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Menu 🍽️
1. Which measurement problem?

2. Classical decoherence

3. Why does ⟨𝜑𝐴(𝑡)|𝜑𝐵(𝑡)⟩ ≈ 0 imply “interference effects 

disappear” (Adler, p.9)?

4. How does Adler's counter-argument differ from Bell, Maudlin?

5. Connection to Ehrenfest’s theorem and classical mechanics

6. Seven Questions
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Which Measurement Problem?

Maudlin:

1. outcomes

2. statistics

3. effect
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“the theory should be fully formulated in mathematical terms, with 

nothing left to the discretion of the theoretical physicist” (Bell, 1990, p. 

33)
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“Notice that the evolution from |𝜓⟩ to |𝑞𝑗⟩ has not been derived from 

the TDSE, which we have stated to be the equation that governs the 

time-evolution of |𝜓⟩. So this […] implies that every measurement leads 

to a momentary suspension of the equations of motion, so the system 

can be steered, by forces unspecified, into a randomly chosen state! 

This is not serious physics. We need to consider more realistically what 

is involved in making a measurement “ (Binney & Skinner, 2008, p. 133)
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Macroscopic systems are never isolated from their environments. 

Therefore […] they should not be expected to follow Schrödinger’s 

equation, which is applicable only to a closed system.

— (Zurek, 1991), p. 3

[…] decoherence arises from a direct application of the quantum 

mechanical formalism to a description of the interaction of a 

physical system with its environment. By itself, decoherence is 

therefore neither an interpretation nor a modification of quantum 

mechanics.

— (Schlosshauer, 2005), p. 8
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Which measurement problem?

(Adler, 2003, p. 9)

,
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Which Measurement Problem?

1. outcomes

2. statistics

3. effect
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• Adler demands decoherence solve both the problem of outcomes 

and the problem of effect (p.8)

(p.9)
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• Adler demands decoherence solve both the problem of outcomes 

and the problem of effect (p. 8)
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• Claim: as soon as we recognize that ideal measurements are 

reproducible, then our problem of ‘outcomes’ becomes the ‘problem 

of effect’:

1. let a measurement have a definite outcome A

2. if this experiment is reproducible then a subsequent 

measurement should have outcome A with probability 100%

4. But this is the definition of the eigenstate Ψ𝐴 !

5. Ergo we can infer Ψ → 𝑃Ψ = Ψ𝐴
6. Which is the effect we sought. QED.
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We need coherent light to see an interference pattern:

Why? Intensity is a time-averaged quantity:

Ψ𝐿 = 𝐴𝑒𝑖𝑤𝑡

Ψ𝑅 = 𝐴𝑒𝑖(𝑤𝑡+𝜑[𝐿𝑅]+𝜉(𝑡))

(constant 𝜑[𝐿𝑅]; fluctuating 𝜉(𝑡))

𝐼 = ⟨|Ψ(𝑡)|2⟩ = ⟨|Ψ𝑅 + Ψ𝐿|2⟩

= ⟨|Ψ𝑅|2⟩ + ⟨|Ψ𝐿|2⟩ + 2⟨Re[Ψ∗
𝑅Ψ𝐿]⟩

= 2𝐴2 + 2⟨cos[𝜑[𝐿𝑅] + 𝜉(𝑡)]⟩

= 2𝐴2
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⟨𝑥⟩ = 0 for 𝑥 uniform over [ − 1, 1]
↓

⟨cos 𝜃⟩ = 0 for 𝜃 uniform over [0, 2𝜋]
↓

⟨cos(𝜑[𝐿𝑅] + 𝜉(𝑡))⟩ = 0 for 𝜉(𝑡) uniform over [0, 2𝜋]

No coherence ∴ No interference

This may be why Newton thought light was made up of particles!
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(Hossenfelder, 2020)

21



Menu 🍽️
1. Which measurement problem?

2. Classical decoherence

3. Why does ⟨𝜑𝐴(𝑡)|𝜑𝐵(𝑡)⟩ ≈ 0 imply “interference effects 

disappear” (Adler, p.9)?

4. How does Adler's counter-argument differ from Bell, Maudlin?

5. Connection to Ehrenfest’s theorem and classical mechanics

6. Seven Questions

22



Reminder (Adler, 2002):
1. Product State goes to Entangled State:

(𝛼|A⟩ + 𝛽|B⟩) ⊗ (|Φ⟩)
𝛼|A⟩ ⊗ |Φ⟩ + 𝛽|B⟩ ⊗ |Φ⟩

↓ ⌛
𝛼|A⟩ ⊗ |Φ𝐴⟩ + 𝛽|B⟩ ⊗ |Φ𝐵⟩

2. This vector lives in the Hilbert space ℋ︀𝒮︀ ⊗ ℋ︀APP+ENV
3. |Φ𝐴⟩ and |Φ𝐵⟩ are macroscopically distinguishable (different 

‘pointer’ positions)
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(Adler, 2003, p. 7)
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What are these interference effects, exactly?
|Ψ𝐴⟩

𝑋
≡ |𝐴⟩

|Ψ𝐵⟩
𝑋

≡ |𝐵⟩
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Coherence in an isolated system
|Ψ⟩ = 𝛼|A⟩ + 𝛽|B⟩

|⟨A|Ψ⟩|2 = |𝛼|2

|⟨B|Ψ⟩|2 = |𝛽|2

→ coherence, but no interference
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Act with an (illustrative) Hermitian operator:

𝑂|Ψ⟩ = (|A⟩⟨B| + |B⟩⟨A|)|Ψ⟩
= (|A⟩⟨B| + |B⟩⟨A|)(𝛼|A⟩ + 𝛽|B⟩)
= 𝛼|B⟩ + 𝛽|A⟩

(using ⟨A|B⟩ = 0)

⟨Ψ|𝑂|Ψ⟩ = (𝛽∗⟨B| + 𝛼∗⟨A|)(𝛼|B⟩ + 𝛽|A⟩)
= 𝛼𝛽∗ + 𝛼∗𝛽

 interference between ‘mutually exclusive’ states |A⟩, |B⟩
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reminder:

|Ψ𝐴⟩
𝑋

≡ |𝐴⟩

|Ψ𝐵⟩
𝑋

≡ |𝐵⟩
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Why don’t we observe the classical apparatus 

“interfere with itself?” when it becomes entangled 

with the system?
Answer: Wave-function collapse postulate Decoherence

29



|Ψ⟩|Φ⟩ = 𝛼|A⟩ + 𝛽|B⟩|Φ⟩ 𝑡 = 0 (product state)
= 𝛼|A⟩|Φ⟩ + 𝛽|B⟩|Φ⟩ coupling begins

= 𝛼|A⟩|Φ𝐴⟩ + 𝛽|B⟩|Φ𝐵⟩ 𝑡 (entangled state)

Hermitian operator 𝑂𝑠 ⊗ 𝐼  (now over ℋ︀𝑠 ⊗ ℋ︀APP+ENV)

(|A⟩⟨B| + |B⟩⟨A| ⊗ 𝐼)(|Ψ(𝑡)⟩|Φ(𝑡)⟩)

(|A⟩⟨B| + |B⟩⟨A| ⊗ 𝐼)(𝛼|A⟩|Φ𝐴⟩ + 𝛽|B⟩|Φ𝐵⟩)

= 𝛼|B⟩|Φ𝐴⟩ + 𝛽|A⟩|Φ𝐵⟩

where we used ⟨A|B⟩ = 0 and 𝐼|Φ𝑙⟩ = |Φ𝑙⟩
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Q) Will we see interference effects between macroscopically 

distinguishable states when we bra with ⟨Ψ(𝑡)|⟨Φ(𝑡)| ?

⟨Ψ(𝑡)|⟨Φ(𝑡)|𝑂𝑠 ⊗ 𝐼|Ψ(𝑡)⟩|Φ(𝑡)⟩
=

(𝛼∗⟨B|⟨Φ𝐴| + 𝛽∗⟨A|⟨Φ𝐵|)((|A⟩⟨B| + |B⟩⟨A|) ⊗ 𝐼)(𝛼|B⟩|Φ𝐴⟩ + 𝛽|A⟩|Φ𝐵⟩)
=

(𝛼∗⟨B|⟨Φ𝐴| + 𝛽∗⟨A|⟨Φ𝐵|)(𝛼|B⟩|Φ𝐴⟩ + 𝛽|A⟩|Φ𝐵⟩)
=

𝛼∗𝛼 × 0 + 𝛽∗𝛽 × 0 + 𝛼∗𝛽⟨Φ𝐴|Φ𝐵⟩ + 𝛼𝛽∗⟨Φ𝐵|Φ𝐴⟩

= 𝛼∗𝛽⟨Φ𝐴|Φ𝐵⟩ + 𝛼𝛽∗⟨Φ𝐵|Φ𝐴⟩
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⟨Ψ(𝑡)|⟨Φ(𝑡)|𝑂𝑠 ⊗ 𝐼|Ψ(𝑡)⟩|Φ(𝑡)⟩ = 𝛼∗𝛽⟨Φ𝐴|Φ𝐵⟩ + 𝛼𝛽∗⟨Φ𝐵|Φ𝐴⟩

∴ Interference terms negligible iff ⟨Φ𝐵|Φ𝐴⟩ ≈ 0
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(Adler, 2003, p 6-8)
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Adler:
• decoherence is a statement about expectation values, and the 

negligible contribution of certain complex numbers in them.

• but this doesn’t explain why only one outcome is observed!
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(Maudlin, 1995, p. 9)
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• Maudlin first uses symmetry to argue that 𝑀∗ still doesn’t represent 

one outcome occuring
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(Maudlin, 1995, p. 10)
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Affirming the Consequent:
𝑃 ⇒ 𝑄 ≠ 𝑄 ⇒ 𝑃

𝑃 “The system really is in one of the eigenstates, and we are simply 

ignorant of it”

𝑄 “We can represent the system by a mixed state for the purposes of 

calculating expectation values”
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(Bell, 1990, p. 36)
• 1. explicit use of 𝜌
• 2. one Ψ𝑛for system+surroundings (no Φ/Ψ distinction)

Quoting Gottfried:
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Back to Bell:
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What is the point of decoherence?
1. Quantum Computing!

2. a. It proves what K. Gottfried assumes by the woolly argument “for 

macroscopic systems we can drop interference terms in the density 

matrix” 𝜌 → 𝜌 (Bell, 1990, p. 36)

b. It shows that ⟨𝑂⟩ in QM and ⟨𝑂⟩ calculated using classical 

statistical mechanics looks the same.

3. It does not solve the problem of outcomes or the problem of effect
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Relation To Ehrenfest’s theorem
1. Ehrenfest’s Theorem allows you to derive NII from TDSE (Binney & 

Skinner, 2008)

2. decoherence shows that QM averages and classical averages are the 

same not because of cancellation between interference terms, but 

because all interference terms vanish.
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Question (1)

Is it a problem for Adler’s argument that we do not see wavefunctions 

((Adler, 2003, p. 8)? (It is more accurate from an operational physics 

POV that we see probabilities and expectation values, and infer what 

the wavefunction must have looked like.)

Or, is Adler’s ‘see’ simply a shorthand for, “in calculating future 

expectation values, we use |Ψ𝐴⟩|Φ𝐴⟩ OR |Ψ𝐵⟩ |Φ𝐵⟩, rather than the 

entangled superposition?
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Question (2)

Is Adler confusing the problems of ‘effect’ and ‘outcome’? Or is he 

simply tacitly assuming decoherence must solve both?

Question (3)

Do I understand correctly that we are acting on |Ψ(𝑡)⟩𝑆  |Φ(𝑡)⟩APP+ENV 

with the operator 𝑂𝑠 ⊗ 𝐼  ? Is it problematic that we are acting on the 

apparatus with the identity? Don’t we need something more since we 

are making an observation of the apparatus, after all!
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Question (4):

Adler assumes that we are dealing with an isolated system by treating 

all particles within radius 𝑐𝑇 , but surely the non-locality of QM doesn’t 

allow you to do this? i.e a particle 𝑐𝑇
2  away might be entangled with a 

particle 2𝑐𝑇  away? So do we even have a closed system?
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Question (5)

Do you agree/disagree that the problem of outcomes reduces to the 

problem of effect if we admit repeatability? Why/Why not?

Question (6)

Are we allowed to even assume that we know the exact eigenstate the 

Apparatus + Environment wavefunction is in when we begin? (Bell, 

Maudlin, Adler all make this assumption)
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Question (7)

The justification for using eigenstates (“states in which a particular 

measurement […] is certain to yield a specified value.” (Binney & 

Skinner, 2008, p. 15) seems to be predicated on the existence of ideal, 

reproducible measurements. But this relies on the problem of effect 

being solved! So isn’t any attempt to solve the “problem of effect” from 

the quantum formalism doomed to circularity?
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