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» Quantum correlations violating Bell’'s inequality can be
given a local, common causal explanation.

» [he common causes, however, will not commute with
the correlating events.




|. Classical common causes

Il. Nonclassical common causes
lll. Local physical theory
IV. Ontology
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DIRECTION
OF TIME
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» Classical probability space: (2, X, p)
» Correlation: A, B e X

p(AB) # p(A)p(B)

» Common cause: partition {Cy}, ., IN X

p(AB|Cy) = p(A|Ck)p(B|Cy)










Localization: weak common cause

-p.9
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s Correlations: A,,, B, € X (me M,n € N)

p(AmBp) # p(Am) p(Bn)

» Joint common cause: partition {Cj;},cx IN X

P(AmBn|Cr) = p(Am|Ck) p(Br|Cy)




» Measurement outcomes: A,,, B, € X (me M,ne€ N)
» Measurement choices: a,,, b, € ¥ (m € M,n € N)
s Conditional correlations:

P(AmBnlambn) # p(Am|am) p(Bn|bn)




s Local, non-conspiratorial joint common causal
explanation: partition {C}} In X
p(AmBn|amank> :p(Am|amank> ( n|amb Ok

)
p(Am|ambnOk) :p( m|am k)

p(amank> — p(ambn) p(Ck)

s {C}} can be localized in any of the three different pasts

(screening-off)
(locality)
(locality)
(

no-conspiracy)




Joint common cause
Locality — Bell's inequality
No-conspiracy




am
- @ O — @

s Conditional probabilities:

p(Am|am)a p(Bn|bn)a p(AmBn|ambn) (m7 n =1, 2)

» Bell's inequality is violated.
» Therefore: no common causal explanation for EPR.




» “Bell inequalities are relations between conditional
probabilities valid under the locality assumption.”
(Gisin, 2009)







s Event space: von Neumann algebra
s Events: projections
s Probability: quantum state




s Event space: von Neumann algebra
s Events: projections
s Probability: quantum state

s Common cause:
1. What is that?
2. How it relates to Bell's inequality?




» Non-classical probability space: (P(N), ¢)
s Correlation: A, B € P(N)

O(AB) # ¢(A)p(B)

» Non-classical common cause: partition {C}}, .5 IN
PN)

¢(CrABCy)  ¢(CrACY) ¢(CrBCy)

?(Cy) o(Cx)  o(Ck)




» Non-classical probability space: (P(N), ¢)
s Correlation: A, B € P(N)

O(AB) # ¢(A)p(B)

» Non-classical common cause: partition {Cj}, .5 IN
P(N)

¢(CrABCy)  ¢(CrACY) ¢(CrBCy)

?(Cy) o(Cx)  o(Ck)

s Commuting / Noncommuting: {C}}, ., IS commuting /
not commuting with A and B

s Joint common cause
O



Commuting joint common cause
(Locality) = Bell’s inequality
(No-conspiracy)

s EPR has no commutative common causal explanation




» But why to demand commutativity between a cause and
its effects?

s Standard QM: operators do not commute with their time

translates:
. Harmonic oscillator: z(¢) = U(t) " tzU(¢)
ih
[:I:(t), :1:] Yo = ——sin (Awt)g #£ 0




Noncommuting joint common cause
(Locality) =& Bell's inequality
(No-conspiracy)

» Question 1: Can correlations violating Bell's inequality
have a noncommuting joint common causal explanation?

» Question 2: Can this common cause be local?










Globally hyperbolic spacetime:
Directed poset: (K, C)




Globally hyperbolic spacetime:
Net: (N (V),V e K}




Isotony:




Isotony: if V; C V%




Isotony: if I} C V5, then N (1)) is a subalgebra of AV (153)

@w




Microcausality (Einstein causality):

D




Microcausality (Einstein causality): [NV (V1),N(V52)] =0

OO,




Local physical theory: an isotone and microcausal net
» It embraces local classical and quantum theories




» 1+1 dimensional discretized Minkowski spacetime
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Weak Common Cause Principles

—p. 38




Weak Common Cause Principles

The Weak Commutative Common Cause

le holds in AQFT (Rédei, Summers, 2002).

» Proposition

INncip

Pr

—p. 39




Weak Common Cause Principles

The Weak Commutative Common Cause

Principle does not hold in quantum Ising model

(Hofer-Szabo, Vecsernyés, 2012a).

» Proposition

—p. 40




Weak Common Cause Principles

ive CCP holds in

quantum Ising model (Hofer-Szabd, Vecsernyés, 2013a).

The Weak Noncommutat

» Proposition

—p. 41




» 1+1 dimensional discretized Minkowski spacetime







» Proposition: (Hofer-Szabo, Vecsernyes, 2012b, 2013b)
There is a noncommuting common cause {C,C+} of the
correlations {(A,,, B,)}; and it can be localized in the
shaded region.




Classical case: Common cause — Bell inequality

. 3
Quantum case: Bell inequality




Classical case: Common cause — Bell inequality

. \3 \3
Quantum case: Common cause =4 Bell inequality

s The violation of Bell's inequality in a local physical theory
does not exclude a set of correlations to have a joint
common causal explanation if commutativity is
abandoned.







s Commuting common causes:
=) p(AICk) p(Ci)
k

s Noncommuting common causes:

A) £ Z &( CkAOk




o Gabor Hofer-Szab6 and Péter Vecsernyes, Quantum Theory
and Local Causality, (Dordrecht: Springer Brief, 2018).
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