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Quantum Mechanics (QM) has brought about a profound change in the way physics describes the
world. We went from describing systems by assigning definite values to an exhaustive list of their
properties, to describing systems by assigning state vectors to them. Such state vectors only allow us to
assign definite values to some of the system’s properties, and they only allow us to make probabilistic
predictions of what those values will be for us when we try to determine them. 

In a famous paper of 1935, Einstein and two collaborators, Podolsky and Rosen, argued that the
quantum description of reality is simply incomplete. It should be possible, they argued, to find a deeper
theory that assigns definite values to all the properties of a system all the time and independently of
whether we decide to measure them or not, even though QM only tells us about our chances of finding
some values part of the time. 

In the 1960s, however, John Bell showed that such a deeper theory cannot account for the outcome
predicted by QM in a slight variation of the very thought experiment on which Einstein had based his
arguments in 1935. In the 1980s Alain Aspect actually did the experiment Bell had suggested and the
results vindicated QM. The conclusion was that QM is not incomplete but incompletable. There is no
more to know about the world than QM tells us we can know and the world is irreducibly stochastic.
God does seem to play dice.

The latest developments, however, suggest that God does not play dice after all. It now looks as if QM
is fully deterministic. But that hardly means a return to a more classical picture. The new take on QM
that is emerging is that systems are almost always in states where their properties have all possible
values all at once. In standard QM this is avoided by assuming that, upon measurement of a property,
so-called state vector collapses fix the value of the measured property. The emerging consensus is that
such collapses have no place in QM. That means that standard QM is not incomplete, not
incompletable, but already overcomplete.
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Stern-Gerlach Experiment (1922)
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Some Variants on the 1922 Stern-Gerlach Experiment

EXPERIMENT I

(a) Measure ‘spin-in-the-z-direction’.
(b) Measure ‘spin-in-the-z-direction’ again 

for particles that came out ‘spin-up’ in (a).

• Result in (a): 50% up / 50% down.
• Result in (b): ?
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Some Variants on the 1922 Stern-Gerlach Experiment

EXPERIMENT II

(a) Measure ‘spin-in-the-z-direction’.
(b) Measure ‘spin-in-the-x-direction’ 

for particles that came out ‘spin-up’ 
in (a).

• Result in (a): ?
• Result in (b): 50% up / 50% down.
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Some Variants on the 1922 Stern-Gerlach Experiment

EXPERIMENT III

(a) Measure ‘spin-in-the-z-direction’.
(b) Measure ‘spin-in-the-x-direction’ for 

particles that came out ‘spin-up’ in 
(a).

(c) Measure ‘spin-in-the-z-direction’ 
again for particles that came out 
‘spin-up’ in (b).

• Result in (a): 50% up/50% down.
• Result in (b): 50% up/50% down.
• Result in (c): ??



 

6

 

Some Variants on the 1922 Stern-Gerlach Experiment

EXPERIMENT III

(a) Measure ‘spin-in-the-z-direction’.
(b) Measure ‘spin-in-the-x-direction’ for 

particles that came out ‘spin-up’ in 
(a).

(c) Measure ‘spin-in-the-z-direction’ 
again for particles that came out 
‘spin-up’ in (b).

• Result in (a): 50% up/50% down.
• Result in (b): 50% up/50% down.
• Result in (c): 50% up/50% down!!



 

7

 

Making things more intuitive

 

 (following: David Z. Albert, 

 

Quantum Mechanics and 
Experience

 

. Cambridge: Harvard University Press, 1992)

‘spin-in-the-z-direction’ 
(up, down)

‘spin-in-the-x-direction’ 
(up, down)

Hardness (hard, soft)

Color (white, black)

PROPERTIES (VALUES)

+1 –1

+1 –1
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Variants of Stern-Gerlach Experiment in Terms of Color and Hardness:

Q: Percentage 
black vs. white 
in Exp. III?
a) 100/0
b) 50/50
c) 0/100
d) None of the 

above

Color

white

black 
particles

Color

Color

Hardness

Hardness Color

hard 

soft 

50%

50%

I

II

III

H = –1

H = +1

C = +1

C = –1
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Two even more puzzling experiments:

Color Hardness
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Two even more puzzling experiments:

Color Hardness

Color
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Two even more puzzling experiments:

Color Hardness

Color

IV

Half-silvered
mirrormirror

mirror

Color Hardness

Color

V

total of
nothing

100% white!!

100% black

w
b

h

s

w
b
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How to account for these experiments?

 

Calls for a whole new type of description of physical systems: 

 

Classical Mechanics

 

: the 

 

state of a system

 

 is described by assigning definite values to an 
exhaustive list of properties of the system at all times, i.e., by assigning 

 

a point in a

 

 

 

phase space

 

 which determines the classical state of the system, values of all properties 
for all times:

 

Quantum Mechanics

 

: the state of a system is described by assigning 

 

a vector in a 
Hilbert space 

 

to the system. Such a 

 

state vector only determines definite values to 
some of the system’s properties part of the time. How does Quantum Mechanics do 
that?

Color
+1

–1

Hardness
–1 +1

• System with N properties: phase space of dimension N.
• Attempt at phase space description of the system in 

experiments above: two properties (color with values 
–1, +1; hardness with values –1, +1). hence N = 2
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The basic principles of Quantum Mechanics in its standard Copenhagen interpretation 
(the version taught in physics classes)

1) The state of a particle is represented by a vector in a
Hilbert space (state vector). In this case the Hilbert 
space can be represented by an arrow of unit length in 
a plane.

2) It is only for certain directions that a given property 
has a definite value (those directions are called the 
eigenvectors for that property; the corresponding 
values of the property are called the eigenvalues). In 
general, the state vector of the particle will be in a 
superposition of different values of some property

3) As long as no measurement is being made, the state vector of the particle evolves in time in a 
continuous and deterministic manner governed by the Schrödinger equation.

4) Projection postulate. Measurement of some property forces the state vector to collapse onto 
one of the directions for which that property has a definite value. [(4) distinguishes orthodox 
Copenhagen QM from other interpretations of QM. The existence side-by-side of two very different time 
evolutions one for measurement interaction, one for all non-measurement interactions is the root of the 
measurement problem in Copenhagen QM.]

5) The closer the direction of the state vector to the direction of one of the eigenvectors for the 
property under consideration, the more likely it is that the state vector will collapse onto that 
eigenvector. More precisely (Born rule): The probability of finding a certain eigenvalue upon 
measurement of some property is given by the square of the component of the state vector in 
the direction of the corresponding eigenvector.

hard (H = +1)

soft (H = –1)

black (C = –1)

white (C = +1)
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QM account of experiments III, IV, and V

Color Hardness

Color

IV

Half-silvered
mirror

mirror

mirror

Color Hardness Color
III w

b

h

s

w

b

50/50

All black!+ =superposition:

hard (H = +1)

soft (H = –1)

black (C = –1)

white (C = +1)

white/black
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QM account of experiments III, IV, and V

Color Hardness

Color

IV

Half-silvered
mirror

mirror

mirror

All black!+ =superposition:

hard (H = +1)

soft (H = –1)

black (C = –1)

white (C = +1)

Color Hardness

Color

V

total of
nothing

+ =
All white!!

superposition: =
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EPR argument (in terms of Albert’s color and hardness boxes):

Premises:

(1) A theory is complete if and only if it describes all elements of physical reality
(2) Sufficient condition for something to be an element of physical reality: if we can 

predict the value of some measurable quantity with certainty, that quantity with that 
value is an element of reality.

(3) No signal travels faster than light

Argument:

• In EPR set-up (diagram above) we can predict the color of particle 2 with certainty by 
measuring the color of particle 1.

• In similar EPR set-up we can predict the hardness of particle 2 with certainty by 
measuring the hardness of particle 1.

• Detection of particle 1 and detection of particle 2 in EPR set-up are spacelike separated 
events (i.e., you need a signal faster than light to send information about the measurement of 
particle 1 by the color/hardness box on the left to the color/hardness box on the right before particle 
2 gets measured. Such signals are prohibited; see premise 3). 

color color

left wing right wing
2 light-years 2.001 light-years
particle #1 particle #2

creation of particle pair
in entangled color state

⊗
1 2

1

2
-------

⊗
1 2

}{ –
black
C = –1

white
C = +1

black
C = –1

white
C = +1
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EPR argument (in terms of Albert’s color and hardness boxes)

• In EPR set-up (diagram above) we can predict the color of particle 2 with certainty by 
measuring the color of particle 1.

• In similar EPR set-up we can predict the hardness of particle 2 with certainty by 
measuring the hardness of particle 1.

• Detection of particle 1 and detection of particle 2 in EPR set-up are spacelike separated 
events (i.e., you need a signal faster than light to send information about the measurement of 
particle 1 by the color/hardness box on the left to the color/hardness box on the right before particle 
2 gets measured. Such signals are prohibited; see premise 3).
→ It should not matter which property is measured on particle 1.
→ We can predict with certainty both color and hardness of particle 2.
→ Both color and hardness of particle 2 are elements of reality (see premise 2).
→ A complete theory should give both definite color and definite hardness to particle 2.

• According to QM you cannot ascribe definite color and a definite hardness to a particle at 
the same time.

Conclusion (see premise (1)): QM is incomplete.

color color

left wing right wing
2 light-years 2.001 light-years
particle #1 particle #2

creation of particle pair
in entangled color state

⊗
1 2

1

2
-------

⊗
1 2

}{ –
black
C = –1

white
C = +1

black
C = –1

white
C = +1
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Version of the EPR argument in modern philosophy of QM

Aside: the reason that the two-particle state is the one written down here is that fermions cannot 
occupy the same state (Pauli exclusion principle) which translates into the requirement that the state 
vector must be anti-symmetric, i.e., it must turn into minus that state vector upon switching particles 
1 and 2. Let me emphasize that, despite appearances to the contrary, the state vector written down 
here does not privilege the property color in any way (see below). 

QM predicts: in all runs, the outcome in the right wing is minus the outcome in the left 
wing.

Perfect correlation between ‘white on the left’ and ‘black on the right’:

Among runs with white on the left, 100% have black on the right

Among runs with black on the left, 0% has black on the right

color color

left wing right wing
2 light-years 2.001 light-years
particle #1 particle #2

creation of particle pair
in entangled color state

⊗
1 2

1

2
-------

⊗
1 2

}{ –
black
C = –1

white
C = +1

black
C = –1

white
C = +1
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Version of the EPR argument in modern philosophy of QM

Question: what causes the correlation?

Scenarios considered by EPR:

(1)When particle 1 comes out white in the left wing, a signal is sent to the right wing 
which causes particle 2 to come out black. This scenario is unacceptable, because the 
signal would have to be superluminal (i.e., it would have to travel faster than light).

(2)When particles separate, it is already determined that upon measurement of their color, 
particle 1 will come out white and particle 2 will come out black. This is determined by 
the value of some hidden variable, not included in the QM description of the states of 
the particles. 

EPR’s conclusion: it has to be scenario (2), which means that the quantum mechanical 
description of reality is incomplete.

color color

left wing right wing
2 light-years 2.001 light-years
particle #1 particle #2

creation of particle pair
in entangled color state

⊗
1 2

1

2
-------

⊗
1 2

}{ –
black
C = –1

white
C = +1

black
C = –1

white
C = +1
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Variant on EPR thought experiment: measure different properties in the two wings
QM predicts (proof later): 

Only in 25% of all runs, is the outcome on the right minus the outcome on the left.

Imperfect correlation between ‘white left’ and ‘square right’:
Among runs with white on the left, 75% have square on the right
Among runs with black on the left, only 25% has square on the right

Question: what causes the correlation?

Answer of EPR: At the moment the pair of particles is created, the value of some hidden 
variable already determines whether particle 1 will come out of the left wing black or 
white and whether particle 2 will come out of the right wing round or square.

Conclusion once again: QM description of reality appears to be incomplete.

black (C = –1)

white (C = +1)

round (S = –1)

square (S = +1)

shapecolor
left wing right wing

particle #1 particle #2
⊗

1 2

1

2
-------

⊗
1 2

}{ –
black
C = –1

white
C = +1

round
S = –1

square
S = +1
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QM predicts imperfect correlation if different properties are measured in the two wings:

Use Born rule to predict outcome of measurement on particle 2:

Example 1: measure the shape of 1 on the left and color of 2 on the right

S = – on the left → Chances of getting C = + on the right are 

S = + on the left → Chances of getting C = – on the right are 

black 

white 

30o
30o

30o30o

30o sweet 

round bitter 

square 30o

90o60o

1

1
2
---

3
2

-------

Pythagorean theorem: 
1
2
--- 

  2 3
2

------- 
 

2
+ 1=

Eigenvectors of 
Color, Taste, and Shape

C–| 〉

T+| 〉

S–| 〉
C+| 〉

T–| 〉
S+| 〉

Take the square of the component of  [= the part of the state vector for the two-particle system 
pertaining to particle 2 after measurement on the left has collapsed it to  =                   ] in the 
direction of .  makes an angle of 60o with . So the component of  in the direction of  
is 1/2. The square is 1/4.

S+| 〉
S–| 〉1 S+| 〉2

C+| 〉 S+| 〉 C+| 〉 S+| 〉 C+| 〉
⊗

1 2

1
4
---

Take the square of the component of  [= the part of the state vector for the two-particle system 
pertaining to particle 2 after measurement on the left has collapsed it to ] in the direction of . 

 makes an angle of 60o with . So the component of  in the direction of  is 1/2. The square 
is 1/4.

S–| 〉
S+| 〉1 S–| 〉2 C+| 〉

S–| 〉 C–| 〉 S–| 〉 C–| 〉

1
4
---
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QM predicts that the chances of getting + or – in the first measurement are always 50/50 
no matter which property is being measured.

This is because the entangled state always has the same form no matter which property’s 
eigenvectors are used to form the basis for the system’s Hilbert space. E.g.,

To prove this result it will be convenient to use the so-called ‘Bra-Ket’-notation of Dirac. 
The equality above then reads:

1

2
-------

 

                    

 

                     
–

  
 
 

 

⊗
1 2

⊗
1 2  

1

2
-------

 

                    

 

                     
–

  
 
 

 
⊗

1 2
⊗

1 2  
=
 

in ‘X’-basis in ‘color’-basis

1

2
------- X+| 〉1 X–| 〉2 X–| 〉1 X+| 〉2–{ }

1

2
------- C+| 〉1 C–| 〉2 C–| 〉1 C+| 〉2–{ }=
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QM predicts that the chances of getting + or – in the first measurement are always 50/50 
no matter which property is being measured. 

The entangled state always has the same form no matter which property’s eigenvectors are 
used to form the basis for the system’s Hilbert space

 

C–

 

| 〉

 a

a

b
b

 

C+

 

| 〉

 

X–

 

| 〉

 

X+

 

| 〉

 

a

 

2

 

b

 

2

 

+ 1=

C+  | 〉  a  X+  | 〉  b  X– | 〉 –=

C–
 

| 〉
 

b
 

X+
 

| 〉
 

a
 

X–
 

| 〉
 

+=
 

1

2
------- C+

 

| 〉

 

1

 

C–

 

| 〉

 

2

 

C–

 

| 〉

 

1

 

C+

 

| 〉

 

2

 

–

 

{ }

 

1

2
-------

 

a

 

X+

 

| 〉

 

1 b X–| 〉1–( ) b X+| 〉2 a X–| 〉2+( ){=

b X+| 〉1 a X–| 〉1+( ) a X+| 〉2 b X–| 〉2–( ) }–

1

2
------- ab X+| 〉1 X+| 〉2 a2 X+| 〉1 X–| 〉2 b2 X–| 〉1 X+| 〉2– ab X–| 〉1 X–| 〉2–+{=

ab X+| 〉1 X+| 〉2 b2 X+| 〉1 X–| 〉2 b2 X–| 〉1 X+| 〉2– ab X–| 〉1 X–| 〉2+ + }–

1

2
------- X+| 〉1 X–| 〉2 X–| 〉1 X+| 〉2–{ }= a2 b2+ 1=( )

Proof:
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A more complicated version of the EPR experiment:
Proposed by John S. Bell (1964); carried out by Alain Aspect (late 70s/early 80s)

Quantum mechanics predicts:

In 33% or 1/3 Same box left and right Chance of 1 (or 100%) that outcome right is
of all runs minus outcome left

In 66% or 2/3 Different box left and right Chance of 1/4 (or 25%) that outcome right is
of all runs minus outcome left
_________________________________________________________

In all runs Chance of 

(weighted average of 2 types of runs) (or 50%) that outcome right is minus outcome left

Claim (Bell 1964): No hidden variable theory can account for this result. Any such theory predicts 
that you will find opposite results in the two wings in at least 5 out of 9 rather than 5 out of 10 runs 
(instance of so-called Bell inequalities; proof on next transparancy).

Conclusion: Einstein, Podolsky, and Rosen (EPR) were wrong. There is no more to reality than QM 
says there is. Nature is intrinsically stochastic. The stochastic predictions of QM can not be 
attributed to our lack of knowledge of some hidden deterministic mechanism.

color

left wing right wing

particle #1 particle #2

⊗
1 2

1

2
-------

⊗
1 2

}{ –taste

shape

color

taste

shape

1
3
--- 1×

2
3
--- 1

4
---×+ 1

3
--- 1

6
---+ 1

2
---= =
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Proof of Bell Inequalities for Bell-Aspect EPR experiment

Prediction of quantum theory (verified experimentally):
Chances of finding opposite outcomes left and right are 1/2 (5/10).

Prediction of (local) hidden variable theory:
Chances of finding opposite outcomes left and right are at least 5/9 
(Bell inequality)

Basic idea of hidden variable theory: add a property whose value at the moment the par-
ticle pair is created determines  what the outcome will be upon measuring the color, the 
shape, or the taste of the particle. 
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Pre-determination of the outcomes of color-, shape-, and taste-measurements 
through the values of hidden variable(s)

The two basic scenarios: values of hidden variables are such that ...

(a) One particle will give value +1 upon measuring any of the three properties,
the other particle will give value –1 upon measuring any of the three properties.

(b) One particle will give +1 for two properties and –1 for the third, the other
particle will give –1 for the first two properties and +1 for the third.

Example of situation (b)

Result of experiment for situations (a) and (b) (actual experiment a mix of the two)

(a) All runs of the experiment give opposite outcomes left and right
(b) ? out of 9 runs of the experiment give opposite outcomes left and right

color shape taste

particle 1 +1 (white) +1 (square) –1 (sweet)

particle 2 –1 (black) –1 (round) +1 (bitter)

(left, right),
(particle 1, 
particle 2)

color right shape right taste right

color left (+1, –1) (     ,     )? (     ,     )?

shape left (     ,     )? (     ,     )? (     ,     )?

taste left (     ,     )? (     ,     )? (     ,     )?
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Pre-determination of the outcomes of color-, shape-, and taste-measurements 
through the values of hidden variable(s)

The two basic scenarios: values of hidden variables are such that ...

(a) One particle will give value +1 upon measuring any of the three properties,
the other particle will give value –1 upon measuring any of the three properties.

(b) One particle will give +1 for two properties and –1 for the third, the other
particle will give –1 for the first two properties and +1 for the third.

Example of situation (b)

Result of experiment for situations (a) and (b) (actual experiment a mix of the two)

(a) All runs of the experiment give opposite outcomes left and right
(b) 5 out of 9 runs of the experiment give opposite outcomes left and right

color shape taste

particle 1 +1 (white) +1 (square) –1 (sweet)

particle 2 –1 (black) –1 (round) +1 (bitter)

(left, right),
(particle 1, 
particle 2)

color right shape right taste right

color left (+1, –1) (+1, –1) (+1, +1)

shape left (+1,–1) (+1, –1) (+1,+1)

taste left (–1,–1) (–1, –1)? (–1, +1)
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No signaling theorem. The non-locality in EPR-type experiments cannot be exploited to 
send superluminal signals (in other words: the violation of the Bell inequalities is of no 
use to the Bell telephone company).

You would expect that from the results of a large number of measurements of color on the right for a 
particular choice of the ?-box on the left, you would be able to tell what the ?-box is. That would give 
you a mechanism to send a superluminal signal from the finish to the betting window at the race track. 
According to special relativity, a signal faster than light for one observer is a signal traveling back-
wards in time for another. This means that, if this mechanism worked, somebody at the betting win-
dow would know which horse will win the race before the race is over. Alas, the mechanism doesn’t 
work. Regardless of what is or isn’t measured on the left, the color measurements on the right will 
always give (roughly) 50% white (C = +) and 50% black (C = –). You can easily convince yourself of 
that for the cases “? = nothing” and “? =color box.” I will show it for the general case “? = X box,” 
where X can be some arbitrary property with orthogonal eigenvectors.

left wing right wing

particle #1 particle #2

⊗
1 2

1

2
-------

⊗
1 2

}{ –

color?

Betting
window

Finish

A wins: ? = nothing
B wins: ? = color box
C wins: ? = X box

⊗
1 2

1

2
-------

⊗
1 2

}{ –

1

2
------- C+| 〉1 C–| 〉2 C–| 〉1 C+| 〉2–{ }

1

2
------- X+| 〉1 X–| 〉2 X–| 〉1 X+| 〉2–{ }=

=
in color basis in X basis

Or, in standard notation:
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Proof of no-signaling theorem for Bell-Aspect EPR experiment:

Suppose X is measured on the left. Using the “X-representation” of the state vector,

,

we know there is a 50% chance that X = –1 and a 50% that X = +1.

Scenario 1 (half the time). The outcome on the left is X = –1. 
That means that the state vector for the two particle system collapses to . 
Now the color of particle 2 is measured. There is a probability y that  will collapse 
onto , and a probability x that  will collapse onto . In other words: there is 
a probability y that the outcome on the right is +1 (white), and a probability x that the 
outcome is –1 (black).

left wing right wing

particle #1 particle #2
colorX
Betting
window

Finish
⊗

1 2

1

2
-------

⊗
1 2

}{ –

C–| 〉

X–| 〉

X+| 〉

x2 y2+ 1=

y

x

x
y

C+| 〉

1 2⁄( ) X+| 〉1 X–| 〉2 X–| 〉1 X+| 〉2–{ }

X–| 〉1 X+| 〉2
X+| 〉

C+| 〉 X+| 〉 C–| 〉
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Proof of no-signaling theorem for Bell-Aspect EPR experiment:

Suppose X is measured on the left. Using the “X-representation” of the state vector,

,

we know there is a 50% chance that X = –1 and a 50% that X = +1.

Scenario 2 (half the time). The outcome on the left is X = +1. 
That means that the state vector for the two particle system collapses to . 
Now the color of particle 2 is measured. There is a probability x that  will collapse 
onto , and a probability y that  will collapse onto . In other words:there is 
a probability x that the outcome on the right is +1 (white), and a probability y that the 
outcome is –1 (black).

left wing right wing

particle #1 particle #2
colorX
Betting
window

Finish
⊗

1 2

1

2
-------

⊗
1 2

}{ –

C–| 〉

X–| 〉

X+| 〉

x2 y2+ 1=

y

x

x
y

C+| 〉

1 2⁄( ) X+| 〉1 X–| 〉2 X–| 〉1 X+| 〉2–{ }

X+| 〉1 X–| 〉2
X–| 〉

C+| 〉 X–| 〉 C–| 〉
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Scenario 1 (half the time). The outcome on the left is X = –1. 
That means that the state vector for the two particle system collapses to . 
Now the color of particle 2 is measured. There is a probability y that  will collapse 
onto , and a probability x that  will collapse onto . In other words: there is 
a probability y that the outcome on the right is +1 (white), and a probability x that the 
outcome is –1 (black).

Scenario 2 (half the time). The outcome on the left is X = +1. 
That means that the state vector for the two particle system collapses to . 
Now the color of particle 2 is measured. There is a probability x that  will collapse 
onto , and a probability y that  will collapse onto . In other words:there is 
a probability x that the outcome on the right is +1 (white), and a probability y that the 
outcome is –1 (black).

Overall: There is a probability of  that the color of particle 2 

on the right will be +1 (white), and a probability of  that it 
will be –1 (black). So, using an ‘X box’ we have the same 50/50 chance of finding +/– 
on the right that we would have if instead of X, we using nothing or a ‘color box’ on the 
left. This proves the no-signaling theorem. The non-locality in the QM account of EPR 
is of a benign nature.

X–| 〉1 X+| 〉2
X+| 〉

C+| 〉 X+| 〉 C–| 〉

X+| 〉1 X–| 〉2
X–| 〉

C+| 〉 X–| 〉 C–| 〉

1 2⁄( ) y2 x2+( )× 1 2⁄=

1 2⁄( ) x2 y2+( )× 1 2⁄=
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Measurement problem in Copenhagen QM

QM has two different sets of rules for time evolution:
• “The Dynamics” (evolution governed by the Schrödinger equation): deterministic, 

linear, continuous
• “Collapse postulate” (what happens upon measurement)

If QM applies to the whole world (not just to the micro-world) these two sets of rules are 
incompatible. Proof: Include measuring apparatus in QM description. “Schrödinger 
evolution story for {electron + measuring apparatus}” differs from “Collapse story for 
electron” 
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Check whether “Schrödinger evolution story for {electron + measuring apparatus}” is the 
same as “Collapse story for electron”

This final state is not the same as:  OR  (the final state accord-
ing to the collapse story

ready
hard

soft

Hardness Box

hard (H = +1)

soft (H = –1)

black (C = +1)

white (C = –1)

Schrödinger evolution

black| 〉e
1

2
------- hard| 〉e soft| 〉e+( )=

Use linearity* of Schrödinger evolution
* f x y+( ) f x( ) f y( )+=

e = electron
m = measuring apparatus

(assuming the hardness box
properly measures hardness)

hard| 〉e ready| 〉m hard| 〉e hard| 〉m→

soft| 〉e ready| 〉m soft| 〉e soft| 〉m→

black| 〉e ready| 〉m ?→

black| 〉e ready| 〉m
1

2
------- hard| 〉e ready| 〉m soft| 〉e ready| 〉m+{ }=

1

2
------- hard| 〉e hard| 〉m soft| 〉e soft| 〉m+( )

hard| 〉e hard| 〉m soft| 〉e soft| 〉m
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Albert, Ch. 6: what if there is no collapse? Objection: introspection tells us 
measurements have definite outcomes, we never end up in superpositions.

Albert: What would it feel like to be in a superposition. Add observer to quantum system. Have 
observer report whether (s)he believes the electron to be hard or soft. Same argument as before:

Observer in superposition of believing “hard” and believing “soft.” 

Now, have observer report whether (s)he believes the electron has a definite value for hardness. 
Same argument as before:

Hence, observer reports that he or she believes that the electron has definite hardness, when he or 
she is in fact in a superposition of believing “hard” and believing “soft.” Moral: be careful drawing 
conclusions based on everyday introspection.

Albert, pp. 123–124: “maybe ... the linear dynamical laws are ... the complete laws of the 
evolution of the entire world, and maybe all the appearances to the contrary (like the 
appearance that experiments have outcomes, and the appearance that the world doesn’t 
evolve deterministically) turn out to be just the sorts of delusions which those laws 
themselves can be shown to bring on! … This is an amazingly cool idea (let’s call it “the bare 
theory”) and this is the idea that ... strikes me as interesting to read into Everett’s paper.”

 o = observer = observer believes electron is hard

black| 〉e ready| 〉m ready| 〉o
1

2
------- hard| 〉e hard| 〉m hard| 〉o soft| 〉e soft| 〉m soft| 〉o+( )

hard| 〉o

black| 〉e ready| 〉m ready| 〉o  
1

2
------- hard| 〉e hard| 〉m definite| 〉o soft| 〉e soft| 〉m definite| 〉o+( )→


