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1 Quantum mechanics without collapse

You will recall from the last lecture that the linear, continuous evolution described by the
Schrd̈ingier equation came into prima facie conflict with the non-linear, abrupt nature of state
collapse, as dictated by the projection postulate. The Copenhagen interpretation attempted
to cope with this by appealing to a distinction between systems and measurement devices;
GRW attempted to cope with this by amending the Schrd̈ingier dynamics with spontaneous
collapse.

This week we will look at two important research programmes which aim to solve the
measurement problem in a rather drastic way: by denying that state collapse happens at all.
That is, the projection postulate is simply rejected.

2 de Broglie-Bohm, a.k.a. Pilot-wave, theory

The pilot-wave theory is a hidden variables theory: i.e. it takes the formalism of quantum
mechanics to be incomplete as a description of reality.

2.1 The hidden variables: determinate trajectories

According to pilot-wave theory, every quantum particle has a determinate trajectory, just
like a particle in classical mechanics. That means that, at any given time, it has a well-
defined position and momentum. The positions of each particle at each time are the “hidden
variables” of the theory, called “hidden” because they cannot be known by us precisely—and
it is important in deriving the right experimental predictions that that is so.

2.2 The pilot wave

However, pilot-wave theory differs from classical particle mechanics in one very important
respect: its ontology does not just contain particles; it also consists of the quantum wave-
function, construed as a genuinely physical wave. (Though, as we have seen in the case
of more than one quantum system, this wave is not so simple that it can be adequately
represented as a complex-valued function over 3-dimensional space.)

The importance of the pilot-wave is in guiding the particles along their trajectories. The
pilot-wave, without exception, evolves according to the Schrödinger equation. The mathemat-
ical details for a single particle being guided by a pilot wave are as follows.

• Rewrite the pilot wave ψ(x, t) as a combination of two real-valued functions R(x, t) and
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S(x, t):

ψ(x, t) =: R(x, t)ei
S(x,t)

~ (1)

• Particle dynamics. If at time t the particle is at location x, then its momentum is given
by

p(t) = mv(t) = ∇S(x, t) (2)

where m is the particle’s mass and v(t) is its velocity at time t. (The mathematical
operator ∇ works as follows. Imagine S(x, t) as a field permeating all of space, which
changes over time. At any given time t, S(x, t) foliates space by its level-surfaces, which
are analogous to contour-lines. At time t, ∇S(x, t) returns a vector: (i) whose direction
points perpendicularly to whichever level-surface of S contains the location x; and (ii)
whose magnitude corresponds to how closely packed successive level-surfaces of S are
along that direction—in the contour analogy, how “steep” the change in S is along that
direction.)

The particle dynamics may be derived using the classical mechanical equations of motion
for the particle (!), by positing a new quantum potential, usually written Q(x, t). For
the sake of completeness, I give its form here:

Q(x, t) = − ~2

2m

∇2R(x, t)

R(x, t)
(3)

(Things get a little more complicated when spin degrees of freedom are in play—see
Albert pp. 141-2.)

The mathematical details are not important. What is important is that the pilot-wave
determines precisely what momentum the particle has, given its location x at time t.

That means that if at any time t we have both: (i) the state of the pilot wave ψ(x, t);
and (ii) the location x of the particle; then we can exactly determine the states of the
total system for all future (and past!) times. The pilot wave evolves deterministically ac-
cording to the Schrödinger equation and the particle’s location evolves deterministically
according to the particle dynamics given in (2).

• Statistical Postulate. At time t, the probability that the particle is at position x is given
by

|ψ(x, t)|2 = R2(x, t) (4)

Note that this is in line with the Born rule. Without this assumption, we cannot derive
the same predictions for the probabilities of measurement outcomes as standard quantum
mechanics (with the projection postulate + Born rule).

Moreover, we are to interpret this probability epistemically, as a measure of our ignorance
as to the true position of the particle.

The statistical postulate must only be made once, i.e. for one time: the particle dynamics
determines the statistics for all other times. It turns out that, given the Schrd̈ingier
equation and the particle dynamics, if the statistical postulate is true for any time, it is
true for all other times.

Note that the statistical postulate is entirely independent of the particle dynamics.
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How does this match the experimental success of quantum mechanics? In for example a
single run of the double-slit experiment, the pilot wave causes the particle to follow a strange,
wobbly trajectory. Assuming the statistical postulate, the expected locations of the particle
at the detector screen are concentrated in fringes, such as those seen. In the Stern-Gerlach
experiment, the pilot wave starts as a lump that typically breaks into two lumps in the
inhomogeneous magnetic field. The particle is always only in one lump or the other: which
lump it will be found in is determined completely by its initial position in the initial lump.

How does all this solve the measurement problem? Well, since the particle has a deter-
minate location at all times, we may say that reality itself has a definite state. In particu-
lar, Schrödinger’s cat—composed, as the pilot-wave-proponent now proposes, out of classical
point-like particle—in determinately either alive or dead. However, since we do not know the
exact location of the classical particles at any time, we cannot say which is true; and the
probability for each outcome, now construed epistemically, is given by the Born rule. And,
since the hidden trajectories of the particles determine a unique “macro-state”, there is now
no need to postulate a collapse of the wave-function: so we abandon the projection postulate.

2.3 Many particles and non-locality

When we consider the theory for more than one particle, the details above are generalised in
a fairly obvious way (see Albert, pp. 142-5 for more details). But a crucial thing to realise is
that the pilot wave in this case, say of N particles, is of the form

ψ(x1,x2, . . . ,xN ; t) (5)

Therefore for the particle dynamics to make sense, it must make sense to say, given any time
t, what the location of the N particles is. But the N particles may be as far away from each
other as you like! This leads some to say that pilot wave theory goes against the “spirit” of
special relativity. (Why might it be said that it doesn’t go against the letter of the theory?)

We will see more of the pilot wave theory’s non-locality in week 5.

3 Everett, a.k.a. “Many worlds”, theory

The “many world” theory is, at first glance, perhaps the strangest proposal to solve the
measurement problem. The key joint claim is that there is no wave-function collapse, but nor
is there any thing else (like particles with determinate trajectories). Therefore, in some sense,
when a measurement is performed every possible outcome occurs.

3.1 Splitting worlds and the preferred basis problem

An (unfortunately) popular version of the “many worlds” theory is that there are literally
many worlds—i.e. many space-time continua—created whenever a measurement is made: a
space-time for each possible outcome. But this suggestion faces several problems:
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• The idea guarantees a definite macro-state (on each space-time), but it fails to solve
one aspect of the measurement problem from last week: namely, what counts as a
measurement? This question is now all the more urgent, since new space-times are
created by measurements. Moreover, it requires a precise answer: space-time branching
either happens or it doesn’t; and when it does happen it happens at a precise time.

• We know that different quantum quantities can be incompatible, so a definite outcome
for one means an indefinite outcome for others. Which quantum quantities get definite
outcomes upon a space-time branching? This problem is known as the preferred basis
problem.

3.2 Relative states

Everett’s own idea in 1957 was that, roughly, how it feels to be in an entangled superposition
is not qualitatively different from how it feels to be in a definite macro-state. For example,
in the Schrödinger’s cat thought experiment, one copy of you thinks she or he sees the cat
as definitely alive and one copy of you thinks she or he sees the cat as definitely dead; both
thinks that the cat is in one state or the other.

If that is right, then a solution to the measurement problem need not ensure that there is
a definite macro-state. Instead, what we need to do is to identify macro-objects—or at least,
the macro-objects that are ourselves—with the joint states of several particles on different
“branches” of an entangled superposition.

In that sense, a measurement may be said to cause the “branching” of an observer into
several copies. But this can all be going on against the background of a single space-time.

Moreover, we don’t anymore need there to be a precise answer to the questions, ‘What is a
measurement?’ and ‘When does measurement occur?’ Instead, a measurement can be roughly
characterised as a process in which some system’s state is amplified by—i.e., entangled with
the states of—(very) many other systems. (This process is called decoherence.)

3.3 The problems of probability

A version of quantum mechanics in which every possible outcome happens “somewhere” faces
some serious questions about probability. These may be separated into two kinds: a qualitative
problem and a quantitative problem. The quantitative problem only arises once the qualitative
problem has been satisfactorily solved.

• Qualitative problem. If every outcome of a given experiment occurs, how can it make
sense to attribute probabilities (other than 1) to those outcomes? How can we give sense
to the notion of probability here at all? Further, since standard quantum mechanics
predicts probabilities (via the Born rule), How can we experimentally test the Everett
theory?

• Quantitative problem. Given that probabilities can be attributed to different measure-
ment outcomes—that is, different “branches” of the entangled superposition of the joint
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state of the total universe—why should we expect these probabilities to have the values
given to them by the Born rule? In short: why should we expect the Born rule to be
true in Everett theory?

3.4 Many-minds theory

One attempt to solve these problems is known as the many-minds interpretation, and is
discussed by Albert toward the end of Ch. 6. According to this interpretation, each agent
is associated with a continuum of conscious minds. At any given time, these minds are dis-
tributed over the entangled superposition that is the joint state of the universe. By hypothesis,
the proportions of this distribution are given by the Born rule.

The probability of any given outcome for a given agent is then determined by the relative
proportion of minds associated with that agent who see that outcome. This is an example
of self-locating ignorance, a.k.a. subjective uncertainty : the question for experimenter, ‘Which
outcome will I see?’ is tantamount to the question, ‘Which one of the many minds that, given
what I now know, I might be, am I?’ Because this is an instance of self-locating ignorance, it
is compatible with having full knowledge of the non-indexical information about the universe.
(‘Non-indexical information’ = information not involving matters such as who you are, where
you are and what time it is.)

3.5 The Deutsch-Wallace-Greaves decision-theoretic approach

An alternative, and relatively recent, part of the Everettian research programme aims to bring
probabilities into the theory by appealing to decision theory.

Consider the following thought experiment. An evil genius has invented a duplication
device which perfectly duplicates anything—including conscious human agents, replete with
their personalities, memories, etc. Soon she will duplicate you; there is nothing you can do
about this. But before she does she makes you the following offer. If you pay her a certain
amount now, she will give one of your two duplicated descendants £1000; the other descendent
will receive nothing.

Now: how much should you be prepared to pay prior to duplication?

What is interesting about this thought experiment is that you may think that there is an
answer as to how much you, being a rational agent, should be prepared to pay. Moreover,
this amount can be framed as being recommended by decision theory. But decision theory
usually requires an agent to input her credences as to possible future outcomes. Here there
is no uncertainty as to what the outcome will be for you: with probability 1 there will be a
copy of you who gets the £1000 and a copy of you who gets nothing. There seems to be no
sense in asking which descendent will “really” end up being you: plausibly, both are you in
any sense that matters (cf. Derek Parfit’s work on personal identity).

This suggests that there is a coherent notion of credence—and therefore a coherent notion
of probability—that can apply even for decision problems that feature no uncertainty—even
subjective uncertainty. Perhaps the Everettian can appeal to this notion of credence.
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This, it is claimed, solves the qualitative problem; it remains to solve the quantitative
problem. We will not go into this here, but those interested are recommended to read Wallace
(2006).

4 Things to think about

• The pilot wave forces the particles, but the particles have no influence on the pilot wave.
In this sense, pilot wave theory seems to run counter to Newton’s third law.

• Do the minds of many-minds theory have to be irreducibly mental entities? I.e., must a
many-minds theorist be a mind-body dualist?

• Since the pilot wave theory postulates a wave-function and particles, while the “many
worlds” theory postulates only a wave-function, does the pilot wave theory contravene
Ockham’s razor?

5 Reading for discussion

Required reading:

• Albert, David Z. (1992), Quantum Mechanics and Experience (Cambridge, MA and
London: Harvard UP), Chs. 6 & 7.

• Bell, J. S., ‘Six Possible Worlds of Quantum Mechanics’ in Speakable and Unspeakable
in Quantum Mechanics (Cambridge: CUP), Ch. 20.

Additional reading:

• Barrett, Jeffrey, ‘Everett’s Relative-State Formulation of Quantum Mechanics’, The
Stanford Encyclopedia of Philosophy, Edward N. Zalta (ed.),
URL = 〈http://plato.stanford.edu/entries/qm-everett/〉.

• Bell, J. S., ‘The Measurement Theory of Everett and de Broglie’s Pilot Wave’, in Speak-
able and Unspeakable in Quantum Mechanics (Cambridge: CUP), Ch. 11.

• Bell, J. S., ‘Quantum Mechanics for Cosmologists’, in Speakable and Unspeakable in
Quantum Mechanics (Cambridge: CUP), Ch. 15.

• Goldstein, Sheldon, ‘Bohmian Mechanics’, The Stanford Encyclopedia of Philosophy,
Edward N. Zalta (ed.),
URL = 〈http://plato.stanford.edu/entries/qm-bohm/〉.

• Wallace, D. (2006), ‘Epistemology Quantized: Circumstances in Which We Should Come
to Believe in the Everett Interpretation’, British Journal for the Philosophy of Science
57, pp. 655-89. Also available online at:
URL = 〈http://users.ox.ac.uk/∼mert0130/papers-prob.shtml#epist-quant〉.
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