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Main message

Ontological models for quantum mechanics can be different

with respect to causal structure, contextuality, fine-tuning,

etc. when operators are realized by different measurements



Operational theory

{p(X|M ∧ P ) : for all M,P}



Operational equivalence

M1 ∼M2 : p(X|M1 ∧ P ) = p(X|M2 ∧ P ) for all P



Quantum mechanics

Operator: O

↙ ↘

Measurement: M1 ∼ M2



Observables

When do two measurements measure the same observable?



Observables

Strict Quantum

operationalism: mechanics:

Operator: O O

↙ ↘ ↓

Observable: O1 O2 O

↓ ↓ ↙ ↘

Measurement: M1 ∼ M2 M1 ∼ M2



Observables

1 If both measurements can be performed

simultaneously on each system; or

2 each preparation is an eigenstate for both

measurements.



Polarization: one photon

photon

M1: polarizer



Polarization: one photon

photon

M2: birefringent crystal



Polarization: two photons

Operator: A⊗B

↙ ↘

Measurement: A ∧B ∼ C



Polarization: two photons
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Polarization: two photons

BBO
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Polarization with choice

A⊗B

A⊗B′

↙ ↘

A ∧B ∼ C

A ∧B′ ∼ C ′



Polarization with choice

A⊗B

A⊗B′

↙ ↘

A ∧B ∼ C

A ∧B′ ∼ C ′

 f(C) = g(C ′)



No-go theorems

[A(A⊗B)]Λ 6= [A(A⊗B′)]Λ

↙ ↘

[A(A ∧B)]Λ 6= [A(A ∧B′)]Λ [A(f(C))]Λ 6= [A(g(C ′))]Λ



Simultaneous contextuality

p(X|A ∧B ∧ Λ) 6= p(X|A ∧B′ ∧ Λ)
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Fine-tuning



Measurement contextuality

p(X|f(C) ∧ Λ) 6= p(X|g(C ′) ∧ Λ)
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Local measurements

B’

A B



Global measurements

A C

C’

g

f

B’

B



Global measurements

C

C’



Kochen-Specker arguments



Kochen-Specker arguments



Conclusions

The realization of an operator in quantum mechanics by

different measurements can give rise to different ontological

models with respect to contextuality, causal structure,

fine-tuning, etc.



More on that . . .

Gábor Hofer-Szabó, ”Quantum mechanics without

operational equivalence” (in preparation).



Operational theories and ontological models

Operational theory:

{P, P ′...}: preparations

{M,M ′...}: measurements

{X,X ′...}: outcomes

{p(X|M ∧ P ) : for all M,P}

Ontological (hidden variable) model:

{Λ,Λ′...}: ontic (hidden) states

{p(Λ|P ) : for all P}

{p(X|M ∧ Λ) : for all M,Λ}



Ontological models

p(X|M ∧ P ) =
∑

Λ

p(X|M ∧ Λ) p(Λ|P )



Noncontextuality

Simultaneous noncontextuality:

p(X|M1 ∧ Λ) = p(X|M1 ∧M2 ∧ Λ) for all Λ

Measurement noncontextuality:

If p(X|M1 ∧ P ) = p(X|M2 ∧ P ) for all P

then p(X|M1 ∧ Λ) = p(X|M2 ∧ Λ) for all Λ



An operational theory: the PR box
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An ontological model: the PR box
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Causal structure of the PR box
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CHSH inequality

Contextuality

Fine-tuning



Three operational theories
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Three ontological models
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Causal structure of the models
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Three operational theories

Classical PR−boxEPR−Bell
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Three ontological models

Classical PR−boxEPR−Bell
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Causal structure of the models
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Bell scenario

A⊗B A⊗B′

A′ ⊗B A′ ⊗B′

↙ ↘

A ∧B A ∧B′ ∼ C C ′

A′ ∧B A′ ∧B′︸ ︷︷ ︸
EPR-Bell

C ′′ C ′′′︸ ︷︷ ︸
Kochen-Specker


