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Is it real?

preparation — |¥U) — measurement



Questions

e Individual system or ensemble?
e Complete or incomplete?
e Local or nonlocal?

e Ontic or epistemic?



Interpretations

Is |U) real, as a property of an individual system?

Yes
Schrédinger, de Broglie
Bohmian
Collapse

Many-world
Modal

No
Copenhagen
QBism
Statistical

Relational



Operational theory

{p(X|M A P) : for all M, P}



Operational equivalence

Plegi p<X|M/\P1):p(X|M/\P2) for all M

My ~ My : p(X|M; AP)=p(X|MyAP) forall P



Quantum mechanics



Is it real?

{preparation} — |¥) — {measurement}



Ontological models

{p(A|P) : for all P}
{p(X|M AX): forall M,\}



Ontological models

p(XIMAP) =" p(X|M AN p(AP) forall M,P
A



Contextuality

Preparation contextuality:

p(A|Py) # p(A|P,) for some Py ~ P

Measurement contextuality:

p(X|MyAN) # p(X|Ma A X)) for some My ~ My and A



W-ontic/W-epistemic

A

B A




W-ontic/W-epistemic

V-ontic:
Supp(p(A|Py)) N Supp(p(A|Ps)) =0 for all ¥ #
V-epistemic:

Supp(p(A|Py)) N Supp(p(A|Ps)) # 0 for all U # &



U-complete/W-incomplete

-complete -incomplete
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Classification

e V-complete: A = {|V)}
o Copenhagen (Heisenberg), collapse theories (GRW),

many-worlds
e VU-incomplete and V-ontic: A = {|V), A}
o Bohmian, modal (Dieks)
e U-incomplete and V-epistemic:
o A =(: Copenhagen (Bohr), Neo-Copenhagen: Qbism
(Fuchs), relational (Rovelli)
o A = {)\}: Statistical (Ballentine)



Some connections

e V-ontic models are preparation contextual
e U-complete models are outcome indeterministic

o W-ontic models are nonlocal



Local causality

To rule out local W-ontic models, Bell’s inequalities are not

needed



o EPR paper, 1935: the Copenhagen interpretation is
incomplete (if local + reality criterion)

o Letter to Schrodinger, 1935: No V-ontic, hence no
W-complete models (if local)

e Bell, 1962: neither W-ontic nor W-epistemic model (if
local)

e Spekkens, QBists, ~2010: » V-epistemic models,
again

o PBR, 2012: no V-epistemic model



PBR theorem

Consider two ensembles prepared in two different quantum
states. There are no two individual systems in the two
ensembles which have the same ontic state A\. (The wave

function is W-ontic.)



e We prove only the special case

e Prepare two beams of electrons, one in state Py, the

other in Py.

o There are no two electrons in the two beams which are

in the same ontic state \.



e Suppose there are two electrons both in ontic state A
e Then, there is such a pair of electrons in two beams

prepared in any of the four states:

Pooy Povy Proy Py

e Perfom the measurement corresponding to the

entangled basis
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e Since
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in each beam-pair one outcome will be impossible
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e Our pair of electrons cannot yield the first outcome in
beam-pair P, the second outcome in beam-pair

Py, ete.



e However, the outcome of the measurement on our pair
of electrons cannot depend on which beam-pair it

belongs to, it can depend only on A

o But this means that each outcome of the measurement

on this electron pair is impossible
e The measurement has no outcome 4

e For the general proof with Py and Fg), one needs 2"

beams!



Conclusion

The wavefunction represents a real physical aspect of an

individual system.



References

Feintzeig, B. (2014). Can the ontological models framework accommodate
Bohmian mechanics? Stud. Hist. Phil. Mod. Phys., 48, 59-67.

Halvorson, H. (2019). To Be a Realist about Quantum Theory, in: O. Lombardi,
S. Fortin, C. Lopez, and F. Holik (eds.), Quantum Worlds: Perspectives on
the Ontology of Quantum Mechanics, Cambridge: Cambridge University
Press, 133-163.

Hofer-Szabé, G. (2021). Commutativity, comeasurability, and contextuality in the
Kochen-Specker arguments, Phil. Sci., 88, 483-510.

Ben-Menahem, Y. (2017). The PBR theorem: Whose side is it on?, Stud. Hist.
Phil. Mod. Phys., 57, 80-88.

Oldofredi, A. and C. Lopez (2020). On the Classification Between ¥-Ontic and
WU-Epistemic Ontological Models, Found. Phys., 50, 1315-1345.

Leifer, M. (2014a). Is the Quantum State Real? An Extended Review of
W-ontology Theorems, Quanta 3.1, 67-155.

Spekkens, R. W. (2005). Contextuality for preparations transformations and
unsharp measurements, Phys. Rev. A, 71, 052108.



Operational theory
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Quantum mechanics

Operator: O

Measurement: M, ~ M,



Statistical or individual

H,T,T,H T, 0 HHTTHTTH..



Is it real?

(W,P,0) = p(X|MAP)

|P) : state — P : preparation
O :operator — M : measurement

P, : spectral projection — X : outcome



Features favouring W-epistemic models

@ Collapse

@ Non-orthogonal pure states cannot be perfectly

distinguished by a measurement
@ No-cloning theorem

@ Non-unique decomposability of mixed states into pure

states



Features favouring W-ontic models

e Inference
o Digenstate-eigenvalue link

o Existing models (Bohmian, many-worlds, modal)



No locally causal W-ontic models

Alice and Bob share a singlet state

By measuring M, or M,, Alice prepares Bob’s state:

1 1
POIP.) = 5p(APg) + 5p(\ P)

1 1
PAIP:) = 5p(AlA4y) + 5p(AlA-)
Due to locality: p(A|P,) = p(A|Py)

Taking the product:

0< (AIP)? = p(A|lPo)p(AP4y) + p(AlPoy)p(AlP—y)
+p(A|P1y)p(A Pyy) + p(A|Puy)p(A|P—y)



Einstein, 1927

p(Xa A Xp|Ma N Mg A[W)) # p(Xa|Ma N |W))p(Xp|My A|T))



