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“The [belables/ontic parameters]in any space-time region 1 are
determined by those in any space region V, at some time t, which
fully cloges the backward light cone of 1. Because the region \V is
llt'mi:’.—':r_.i, lbcalized. we will say the theory exhibits local determjnism
--J.S. Bell
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“A theory will be said to be locally causal It the probabliitie
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be locally causal

values ¥ local beables in
specification of values Ol [o] n
when what happens Ii

SUTTIC iently S| eCcllec

beables in a space-lime

-- J. S. Bell

Local causality
p(XalXp,Ac) = P(Xalre)

Pirsa: 12010048 Page 7/80



Pirsa: 12010048 Page 8/80



Pirsa: 12010048 Page 9/80



Pirsa: 12010048

Page 10/80



b ¢
A A / 5
// a b
A
(Y
Y a, b — setlings
@ ' A B -- outcomes

Locality causality implies
p(Al|a,b, B,A) = p(A|a, /\
p(Bla,b, A, A) = bl (B]b,

Pirsa: 12010048
Page 11/80



Pirsa: 12010048

il a, b — settings
S | A B -- outcomes

Locality causality implies

p(Ala,b, B, \) = pl- la, A)
])(B]a.,, b, A )\) = p(Blb,A)

and implies factorizability

p(4, Bla,b, A) = p( Ala, X)p{Bw)

Page 12/80



Pirsa: 12010048

bt
/A : 8
4/ a b
(5
i a, b — settings
. | A. B -- outcomes

Locality causality implies
p(Ala, b, B, \) = p(4|a, A)
p(Bla,b, A, ) = p(B0;A)

and implies factorizability
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a, b — settings
g g A, B -- outcomes
Locality causality implies
p(Ala,b, B, ) = p(Ala, )

p(B|a,b, A, \) = p(B[b,A)

and implies factorizability

p(4, Bla,b,A) = p(Ala, N)p(B|b, A)
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Factoriza

Recall the

p(
therefore

n(A, B

ity from local causality

relation between joint and conditional probability |

n(A,B) =p(A
A, B|C) =p(A

B)p(B)
B, C)p(B|C)

a,b,\) = p(A|B, a,b, \)p(Bla, b, A)
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Freedom of settings (no superdeterminism)

p(a,b, \) = p(a)p(b)p(A)

_,\\%
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|C(a,b) + C(a',b) + C(a,b') — C(d

)| < 2
The Clauser-Horn-Shimony-Holt (CHSH) inequality
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Freedom of settings (no superdeterminism)

p(a,b, A) = p(a)p(b)p(N)
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|Cl(a, b) + C(d',b) + C(a,b) Cld,b)| <2

The Clauser-Horn-Shimony-Holt (CHSH) inequality
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|C(a,b) + C(a’,b) + C(a,b") = C(d',b)| £ 2

The Clauser-Horn-Shimony-Holt (CHSH) inequality
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Locality causality: p(Al|a,b, B,\) = p(Ala, A)
p( /5‘(1-. ]), 4*{1, /\) = [)(BVL /\)

No superluminal signalling: p(Al|a,b) = p(A|a)
p(Bla,b) = p(B|b)
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Locality causality: p(Ala,b, B, \) = p(4A|a, )
p(Bla,b, A, \) = p(Blb, )

No superluminal signalling: 'p(fll&, o)) = p(r‘ll@)

|
o(Bla,b) = p(Blp)  ®
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Locality causality: p(Ala,b, B,\) = p(4A|a, )
p(Bla,b, A, \) = p(B|b, \)

No superluminal signalling: p(Al|a,b) = p(A|a) |
p(Bla,b) = p(B|b) b
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Locality causality: p(Ala,b, B,\) = p(A|a, )
p(Bla,b, A, \) = p(B|b, A)

No superluminal signalling: p(Al|a,b) = p(A|a) |
p(Bla,b) = p(B|b) -

Does the nbtion of “local causality” capture the content of relativity?
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% a, b — settings
' A B -- outcomes

Locality causality implies
p(A|a,b, B,A) = p(Ala, \)
p(Bla,b, A, X) = p(B|b,A)

and implies factorizability

p(A, Bla, b, ) = A

a, \)p(B|b, A)
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a, b — settings
s A, B -- outcomes
Locality causality implies
p(A — p(A|a, )

p(B’a Z) 4 /\) = p(Blb,A)

and implies factorizability

p(A, Bla,b,A) = p(Ala, \)PY 10N
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Locality causality implies
p(A]a,b, B, \) = p(Ala, A)
p(Bla,b, A, A) = p(B|b, A)

and implies factorizability

p(4, Bla,b,A) = p(Ala, N)p(B|b, A)

Page 27/80



Locality caLahty p(Ala,b, B,\) = p(Ala, A) |
n(Bla,b, A, \) = p(B|b, A)

No superluminal signalling: p(Ala,b) = p(Ala) |
p(Bla,b) = p(B|b) ¢

- A the rr o ~f ralativityv?
Does the nbtion of “local causality” capture the content oi relativity
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Locality causality: p(Ala,b, B, \) = p(Ala, )
p(Bla,b, A, \) = p(B|b, A)

No superluminal signalling: p(Al|a,b) = p(Al|a)

p(B|a,b) ‘—‘[J(.B{b) 3

Does the nbtion of “local causality” capture the content of relativity?
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Locality causality: p(/—l[u b, B,\) = p(Ala, )\
p(Bla,b, A, \) = p(Bl|b,

No superluminal signalling: 'p( ’ f)) (

p(BIN)

|
|
L

Does the nf)tlon of “local causality” capt the content of relativity?
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), B,\) = p(Ala, \)
[)‘(I 1/\] = [)([51]) /\}

Locality causality: p

No Superlu inal signalling: p(A|a,b) = p(A) |
p(/)!ff.!i) — jo)(/5; b) -

Does the nbtion of “local causality” capture the content of \ylativity?
o
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Locality capsality: p(Al|a,b, B,\) = p(Ala, )\
p(Bla, ),A,)\ = p(B\ b,

a,b) = p(Ala) |
B‘a b) = p(B|b) ©

No superluminal signalling: p(

Does the nbtion of “local causality” capture the content of relativity?

Pirsa: 12010048 Page 32/80



|
Failure of predictability from Bell-inequality violgtions

and no signalling
Acln. Masanes and Gisin, Cavalcanti, Seevinck, Aharonov

! / .-// A - -'  B ] !
I a YA TG NP |
N A U S A— A T A
/1 7 /s
/ /
| 2 a, b 4 sattings
rd
w ot A, B % olitcomes

Predictability: p(A,Bla,b) € {0,1}
No signalling: p(Afa,b)= p(Ala) and p(Bla,b)= §

(EfP)

Thm: No signalling + Bell-inequality violation Zju predicta
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Failure of|predictability from Bell-inequality violaftions

and no signalling
Acin, Masanes and Gisin, Cavalcanti, Seevinck, Aharonov

l,/'f A j / B !
(i —a /Db @
“ : ) a, b — settings
] ot A B -- outcomes

Predictability: p(A,Bla,b) € {0,1}
No signalling: p(Ala,b)= p(Aja) and p(Bla,b)= p(B|b)

Thm: No signalling + Bell-inequality violation = unpredictability
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Failure of|predictability from Bell-inequality violgtions
and no signalling |
Acin, Masanes and Gisin, Cavalcanti, Seevinck, Aharonov |

A a /b A

PA

a, b—setlings
e s A. B - outcomes

Predictability: p(A,Bla,b) € {0,1} |
No signalling: p(Afa,b)= p(Aja) and p(Bla,b)= p(B|b)

Thm: No signalling + Bell-inequality violation = unpredictability

Proof: p(A,Bla,b,A) = p(A,Bla,b) = p(Ala,b) p(Bla,p) (by predictabilit
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Failure of|predictability from Bell-inequality VIOIatlons

and no signalling
Acin, Masanes and Gisin, Cavalcanti, Seevinck, Aharonov

A A ( B)
1/ ~a /b -
/ W
. Vi a, b - settings
] e A. B - outcomes

Predictability: p(A,Bla,b) € {0,1}
No signalling: p(Ala,b)= p(Aja) and p(Bla,b)= p(B|b)

Thm: No signalling + Bell-inequality violation = unpredictability

Proof: p(A,Bla,b,A) = p(A,Bla,b) = p(Ala,b) p(Bla,d) (by predlctabmty)
= p(Ala) p(Bre=r=RaSl0R2l

But this is factorizability, from which the Bell inequalities follow.

el
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Failure of predictability from Bell-inequality violations

and no signalling
Acin. Masanes and Gisin, Cavalcanti, Seevinck, Aharonov

a, b - settings
A. B -- outcomes

Predictability: p(A,Bla,b) € {0,1}
No signalling: p(Ala,b)= p(Aja) and p(Bla,b)= p(B|b)

Thm: No signalling + Bell-inequality violation = unpredictability

A,Bla,b) = p(Ala,b) p(Bla,b) (by predictability)
= p(Ala) p(B|b) (by no signalling)

ties follow.

Proof: p(A,Bla,b,A) = P(

But this is factorizability, from which the Bell inequali
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Failure of|predictability from Bell-inequality viola!tions

and no signalling |
Acin, Masanes and Gisin, Cavalcanti, Seevinck, Aharonov
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4 : / a, b - settings
-.--.1:-/ A, B -- outcomes

Predictability: p(A,Bla,b) € {0,1}
No signalling: p(Afa,b)= p(Aja) and p(Bla,b)= p(B|b)

Thm: No signalling + Bell-inequality violation = unpredictability
: = = € by predictability)
f: p(A,Bla,b,A) = p(A,Bla,b) p(Ala,b) p(Bla,b) ( | 7
Frectipias = p(Ala) p(B|b) (by no signalling)

But this is factorizability, from which the Bell inequalities follow.
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T e !
Magic is a natural force fhat can

be used to override the usual laws

of nature.
-- Harry Potter entry in wikipedia

Bell-inequality violations are
natural phenomena that can be

used to override the usual
(classical-like) laws of nature
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Based on Bell-inequality violation

Reduction in communication complexity
Buhrman, Cleve, van Dam, SIAM J.Comput. 30 1829 (2001)
Brassard, Found. Phys. 33, 1593 (2003)

Device-independent secure Key distribution
Barrett, Hardy, Kent, PRL 95, 010503 (2005)
Acin, Gisin, Masanes, PRL. 97, 120405 (2006)

Randomness expansion
Colbeck, Kent, J. Phys.A, 44, 095305 (2011).

Enhancing zero-error channel capacity
Cubitt, Leung, Matthews, Winter, arXiv:0911.5300
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Based on Bell-inequality violation

Reduction in communication complexity
Buhfman, Cleve, van Dam, SIAM J.Comput. 30 1829 (2001)
Brassard, Found. Phys. 33, 1593 (2003)

Device-independent secure key distribution
Barrett, Hardy, Kent, PRL 95, 010503 (2005)
Acin, Gisin, Masanes, PRL. 97, 120405 (2006)

Randomness expansion
Colbeck, Kent, J. Phys.A, 44, 095305 (2011)

Enhancing zero-error channel capacity
Cubitt, Leung, Matthews, Winter. arXiv:0911.5300
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Based on Bell-inequality violation

Reduction in communication complexity
Buhfman, Cleve, van Dam, SIAM J.Comput. 30 1829 (2001)
Brassard, Found. Phys. 33, 1593 (2003)

Device-independent secure key distribution
Barrett, Hardy, Kent, PRL 95, 010503 (2005)
Acin, Gisin, Masanes, PRL. 97, 120405 (2006)

Randomness expansion
Colbeck, Kent, J. Phys. A, 44, 095305 (2011)

Enhancing zero-error channel capacity
Cubitt, Leung, Matthews, Winter, arXiv:0911.5300
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my of Bell-inequality violating correlo)ltions

Adversary
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my of Bell-inequality violating correlations

Adversary
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Monogamy of Bell-inequality violating correla!;tions

Adversary
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Monogamy of Bell-inequality violating correlations

Adversary
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my of Bell-inequality violating correlgtions

Adversary
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Monogamy of Bell-inequality violating correlations

Adversary
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Recent trend in axiomatization:
Why isn't the world more nonlocal?
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Recent trend in axiomatization:
Why isn't the world more nonlocal?
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Ernst Specker, “The logic
of propositions which are
not simultaneously
decidable”, Dialectica 14,
239 (1960).
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] Specker’s example

| - |

Pirsa: 12010048 Page 55/80



Pirsa: 12010048

Specker’s example
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p(success) < E—
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Specker’s example

If the outcomes are fixed deterministically by the orjtlc state an_ddazi !
indenge®ent of the context in which the measurement iS periormed, e

(B[S

p(success) <
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Specker’s example

erministically by the ontic state and are

If the outcomes are fixed det
asurement is performed, then

independent of the context in which the me

p(success) < 5
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Specker’s example

,J

PA

" e 3| g
e ;:I g R

If the outcomes are fixed deterministically by the ontic state and arg;:1
independent of the context in which the measurement is performed, then

[N

p(success) <
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Frustrated Networks ‘,
Nodes iare binary variables [
Edges |mply joint measurability

——| Qutcomes agree -- Perfect correlation
o-----| Outcomes disagree --Perfect anti-correlatgn

Frustration = no valuation satisfying all correlations
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] Frustrated Networks

Nodes are binary variables J
Edges |mply joint measurability

Outcomes agree -- Perfect correlation
........ Outcomes disagree --Perfect anti-correlatign

Frustration = no valuation satisfying all correlations

________

e - ()
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If the outcomes are fixed deterministically by the ontic state an_c{is:r[-\;— 1
independent of the context in which the measurement IS periormed, el

p(success) < T
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are fixed deterministically by the ontic state and are

If the outcomes
text in which the measurement is performed, then

independent of the con

p(success) < ;’r
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