past experience. Rather, here the claim that one can reliably remember
one’s past experience is just complete nonsense. On Lockwood’s theory
there are no minds that could have reliable memories of their past experi-
ence because minds fail to have transtemporal identities. Thus, it seems,
one could never have empirical evidence for Lockwood’s claim that the
usual linear dynamics always correctly describes the time-evolution of
the quantum-mechanical state.

The transtemporal identity of minds is a precondition for observers hav-
ing reliable memories of their past experience on a many-minds theory.
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This means that if the transtemporal identity of minds commits one to a
robust mind-body dualism, then one can only have an empirically coher-
ent many-minds theory (one such that if it were true, then one could have
empirical evidence for accepting it as true) if one commits to a robust
mind-body dualism.

Lockwood’s many-minds theory can in some ways be thought of as a
step away from Albert and Loewer’s theory in the direction of what one
might call a relative-fact theory.!3

7.4 Relative facts

Everett said that ‘the discontinuous “jump” into an eigenstate is.. . only
a relative proposition, dependent upon our decomposition of the total

13 Just as with many-worlds theories, there are many many-minds formulations of quan-
tum mechanics. A recent example is developed by Chalmers in his 1996 book. Chalmers
argues that ‘As superpositions come to affect a subject’s brain state, a number of separate
minds result, corresponding to the components of the superposition. Each of these perceives
a separate distinct world, corresponding to the sort of world that we perceive’ (1996: 347).
That separate minds would result from the superposition of brain states is supposed to be
a consequence of the theory of mind that Chalmers develops in the rest of the book. Since
his theory of mind is developed independently of quantum-mechanical considerations, it
would be very suggestive if it did in fact predict the existence of multiple minds each with
a determinate mental state when an observer’s brain state is in a complex superposition
of states. But I do not think that it does. If I understand Chalmers’s argument correctly, it
goes something like this: There is a mind associated with every physical implementation
of the right sort of computation. If an observer is in a superposition of brain states that
each implement a computation, then the observer is a physical system that implements each
of the superposed computations. Therefore, there is one mind associated with each of the
observer’s superposed brain states (with the corresponding mental state). One problem with
this argument is that a physical system that is in a superposition of implementing differ-
ent computations would presumably not determinately implement any particular one of the
superposed computations. Of course, what it takes for a physical system to implement a
computation depends on exactly how one understands the implementation of computations.
But if we assume the standard intepretation of states (and Chalmers provides no other way
to understand physical properties) and if it is the physical dispositions of a system that
determine what computations the system implements, then a superposed system would not
implement the same computations that it would if it were in fact in one of the superposed
states because it would have different physical dispositions from those it would have if it
were in one of the superposed states. And it seems that the physical dispositions of a system
must be at least part of what determines what computations the system implements. See
Chalmers (1996: 317-18) for his account of implementation. One other highly influential
many-minds theorist is Matthew Donald (1990, 1995, 1996). The differences between his
approach and Albert and Loewer’s, say, include the fact that Donald wants to understand
our experience in terms of mental processes over time rather than in terms of a sequence of
mental states and that he wants to take into account the physical properties of real brains
and how they interact with their environments (1996).
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wave function into the superposition, and relative to a particular chosen
apparatus value’ (1973: 59-60). But how could an actual event, the sub-
jective experience of a real observer, depend on a choice of how to write
the total wave function and a choice of a particular apparatus value from
among the terms in the expression of the state when both of these would
clearly be arbitrary matters of convention? One solution would be simply
to deny (without introducing worlds, minds, or anything else) that there
is typically any absolute matter of fact concerning the experience of any
observer—that is, one might understand facts about the values of phys-
ical quantities generally and facts about an observer’s experiences and
beliefs more specifically as inherently relational on Everett’s formulation
of quantum mechanics.

There is a sense, of course, in which an observer’s experience is a
relative fact on each of the many-worlds and many-minds theories that
we have considered so far: on the former theories an observer’s experi-
ence is relative to which world he inhabits, and on the latter theories an
observer’s experience is relative to the mind that in fact accounts for his
experiences and beliefs. Each of these theories, however, in some way
privileges a particular decomposition of the wave function, and it seems
to me that, given the global quantum-mechanical state, Everett took facts
to be relative to both one’s choice of a particular decomposition (since this
choice is supposed to be arbitrary) and one’s choice of a particular term
in the decomposition. In order to capture this double relativity of facts,
one needs a more thoroughgoing relativism than what is provided by the
many-worlds and many-minds theories that we have considered so far.

Hillary Putnam at one time believed that physical facts in quantum
mechanics were relative to the specification of an observer—or more
specifically, relative to the specification of a particular von Neumann cut.
He explained that

when we choose to measure the ‘mortality condition’ of [Schrodinger’s] cat (alive
or dead), we choose to institute a frame relative to which the cat has a determi-
nate property of being alive or a determinate property of being dead and the
measurement finds out which; we are, so to speak, ‘realists’ about the property we
measure; but we are not committed to realism about properties incompatible with
the ones we measure. Relative to this observer these properties are ‘real’ (i.e. there
to be discovered); but relative to a different observer different properties would
be ‘real’. There is no ‘absolute’ point of view. (1981: 209)

According to Putnam, there are no jumps in the physical state of a system;
but rather, such talk is only an ‘expression of the relativity of truth to the
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observer’ (209). But since he seems to presuppose that there are absolute
matters of fact once one specifies a particular observer, it may be that not
even this sort of relativism goes far enough to capture what Everett had
in mind.

Butterfield (1995), perhaps closer to the way Everett explains his theory,
thinks of branches as representing a new dimension of indexicality. On
this view, branch constitutes a parameter, like time, relative to which the
same physical object might have different properties. Butterfield notes that
on this view the fact that many propositions true in the apparent branch
(for example, ‘The pointer on the measuring device reads “x-spin up”’)
are false in other branches is as straightforward as the fact that ‘Anna
is here at noon, 4 July 1984’ is not everywhere true. A consequence of
this view of branches is that even though one might be tempted to use
the pronoun ‘my’ to specify the apparent branch, it does not necessarily
mean that different branches contain different people or are associated
with different minds—just as one might talk about the same person or
mind at different times, one might talk about the same person or mind at
different branches.

The analogy between branch and time is suggestive, but an analogy is
only truly helpful when we understand at least one side of it—since we do
not have a very firm grasp on the nature of time, it is unclear how one can
exploit the analogy to get a satisfactory relative-fact account of our deter-
minate experiences and beliefs. But further, it is difficult to reconcile both
my naive intuitions and the results of my direct introspection concerning
the basic nature of my experience with what a relative-fact theory seems
to demand.

If I simultaneously have many mutually incompatible experiences, then
how is the fact that these experiences are at different branches supposed to
explain the fact that it always seems to me that 1 have a single determinate,
nondisjunctive, and nonrelative experience? According to the analogy
between time and branch indexicality, the answer must be that just as
one can experience different things at different times, one can experience
different things at different branches. But it seems to me that there is
a significant disanalogy here. While I remember different experiences at
different times, I have no evidence whatsoever of in any way experiencing
or having experienced more than one branch—it seems that I, the only /
that I care about, only ever experience one branch. Of course, one could
simply reply that while I can know by direct introspection that I have
different mental states at different times, I cannot know thatI have different
mental states at other branches in the same way. But this is not very
satisfying when there is no empirical reason at all to believe that I ever in
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any way experience other branches. In any case, it is clear that if one opts
for this sort of approach, one would have to have a picture of experience
that is fundamentally different from my (naive) picture. !4

Simon Saunders (1995) has a view that seems to me to be similar to
the one described by Butterfield. He proposes that value-definiteness in
Everett’s pure wave mechanics is to be understood, as temporal tense is
often understood, in purely relational terms—just as events occur ‘before’
only relative to the occurrence of other events, facts about the determinate
value of a physical quantity are ‘actual’ only relative to other facts; or,
perhaps better, facts about determinate values are ‘actual’ only relative to
each other. Saunders argues that ‘what is involved in the Everett procedure
[for determining relative states] is poorly made out in terms of the notion
of a set-theoretic collection of worlds’ (1995: 236). Rather, the point of
Everett’s talk of relative states is that facts are relations; in other words,
a fact concerning a physical system is typically only a fact relative to a
specification of the state of every system with which it has interacted.

A relative-fact theory like this has curious consequences. Where is the
Eiffel Tower? Well, there is no simple matter of fact about where it is;
rather, the location of the Eiffel Tower is relative to a specification of the
state of all other systems that are somehow correlated with its position.
Relative to Hitler being dead, etc., the Eiffel Tower is in Paris. But relative
to Hitler being alive, etc., perhaps the Eiffel Tower is in Berlin. But Hitler
isn’t really alive, right? Just as the location of the Eiffel Tower is a relative
fact, whether Hitler died in the Second World War or not is a relative fact.
Perhaps Hitler is dead relative to the Eiffel Tower being in Paris but alive
relative to the Eiffel Tower being in Berlin. And so on.

So how would one account for one actually seeing the Eiffel Tower
in Paris? Since Saunders does not want to commit to a many-worlds or
many-minds ontology, one cannot even say that while the Eiffel Tower
might be in Berlin in another world (or from the perspective of another
mind), it is in Paris in my world (or from the perspective of my mind). The
best that one could do here is to say something like this: the Eiffel Tower

1 Once one starts to talk about branches as describing the local states of worlds or
minds, then one is thinking of different branches in a more robust sense than one does on a
relative-fact theory. This more robust sense of difference is what provides the straightforward
accounts of determinate experience in the many-worlds and many-minds theories (those that
allow one to make sense of the transtemporal identity of observers, that is). On a many-
threads theory, for example, it is because an observer inhabits a particular world that the
observer has the experiences that he does, and by dint of the fact that they inhabit different
worlds, there are many different observers (though they may all look very much like me).
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is in Paris relative to my seeing the Eiffel Tower in Paris. And here one
cannot appeal to a matter of fact about which world one inhabits or which
mind describes one’s experience in order to account for one’s experiences
and beliefs: all records, experiences, and beliefs are, like most other facts
on the theory, essentially relative.

There are two particularly straightforward things to say at this point.
First, if there is good reason to believe that there is an absolute matter
of fact concerning what one currently believes about the location of the
Eiffel Tower, whether Hitler is alive, or that one is currently reading a
sentence that begins with the words ‘First, if there is good reason to
believe’, then there is good reason not to like a relative-fact theory. The
proponent of such a theory has the job of trying to convince us that the
rewards of accepting such a theory warrant the sacrifices one must make,
but this is difficult when one must sacrifice such simple convictions as that
the Eiffel Tower is in Paris and that I am currently reading. What could
warrant this sort of sacrifice? The simplicity of the theory? The fact that
the dynamics can be written in a covariant form? Presumably my beliefs
about the importance of such considerations should not lead me to accept
a theory that says that there is no matter of fact concerning what I believe.

Secondly, while a relative-fact theory is faithful to what Everett said
about the fundamental relativity of states and to his view of physics as
the study of quantum-mechanical correlations, it violates Everett’s goal
of deducing the same empirical predictions as the standard collapse for-
mulation of quantum mechanics. The standard theory tells us that there is
typically a simple matter of fact concerning what measurement result an
observer ends up recording after an observation. But on the relative-fact
theory there is no simple matter of fact concerning what measurement
result the observer ends up recording. The two theories do not just predict
different records, they predict very different sorts of records, one an abso-
lute record and the other a relative record. If two theories must predict
the same measurement records in order to make the same empirical pre-
dictions, the standard collapse theory and the relative-fact theory do not
make the same empirical predictions. Indeed, it is unclear what empirical
predictions the relative-fact theory makes.

Saunders believes that decoherence solves the preferred-basis problem
in so far as one needs a preferred basis to account for the experiences of
observers (how decoherence effects can be taken to select a physically
preferred observable is something I shall discuss in the next chapter). But
while he believes that decoherence considerations provide a preferred
basis appropriate to explain an observer’s relative experience at a time,
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he does not believe that they provide any sort of ‘actualization’ of any
one decoherent history at the expense of the other decoherent histories.
One is consequently left with only a branching structure of decohering
histories. But for Saunders this is enough: ‘The basic idea of the relational
approach is that this is all that is required at the level of the fundamental
equations. What is “actual”, just as what is “now”, is to be understood as
facts about relations’ (1995: 243).

But then how does one understand the usual statistical predictions of
quantum mechanics? What is the significance of the amplitude associ-
ated to a particular relative fact by the global wave function when all
relative facts represented by the wave function are supposed to be true
(as relative facts)? Why do there really seem to be chance events? And
what reason is there to take the relative-fact theory as empirically ade-
quate when we seem to get simple measurement results that exhibit the
usual quantum statistics rather than the relative results that are predicted
with certainty on the relative-fact theory? Concerning such questions,
Saunders says, ‘I equate empirical adequacy with purely formal criteria
of adequacy . . . Any other desiderata will ultimately amount to an a priori
or philosophical theory of probability’ (1995: 258). That is, one should
allow the relative-fact theory to set its own standard of intelligibility and
empirical success.

While it is probably a good idea to allow for the possibility that a
new physical theory will tell us something about how to improve our
empirical evaluation of physical theories, a natural objection to allowing
a physical theory to set its own standard of intelligibility is that if we
altogether relinquished the right to evaluate a physical theory on extra-
theoretical grounds, then we would have no way to choose a theory: we
would have to take every logically consistent theory as seriously as any
other (indeed, we would have to take the inconsistent theories seriously as
well if we understand logical consistency itself as an external criterion).
While there is no consensus among scientists and philosophers about what
a satisfactory physical theory should do, most would presumably agree
that it should at least be consistent with our actual experience. But since
the relative-fact theory denies that there is anything that corresponds to
the expression ‘our actual experience’, one loses even this as an external
standard by which one might judge the theory’s empirical adequacy.!

15 Note that here, unlike the splitting-worlds or many-minds theories, there is not even a
clear notion of my (local) experience. On Saunders’ view there are not different experiences
for different mes rather, there is only one me and facts about me have an essentially relative
structure.
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And one is left with little that could support a claim that there are empirical
reasons for accepting the relative-fact theory.

On the other hand, the analogy between branch and time is so suggest-
ive that it would be nice if there were some way to get a satisfactory
relative-fact theory along the lines suggested by Saunders. It is just that
I can see no way to reconcile the many relative experiences and beliefs
that are all predicted by such a theory with certainty with the random
absolute experiences and beliefs that I actually (or seem to actually) take
myself to have—experiences and beliefs that exhibit the usual quantum
statistics.

7.5 Correlations without correlata

A similar view has recently been promoted by David Mermin (1997)
and Carlo Rovelli (1996).16 The basic idea behind this view is to try to
understand quantum mechanics in terms of statistical correlations without
there being any determinate correlata that the statistical correlations
characterize. 1 shall focus on Mermin’s theory, and I shall explain the
sense in which I take it to be closely related to the single-mind and many-
minds theories discussed earlier.

In order to take the standard theory of quantum mechanics without
the collapse dynamics to be a complete physical theory, one must accept
that there are typically no determinate physical measurement records at
the end of a measurement. Mermin accepts this, but he also wants to
explain why this is not a serious problem. The explanation is that physics,
properly understood, is about correlations and only correlations. It is not
about correlations between determinate physical records nor is it about
correlations between any other determinate physical properties. Rather,
physics is about correlations without correlata. According to Mermin,
‘Correlations have physical reality; that which they correlate does not’
(1997: 2).

Of course, there is something about all this that may remind one of
passages in Everett. Everett, after all, held that all physical laws are cor-
relation laws (1973: 117-18) and, at least sometimes, it seems that these

16 The idea that quantum mechanics is about correlations and only correlations is not
new. Indeed, as Mermin points out, the idea goes back at least to Bohr’s response to the
original EPR paper (Mermin 1997: 25). Also, it seems to me that Mermin’s position is very
much like Pauli’s position as described in Ch. 2.
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correlation laws were not supposed to be understood in terms of correla-
tions between any actual physical properties (105). Rather, for Everett,
the laws of physics concern ‘internal correlations’ (an expression that
Mermin also uses) that are expressed in the universal wave function,
and these quantum-mechanical correlations do not require there to be
any determinate physical properties that are in fact correlated.

While it is difficult to figure out just what the significance of relative
states were for Everett, Mermin’s position is clear, For Mermin, Everett’s
relative states, the states that are supposed to be internally correlated,
‘have no physical significance’. To think otherwise ‘sends one off into the
cloud-cuckoo-land of many worlds’ (1997: 26).

Mermin’s argument that quantum mechanics describes correlations
without correlata goes something like this: If one takes the usual quantum-
mechanical state to provide a complete and accurate physical description
(which one should), then it follows (as a straightforward consequence of
quantum mechanics) that one must also take the set of all internal sta-
tistical correlations to provide a complete and accurate physical descrip-
tion.!” But one cannot consistently take all of these correlations to be
descriptive of the actual physical state if one also takes them to be cor-
relations between the determinate values of physical quantities (because
of the various no-go theorems).!® So quantum mechanics is about the
statistical correlations and only the correlations—there are no correlata:
‘the correlations that quantum mechanics describes prevail among quan-
tities whose individual values are not just unknown: they have no physical
reality’ (Mermin 1997: 6).

But how are we supposed to understand quantum statistical correlations
without correlata? Isn’t a statistical correlation necessarily a correlation
between determinate correlata? And if there are typically no determinate
physical records, then how are we supposed to explain our determinate
experience? Mermin recognizes such problems, but he wants to set them
aside. Rather than understand statistical correlations in terms of the deter-
minate values of correlata, he takes the notion of correlation to be ‘one of
the primitive building blocks from which an understanding of quantum

17 Mermin calls this Wootter’s theorem (1997: 10-11): the quantum-mechanical state
of a system provides a complete physical description of the system if and only if the set
of all internal correlations between its subsystems (for all possible resolutions of the state)
provides a complete physical description of the system. As Mermin puts it: ‘The quantum
state of a complex system is nothing more than a concise encapsulation of the correlations
among its subsystems’ (11).

18 See Mermin (1997: 19-21) for an example of what goes wrong.
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mechanics is to be constructed’ (1997: 6). And concerning the problem
of explaining our determinate experience he says, ‘I shall take the extra-
ordinary ability of consciousness to go beyond its own correlations with
certain other subsystems to a direct perception of its own underlying
correlata as a deep puzzle about the nature of consciousness’ (6).

If determinate physical records are a precondition for determinate men-
tal records, then there would typically be no determinate mental records on
Mermin’s theory, which presumably means that there would be no deter-
minate experiences. So if one assumes that determinate physical records
are a precondition for determinate mental records, then this theory, like
the relative-fact theory in the last section, makes no determinate empirical
predictions. How should one judge the empirical merits of such a theory?
Or is physics, properly understood, not about empirical predictions?

It seems, however, that Mermin believes that we do in fact typically get
determinate results to our measurements. In order to allow for the pos-
sibility of determinate experience in the absence of determinate physical
records, Mermin stipulates that while the usual quantum-mechanical state
provides a complete description of physical reality, it does not provide a
complete description of reality (1997: 8). But while this distinction allows
for the possibility of determinate experience, since quantum mechanics
is only about physical reality and since our determinate experience is
not determined by physical reality, it seems that Mermin’s formulation
of quantum mechanics still makes no empirical predictions concerning
our determinate experience. Mermin admits that, ‘While I maintain that
abandoning the ability of physics to speak of correlata is a small price to
pay for the recognition that it can speak simultaneously and consistently
about all correlations, there remains the question of how to tie this won-
derful structure of relationships down to anything particular, if physics
admits of nothing particular’ (29). And he says that ‘at this stage I am not
prepared to offer an answer’ (30).

It is worth noting that there is a sense in which Mermin’s theory as
it stands does not even predict the right statistical correlations since it
does not tell us how to update quantum-mechanical correlations after a
measurement. Or, put another way, Mermin’s theory provides no expla-
nation why the proper quantum-mechanical correlations after a meas-
urement seem to be those associated with a particular eigenstate of the
observable being measured. This sort of worry leads Mermin to specu-
late that ‘I suspect that our unfathomable conscious perceptions will have
to enter the picture, as a way of updating correlations’ (1997: 30). But
it seems to me that we need not only a rule for updating the statistical
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correlations on measurement but a theory that predicts determinate meas-
urement results.!?

If one wants a formulation of quantum mechanics that makes clear
empirical predictions, then one might consider adding a way of represent-
ing our actual measurement results and a description of how these results
depend on the evolution of the physical state. If one keeps Mermin’s dis-
tinction between physical reality and reality, then one might still take the
usual quantum-mechanical state to provide a complete description of the
physical world. But if one adds to Mermin’s theory something nonphys-
ical that explains why we get determinate measurements results and why
the collapse postulate works so well in updating statistical correlations,
then it seems to me that one ends up with something very much like
a single-mind or many-minds theory. And of course, one might fix the
relative-fact theory in essentially the same way.

19 Without determinate measurement results, the statistical correlations predicted by the
theory would have nothing in principle to do with our experience, so it would be difficult to
say why one would care whether or not they were the empirically right statistical correlations.
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MANY HISTORIES

THERE is a sense in which simple interference effects are destroyed
when a system’s environment becomes correlated with its state. This phe-
nomenon is called, decoherence. 1 shall consider three approaches here.
According to one, decoherence alone explains why we get determinate
records. According to another, decoherence helps one to formulate a sat-
isfactory interpretation of Everett by selecting a globally preferred basis
that makes the right physical facts determinate in each Everett branch.
And according to the third, decoherence selects a locally preferred basis
for each observer that makes the right physical facts determinate from the
perspective of that particular observer.!

There is a long tradition of arguing that although an observer will
typically end up in an entangled superposition of recording mutually
incompatible measurement results, decoherence effects will destroy the
interference effects and thus provide the observer with an effectively deter-
minate record. I shall argue, however, that environmental decoherence
does not by itself explain our determinate records.

A more modest use for decoherence considerations is in determining
an objectively preferred set of alternative histories in the context of a
many-histories (or many-threads) formulation of quantum mechanics. If
decoherence considerations select a single, objectively preferred set of
possible histories and if observers typically have determinate measure-
ment records in these histories and if the theory can explain why we should
expect our history to exhibit the usual quantum statistics, then one would
have a many-histories theory that was better than those discussed earlier
since one would not have to thoose a special preferred physical property

1 See Zeh (1970) for an early discussion of decoherence in the context of Everett. We
have already seen, however, that Everett did not think that decoherence effects were nec-
essary to explain our determinate experience. Further, as far as I can tell, Everett never
used decoherence effects to argue for a physically preferred basis; indeed, whenever he said
anything about the subject, he always maintained that one’s choice of basis was entirely
arbitrary. But it seems to me that whether a decoherence formulation of Everett can be made
to work is more important than whether such a formulation is a historically accurate recon-
struction of what he wanted. Consequently, in this chapter we will sometimes find ourselves
even farther from what Everett himself actually said than usual.
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as always determinate. I shall argue, however, that one encounters similar
problems in choosing a preferred set of histories as one does in choosing
a preferred determinate property.

An even more modest use for decoherence considerations is in specify-
ing a rule for what physical properties are determinate for each observer
individually at a time given the current quantum-mechanical state. The
hope here is that such considerations will select the observer’s most imme-
diately accessible records as determinate precisely when they need to be
determinate in order to account for the observer’s experiences and beliefs.
One would then know what needs to be added to the usual quantum-
mechanical description in order to describe the observer as having a par-
ticular determinate measurement record. I believe, however, that there are
rather serious problems with each of the rules that have been cooked up
so far. I shall briefly mention some characteristic problems at the end of
the chapter.

8.1 Interference effects and the environment

Consider two interference experiments.

The first experiment is the two-slit interference experiment we started
with in Chapter 1. A source emits one electron per second, these travel
past a barrier with two slits A and B, and strike a phosphorescent screen.
Suppose that the source and barrier are such that each electron ends up
in a superposition of passing through slit A and passing through slit B.
Suppose also that nothing in the environment becomes correlated to an
electron’s position until it hits the screen. In this case, each second there
will be a small flash of light somewhere on the screen showing where
the electron hit. If one marks each of these points, one will eventually
observe an interference pattern on the screen. The pattern will be different
from what one would get by randomly blocking one of the slits and thus
forcing each electron to go through one slit or the other. As we saw,
such interference behaviour led to the standard interpretation of states
where one concludes that an electron did not go through slit A4, it did not
go through slit B, it did not go through both, and it did not go through
neither; rather, it was in a superposition of going through slit A and going
through slit B.

The second experiment is similar to the first except that a thin conduct-
ing loop is placed around slit A so that a current will be induced in the
loop if and only if an electron passes through slit A. In this case one will
not observe an interference pattern on the screen; rather, the pattern one
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gets on this experiment will be perfectly compatible with each electron
either going through slit A or going through slit B (Fig. 8.1). This sec-
ond experiment shows that there is a sense in which a system no longer
exhibits quantum-mechanical behaviour when its environment becomes
correlated with its state (when the current in the wire loop becomes cor-
related with the positions of the electrons). Given our observations of the
electrons at the screen, one might feel more comfortable saying that each
electron passed through one slit or the other in the second experiment than
one would in the first—after all, one might argue, the pattern in the second
experiment is precisely what one would expect to get if each electron did
in fact go through one slit or the other.

This destruction of simple interference effects by environmental cor-
relations is called decoherence. The basic argument that decoherence
explains our determinate experience goes like this: just as the environ-
mentally correlated superposition in the second experiment is empirically
indistinguishable from a state where the electron passes through either one
slit or the other, an environmentally correlated superposition of different
measurement records is empirically indistinguishable from a particular
measurement record. While there is something seductive about such an
argument, | shall argue that it simply does not work. But we first need to

] ] 1 1
Wire loop
4 | 4 |
B B F
Barrier Screen Barrier Screen
@ )

FiG. 8.1 How environmental correlations destroy simple interference effects.
(a) The interference distribution. (5) With a wire loop at A.
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consider the sense in which it would be very difficult to perform an experi-
ment that would distinguish between a state where a measuring device
recorded a superposition of results and a state where it recorded a single
determinate measurement result.

8.2 The sense in which it is difficult to distinguish pure states
from mixtures

Consider another Wigner’s-friend story. Suppose that our friend F is ready
to measure the x-spin of an electron S in an eigenstate of z-spin. Suppose
further, as we have been supposing in such stories all along, that F’s
brain, where he records his measurement result, is perfectly isolated so that
nothing in the environment of F'+ S gets correlated with F’s measurement
record.? Since the electron is in a superposition of the x-spin states, and
since F is a good observer, the usual linear dynamics predicts that F’s
brain will end up correlated with the x-spin of the electron: and § is
initially in the state described by

sz FIt)s +Yrl)s). 6.1

Now consider an observable A of the composite system F 4 S that
has precisely this state as an eigenstate corresponding to eigenvalue +1
and everything orthogonal as eigenstates corresponding to eigenvalue —1.
Since neither [1)g|1)s nor |{)F|])s is an eigenstate of A, if one could
make A-measurements of the composite system (or better, a collection of
such systems), then one would be able to tell whether F’s interaction with
S was correctly described by the usual linear dynamics or the collapse
dynamics: if a collapse occurred when F made its x-spin measurement,
then an A-measurement might yield either 41 or —1, each with probability
1/2; but if no collapse occurred, then an A-measurement would with
certainty yield +1.

This suggests that one might simply go out and decide once and for
all whether the friend’s measurement of the electron leads to the super-
position predicted by the linear dynamics or the statistical mixture pre-
dicted by the collapse postulate. In addition to the fact that F’s brain is an

2 This is, of course, obviously false. As Matthew Donald likes to say, real brains are
warm and wet. See Donald (1996) for a rather more sophisticated model of mental states
and processes than what I have been using here. Donald appeals to decoherence effects to
formulate a version of quantum mechanics akin to a many-minds theory.



Many histories 225

extraordinarily complex system, there is something else that would make
it virtually impossible for us to make a measurement of ¥ 4§ that would
distinguish between the superposition and the statistical mixture: if F is
anything like a real observer, then F’s environment will almost surely
become correlated with F’s brain state in one way or another and this will
destroy the particular interference effect measured by A.

Suppose that the usual linear dynamics correctly describes the interac-
tion between F and S but that the position of a single particle P becomes
well-correlated with F’s brain record of his x-spin measurement so that
the final state is not

lideal) pyFt5 = [O>P\/2(|T FItys +)Fl)s), (8.2)

a state where P can be ignored in the context of measurements of F 4 S
because it is correlated with the state of neither F nor S, but

[real) py Fis = \/Z(IO)PM)FM‘)S‘F]UPNz)FNr) sh (8.3)

a state where F 4 S no longer has a determinate state of its own and
P can no longer be ignored when considering measurements involving
F or S. The problem is that the A-measurement described above would
fail to distinguish between the superposition of records represented by
|real) p4 p+5 and the statistical mixture of records represented by proba-
bility 1/2 of |0) p|1) r|1} s and probability 1/2 of [0) p [} | )s. In either
case, there would be a probability of 1/2 of getting +1 for the result of the
A-measurement since the norm-squared of the projection of each of these
three states on |ideal) p+ r1 5, Which is the eigenstate corresponding to the
eigenvalue +1 of the observer A for the composite system P + F + M,
is 1/2.

The upshot of this is that if F’s brain record becomes perfectly cor-
related with any physical property of anything in its environment (and
one would expect this to happen very quickly with any real brain record),
then an A-measurement would tell one nothing about whether or not a
collapse occurred—the stronger the correlation the less information one
would get. That is, A would now be the wrong observable to measure
to determine whether F’s interaction with S was correctly described by
the linear dynamics. Of course, there would be some other observable
of the composite system P + F + S that would in principle allow one

to distinguish between |real) p1 pys and [0) p| 1) FIT)s or [Dp L) mIl)s
and there is always such an A-type observable (one that would distinguish
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between the superposition and the statistical mixture) regardless of how
complicated the interaction between F + S and its environment is. The
problem is that one would have to know exactly what the interaction was
in order to know which A-type observable to measure, but since brains are
complex systems that interact with their environments in complex ways, it
is extraordinarily unlikely that anyone will ever actually perform any such
experiment. This is the sense in which it would be very difficult, perhaps
impossible, to perform a measurement that would distinguish between a
superposition of brain states and a statistical mixture of brain states.

So the argument that decoherence effects by themselves solve the mea-
surement problem goes something like this: Since one would generally not
know what systems are correlated with F’s measurement record nor how
they are correlated, one would generally not know which measurement
to perform to distinguish between jreal) p; r+ s and a state where F has
recorded a determinate result. Further, any measurement that would distin-
guish between such states would presumably be extraordinarily difficult
to perform even if one knew what it was. Consequently, it would be vir-
tually impossible to distinguish between the superposition |real) p4 15
and a state where F reports a single, determinate result. Thus (it is argued)
for all intents and purposes |real) p4 45 describes a state where F has
recorded a single, determinate result.

But even if it were impossible for us to perform an experiment that
would distinguish between |real) p4 45 and a state where the observer
has recorded a determinate result, it would not follow that F has recorded
asingle, determinate result when he is in the state |real) p+ p4. 5, nor would
it follow that there is a particular result that it somehow seems to I that he
got.3 Further, the difficulty of making appropriate A-type measurements
is presumably not the sort of thing that could explain F’s belief that he
got a determinate result. An observer typically believes that he recorded a
determinate result not because it is difficult to perform an A-type measure-
ment that would distinguish between his brain being in a superposition of
recording different results and being in a statistical mixture but because
he knows what result he in fact recorded.*

3A proponent of the bare theory might argue that it would seem to F that he got some
determinate result, but the bare theory predicts that F will in fact fail to have determinate
measurement record, and this has nothing to do with decoherence anyway.

4 That is, we do not believe that measurements yield determinate results because of the
difficulty of A-type measurements; rather, as Albert put it, this ‘is the kind of thing we learmn
by means of direct introspection, by merely knowing that there are matters of fact about
what our beliefs are’ (1992: 92n.).
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In order for the theory to predict that an observer typically records
a determinate result the theory must describe the observer as in some
sense having a single determinate measurement result. But a state like
[real) po Fis cannot be understood as a complete description of an
observer with a determinate measurement record because it does not
tell us what the measurement record is. Moreover, if he does not have
one to begin with, then further correlations between the observer and his
environment will do nothing whatsoever to endow him with a determi-
nate measurement record. One has a choice: either deny that the usual
quantum-mechanical state is complete and add something to the theory to
specify what result the observer in fact recorded or deny that the observer
recorded a single, determinate measurement result.

While the problem with the basic decoherence argument is fairly
straightforward, it remains popular. And it is sometimes proposed as the
solution to the determinate-experience problem in Everett’s theory.

8.3 Decoherence and determinate perceptions

W. H. Zurek (1991) argues that while Everett’s formulation of quan-
tum mechanics represents an attempt to do away with Bohr’s boundary
between the classical and the quantum worlds, it still provides no adequate
explanation of where and how it is decided what an observer actually per-
ceives. But such an explanation is possible, he believes, if one considers
interactions between the observer and his environment. Observers are
macroscopic systems, and as such are extremely difficult to isolate from
their environments. Consequently, the state of an observer’s environment
will typically quickly become correlated with the state of the observer
(and his measuring device), and one should no longer expect the observer
(or his measuring device) to exhibit the indefinite quantum-mechanical
behaviour that results from being in a pure coherent state. According to
Zurek, then, the decoherence of the observer’s state ‘imposes, in effect,
the required embargo on the potential outcomes by allowing the observer
to maintain records of alternatives and to be aware of only one branch’
(1991: 37). Zurek thus believes that decoherence explains why an observer
would determinately perceive a single measurement result when he was
in fact part of a composite system that was in a complicated superposition
of states corresponding to having recorded mutually incompatible results.

Let’s consider how this is supposed to work in more detail. Suppose
the x-spin of a particle S is recorded in the state of a single detector
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particle M. If both particles are well-isolated from their environments,
then Zurek concludes, in agreement with the standard interpretation of
states (the eigenvalue—eigenstate link), that there is no determinate post-
measurement record of the result; rather, the resulting pure state is just
the correlated superposition:

(V) = 1//2(1Sp) | My) + [SPIM ). (8.4)

The statistical properties of a system in this state are represented by the
pure-state density matrix for S and M (see the end of Appendix A for a
brief description of this notation):

pP =Y ) (Y]
= | [*[St)(S+IMy ) (M| + B[Sy (Sy | My ) (M|

+a* BIS)) (SyIM ) (My | + BIPIS|)(S 1M ) (M ] (8.5)

But after a measurement one would like the statistical properties of S and
M to be represented instead by the reduced density matrix p” generated
by simply cancelling the off-diagonal terms of p?:

P = 1S3 (S 1My ) (Mg ]+ |BIP1S)) (S, M) (M| (8.6)

since this describes S and M as being in a statistical mixture of S being up
and M recording up and S being down and M recording down, with prob-
abilities || and |82 respectively. In the standard collapse theory, one
can think of the collapse of the state on measurement as generating just
such a statistical mixture of eigenstates of the measured observable. On a
no-collapse theory, however, if we ignore possible environmental correla-
tions, we are stuck with the pure state. Or, as Zurek puts it, ‘Unitary evolu-
tion condemns every closed system to “purity”’ (1991: 39). His point, of
course, is that this unfortunate consequence only applies to closed systems.

Consider what happens in such an experiment when the pointer on the
measuring device M interacts with its environment E (as would almost
certainly happen with any pointer—after all, measuring devices are inten-
tionally designed so that their pointers can be easily read). Suppose that
M’s pointer becomes correlated to the x-spin of S as described earlier and
that the environment E subsequently becomes perfectly correlated with
the position of M’s pointer. The state of the composite system S+ M + E
might then be represented as

1Y) = 1/20S) M ER) + IS)HMMNEY). 8.7
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And if this ever happens, if the environment ever becomes perfectly cor-
related to the position of M’s pointer, then, while the state of the com-
posite system S + M + E is still pure, the density matrix that describes
the state of just S + M, the state one gets by tracing over the environ-
ment, Trg|v) (1|, is the reduced density matrix for S + M (which is how
the quantum formalism represents the physical fact that once the envi-
ronment becomes correlated with M’s pointer, one will not be able to
observe interference effects involving just the system § + M). That is,
if the environment becomes perfectly correlated with M’s measurement
record, then the density matrix that one would use to represent the state
of just § 4+ M describes this composite system as being in a statistical
mixture rather than a pure state. So (if one completely ignores the dis-
tinction between proper and improper mixtures) one might conclude that
the environmental correlation puts S 4 M in precisely the same statistical
mixture as generated by the collapse postulate in the standard theory, and
one might then conclude that one has solved the measurement problem
and provided an account of our determinate experience (since, one might
argue, the standard collapse theory accounts for our determinate experi-
ence, and we have deduced the same empirical predictions by considering
environmental decoherence). But there is something seriously wrong with
all this: unlike the post-measurement state in the standard collapse theory,
the post-measurement state here does not describe the observer as having
recorded a particular determinate result. That is, if one believes that the
observer did in fact record a determinate result, then, since neither tells us
what the result is, neither the pure state nor the improper statistical mix-
ture one gets by tracing over the environment can be taken as providing a
complete physical description.

Zurek argues that the quantum measurement problem is caused by pure
states being too informative: ‘if the outcomes of a measurement are to
become independent, with consequences that can be explored separately,
a way must be found to dispose of the excess information. This disposal
can be caused by an interaction with the degrees of freedom external to the
system, which we will summarily refer to as “the environment”’ (1991:
39). He believes that one has solved the measurement problem if one can
explain why the interference information contained in the complete pure
state can be ignored when one restricts one’s attention to a single physical
system strongly correlated with its environment, and he believes that this
is explained by showing that the state of such a system can be represented
by a reduced density matrix. That is, one has solved the measurement
problem if one can find some way to dispose of the information contained
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in the complete pure state that tells us that a typical post-measurement
state cannot be thought of as a statistical mixture of independent
records.

But this is puzzling. If one understands the measurement problem as
one of explaining why the observer perceives a single, determinate mea-
surement result, which is what Zurek himself set out to do (he wanted
to answer the question “Why do 1, the observer, perceive only one of the
outcomes?’ (1991: 37)), then a pure state like (8.7) does not provide too
much information; rather, it provides too little. It is certainly true that if
the environment becomes strongly correlated to the state of M’s pointer,
it will destroy certain interference effects, but it will not add anything
to the state that will describe M as having recorded a particular deter-
minate measurement result. Or, put another way, there is nothing about
the pure state of S + M + E (8.7) nor the state of S + M as repre-
sented by the reduced density matrix (8.6) that tells us which result M
recorded; and if one wants to explain why an observer ends up recording
the determinate result that he in fact ends up recording, then one’s theory
must describe the observer as determinately recording that result. Con-
sequently, if one takes the usual quantum-mechanical state as complete
and takes the linear dynamics to be universally true, then since nothing in
the quantum-mechanical state describes the observer as having recorded a
particular determinate result, decoherence considerations cannot by them-
selves explain why the observer records the single, determinate result that
he in fact records—and if there is no determinate record of a result, then
there can be no determinate experience of the result.

Zurek notes that the origin of the quantum measurement problem was
the clash between the predictions of the Schrodinger dynamics and our
awareness of determinate outcomes. This is why he wants to explain why
observers end up perceiving only one of the many possible quantum alter-
natives. Environmental interactions single out a preferred basis for any
macroscopic recording device, a ‘pointer basis’, and consequently, ‘An
effective superselection rule has emerged—decoherence prevents super-
positions of the preferred basis states from persisting” (Zurek 1991: 40).

5 That decoherence destroys simple interference effects does not solve the measurement
probiem since it does not explain the determinateness of our measurement records. It is
simply wrong to suppose that a superposition of records will ‘look like’ a single determi-
nate record if the simple interference effects that one might observe between the possible
record states has been destroyed. In order to observe a single determinate record, there must
somewhere be a single determinate record.
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He concludes: that

We have seen how classical reality emerges from the substrate of quantum physics:
Open quantum systems are forced into states described by localized wave packets.
These essentially classical states obey classical equations of motion, although
with damping and fluctuations of possibly quantum origin. What else is there to
explain? (43)

Concerning appearances, he argues that since our brains are physical sys-
tems, awareness itself becomes susceptible to physical analysis.

In particular, the process of decoherence is bound to affect states of the brain:
Relevant observables of individual neurons, including chemical concentrations
and electrical potentials, are macroscopic. They obey classical dissipative equa-
tions of motion. Thus any quantum superposition of the states of neurons will be
destroyed far too guickly for us to become conscious of the quantum goings-on:
Decoherence applies to our own ‘state of mind.” (44)

Zurek thus concludes that an observer’s determinate-belief property is the
one selected as determinate by decoherence effects and that this explains
the observer’s determinate experiences and beliefs. But again if an expla-
nation of the observer’s determinate experiences and beliefs involves
describing what those experiences and beliefs are, then the second half of
this is simply false.

So what about the first half of Zurek’s conclusion? After all, he does
provide a rule for selecting a particular physical quantity as determinate
for a system at a time: whatever physical property a system’s environment
is in fact correlated with is determinate for that system. But does this rule
always select a determinate property for each observer that makes his
most immediately accessible measurement records determinate? At first
thought, at least, this seems unlikely. The problem is not that it will not
select a property, the problem is that we do not know whether it will
select the right property. Since the property that the rule selects as deter-
minate for an observer depends on the interaction between the observer
and his environment and since his environment is constantly changing,
the property selected as determinate is constantly changing as well. The
brain property that is determinate just before an observer enters an air-
port metal-detector, for example, is different from the brain property that
is determinate when he is in it. Do all such environmentally selected
brain properties make an observer’s records, experiences, and beliefs
determinate? We need a good argument that they do, and we need to
be sure that it is not circular—that is, if one wants to explain why this
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rule selects a determinate physical property that guarantees determinate
records, experiences, and beliefs, then presumably one cannot simply
argue that it must because we do in fact make measurements that yield
determinate records, experiences, and beliefs.

Moreover, Zurek’s rule for selecting what physical properties are deter-
minate for a system can only be applied to open systems, systems with
environments, and he wants to be able to discuss the determinate properties
of closed systems like the universe (those systems that he earlier claimed
were in fact condemned to purity). Zurek refers us to Murray Gell-Mann
and James Hartle’s many-histories interpretation for a discussion of how
decoherence considerations allow one to talk about determinate histories
of the entire universe: ‘The many-histories interpretation builds on the
foundation of Everett’s many-worlds interpretation, but with the addition
of three crucial ingredients: the notion of a set of alternative coarse-grained
histories of aquantum system, the decoherence of the histories in a set, and
their approximate determinism near the effective classical limit’ (Zurek
1991: 42). Since many interpretations of Everett seem to call for some
natural way of characterizing a mutually exclusive and exhaustive set of
alternative physically possible histories for the entire universe, it is cer-
tainly worth considering how Gell-Mann and Hartle select determinate
properties of closed systems (if this is what they in fact do). I shall also
briefly discuss why it has proven rather difficult to find a satisfactory rule
for selecting determinate properties for even open systems at the end of
the chapter.

8.4 Gell-Mann and Hartle’s many-histories approach

While the notion of measurement and the distinction between observer
and observed have played an important role in traditional interpretations,
Murray Gell-Mann and James Hartle (henceforth GH) argue that such
interpretations are inadequate for discussing cosmology.

In a theory of the whole thing there can be no fundamental division into observer
and observed. Measurements and observers cannot be fundamental notions in a
theory that seeks to discuss the universe when neither existed. (GH 1990: 429-30)

Of course, finding a formulation of quantum mechanics that could be
applied to cosmology was one of Everett’s primary concerns.

It was Everett who in 1957 first suggested how to generalize the Copenhagen
framework so as to apply quantum mechanics to cosmology. His idea was to take
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quantum mechanics seriously and apply it to the universe as a whole. He showed
how an observer could be considered part of this system and how its activities—
measuring, recording, and calculating probabilities—could be described in quan-
tum mechanics.

Yet they believe that Everett’s formulation of quantum mechanics was
incomplete.

It did not adequately explain the origin of the classical domain or the meaning
of ‘branching’ that replaced the notion of measurement. It was a theory of ‘many
worlds” (what we would rather call ‘many histories’), but it did not sufficiently
explain how these were defined or how they arose. Also Everett’s discussion
suggests that a probability formula is somehow not needed in quantum mechanics,
even though a ‘measure’ is introduced that, in the end, amounts to the same
thing. (430)

GH see their project, then, as ‘an attempt at extension, clarification, and
completion of the Everett interpretation” with the ultimate goal of finding
a ‘coherent formulation of quantum mechanics for science as a whole,
including cosmology’ (430). The first thing they do is discuss what it
is that we ought to expect from scientific theories generally and from
quantum mechanics in particular.

GH believe that ‘All predictions in science are, most honestly and most
generally, the probabilistic predictions of the time histories of particular
events in the universe’ (1990: 428). A satisfactory formulation of quantum
mechanics for cosmology, then, would allow one to assign probabilities
to alternative histories for the universe as a whole. They believe, however,
that these probabilities may be approximate in the sense that they do not
need to satisfy the standard axioms of probability theory precisely (how
one ought to understand such ‘approximate’ probabilities is something I
shall discuss later). Moreover, they do not require a satisfactory formula-
tion of quantum mechanics to assign even an approximate probability to
every possible alternative history since ‘In quantum mechanics not every
history can be assigned a probability’ (428).

Their many-histories theory, then, provides two rules: one rule that tells
us what sets of alternative histories of the universe can be assigned approx-
imate probabilities and another rule that tells us what these probabilities
are. GH describe these rules in the context of the Heisenberg picture.

The Heisenberg picture differs from the Schrddinger picture in that in
the former one thinks of the quantum state as constant and the observ-
ables as evolving. On the many-histories formulation, the quantum state
of the universe is represented by a density operator p, and the yes—no
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observables, those observables that represent facts that are either true or
false, are represented by projection operators that evolve according to
the Heisenberg dynamics. The complete Hamiltonian for the universe H
determines how an operator P (¢) corresponding to a particular yes—no
question evolves:

P@) = e(in/h)P(o)e(—iH’/h)_ (8.8)

GH then add histories. A history is a particular time-sequence of
facts (represented by a time-sequence of projection operators) [P,] =
(Po}1 (t1), sz ), ..., P‘;’n (t,) ). By specifying a set of alternative facts
at each time (i.e. by specifying a particular time-sequence of exhaustive
sets of projection operators), one determines a set of alternative histories.
Thus each history in a particular set of alternative histories describes a
specific fact as being realized at each time, and the set of alternative his-
tories describes every possible time-sequence of determinate facts in the
context of that particular set.

On the many-histories formulation there is no single set of physically
possible histories; rather, there is a different set of alternative histories for
each time-sequence of alternatives one might specify. Instead of provid-
ing a single probability measure over a single set of possible alternative
histories, then, as one might have expected (and as is provided by the
distribution postulate in Bohm'’s theory, for example), the many-histories
formulation provides many different approximate probability measures
over many alternative sets of alternative mutually decohering histories
(how one ought to understand these alternative sets of alternative his-
tories is something we shall worry about later). The empirical content
of the theory is given by the probability measure associated with each
set of alternative histories; but not all sets of alternative histories can be
associated with even an approximate probability measure.

In the standard two-slit experiment where an electron is in a superposi-
tion of passing through slit A and B and where nothing in its environment
gets correlated to its position, there is no probability measure associated
with a set of alternative histories where the electron determinately passes
through A on some histories in the set and determinately passes through B
on other histories in the set. If one assumes that the electron either deter-
minately passes through A or determinately passes through B, then the
probability of it striking the screen in region R is equal to the sum of the

6 Where an alternative and exhaustive set of projection operators has the property
S PE() =1, PEPE = 5,5 PE. See GH (1990: 432).
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probability of the electron determinately passing through A and striking
R and the probability of the electron determinately passing through B and
striking R. But, because of interference effects, the probability of finding
the electron in R that one calculates by supposing that the electron either
passed through A or passed through B is far from the observed quantum
probability; that is, if ¥4 is an eigenstate of the electron having passed
through A and vp is an eigenstate of the electron having passed through
B, then the probability density at the screen that one gets by supposing that
it passed through either A or B |¢4 2+ K7 2 is not equal to the observed
probability, the probability that one gets by supposing that it was in a
superposition of passing through A and B (¥4 + V5 2. This same point
might be put another way: if one tries to assign probabilities to histories
that describe the electron as determinately passing through either A or
B in this experiment (using GH’s rule for assigning probabilities), then
these probabilities will not even approximately obey the standard axioms
of probability theory. Hence GH conclude that such histories cannot be
assigned probabilities at all.

There are, of course, experiments where one can assign approximate
probabilities to alternative histories. In a two-slit experiment like that
described above, if the state of even a single particle in the electron’s
environment becomes strongly correlated to the position of the electron
(as happens in the second experiment at the beginning of this chapter),
then one can assign approximate probabilities to histories that describe
the electron as having passed through a particular slit if one is only
interested in histories involving just the electron. That is, if the elec-
tron’s environment becomes correlated to the slit that it passes through,
then single-particle interference effects are destroyed and one can assign
approximate probabilities to alternative histories for that particle; and the
stronger the environmental correlation, the better behaved the probabili-
ties. And while the electron is not in an eigenstate of passing through A
and is not in an eigenstate of passing through B, if it is in an eigenstate
of the coarser-grained observable of passing through A or B, then, even
without supposing that it interacts with its environment, one can assign
a probability, a probability of exactly one in this experiment, to a history
where the electron particle passes through either A or B. The point here
is that while the many-histories formulation does not assign probabilities
to completely fine-grained sets of histories (histories that give the precise
position of every particle, for example), one can always assign probabili-
ties to sufficiently coarse-grained sets of histories. Indeed, coarse graining
will always eventually yield a set containing a single (rather uninteresting)
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history represented by the identity operator (to which the theory assigns
probability one) (GH 1990: 432-4).

In order to give the rule for when a set of coarse-grained histories can be
assigned approximate probabilities and the rule that says what these prob-
abilities are, GH define a decoherence functional Dfhistory,, history,] on
pairs of histories in a particular set of alternative histories:

D ((Parl, [Pal) = Tr [ P aa) -+ P (11)p P (01) -+ Pt (1))
(8.9)

where the projections are time-ordered with the earliest on the inside.
A set of coarse-grained alternative histories, then, is said to decohere
when the off-diagonal elements of D are sufficiently small (I shall discuss
what sufficiently small means later) for every pair of histories in the set.
This, then, gives us one of the two rules: probabilities can be assigned to
decoherent sets of alternative coarse-grained histories. And the other rule
is easily stated: for a decoherent set of histories, the probability for each
history p([ Py]) is given by the diagonal elements of D:

pPoD) = D([Pel, [P
=Tr [P(;ln(tn) s Pal1 (tl)th,‘zl (l’l) . Pann(tn)] . (810)

The approximate probabilities assigned to a set of decoherent histories
typically fail to satisfy the standard axioms of probability theory, but the
smaller the off-diagonal elements of D, the better behaved the approxi-
mate probabilities.

GH believe that decoherent sets of alternative histories give a definite
meaning to Everett’s talk of branches. For a given decoherent set of alter-
native histories, each element in the exhaustive set of projection operators
at a particular time specifies an Everett branch at that time (GH 1990: 440).
Suppose the density matrix p representing the complete quantum state of
the universe is pure: p = | )(y|. The state |¢) can be decomposed using
the projection operators that define a particular set of alternative histories:

W)= Y PI(t)--- PLaDIV). @.11)

a) Oy

The terms on the right-hand side of the equation are approximately orthog-
onal because the set of histories is decoherent. GH take these terms, one
term for each possible history in the particular decoherent set, to repre-
sent Everett’s branches (441). The many-histories formulation of quantum
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mechanics then is presented as an improved version of Everett’s theory
where Everett’s branches are understood as alternative decohering histo-
ries. But this improved version of Everett’s theory is itself rather puzzling.

8.5 Some problems

So how are we suppose to understand approximate probabilities? GH
tell us that such probabilities are to be understood pragmatically, and
along these lines they argue that probabilities ‘need obey the rules of the
probability calculus only up to some standard of accuracy sufficient for
all practical purposes’. And they claim that one can achieve whatever
standard of accuracy one needs in a particular situation in the many-
histories formulation by considering sufficiently coarse-grained histories.
But the sense in which these probabilities are approximate is curious: the
approximate probability that the theory assigns to an alternative history is
not approximate in the sense that it is approximately equal to the actual but
unknown probability for that history; rather, it is that GH believe that the
probabilities associated with alternative histories in quantum mechanics
must typically fail to obey the standard axioms of probability theory. That
is, GH believe that ‘In quantum mechanics . .. it is likely that only by
this means [by violating the standard axioms of probabilities theory] can
probabilities be assigned to interesting histories at all’ (GH 1990: 428). In
particular, the probabilities assigned by the many-histories theory violate
the standard sum rule—the probabilities assigned to mutually exclusive
and exhaustive alternative histories typically do not add to one.”

If the approximate probabilities are not to be understood as approxi-
mations to the probabilities that obey the standard axioms of probability
theory, then we need some other way to understand approximate prob-
abilities here. Further, a proponent of the many-histories theory would
presumably want to explain why agents who accept the theory would not
end up commiitted to irrational action or inconsistent beliefs.

7 As I understand their position, in the two-slit experiment, for example, there simply
can be no quantum probabilities associated with the histories where the particle determi-
nately passes through A or determinately passes through B that satisfy the standard axioms
of probability theory. Similarly, since decoherence is a matter of degree, the approximate
probabilities associated with a set of alternative decoherent histories are not approximations
to actual probabilities that satisfy the standard axioms (standard probabilities that are some-
how ‘out there’ but unknown); rather, they must be approximate probabilities in the basic
sense that they do not quite satisfy the standard axioms of probability theory. If this is right,
then GH implicitly rule out formulations of quantum mechanics like Bohm’s theory where
there is a standard probability measure over alternative trajectories in configuration space.
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GH themselves worry about the logical consistency of assigning prob-
abilities in situations where the histories do not decohere. In the context
of the standard two-slit experiment, for example, they argue that one
cannot assign probabilities to histories where the electron determinately
passes through A or determinately passes through B because ‘It would
be inconsistent to do so since the correct probability sum rules would
not be satisfied” (1990: 428).8 It is curious, then, that they do not worry
that the many-histories theory ultimately makes predictions that violate
precisely these rules. While their position is clear enough, they believe
that large violations of the standard axioms are unacceptable but that
small violations are typically necessary in order to assign probabilities
at all. But logical consistency is usually not understood as a matter of
degree.9

Another problem concerns how we are supposed to understand Aisto-
ries in the many-histories theory. Is only one history from a particular
decoherent set actual? If so, then the usual quantum-mechanical state is
descriptively incomplete because it does not tell us which history this is.
Or do all histories somehow exist simultaneously? But if this is right, then
why do we only experience one history? Is it because different histories
describe events in different worlds and we only inhabit one world (as in
the many-histories theories described earlier)?

8 See Griffiths (1984) for the first discussion of consistency conditions in the context of
this sort of formulation of quantum mechanics.

% Another way to put the problem is to note that if an agent assigns probabilities that fail
to satisfy the standard axioms of probability theory, then he is committed to irrational action.
More specifically, one can argue that the agent would be committed to accept a bet or series
of bets where he would be guaranteed to lose money regardless of what happens. Such a bet
is called a Dutch book. There are various ways of making a Dutch book against an agent who
assigns probabilities to mutually exclusive and exhaustive alternatives that do not add to one.
Suppose, for example, that an agent assigns probabilities p(a) = 0.51 and p(—a) = 0.51 to
the mutually exclusive and exhaustive alternatives a and —a respectively (as might happen
in GH’s many-histories theory). Suppose one then offered the agent the following deal:
Pay $100; then if a occurs, you get $99, and if —a occurs, you get $99. The agent would
presumably calculate his expected return as ${(0.51)(99) + (0.51)(99)] — $100 = $0.98,
so he would accept the offer expecting to win about $1. He would, however, be guaranteed
to lose exactly $1 regardiess of which alternative is realized. This is not an issue of making
precise measurements; if the agent is in fact committed to the alternatives being mutually
exclusive and exhaustive and having the probabilities predicted by the theory, then he is
committed to pay $1 even if no one ever looks to see what actually happened. And while
one might argue that a real agent would never have sufficient information about the global
quanturn-mechanical state to reach the conclusion that he should accept an offer like this,
it would be curious if the only thing that prevented an agent from irrational action was
incomplete information.
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Concerning how we are to understand histories, Gell-Mann and Hartle
explain that

The problem with the ‘local realism’ that Einstein would have liked is not the
locality but the realism. Quantum mechanics describes alternative decohering
histories and one cannot assign ‘reality’ simultaneously to different alternatives
because they are contradictory. Everett and others have described this situation,
not incorrectly, but in a way that has confused some, by saying that the histories
are all ‘equally real’ (meaning only that quantum mechanics prefers none over
another except via probabilities) and by referring to ‘many worlds’ instead of
‘many histories’. (GH 1990: 455)

It seems, then, that GH do not think of the alternative histories in a par-
ticular decoherent set as describing actual events in different worlds. On
the other hand, it is not clear that they take precisely one history in a set
of alternative histories to be actual either. But if they do not, then it is
difficult to understand the significance of the probabilities assigned to the
various histories in a set. Or perhaps they are critical of Einstein’s realism
because they believe that there is no single matter of fact about which
history describes the world (which may suggest that they ultimately have
something like the relative-fact theory in mind).

Since it is unclear what is meant by a history, it is also unclear how the
theory is supposed to account for our determinate records, experiences,
and beliefs. GH explain that “The answer to Fermi’s question to one of
us of why we don’t see Mars spread out in a quantum superposition of
different positions in its orbit is that such a superposition would quickly
decohere’ (1990: 445). But how exactly is this supposed to work? Since
Mars interacts strongly with its environment, although the usual linear
dynamics tells us that it is most likely in a complicated superposition
of being pretty much everywhere, there are decoherent sets of histories
where each history in the set describes Mars as having an almost definite
position right now. But how does the existence of such sets account for
us seeing Mars where we do? After all, there are also other decoherent
sets where none of the histories describe Mars as having a determinate
position now.°

Further, even if one sorts out how to understand alternative histories
within a particular set of decohering histories, there is another problem:
the many-histories theory does not provide just one set of alternative deco-
hering histories; rather, it provides many mutually incompatible sets of

10 Consider the identity history, for example.
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alternative decohering histories (each with its own approximate probabil-
ity measure). And this makes the interpretation of histories in the theory
all the more difficult.!! Also, in so far as the many-histories theory fails
to select a single objectively preferred set of decohering histories where
observers typically have determinate measurement records, it presents us
with something very much like the preferred-basis problem. Just as we
were faced with the embarrassment of having to choose a special preferred
physical quantity for the sort of many-histories theories discussed earlier,
we are now apparently faced with the embarrassment of having to choose
a special preferred set of decohering histories.

But given the initial state of the universe and its energy properties,
perhaps there is some way of selecting a single objectively preferred set
of decohering histories. Whatever their ultimate interpretation of histories,
GH seem to want something very much like this:

It would be a striking and deeply important fact of the universe if, among its
maximal sets of decohering histories, there were one roughly equivalent group
with much higher classicities than all the others. That would be the quasiclassical
domain, completely independent of any subjective criterion, and realized within
quantum mechanics by utilizing only the initial condition of the universe and the
Hamiltonian of the elementary particles. (GH 1990: 454)

This would, in effect, provide us with a single, objectively privileged set of
alternative histories. If we also had a clear interpretation of these histories
and if the histories were such that they typically described observers as
having determinate measurement records and if we had an explanation
why one should expect to record the usual quantum statistics, then we
would have an interesting theory.

There are, however, a couple of problems with this strategy. For one
thing, we do not have an objective notion of what should count as a quasi-
classical domain. GH define a quasi-classical domain to be a maximally
refined decoherent set of almost classical histories, so in order to provide

' Consider what happens. Suppose we try taking exactly one history from each alter-
native set of alternative histories as descriptive of our world (the history randomly chosen
from the set with the approximate probabilities given by the many-histories theory), and
hope that this set of histories is analogous to different coarse-grained descriptions of the
same trajectory in phase space in classical mechanics (this is similar to a suggestion made
by Bob Griffiths in conversation). The problem with this, however, is that there is no reason
to expect such randomly selected histories to mesh at all. That is, in order to take each such
history to be genuinely descriptive of the same world one would have to take physical facts
in that world to be contingent on the level of description in a striking way: whether the Eiffel
Tower is in Paris or Pittsburgh might, for example, depend on whether one considers the
foundations of the structure to be a part of the tower itself.
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an objective standard for what it takes to be a quasi-classical domain, one
must first provide objective standards for what it takes to be a decoher-
ent set of histories and what it takes for a set of histories to be almost
classical (GH 1990: 437, 445-6). But whether a particular set of alterna-
tive histories is decoherent or not is a matter of degree. The smaller the
off-diagonal terms of D are for histories in the set, the more decoherent
the set is and the better behaved the probabilities assigned to the histories
by the theory. Consequently, there is no objective matter of fact about
whether a particular set is or is not decoherent; rather, it is just a matter
of convention that depends on what sort of histories one is interested in
discussing given one’s degree of tolerance for violations of the axioms of
probability theory. Indeed, GH at first take precisely this line and argue
that the standard of decoherence one adopts is a matter of choice given
particular pragmatic considerations: ‘if a standard for the probabilities is
required by their use, it can be met by coarse graining until [the deco-
herence conditions] are satisfied at the requisite level’ (437). And in this
pragmatic spirit, they never try to specify a sharp criterion for when a
set of histories is decoherent. If one allows for approximate probabilities
at all (in GH’s sense of approximate), then I cannot see how one could
argue for any objective standard for decoherence since the choice of a par-
ticular standard would presumably never amount to anything more than
better- or worse-behaved probabilities. Just as significant, it is unlikely
that there is any objective standard for when a set of histories is almost
classical. And if there is no objective standard for when a set of histories is
decoherent and no objective standard for when a set of histories is almost
classical, then there is no objective standard for when a set of histories
is quasi-classical. And if there is no objective standard for when a set of
histories is quasi-classical, then we ultimately have no objective standard
for selecting a single, preferred set of alternative histories.

Another problem, and I think a much more serious one, concerns how
the existence of one or many quasi-classical domain(s) is supposed to
account for our determinate records, experiences, and beliefs. This prob-
lem is closely connected with the problem of interpreting histories in the
theory.

GH think of observers as information-gathering and -utilizing sys-
tems (IGUSes), complex adaptive systems that have evolved to exploit
the relative predictability of a particular quasi-classical domain (1990:
425-6, 454).

The reason that such systems as IGUSes exist, functioning in such a fashion, is to
be sought in their evolution within the universe. It seems likely that they evolved
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to make predictions because it is adaptive to do so. The reason, therefore, for
their focus on decohering variables is that these are the only variables for which
predictions can be made. (454)

And if there are many quasi-classical domains, then an IGUS would some-
how ‘choose’ or ‘exploit’ just one of these.

[w]e could adopt a subjective point of view, as in some traditional discussions
of quantum mechanics, and say that the IGUS ‘chooses’ its coarse graining of
histories and, therefore, ‘chooses’ a particular quasiclassical domain, or sub-
set of such domains for further coarse graining. It would be better, however,
to say that the IGUS evolves to exploit a particular quasiclassical domain or
set of such domains. Then IGUSes, including human beings, occupy no spe-
cial place and play no preferred role in the laws of physics. They merely utilize
probabilities presented by quantum mechanics in the context of a quasiclassical
domain. (454)

But this talk of observers choosing and exploiting alternative, almost clas-
sical sets of histories only serves to make the status of histories even more
puzzling to me. What does it mean for an observer to choose or to exploit
a particular set of histories? How is this choosing and exploiting supposed
to explain our determinate measurement records? Or is it? Is my experi-
ence always in fact associated with only one history? If so, then why? If
not, then why does it seem that it is? One would presumably want to be
able to answer such questions before claiming that we have explained our
determinate measurement records, experiences, or beliefs.

8.6 Does the environment select the right determinate quantity?

While it is difficult to see how decoherence considerations would select
a single objectively privileged set of mutually exclusive and exhaustive
alternative histories for the entire universe, perhaps such considerations
allow one to give a rule for selecting determinate physical quantities for a
particular physical system given the global state of the universe. We wanta
rule that we are convinced always makes determinate precisely what needs
to be determinate in order to account for our determinate measurement
records, and we want this rule to work in real physical situations given the
imperfections and complex environmental interactions that real observers
exhibit. But finding a rule that does precisely what we want it to do is
difficult.
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Some rules that initially look as if they ought to work may in fact make
entirely the wrong properties determinate in slightly imperfect experimen-
tal situations.!? But perhaps more puzzling is the fact that what physical
quantity a decoherence rule selects as determinate will typically depend on
precisely which physical system one specifies, and this can lead to incom-
patible determinate properties for nested systems: an observer might, for
example, have a determinate measurement record when his brain is the
specified system but not when his whole body is the specified system.!3
How would one explain an observer’s determinate experience when there
is no single matter of fact about what he recorded or whether he even had
a determinate record? Further, even if we settle on a canonical specifica-
tion of the observing system and if we find a rule that typically makes a
physical quantity determinate that is close, in an appropriate sense, to a
quantity that would provide an observer with determinate measurement
records (which is typically the best that a decoherence rule will be able
to do), then one must also somehow argue that close is good enough to
explain the determinate experiences that observers in fact have.!* And
finally, one would expect that a decoherence rule would select different
properties as determinate for a given observer in different environments,
so even if one had precisely the right physical property determinate at a
time (a property that would make the observer’s mental state determinate),

12 Ror the debate concerning this problem in the context of the so-called modal theories,
see Albert and Loewer (1990), Dieks (1991), Albert (1992: 191-7), Ruetsche (1995, 1998),
Bacciagaluppi and Hemmo (1996a), and Vermaas (1998). One would expect many of the
same issues to arise in the context of trying to find a decoherence rule for selecting which
quantities are determinate for a system.

13 See Clifton (1995) for a discussion of one popular modal rule where the determinate
quantities for nested systems do not mesh. My point here is that there is a similar meshing
problem for the determinate properties selected by decoherence rules since what is determi-
nate depends on one’s perspective. Suppose that I measure the x-spin of a system initially in
an eigenstate of z-spin, and suppose that a particular decoherence rule chooses my recording
quantity (or something that would make my record determinate) as determinate for me (say,
whatever property of me becomes strongly correlated with my environment); for me and the
rest of California (whatever property of me and California becomes strongly correlated with
its environment); for me, the rest of California, and the earth (whatever property becomes
correlated with its environment); but not for me, California, the earth, and the solar system
because there has not been sufficient time for anything outside the solar system to get cor-
related with my record. Is there any absolute sense in which there is a determinate record?
Is there a preferred physical system for explaining the determinateness of my experience?
‘What is it and why?

14 1t seems to me that whether or not such an explanation works depends on the details
of one’s theory of mind: in particular, it depends on the precise details concerning the
relationship between physical and mental states. See Bacciagalupi and Hemmo (1996a) for
an argument that is close enough.
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one would expect that that property would not be the one selected by the
rule as determinate at other times.

There is much to say about trying to explain our determinate experience
by appealing to a rule that uses the global state to select determinate
quantities for individual systems, but here I would just like to suggest that
it may never be obvious that a particular rule does precisely what it needs
to in order to account for our determinate records, experiences, or beliefs.
And we certainly have no clear argument for such a rule right now.13

It should be clear that decoherence does not by itself solve the mea-
surement problem. It also seems unlikely to me that a decoherence rule
would select a naturally preferred basis for the entire universe that would
provide a single set of mutually exclusive and exhaustive histories or
worlds. And while a decoherence rule may select a physically preferred
property for an open macroscopic system at a time, it is not clear to me
that such a rule will select the right physical property for an observer—
one that would make his beliefs and memories determinate. It is certainly
the case that for physical systems like brains a decoherence rule would
typically select a preferred property very quickly. It is also true that, for
a fixed Hamiltonian describing the interaction between the brain and its
environment, one would expect that the selected property would be quite
stable over time. But since the Hamiltonian that describes the interaction
between our brains and the world is not fixed, it seems that we do not even
have stability of the selected property, let alone a guarantee of its appro-
priateness. Finally, even if we did have a decoherence rule that we were
convinced made a physical property that was very close to the recording
brain property determinate (and very close is the best that one can expect
from a decoherence rule), it is not entirely clear that close is close enough.
It is, then, not yet clear, at least not to me, how decoherence effects can
be used to explain our determinate records, experience, or beliefs.

15 For the state of the art, see Dieks and Vermaas (1998); especially Guido Baccia-
galuppi’s paper describing how the Bohm-Bell-Vink dynamics might be used to describe
the evolution of the actually possessed properties on one version of the modal interpretation.
See Frank Arntzenius’s (1998) contribution to the same volume for a detailed discussion
of some of the problems faced by the modal theories. See also, Meir Hemmo’s (1996) the-
sis for more details on how one might try to use decoherence effects in the context of a
many-worlds interpretation.
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THE DETERMINATE-EXPERIENCE
PROBLEM

T H E main problem in interpreting Everett is that we do not know how he
intended to deduce the same appearances in pure wave mechanics as pre-
dicted by the standard collapse theory (in so far as it makes clear empirical
predictions). There are significant gaps at critical points in his exposition,
and what evidence we do have concerning what he wanted is often con-
tradictory. This explains the many mutually incompatible reconstructions
of Everett that apologists and critics have devised.

Consider what a theory must do in order to make the same empirical
predictions as the standard collapse theory.! Since the standard theory pre-
dicts that an observer will typically end up with an ordinary determinate
measurement record, a theory can only make the same empirical predic-
tions if it predicts ordinary determinate records, not disjunctive records or
relative records. Also, since the standard theory predicts what an observer
should expect to experience in the future, a theory can only make the same
empirical predictions if it allows for some notion of transtemporal identity
for observers. Finally, since the standard theory predicts that an observer’s
records are typically reliable, a theory can only make the same empirical
predictions if it also predicts reliable records.? There is nothing inher-
ently wrong with a theory not making the usual quantum predictions, but
one would at least want to have a good story for why and in what sense

1 Note that on some reconstructions of Everett’s theory, the bare and relative-fact theories
in particular, there is no explicit claim by the theory’s proponents that it makes even roughly
the same empirical predictions as the standard theory. Such theories describe our experience
as having a fundamentally different structure from what we naively suppose it to have.

2 If one wants to say that Bell’s Everett (?) theory makes the same empirical predictions
as the standard theory, then one would also have to say that a theory that predicts that my
mental state is always what it is right now makes the same empirical predictions as the
standard theory. Since this is rather silly, I am appealing to a somewhat stronger notion
of empirical equivalence: two theories are empirically equivalent only if they predict the
same sequence of experiences for an observer. And I believe that this is the way that almost
everyone understands empirical equivalence.
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it would seem that it did if the theory were true. After all, the standard
collapse formulation of quantum mechanics is an incredibly successful
empirical theory. Whatever its problems, it would be crazy to replace it
with a theory that makes very different empirical predictions or a theory
that makes no clear empirical predictions at all.

But if one takes the usual deterministic, linear quantum dynamics seri-
ously, then one can only get the standard quantum predictions at a price.
Hidden-variable and modal theories require one to choose a preferred,
always determinate, physical quantity, or a rule for determining such a
quantity at each time, and they require one to sacrifice the principle of
state completeness by adding a new parameter, the value of the determi-
nate physical quantity. And if one wants to be able to predict the value of
the determinate quantity (and one presumably does since it is this value
that will account for the experiences of observers), then such theories also
require one to add an auxiliary dynamics for the evolution of the possessed
values.

The splitting-worlds, many-threads, and many-histories theories
require one to adopt an extravagant ontology and choose a preferred phys-
ical property for the entire universe (or a rule for selecting such a property
at a time) and an auxiliary dynamics or connection rule that describes how
each history or world evolves (or instead of a preferred property and an
auxiliary dynamics or connection rule, one could choose the preferred
set of mutually exclusive and exhaustive alternative histories directly). In
exchange for the extravagant ontology (extravagant because we presum-
ably only need a theory that describes our history or world in order to
explain our experience) one might argue that such a theory preserves a
sort of state completeness. In order to make predictions about what we
should expect, one would also want to have a measure over the alternative
histories or worlds that one could interpret as the probability of each his-
tory or world being ours. Albert and Loewer’s many-minds theory does
not require a physically preferred basis, but it does require an extrava-
gant ontology, a robust sort of mind-body dualism, and a special rule
that says how individual minds evolve. The single-mind Q-theory avoids
the extravagant ontology of the many-minds theory and still solves the
mindless-hulk problem. But the mental dynamics on this theory is not
covariant. Further, by directly appealing to minds in order to account for
our determinate experience, such theories give up on the possibility of
a purely physical explanation of quantum phenomena. It seems that to
take such theories seriously would require a fundamental change in our
standards for judging scientific explanations.
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Since we cannot make all the physical facts determinate in quantum
mechanics that one would want to have simultaneously determinate, one
might try to figure out somehow which physical facts need to be deter-
minate in order to account for our determinate records, experience, and
beliefs and then cook up a theory that makes precisely these facts deter-
minate at precisely the right times. This is presumably what it would take
to formulate a hidden-variable or modal theory that would account for
our experience. Ideally one would like to get the right physical quantities
determinate at the right times in order to ensure determinate experiences,
but one wants to do it without the theory looking ad hoc. And it is still
unclear how to do this.

Decoherence effects do not by themselves explain our determinate
experience. It also seems unlikely that decoherence considerations will
provide a way to characterize a single set of mutually exclusive and
exhaustive alternative histories or worlds. And while such considerations
may very well select a preferred physical quantity for a precisely speci-
fied observer at a time, one would like to have an argument that it selects
the right physical quantity, a physical quantity that would explain our
determinate experience, regardless of the environment or what physical
system counts as the observer.

T'have tried to explain the puzzles that one encounters in trying to make
sense of Everett’s relative-state formulation of quantum mechanics (and
other no-collapse theories) as carefully and as equitably as I could. While I
have presented many problems with the various no-collapse formulations
of quantum mechanics, my money is on the deterministic, linear quantum
dynamics making the right empirical predictions all the way up. If we are
ever in a position to make the appropriate sort of interference measurement
on Wigner’s friend, then I have no doubt whatsoever that we would see
the interference effects predicted by the standard quantum dynamics. It is
my commitment to the no-collapse formulations of quantum mechanics
that got me interested in Everett in the first place.

31 really do not have a good argument to support this opinion. The best I can do is to
suggest an inductive argument on the complexity of the systems that exhibit interference
effects. Fundamental particles do, atoms do, small molecules do, medium-sized molecules
do, etc. Indeed, whenever we have had the technology to check for interference effects, we
have found them. Without a good reason for supposing that this pattern fails at some point,
it seems reasonable enough to me to suppose that it continues.
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And I might as well say which no-collapse theory I like best. While 1
like the possible many-threads theories (indexed by the ways one might
select a preferred basis) for their formal elegance and as relatively faith-
ful readings of Everett, I also like the straightforward simplicity of the
single-mind Q-theory. It is arguably the simplest hidden-variable theory
that we know does precisely what needs to be done to account for our
determinate empirical experience. The explicit mind—body dualism and
the lack of covariance (if one associates the location of an observer’s
mind with the location of his body) are embarrassing. But it is the explicit
mind-body dualism that explains how determinate experience is possible
given the evolution of the quantum-mechanical state, and all no-collapse
hidden-variable theories must embrace some form of dualism (between
the quantum-mechanical state and the determinate variable). The mind-
body dualism is also what allows one to avoid having to choose a single
determinate physical quantity or a special rule for selecting a just-right
determinate quantity at each time. The lack of covariance is the price one
pays for solving the mindless-hulk problem without associating a contin-
vous infinity of minds with each physical observer. On the other hand,
since it is the evolution of the observer’s mental states, not his physical
state, that must fail to be covariant here, perhaps some sort of reconcili-
ation is possible with relativity. My guess is that this might require one
to suppose a weaker link between physical and mental states, but this is a
story for another time.



APPENDIX A
THE HILBERT-SPACE FORMALISM

W HILE this book was written with the assumption that the reader would already
know something about how quantum mechanics works, there are several good
reasons for an appendix on von Neumann’s Hilbert-space formalism. First, von
Neumann’s original presentation of the mathematical formalism is historically
interesting. Secondly, his condition E may be relevant to how one understands
the limiting properties of no-collapse theories (see Section 4.2). And since the
Hilbert-space formalism is the standard mathematics of quantum mechanics, this
appendix complements the description of the standard formulation of quantum
mechanics given in Chapter 2. I shall first give a rough description of what a
Hilbert space is, then I shall describe von Neumann’s formal characterization.

A Hilbert space is a special sort of vector space. As a standard example of a
vector space consider the set of arrows one might draw on a (very large) chalk-
board. Let’s say that two arrows correspond to the same vector if they have the
same length (magnitude) and point in the same compass direction. The set of all
such vectors form the elements of a vector space. One can multiply a vector v by
a number « to get a new vector av that points in the same direction as v but has a
length that is longer or shorter by a factor of «. One can add vectors v and w by
placing the tail of w at the tip of v then drawing a line from the tail of v to the tip
of w. This line picks out a vector in the space v + w.

If one introduces Cartesian coordinates, then one could take the set of arrows
that start at the origin and end at a point (x, y) as representing the corresponding
vector. On this representation, there is one vector for each pair of coordinates
(x, y), and one can define scalar multiplication and vector addition in terms of
these coordinates: a(x, y) = (ax, ay) and (x1, y1) + (x2, y2) = (x; + x2, y1 +
y2). Given the coordinate representation, one might also define an inner product
between vectors (x1, ¥1) and (x2, y2) that yields the number x;x2 + y;y2. This
sort of vector product can be used to give a precise definition of the length of a
vector: the length of a vector v is the square root of the inner product of v with
itself (one can check to see whether this gives the right answer for our vector
space).

This is a real-valued vector space, but one could just as easily consider a
complex-valued vector space, where the scalars and vector coordinates are com-
plex numbers (numbers of the form a+bi, where a and b are ordinary real numbers
and i = /—1). One could then define scalar multiplication, vector addition, and
an inner product for the complex-valued representation just as one does for a
real-valued representation.
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Once one has a vector space, one can consider operations that rotate and stretch
the vectors in the space. An operator L takes each vector v and transforms it to
a new vector Lv. If L is a linear operator, then L{xv + Bw) = aLv + BLw.
Given the above coordinate representation, every linear operator on such vectors
can be represented as a 2 x 2 matrix. The action of the operator on a vector is then
determined by the usual rules for matrix multiplication:

(an an) (Ul) _ (allvl +012v2). A1)
a1 a2/ \n2 a21v1 + apnv

A vector space does not need to be constructed from arrows or ordered pairs of
numbers. The complex-valued functions of quantum mechanics (the wave func-
tion) also form a vector space. All that matters is that the objects of the space and
the operations on these objects obey the vector-space rules.

A Hilbert space is a complex-valued vector space with an inner product. In order

to make the rules that define such a space mathematically precise, von Neumann
stipulated that a Hilbert space H has the following properties:

A. 'H is a linear space. One can add elements ¢ and ¢ (or |¢) and |¢¥)) of H
and get a new element ¢ + ¥ (or |¢) + |¥)) of the space. One can also multiply
an element ¥ of H by a number « and get a new element «y (or a|y)) of the
space. Vector addition and scalar multiplication have the following properties for
complex numbers « and 8 and elements of H ¢, ¢, and x:

1. Commutative law of addition: ¢ + ¢ = i + ¢.

2. Associative law of addition: (¢ +¢¥)+ x = -+ (¥ + x).

3. Distributive law of multiplication: (¢ + 8)¢¥ = ayy + B¢ anda(p +¥) =

ad +ai.

4. Associative law of multiplication: (a¢B)¢¥ = a(8v).

5. 0and L: 0y =0 and 1y = 9.
B. An inner product is defined between elements of H. The inner product of ¢
and v is written as ¢y (or (¢ly)). It is just a complex number, not an element of
‘H. The inner product has the following properties:

1. Distributive law: (¢ + ¥ )x = ¢x + ¥ x.

2. Associative law: (a@) ¥ = a(pyr).

3. Hermitian symmetry: ¢ = (¥¢)*, where * is the complex conjugate.
4. Definite form: ¥y > 0, and ¥ = O only if y = 0.

The inner product allows one to define length and distance. The length of the
vector ¢ is defined as /¥y (it follows from Hermitian symmetry that ¢y is
real). The distance between ¢ and i is the length of the difference of the two
vectors.

A given set of elements of a Hilbert space is said to be linearly independent
if and only if no vector in the set can be represented as a linear combination
of other vectors in the set (that is, no vector ¥ in the set can be represented as
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ajyr + axyrp + ..., where i, ¥, . .. are other elements of the set). A set of
vectors forms a basis for H if and only if all the vectors in the set are elements of
‘H, the vectors are linearly independent, and any element of 7 can be represented
as a linear combination of the vectors in the set (that is, if ¥ is an element of the
space, then ¢ = a1¢; +azynp + - - -, where ay, az, . . . are complex numbers and
¥1, Y2, . . . are elements of the basis. The dimension of a space M is the maximum
number of linearly independent vectors.

C. H can be either finite-dimensional or countably infinite-dimensional.

Von Neumann also gave two topological conditions that a Hilbert space must
satisfy. The first condition, completeness, was meant to provide a space rich
enough to allow one to take limits, and the second, separability, was meant to
prevent the space from being so large that one loses some of the structure that
allows one to understand its elements as representing quantum-mechanical states:

D. H is complete: every Cauchy sequence in H, every sequence where the distance
between successive elements in the sequence becomes arbitrarily small, converges
to an element in H.

E.H is separable: there is a countable sequence of elements in 7 thatis everywhere
dense in H.

Condition D is straightforward. It just guarantees that every sequence of vectors
that looks as if it ought to have a limit does in fact have a limit and that the limit
is in the space.

Condition E is more subtle. Separability places a limit on the size of the space.
An infinite-dimensional space is separable if and only if the dimension of the
space is countable (that is, if and only if the space has a basis whose elements
can be matched up in a one-to-one way with the positive integers). If a space is
separable, then we have a unique decomposition of its elements with respect to
our chosen basis, which in the context of quantum mechanics is something that
allows us to make physical sense of the mathematical formalism. On the other
hand, by requiring separability, von Neumann loses the ability to represent states
where a continuously valued physical quantity (like position or momentum) has
determinate properties as elements in the Hilbert space (since this would require
there to be a continuous, and hence an uncountable, set of mutually orthogonal
vectors in the space, which means that the space could not have a countable basis).
In response to this problem von Neumann suggested using discrete quantities
to represent continuous quantities to the desired degree of precision. But given
this, one might say that von Neumann sacrificed some of the richness of Dirac’s
theory (where one can express eigenstates of position, momentum, etc.) in order
to present a formulation of quantum mechanics that satisfied his requirements for
mathematical rigour.

Physical observables and the dynamical laws of quantum mechanics are
expressed in terms of operators on the space used to represent the physical state.
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An operator L on the Hilbert space H takes an element yr of H and maps it to
a new element Ly of H. An operator L is linear if and only if L{a¢ + B¢) =
aL¢ 4+ BLy, where o and B are complex numbers and ¢ and i are elements of
the Hilbert space.

Two linear operators A and A* onH are said to be adjoint if (Ag)yr = ¢ (A*r).
An operator A is Hermitian if A* = A. And itis unitary f UU* = U*U = 1.

An element i of H is an eigenvector (or an eigenfunction, if H is a function
space) of an operator L with eigenvalue A (in general, a complex number) if and
only if Ly = Avr. An important fact for quantum mechanics is that if the operator
L is Hermitian, then its eigenvalues will be real.

Dirac’s notation is particularly useful for representing operators. In Dirac’s
notation |¥){¢| is the linear operator that maps the vector |§) to the vector
{¢|€) ). The projection of |} onto [¢) is |¢) (¢|¥r) = (|} |¢). Another useful
fact written in Dirac’s notation is [{¢|¥) | = Tr(|¥) {(¥1¢) (#]), where Tr is the
trace of the operator.

APPENDIX B

A CONCRETE EXAMPLE OF AN EPR
EXPERIMENT IN THE CONTEXT
OF THE BARE THEORY

Suppose that the spin observable X has eigenstates |[1,)s and [,)s and that
the spin observable U has eigenstates |1,)s = +/3/2]1,)s — 1/2ll,)s and
Nuds = 1211005 + /37214, )s. The reader can check the following identities:
lTx)S = «/3/2|TM>S+ 1/2N'u)5 and N/x)S = _1/21Tu)S +«/3/2Nru)S Suppose
further that systems S4 and Sp are initially in the EPR state given in the text and
that A and B make space-like separate measurements of their respective systems.
When A measures the x-spin of S4, the standard theory predicts that the composite
system will collapse to the state {{,}s,|1,)s, With probability 1/2 and collapse
to the state |1,)s,{)sp with probability 1/2. This means that p(}, @A) =
Pl @A) = 1/2. If the composite system collapses to |{}s,[1x)sp, then
p(t,@B) = 3/4 and p(],@B) = 1/4. If the composite system collapses to
[1x)s41dx)sg. then p(1,@B) = 1/4 and p(],@B) = 3/4. So the standard
theory predicts that p(1,@A andt,@B) = 1/8, p(+,@A and|,@B) = 3/8,
p({,@A andt,@B) =3/8, and p({, @A and|,@B) = 1/8.
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So what does the bare theory predict here? After A’s x-spin measurement and
B’s u-spin measurement, the linear dynamics tells us that the state of the composite
system will be

[Tu BITx)A]Tu)SBITx SA ’Tu)B[*Lx)A[Tu)SBN/X)SA

V3
2.2
V3
2¢2

2¢2
Nuteltxdallu)sglts)s,

2\/2|¢M)BI¢X)AI¢ w)Sp¥a)ss B.1)
So given the general limiting property (see the last part of section 4.2), A and
B will approach an eigenstate of reporting that their measurement results were
randomly distributed and statistically correlated in just the way the standard theory
predicts: p(1,@A4 and},@B) = [—1/(2\/2)]2 = 1/8, etc., which are exactly
the joint probabilities predicted by the standard collapse theory!
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