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1 the simple two-path experiment

We are now in a position to see how the standard formulation of quantum mechanics explains the
results of the two-path interference experiments. Consider the two-path experiment where we start
with a z-spin up electron e in region I at time t0 (as in figure 1). We will suppose that the electron

x-spin

"x

#x z-spin #z

"z

B

I II

IV|"zie|Iie

III

A

Figure 1: two-path experiment with labeled positions

is halfway through the apparatus in one second t1 and at region II in two seconds t2 and that the
changes in direction as it travels do not affect its spin properties. We will also suppose that no
one looks at either of the two paths during the experiment and that e is kept well-isolated from its
environment. Finally, we will continue to assume that the interaction between the electron and the
spin boxes is correctly characterized by the deterministic linear dynamics. That is, we will continue
to suppose that this interaction does not count as a measurement that collapses the state of the
electron.

Before we calculate what happens with a z-spin up electron, let’s consider what the two-path
apparatus does to x-spin up and x-spin down electrons. An x-spin up electron would travel through
the device like this

|ψ(t0)〉e = |↑x〉e|I〉e
↓

|ψ(t1)〉e = |↑x〉e|A〉e
↓

|ψ(t2)〉e = |↑x〉e|II〉e
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And an x-spin down electron would travel through the device like this

|ψ(t0)〉e = |↓x〉e|I〉e
↓

|ψ(t1)〉e = |↓x〉e|B〉e
↓

|ψ(t2)〉e = |↓x〉e|II〉e

Since any spin state of an electron in region I can be represented as a linear combination of |↑x〉e|I〉e
and |↓x〉e|I〉e, the dispositions of an electron in each of these two x-spin eigenstates fully determines
the unitary time-evolution of any electron that starts in region I. Since the evolution is linear, we
just write the initial state in the x-spin basis, then time-evolve each term in the superposition,
keeping the original coefficients.

The state of the z-spin up electron at time t0 is

|ψ(t0)〉e = |↑z〉e|I〉e

So, given the linearity of the dynamics and how the x-spin box is designed, its state after one second
is

|ψ(t1)〉e = Û(t0, t1)|ψ(t0)〉e
= Û(t0, t1)|↑z〉e|I〉e
= Û(t0, t1)

[ 1√
2
|↑x〉e|I〉e +

1√
2
|↓x〉e|I〉e

]
=

1√
2
Û(t0, t1)|↑x〉e|I〉e +

1√
2
Û(t0, t1)|↓x〉e|I〉e

=
1√
2
|↑x〉e|A〉e +

1√
2
|↓x〉e|B〉e

Here the electron is in an entangled superposition of being x-spin up and on path A and being
x-spin down and on path B, and hence does not have any determinate spin or position properties.

Given the linearity of the dynamics and the construction of the two-path apparatus, the elec-
tron’s state after two seconds is

|ψ(t2)〉e = Û(t1, t2)|ψ(t1)〉e
= Û(t1, t2)

( 1√
2
|↑x〉e|A〉e +

1√
2
|↓x〉e|B〉e

)
=

1√
2
Û(t1, t2)|↑x〉e|A〉e +

1√
2
Û(t1, t2)|↓x〉e|B〉e

=
1√
2
|↑x〉e|II〉e +

1√
2
|↓x〉e|II〉e

=
( 1√

2
|↑x〉e +

1√
2
|↓x〉e

)
|II〉e

= |↑z〉e|II〉e
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So, putting the pieces together, the full time-evolution of the electron under the linear dynamics is

|ψ(t0)〉e = |↑z〉e|I〉e
↓

|ψ(t1)〉e =
1√
2
|↑x〉e|A〉e +

1√
2
|↓x〉e|B〉e

↓
|ψ(t2)〉e = |↑z〉e|II〉e

And after two seconds the electron is simply z-spin up and in region II. And that’s why, when no
one looks, it exhibits the sure-fire disposition to exit from the ↑z door of the z-spin box. It is z-spin
up.1

The interference effect of the electron being determinately z-spin up at the end of the two-path
apparatus is also how we know that it evolves by the linear dynamics (rule 4I) and not by the
collapse dynamics (rule 4II) when it interacts with an x-spin box. For e to be z-spin up in region II
on the standard theory it must have traveled a superposition of the two paths, as predicted by
the linear dynamics. While it is in a superposition of being on path A and being on path B, it
does not have any determinate spin or position properties because its spin and position properties
are entangled. This is represented by the fact that the electron’s state after one second cannot be
factored into a tensor product of a spin state and a position state. But after two seconds, its state
can be factored into a product of spin and position. And it is just a z-spin up electron in region II.

2 measurement

Suppose that we run the same two-path experiment but we put an observer on path B to see
whether the electron follows that path (as in figure 2). Again, the electron e starts in state
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Figure 2: two paths with an observer

|ψ(t0)〉e = |↑z〉e|I〉e
and by the linear dynamics ends up in the state

|ψ(t1)〉e =
1√
2
|↑x〉e|A〉e +

1√
2
|↓x〉e|B〉e

1And if the electron is initially z-spin down, a similar narrative explains why it will certainly end up z-spin down
at the end of the two-path apparatus.
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after it has passed through the x-spin box.
While this is not a state where the electron has a determinate position, it is a state where

an observer will find it on one or the other of the two paths if she looks for it. And an observer
intentionally looking for the electron to determine its position presumably counts as a measurement
of the electron’s position if anything does. In which case, the collapse dynamics (rule 4II) tells us
that the state of the electron will randomly and nonlinearly collapse to an eigenstate of position
with probabilities determined by the norm-squared of the projection of the initial state |ψ(t1)〉e
onto each possible state where it has a determinate position.

Suppose that the observer looks for the electron on path B. The probability that she will find
it is the norm-squared of the amplitude corresponding to it being on path B, which in this case
is |1/

√
2|2 = 1/2. If she finds it, then the probability of the electron being on path A is zero and

hence the amplitude associated with it being on path A must also be zero. So if the electron is
found on path B, then it is also x-spin down, and its quantum state is | ↓x〉e|B〉e. That is, the
effect of finding the electron on path B is to multiply the first term of |ψ(t1)〉e by zero. One then
renormalizes the vector to get the resultant state.

The probability that the observer will not find the electron on path B is one minus the prob-
ability that she will: 1 − 1/2 = 1/2. If she does not find it on path B, then the probability of it
being on path B is zero and hence the amplitude associated with it being on path B must also
be zero. This means that if it is not found on path B, then the state |ψ(t1)〉e must collapse to
|↑x〉e|A〉e when the observer looks for the electron and does not find it. So the effect of not finding
the electron on path B is to multiply the second term of |ψ(t1)〉e by zero.

In short, the collapse dynamics together with the standard interpretation of states requires
that finding the electron on path B collapses the state to | ↓x〉e|B〉e, and not finding it on path B
collapses the state to | ↑x〉e|A〉e. This is what explains why if one finds the electron on path B,
then it is x-spin down. And it explains why if one does not find it on path B, then one will find it
on path A if one looks for it there and it will be x-spin up.

If the observer finds the electron on path B then allows it to continue moving through the
apparatus, the linear dynamics predicts that the x-spin down electron will end up in the symmetric
superposition of exiting from each of the z-spin box doors

1√
2
|↑z〉e|III〉e −

1√
2
|↓z〉e|IV〉e

Then if one looks for it again, one will collapse the electron to an eigenstate of position with
probabilities given by the norm-squared of the amplitudes associated with each possible outcome
and hence, in this case, find it in region III and z-spin up with probability |1/

√
2|2 = 1/2 and find

it in region IV and z-spin down with probability | − 1/
√

2|2 = 1/2.
Similarly, if the observer does not find the electron on path B, then the collapse has put it on

path A and x-spin up, so the linear dynamics predicts that its state will be

1√
2
|↑z〉e|III〉e +

1√
2
|↓z〉e|IV〉e

after passing through the z-spin box. Consequently, one will also find it in region III and z-spin up
with probability 1/2 and in region IV and z-spin down with probability 1/2.

Again, if the observer does not look at path B, then one will always find the electron in region III
and z-spin up. The observer changes the state of the electron by looking for it even if she does not
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find it. If she does not look for it, the state of the electron just before it enters the z-spin box will
be

|↑z〉e|II〉e
But if she does look for it, she causes it to collapse to an eigenstate of the position, even if she does
not see it, and the electron ends up in a statistical mixture of being either determinately x-spin up

|↑x〉e|II〉e

with probability 1/2 or determinately x-spin down

|↓x〉e|II〉e

also with probability 1/2 just before it enters the z-spin box. And in each of these two cases, the
electron will end up in a superposition of exiting from each of the z-spin doors.

There is something nonlocal about the observer looking in one place, not finding the electron
there, but affecting its dispositions somewhere else. But the situation here is subtle. As the theory
tells it, it is not that the state of a distant electron is affected by the observer looking at the
empty path. Rather, it is that the observer’s looking at path B and not finding the electron there
instantaneously causes the electron to in fact be on path A when there was no such determinate
matter of fact before the observer looked. To be sure, looking for it affects the state of the electron,
but, since it is in an entangled state without any determinate position (or even a determinate
position state) before the observer looks, the action is not one that affects the state of an object
that is determinately distant. Rather, it gives an object with no determinate position at all a
determinate distant position.

The measurement does not simply reveal the fact that the electron is not in fact on the path
that she is watching. The electron was decidedly not determinately on path A before the observer
looked. If it were, then it would also have had a determinate x-spin and, hence, would not exhibit
the sure-fire disposition to exit from the ↑z door of the z-spin box had the observer not looked.
The measurement does not reveal a preexisting determinate fact, it makes the fact determinate.

For looking at a path and not seeing anything to count as a measurement, the observer must be
looking at a time when the theory predicts that she might find the electron. That is, there must be
a nonzero amplitude of the electron being in the region that she is checking when she is checking
it. Then, even when she does not find it, the effect of the measurement is to collapse the state to
one where the electron is determinately not where she looked.

Such a collapse gives the same posterior probabilities for the result of subsequent measurements
as conditioning on new evidence. Bayes’ theorem tells us that the probability of the electron being
found in region R given that it is not found in the disjoint region S is

P (R|¬S) =
P (R)

1− P (S)

where P (R) and P (S) are the prior probabilities of finding e in R and S as given by rule 4II. So,
by the principle of strict conditionalization, the posterior probability of finding e in R after not
finding it in S is

P ′(R) =
P (R)

1− P (S)
.
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3 barriers

The theory tells us that something subtly different happens if one puts a physical barrier on path B
in the place of an observer (as in figure 3). Suppose that the electron starts z-spin up in region I
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Figure 3: two paths with a barrier

at time t0. Suppose also that the barrier is gentle so that if the electron hits it, it just slows the
electron to a stop leaving it on path B and not disturbing its spin properties. Suppose that at one
second t1 the electron is on the paths, at two seconds it has had time to get to region II, and at
three seconds t3 it has had time to get through the z-spin box. Finally, suppose that the electron
evolves in the standard linear, deterministic manner all the way through the apparatus.

With this setup, an electron that started x-spin up would make it all the way through the
apparatus evolving as follows:

|ψ(t0)〉e = |↑x〉e|I〉e
↓

|ψ(t1)〉e = |↑x〉e|A〉e
↓

|ψ(t2)〉e = |↑x〉e|II〉e
↓

|ψ(t3)〉e =
1√
2
|↑z〉e|III〉e +

1√
2
|↓z〉e|III〉e

And an electron that started x-spin down would be stopped by the barrier on path B and, hence,
evolve as follows:

|ψ(t0)〉e = |↓x〉e|I〉e
↓

|ψ(t1)〉e = |↓x〉e|B〉e
↓

|ψ(t2)〉e = |↓x〉e|B〉e
↓

|ψ(t3)〉e = |↓x〉e|B〉e
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Again, these two dispositions fully characterize the interaction between an electron and two-path ap-
paratus.

It follows by the linear dynamics and the design of the apparatus that if the state of the electron
at time t0 is

|ψ(t0)〉e = |↑z〉e|I〉e
then, its state after one second is

|ψ(t1)〉e = Û(t0, t1)|ψ(t0)〉e
= Û(t0, t1)|↑z〉e|I〉e
= Û(t0, t1)

[ 1√
2
|↑x〉e|I〉e +

1√
2
|↓x〉e|I〉e

]
=

1√
2
Û(t0, t1)|↑x〉e|I〉e +

1√
2
Û(t0, t1)|↓x〉e|I〉e

=
1√
2
|↑x〉e|A〉e +

1√
2
|↓x〉e|B〉e

Here the electron is in an entangled superposition of being on path A and x-spin up and being on
path B and x-spin down. After two seconds, its state is

|ψ(t2)〉e = Û(t1, t2)|ψ(t1)〉e
= Û(t1, t2)

( 1√
2
|↑x〉e|A〉e +

1√
2
|↓x〉e|B〉e

)
=

1√
2
Û(t1, t2)|↑x〉e|A〉e +

1√
2
Û(t1, t2)|↓x〉e|B〉e

=
1√
2
|↑x〉e|II〉e +

1√
2
|↓x〉e|B〉e

Which means that the electron is now in a superposition of being in region II and x-spin up (because
it took path A) and still being on path B and x-spin down (because the barrier stopped it).

Note that, unlike the situation after two seconds in the original two-path experiment, this state
does not factor into a tensor product of a state where the electron has a determinate spin and a
state where it has a determinate position. The effect of the barrier is to keep the electron’s spin
and position properties entangled. And this changes entirely the way the electron behaves when it
encounters the z-spin box.

By the linear dynamics, the state of the electron after three seconds is

|ψ(t3)〉e = Û(t2, t3)|ψ(t2)〉e
= Û(t2, t3)

( 1√
2
|↑x〉e|II〉e +

1√
2
|↓x〉e|B〉e

)
The z-spin box will clearly do nothing to the second term that describes the electron as still being
on path B. But it will affect the first term.

We can calculate what the apparatus does to the first term by rewriting just that term in the
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z-spin basis then time-evolving each term in the expression:

|ψ(t3)〉e = Û(t2, t3)
[ 1√

2

( 1√
2
|↑z〉e +

1√
2
|↓z〉e

)
|II〉e +

1√
2
|↓x〉e|B〉e

]
= Û(t2, t3)

[1

2
|↑z〉e|II〉e +

1

2
|↓z〉e|II〉e +

1√
2
|↓x〉e|B〉e

]
=

1

2
|↑z〉e|III〉e +

1

2
|↓z〉e|IV〉e +

1√
2
|↓x〉e|B〉e

So with a barrier on path B the electron ends up in an entangled superposition of being in region III
and z-spin up, being in region IV and z-spin down, and being on path B and x-spin down. Given
the amplitudes associated with each term, when one looks for the electron, one will cause it to
collapse to an eigenstate of position, and one will find it in region III and z-spin up with probability
|1/2|2 = 1/4, in region IV and z-spin down with probability |1/2|2 = 1/4, and on path B and x-spin
down with probability |1/

√
2|2 = 1/2.

The presence of an observer on path B would prevent an electron that starts z-spin up in
region I from ending up determinately z-spin up in region II by collapsing its state to one where it
is either determinately x-spin up and on path A or determinately x-spin down and on path B. In
contrast, the presence of a barrier on path B prevents the electron from ending up determinately
z-spin up in region II by keeping the electron’s spin and position properties from disentangling.
The interference effect of finding a z-spin electron in region II is destroyed in each case but for
completely different reasons.2

It is important to be clear about this. The two ways of destroying the interference effect here
involve entirely different sequences of physical states exhibiting radically different causal stories.
The effect of the observer is to cause a nonlinear, random collapse of the quantum-mechanical state
on measurement. This produces a determinate measurement result and leads to the statistical
mixture of either

|up〉e = |↑x〉e|II〉e (3.1)

or
|down〉e = |↓x〉e|II〉e (3.2)

with probability 1/2 for each at time t2. The effect of the barrier on the electron is more subtle
and involves nothing nonlinear or random.

One might think of the barrier as producing a decoherence effect involving the internal degrees of
freedom of the electron. To say what this means, it will be useful to first understand environmental
decoherence, something we will turn to in the next section. For now, note that, on the assumption
that the barrier just stops the electron, the standard theory predicts the following pure state for
time t2 when there is a barrier instead of an observer

|super〉e =
1√
2
|↑x〉e|II〉e +

1√
2
|↓x〉e|B〉e (3.3)

This state is completely different in character from each of the two states that might evolve by the
collapse dynamics when an observation is made. While all three states exhibit the same unbiased

2The final state with the barrier here is very much like the state one gets when one sends an electron through an
x-spin followed directly by a z-spin box with no observation between the two boxes. Both of these cases might be
thought of as examples of internal decoherence.
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statistics for electrons that make it through the z-spin box, they are different physical states with
different empirical properties. An electron in state |up〉e will be found to be x-spin up, an electron
in state |down〉e will be found to be x-spin down, and an electron in state |super〉e will not exhibit a
determinate x-spin but will have sure-fire interference properties that are not shared by an electron
in state |up〉e or |down〉e.

There are other things that would act like the barrier here to prevent the interference effect of
the electron being z-spin up in region II. Suppose that we do not stop the electron, but just slow
it down on path B so that if it were to take that path determinately, it would get to region II
later than if it had taken path A. In that case, an electron that took path A would be in region II
at a time when an electron that took path B would still be on path B, so the state predicted
by the linear dynamics would take precisely the same form as |super〉e. It is just that the second
term might represent the electron as being a bit further along path B. One would also destroy the
interference effect if one made one of the paths longer than the other in order to determine which
path the electron traveled get to region II. To get the interference effect both components of the
state must describe the electron as being in region II at the same time; otherwise, the state does
not factor as the electron being z-spin up and in region II.

One could randomly choose which path to put the barrier in after the electron has passed the
x-spin box. This is called a delayed-choice experiment. Given the discussion so far, it should be
clear that all that matters for destroying the interference effect is that a barrier be in one or the
other of the two paths at a time such that it being there then would prevent a state that can be
factored into spin and position from evolving.

In the case of a delayed-choice experiment one might worry that the electrons that get to the
z-spin box are affected by the presence of the barrier on the path that they did not take when they
must have “decided which path to take” before the barrier was even in place and “never even got
close” to the barrier. But, as the standard theory has it, the situation is significantly less intuitive
than such worries suggest. The electron that one finds when one looks for it at the z-spin box
did not get there by determinately following the path without the barrier. Indeed, according to
the theory, the electron was not determinately there before one looked for it. Rather, it was in an
entangled superposition of being at the z-spin box and at the barrier.

When one imagines that an electron that gets through the apparatus must have determinately
followed a barrier-free trajectory, one is appealing to intuitions that the theory tells us are simply
mistaken. And the presence of interference effects when there is no barrier provides good empirical
reason to believe that the theory is getting things right.

4 decoherence

Suppose that, rather than directly looking to see which path the electron travels, we set something
up to record the trajectory it took. This might be done by placing a camera on one of the paths.
Or, more simply, we might just put a single particle p on path B and arrange it so that it moves
from region a to region b, without disturbing e’s motion, if and only if the electron takes path B (as
in figure 4). Here the record of the electron’s trajectory is made in terms of particle p’s position.

While it is perhaps less clear whether taking a photograph with a macroscopic camera should
count as a measurement in the theory, we have very good empirical evidence that interactions
between fundamental particles are accurately described by the linear dynamics. Hence, we will
suppose that the evolution of the state of the electron and recording particle are described by the
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Figure 4: two paths with a recording particle

linear dynamics.
This is the first time we have used the theory to describe a composite quantum-mechanical

system. We will continue to use the space we have been using to represent the state of the electron.
In addition, we need to keep track of the position of the recording particle. For the purposes at
hand, the position of the recording particle can be represented by a vector in a two-dimensional
space spanned by the state |a〉p where p is determinately in region a and the state |b〉p where it is
determinately in region b. The state of the composite two-particle system then is represented by a
vector in the tensor product of these two spaces.

We will suppose that the electron starts in region I at time t0, is through the x-spin box in
a half second t1/2, has had time to interact with particle p by three halves of a second t3/2, is
at region II in two seconds t2, and is through the z-spin box by three seconds t3. We will start
by considering what the apparatus does over the first two seconds for electrons that start in an
eigenstate of x-spin.

If the electron starts x-spin up and in region I and the recording particle p starts in region a,
then the state of the composite system evolves as follows

|ψ(t0)〉ep = |↑x〉e|I〉e|a〉p
↓

|ψ(t1/2)〉ep = |↑x〉e|A〉e|a〉p
↓

|ψ(t3/2)〉ep = |↑x〉e|A〉e|a〉p
↓

|ψ(t2)〉ep = |↑x〉e|II〉e|a〉p

In this case, particle p stays in region a without moving, indicating that the electron took path A
and is hence x-spin up.

If the electron starts x-spin down and in region I and the recording particle p starts in region a,

10



then the state of the composite system would evolve as follows

|ψ(t0)〉ep = |↓x〉e|I〉e|a〉p
↓

|ψ(t1/2)〉ep = |↓x〉e|B〉e|a〉p
↓

|ψ(t3/2)〉ep = |↓x〉e|B〉e|b〉p
↓

|ψ(t2)〉ep = |↓x〉e|II〉e|b〉p

Here particle p moves from a to b, indicating that the electron took path B and is x-spin down.
So if the composite system begins in the state

|ψ(t0)〉ep = |↑z〉e|I〉e|a〉p
=
( 1√

2
|↑x〉e +

1√
2
|↓x〉e

)
|I〉e|a〉p

=
1√
2
|↑x〉e|I〉e|a〉p +

1√
2
|↓x〉e|I〉e|a〉p

it will evolve as follows on the linear dynamics

|ψ(t0)〉ep =
1√
2
|↑x〉e|I〉e|a〉p +

1√
2
|↓x〉e|I〉e|a〉p

↓

|ψ(t1/2)〉ep =
1√
2
|↑x〉e|A〉e|a〉p +

1√
2
|↓x〉e|B〉e|a〉p

↓

|ψ(t3/2)〉ep =
1√
2
|↑x〉e|A〉e|a〉p +

1√
2
|↓x〉e|B〉e|b〉p

↓

|ψ(t2)〉ep =
1√
2
|↑x〉e|II〉e|a〉p +

1√
2
|↓x〉e|II〉e|b〉p

The final state here is a superposition of the electron being x-spin up and in region II and p being
in region a and the electron being x-spin down and in region II and p being in region b. In this state
the electron is in fact determinately in region II, and, keeping in mind the physical interpretation of
the tensor product as logical and, we could factor out its position if we wanted. But the interaction
between e and p has left the electron’s x-spin entangled with particle p’s position. Here the electron
no longer even has a spin state to call its own nor does particle p have a position state—while we
initially had the choice of representing e’s spin properties or p’s position properties independently
or together, now they can only be represented together.

To see what happens, we will write the state of the composite at time t2 in terms of e’s z-spin
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basis as

|ψ(t2)〉ep =
1√
2
|↑x〉e|II〉e|a〉p +

1√
2
|↓x〉e|II〉e|b〉p

=
1√
2

( 1√
2
|↑z〉e +

1√
2
|↓z〉e

)
|II〉e|a〉p +

1√
2

( 1√
2
|↑z〉e −

1√
2
|↓z〉e

)
|II〉e|b〉p

=
1

2
|↑z〉e|II〉e|a〉p +

1

2
|↓z〉e|II〉e|a〉p +

1

2
|↑z〉e|II〉e|b〉p −

1

2
|↓z〉e|II〉e|b〉p

We know how each term in this expression will evolve when the electron encounters the z-spin box.
By the linearity of the dynamics

|ψ(t2)〉ep =
1

2
|↑z〉e|II〉e|a〉p +

1

2
|↓z〉e|II〉e|a〉p +

1

2
|↑z〉e|II〉e|b〉p −

1

2
|↓z〉e|II〉e|b〉p

↓

|ψ(t3)〉ep =
1

2
|↑z〉e|III〉e|a〉p +

1

2
|↓z〉e|IV〉e|a〉p +

1

2
| ↑z〉e|III〉e|b〉p −

1

2
|↓z〉e|IV〉e|b〉p

Here the probability of the electron being found in region III on measurement is the sum of the
probabilities of the state represented by the first and third terms in this expression being realized:
|1/2|2+|1/2|2 = 1/4+1/4 = 1/2. And the probability of it being found in region IV on measurement
is the sum of the probabilities of the state represented by the second and fourth terms being realized:
|1/2|2 + | − 1/2|2 = 1/4 + 1/4 = 1/2.3

So the very presence of a recording particle p whose position becomes correlated to the position
of the electron destroys the interference effect in region II (of e exhibiting the sure-fire disposition
of ending up in region III when it starts z-spin up) regardless of whether one ultimately finds p in
region a or b. And it does this without causing a collapse of the quantum-mechanical state.

The situation here is similar to the two-path experiment with the barrier on path B. Both are
examples of decoherence. While the electron does determinately get to region II in two seconds in
the environmental decoherence experiment we just considered, the interaction between the electron
and the recording particle p leaves the electron’s spin properties entangled with p’s position so
one cannot factor out a determinate spin state for the electron. This happens if the state of
anything whatsoever in the electron’s environment or anywhere else becomes either intentionally
or unintentionally correlated to its x-spin as it moves through the apparatus. In the two-path
experiment with a barrier on path B, the electron’s own position becomes correlated with its x-
spin leaving its spin properties entangled with its position. This internal correlation destroys the
interference effect in precisely the same way as an environmental correlation.

In general, if one does anything at all to record which path the electron travels in the two-path
experiment, one will necessarily be correlating the value of one’s physical record with the electron’s
position, and hence with its x-spin, and consequently destroying the interference effect of finding it
z-spin up in region II. Such decoherence effects destroy interference effects but without causing a
collapse of the state. The interactions that produce the decoherence effect are perfectly linear. The

3Note that observing the position of p in this state does not give the electron a determinate position. Rather,
it leaves the electron in a symmetric superposition of being in region II and being in region III. More generally, a
collapse to an eigenstate of one observable only makes another observable determinate if the two observables were
perfectly correlated in the initial state. See the discussion of quantum records in the next section for further details
regarding what one can infer regarding the state of e from an observation of p. It turns out that much depends on
when one observes p.
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standard theory predicts the same statistics for a z-spin measurement of an electron in region II if
an observer previously collapses its state, putting it on one or the other of the two paths, as it does
if the state of a particle (or anything else) becomes correlated with the position of the electron in
such a way as to record which path it traveled. But, again, the causal stories are entirely different.

This difference is critically important to how the theory works. Both the interaction with the
recording particle p and the presence of a barrier on one of the paths destroy the interference effect
by producing a physical correlation that prevents one from being able to factor the electron’s state
into a spin part and a position part after two seconds. In the two-particle experiment involving e
and p, the correlation that destroys the interference effect is between the electron’s x-spin and p’s
position. In the one-particle barrier experiment, it is the correlation between the electron’s x-spin
and its own position. But if one observes which path the electron is on, it is the random, nonlinear
collapse of the quantum state that destroys the interference effect.

The collapse of the state on measurement cannot be modeled as a decoherence effect. If the
position of the recording particle p is simply correlated to the electron’s position by means of a
linear interaction, the resultant state of the composite system after two seconds will be

|ψ(t2)〉ep =
( 1√

2
|↑x〉e|a〉p +

1√
2
|↓x〉e|b〉p

)
|II〉e

But if one supposed that the interaction with recording particle p somehow measured the electron’s
state, the state of the composite system would be

|↑x〉e|a〉p|II〉e
or

|↓x〉e|b〉p|II〉e
with probability 1/2 for each.

As in the experiment with the barrier on one path, the three states here exhibit different physical
properties. The first describes the electron and the recording particle p as being in an entangled
superposition of the electron being x-spin up and p being in region a and the electron being x-
spin down and p being in region b. Here p’s position is quantum-mechanically correlated to the
electron’s x-spin, but neither p’s position nor the electron’s x-spin are determinate on the standard
interpretation of states. While the electron will exhibit no single-particle interference effect in
region II in this state, since the recording particle p’s position is not even determinate, this state
could not possibly represent a measurement where its position provided a determinate record of the
measurement result. Particle p’s position is, however, both correlated to the electron’s x-spin and
perfectly determinate in the second and third states. In contrast with the first state, the recording
particle p’s position in either of these states might represent the determinate record of an x-spin
measurement of the electron.

Given the standard interpretation of states, there is a good argument that the state of a sys-
tem must collapse on measurement. The entangled state produced by internal or environmental
decoherence is simply incompatible with there even being a determinate measurement record.

5 quantum records

A quantum record, just like a classical record, involves correlating one’s recording variable with
the value of the physical quantity that one wants recorded. But the sort of historical inferences
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one might make from a classical record typically don’t hold for quantum records. To be sure, if
the electron starts in an eigenstate of x-spin and hence determinately travels one or the other of
the two classically possible trajectories, then looking at the position of the recording particle p will
tell one which path the electron took. If p ends up in region a, then the electron took path A;
and if p ends up in region b, then the electron took path B. But if the electron starts in anything
other than an eigenstate of x-spin, then the value of one’s record will not allow one to infer which
determinate trajectory the electron traveled for the simple reason that it will not have traveled a
determinate trajectory at all.

If the electron’s initial state is z-spin up, then the state of the composite system will be

|ψ(t3/2)〉ep =
1√
2
|↑x〉e|A〉e|a〉p +

1√
2
|↓x〉e|B〉e|b〉p

after 3/2 seconds. If one observes the position of p in this state, with probability 1/2 one will
collapse the state to

|up record〉ep = |↑x〉e|A〉e|a〉p (5.1)

and find p in region a and with probability 1/2 one will collapse the state to

|down record〉ep = |↓x〉e|B〉e|b〉p (5.2)

and find p in region b. So if one finds p in region a, then one will certainly also find the electron
x-spin up and on path A if one looks for it. One might naturally infer that it got there by traveling
along path A and that the fact that the electron never in fact got close enough to push it explains
why particle p did not get pushed to region b. And if one finds p in region b, one will also certainly
find the electron x-spin down and on path B if one looks. One might similarly infer that it got
there by traveling along path B and that particle p was pushed from a to b when the electron
passed by it. The upshot is that wherever one finds the recording particle p when one looks at the
record, nothing that one might subsequently observe regarding the position of e or p will contradict
the classical assumption that the position of p accurately records the path that the electron in
fact followed. But the classical history of the electron’s motion that one intuitively infers from
the record is utterly false according to the theory. There is an important sense in which what one
supposes to be a record of the electron’s trajectory is not a record at all.

Consider the same experiment but where one decides not to observe the position of p. As
we have seen, the correlation between the electron’s x-spin and p’s position would destroy the
interference effect of finding a sure-fire z-spin up electron in region II. But one would be able to
show empirically that the state was |ψ(t3/2)〉ep and hence that the electron did not in fact take

either path even here by measuring a two-particle observable Ô that had |ψ(t3/2)〉ep as an eigenstate
with eigenvalue +1 and the orthogonal state

1√
2
|↑x〉e|A〉e|a〉p −

1√
2
|↓x〉e|B〉e|b〉p

as an eigenstate with eigenvalue −1. In state |ψ(t3/2)〉ep, measuring Ô would certainly yield the
result +1, but in state |up record〉ep or state |down record〉ep it would yield the result +1 half of
the time and −1 the other half the time. The sure-fire disposition to get +1 for a measurement
of Ô represents a new interference effect predicted by the linear dynamics.
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The crucial point here is that when decoherence destroys one interference effect, it always
produces another interference effect that one might at least in principle observe. While there is
no longer a single-particle interference effect involving just e that that would show that the linear
dynamics obtain, the theory predicts that the composite system of e+ p will exhibit a two-particle
interference effect. Specifically, if the linear dynamics alone correctly describes the behavior of the
composite system, then measuring Ô will yield a sure-fire result of +1. Further, we have very good
empirical evidence that simple two-particle systems like this always obey the linear dynamics when
unobserved. We will have more to say about this later.

There is also something nonlocal about what happens to the electron when one observes the
position of the recording particle p. The situation here is a little different from our earlier reflections
regarding potential quantum nonlocality. Suppose that one waits two seconds before observing p’s
position. The state of the composite system, with e’s position factored out, will be

|ψ(t2)〉ep =
( 1√

2
|↑x〉e|a〉p +

1√
2
|↓x〉e|b〉p

)
|II〉e

Here the electron is determinately in region II, so nothing that one does to p will affect the electron’s
position. But the electron’s x-spin remains entangled with p’s position. As a consequence, if one
measures p’s position and finds it in region a, the electron instantaneously and nonlocally collapses
to a state where it is determinately x-spin up; and if one finds p in region b, then the electron
instantaneously and nonlocally collapses to a state where it is determinately x-spin down. So
measuring the position of p here instantaneously and nonlocally gives the electron a determinate
x-spin when it did not initially have one no matter how far apart the two particles may be. In as
much as the possessed properties of the distant electron immediately change when p is observed,
this is a straightforward example of action at a distance.

If the states of two systems are entangled, then one cannot represent the state of either alone.
Rather, the two systems must be understood as a single system in an entangled state. Observing
the state of either of the subsystems may instantaneously and nonlocally change the state of the
other system by changing the state of the composite system no matter the distance between its
parts. If the electron and recording particle are entangled as in state |ψ(t3/2)〉ep, the electron might
be 4.37 lightyears away in orbit about α Centauri and a position measurement of p on Earth would
both instantaneously disentangle the two systems and randomly give the electron a determinate
x-spin that it did not determinately have before p’s position was observed.

6 total-of-nothing

Albert’s total-of-nothing box provides additional empirical evidence that the standard formulation
of quantum mechanics is getting things right. Given the construction of the box, the theory predicts
that if the spin state of an electron e is |φ〉e when it enters the box, then it will be −|φ〉e when it
exits from the other side. This vector is on the same ray as |φ〉e and hence represents precisely the
same physical state according to the theory.

Taking these vectors to represent precisely the same state makes sense given how one calculates
probabilities. The probability of a measurement result is given by the norm-squared of an inner
product. The minus sign on a state will affect the sign of the inner product, but it will have no
effect on the norm-squared of that inner product. Hence an electron in state |φ〉e exhibits precisely
the same dispositions as an electron in state −|φ〉e. To insist that there is a difference would be to
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insist on a difference that has no empirical consequences. And, indeed, the spin properties of an
electron that passes through a total-of-nothing box are empirically the same as its spin properties
before. An x-spin up electron stays x-spin up, a z-spin down electron stays z-spin down, and so
on.

In order to calculate what happens to an electron that was initially z-spin up if a total-of-nothing
box is placed on path B of a two-path apparatus (as in figure 5), we will first consider what it
would do to an x-spin up and an x-spin down electron. An x-spin up electron would determinately

x-spin

"x

#x z-spin #z

"z

B

nothing

III

IV

III

|"zie|Iie

A

Figure 5: two paths with a total-of-nothing box

take path A, miss the box, and hence evolve as follows:

|ψ(t0)〉ep = |↑x〉e|I〉e
↓

|ψ(t1/2)〉ep = |↑x〉e|A〉e
↓

|ψ(t3/2)〉ep = |↑x〉e|A〉e
↓

|ψ(t2)〉ep = |↑x〉e|II〉e

An x-spin down electron would determinately take path B and, hence, go through the total-of-
nothing box:

|ψ(t0)〉ep = |↓x〉e|I〉e
↓

|ψ(t1/2)〉ep = |↓x〉e|B〉e
↓

|ψ(t3/2)〉ep = −|↓x〉e|B〉e
↓

|ψ(t2)〉ep = −|↓x〉e|II〉e

This multiplies the state of the electron by −1, but this does nothing whosoever to its physical
dispositions. It is still just an x-spin down electron when it gets to region II.
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Given this and the linearity of the dynamics, an electron that begins in the state z-spin up
would evolve as follows:

|ψ(t0)〉ep = |↑z〉e|I〉e
=

1√
2
|↑x〉e|I〉e +

1√
2
|↓x〉e|I〉e

↓

|ψ(t1/2)〉ep =
1√
2
|↑x〉e|A〉e +

1√
2
|↓x〉e|B〉e

↓

|ψ(t3/2)〉ep =
1√
2
|↑x〉e|A〉e −

1√
2
|↓x〉e|B〉e

↓

|ψ(t2)〉ep =
1√
2
|↑x〉e|II〉e −

1√
2
|↓x〉e|II〉e

= |↓z〉e|II〉e

So a z-spin up electron that enters the apparatus will be z-spin down when it gets to region II,
hence it will exhibit the sure-fire disposition to end up in region IV rather than region III when it
exits from the z-spin box.

The total-of-nothing box, then, does nothing to an electron that goes through it and it does
nothing to an electron that goes around it, but it dramatically affects the state, and hence the
dispositions, of an electron that is in a superposition of going through it and around it. Multiplying
a state by −1 does nothing since it leaves the state on its original ray, but multiplying just one
term of a superposition by −1 moves the state off of its original ray. In the present case, it rotates
the state by 90◦, which, in the context of the two-path apparatus, ultimately produces an electron
where the z-spin is flipped.

Note that the total-of-nothing box does not accomplish this by directly affecting the spin of the
electron in any way at any time. For this reason, it would presumably be wrong to say that any
action of the total-of-nothing box caused the z-spin of the electron to flip. Nevertheless, it would
not have flipped if the total of nothing box were not on path B.

7 the wave function

Among the historical motivations for quantum mechanics we started with were the behavior of light
and the stability of matter. We are now in a position to say something regarding how the standard
formulation of quantum mechanics explains such phenomena.

In the two-slit experiment, the standard theory describes each photon as being in a superposition
of going through slit A and through slit B. The linear dynamics predicts that such a photon will
end up in a superposition of hitting the screen in different regions. When one observes the screen,
this measurement causes it to collapse to a state where it has a determinate approximate position.
The norm-squared of the quantum-mechanical amplitude associated with each region gives the
probability of the photon being found in that region when one looks. The distinctive interference
distribution of photons on the screen is given by these probabilities. This is a two-path interference
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effect akin to finding a z-spin up electron at the end of the two-path apparatus discussed above. The
final state of the photon at the screen here is similarly the result of applying the linear dynamics
to the vector sum of the state of the photon going through slit A and through slit B. And the
standard formulation of quantum mechanics gets this state, and hence the statistical distribution,
just right.

With regard to the stability of matter, consider a hydrogen atom where the electron is in the
lowest energy state possible. Here the linear dynamics predicts that the electron is in a spherically
symmetric superposition of different locations centered on the positively-charged proton that con-
stitutes the nucleus of the hydrogen atom. It also tells us that, while it does not have a determinate
position, there is a sense in which the electron is determinately not moving. This stationary super-
position, known as the 1s orbital to chemists, is stable under the unitary dynamics. Consequently,
as long as no one looks for the electron or kicks it around by more conventional means, it will just
sit there in a superposition of different positions and a stable eigenstate of energy.

As with the photon in the two-slit experiment, the electron here is not determinately in any
particular region before it is observed. Rather, its state is represented as a complex-valued wave
function |ψ(r)〉e over possible positions r. The norm-squared of the wave function gives the proba-
bility density for finding the electron at a particular position. The wave function can be understood
as a unit-length vector in a Hilbert space H whose elements are functions. What it means for the
function |ψ(r)〉 to be unit-length is that ∫

R
|ψ(r)|2dr = 1

where the integral is over all possible positions R. The inner product is defined as

〈φ(r)|χ(r)〉 =

∫
R
φ∗(r)χ(r)dr

over all possible positions R.
An orthonormal basis for H consists in a set of unit-length functions {φ1, φ2, . . .} such that any

function in the space can be written as a linear combination of the elements of the space. This sum
typically has an infinite number of terms

|ψ(r)〉e =
∑
k

ak|φk(r)〉e =
∑
k

〈φk(r)|ψ(r)〉|φk(r)〉e

The probability of finding e in state |φk(r)〉e if one measures the observable corresponding to the
orthonormal basis is |ak|2 = |〈ψk(r)|φ(r)〉|2. And the probability P (R) of finding the electron in
any particular region R is equal to

P (R) =

∫
R
|ψ(r)|2dr.

For systems that contain more than one particle, the wave function is a complex-valued function
over configuration space. Configuration space has three dimensions for each particle in the system
one wants to describe. One might think of a single point in the 3N -dimensional configuration space
associated with a system S as giving the xk, yk, and zk coordinate for each particle k in S. The
coordinates of the point Q(t) might then be written as

(x1, y1, z1, x2, y2, z2, . . . , xk, yk, zk, . . . , xN , yN , zN )

18



Configuration space for one particle is ordinary 3-space; for two particles, it is a 6-dimensional space
where each point represents the positions of each of the two particles in 3-space; and so on. An
immediate consequence is that, except for the special case of a single particle, the wave function of
a system cannot be thought of as a simple field living in ordinary three-dimensional space. While
the wave function is important to the standard theory, a clear understanding of configuration space
and the wave function over configuration space will be absolutely essential when we discuss GRW
and Bohmian mechanics later.

One can often represent a system’s quantum-mechanical state by considering the amplitude of
its configuration being in various of a finite set of disjoint regions of configuration space. This has
been our strategy up to now. When it works, this allows one to get by with a finite-dimensional
Hilbert space. We will continue to do so when we can.

We have seen how the standard collapse formulation of quantum mechanics predicts and explains
all of the phenomena we have considered so far. The theory is counterintuitive. But given that
our experience of quantum-mechanical systems is counterintuitive, any theory that makes the right
empirical predictions must be.

There are other sorts of phenomena that any empirically adequate formulation of quantum
mechanics would need to be able to predict. Among the most salient of these are the EPR-Bell
statistics we consider in the next chapter. These statistics illustrate a subtle sort of non-locality
that is predicted by the standard theory and exhibited by the physical world. Inasmuch as the
EPR-Bell statistics are also counterintuitive, any theory that predicts them must be as well.
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