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|
“The [belables/ontic parameters]in any space-time region 1 afe
determined by those in any space region V, at some time t, whicr
fully cloges the backward light cone of 1. Because the region \V is
limited, |I'.'lf_:Ft|I.7'(:(|‘ we will say the theory exhibits /ocal determjnism
-J.S. Bell
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“A theon| will be said to be locally causal If the
® |ocal beables in a space-time regior
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/ be said to be locally causal if the probabllities for (e
values c? local beables in a space-time region inal ‘.
specification of values of local beables In ,pace-time region |
when what happens In the backward \ig |

sufficiently specified, for example Dy a Tull SpX : .
beables in a space-time regl

- J. S. Bell
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‘A theony| will be said to be locally causal It li

values or local beables In
specification of v '
when what happel
sufficiently speciiied, Ic
beables In a space-lme¢

- J. S. Bell
L ocal causality
]’)(.X?;[ _X’/;;, /\L.') = ])(X_.l /\L")
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a, b — settings
A. B -- outcomes
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e
Locality causality implies
p(Ala, b, B, A) = pl. Ala, M)
p(Bla, b, A, A) = P\ (B|b, A)

a b— oo

A B --

outc

ettings
omes
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P a, b — settings
L 5 A B -- outcomes

Locality causality implies
p(Ala,b, B,A) = p(Ala, A)
p(B‘a"? bu 443 "\) = [)(B‘b /\)

and implies factorizability

n(A, Bla,b,A\) = p( Ala, N)PEBw)
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~ ! A B -- outcomes

Locality causality implies | |
n(Ala, b, B, A) = p(4la, \)
p(B|a,b, A, \) = p(B|b,

and implies factorizability

(A, Btz Ala, /\)
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e a, b — settings
- g A B -- outcomes

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

and implies factorizability

p(4, Bla,b,\) = p(Ala, N)p(B|b, A)
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Factorizability from local causality |

Recall the| relation between joint and conditional probability |
p(A, B) = p(A|B)p(B)
n(4, B|C) = p(A| B, C)p(B|C)

therefore

n(A, Bla,b, \) = p(A

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

L) L
“"‘lu. .

N\
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/3 . BRATAS
) -+ p(disagree|a 0 )

c ee| / Ln(acreela
Flr[ p(agreefrm_) F P(dgl’::‘u:h ) +plagree|a 0)

Define C(a,b) = (+1)p(agree(ab) + | 1 )p(disagree|ab))|

)

f 1( Wil T <
|C(a,b) + C(a',b) + Cla, ) = Ol 1) £
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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b) + ;l([l‘{]l'e% r:“':"r] »

(+1)p(agree|ab)

I(‘,(“’- b)) -+ C(d',b) + Cla, b = Cla,t

The Clauser-Horn-Shimony-Holt (CHSH) inequality
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Define C'(a.b) (- 1)1)(571{:\1'(1-”{:} L

L)l disagree m')];

|C(a,b) + C '(a',b) + Cla, y)—C(d,b)| <2

L) - -

The Clauser-Horn-Shimony-Holt (CHSH) inequality
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Locality causality: p(Al|a,b, B,\) = p(A
p(Bla,b, A, \) = p(B

=

No superluminal signalling p(_él‘(;r, ) = [)(:"l a)

p(Bla,b) = p(B|b)
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|
Locality causality: p(Ala, b, B,\) = p(A|a, )
| p(Bla,b, A, \) = p(Bl|b, A\)

No superluminal signaliing: p(A|a,b) = p(A|a)

o(J|a,b) = p(B|b) L
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Locality causality: p(/l‘a,, b, B,\) = p(Ala, \)
p(Bla,b, A, \) = p(B|b, A)

No superluminal signalling: p(fl[ﬂ._ Z)‘) — p(f\laf) |
p(Bla,b) = p(B|b) ~
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Locality catsality: p(A|a,b, B, \) = p(4A|a, A)
p(Bla,b, A, ) = p(BJb, \

No superluminal signalling: p(Al|a,b) = p(A|a) |
})('_B\a.,b) = p(BIb) ®

Does the nbtion of “local causality” capture the content of relativity?
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Locality causality implies
p(Ala,b, B,A) = p(Ala, A)
p(Bla,b, A, A) = p(B|b, A)

and implies factorizability

p(4, Bla,b,A) = p(Ala, \)p(Bb, A)
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/ 6.
/’/ .
L a, b — settings
o A. B -- outcomes
Locality causality implies
p(Ala,b, B, \) = p(Ala, A)
p(Bla, b, A, A) = p(Blb, \)
and implies factorizability
n(A, Bla,b,A) = p(Ala, \)PR \
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" i A. B - outcomes

Locality causality implies

p(Ala, b, B, A) — p(A|a, )
p(Bla b A, \) = p(Bb,A)
and implies factorizability
p(A B‘a b )\) "'[)( /\)j)(E) b,/\)
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|
Locality caLsahty p(Ala,b, B,\) = p(Ala, ) ‘i

\ /)‘(1 A, A) = p(Blb, A) |
l

No superlulrmnal signalling ;)(.A\ o)1) = /)(' Ala) |
)(Bla,b) = pl B|b) ©

- antiirea the ¢ teant nof relatn 9
Does the nbtion of “local causality” capture the content Ol relativity
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Locality causality: p(A|a,b, B, \) = p(A|a, A)
p(Bla,b, A, A) = p(BJb, \

No superluminal signalling: p(-”‘ua. b') - p(;"l\a,) ’
p(Bla,b) = p(B|b) v

Does the nbtion of “local causality” capture the content of relativity?
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Locality causality: p(Ala,b, B,\) = p(4|a, \)
o(Bla,b, A, X) = p(BJb, V)

No superluminal signaliing: p(A|a,b) = p(A|a) |

p(B|N) = p(B|b) e

Does the nFtlon of “local causality” captRR the content of relativity?
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Localty capsaity p(Ala,b, B, \) = p(Ala, )
] p(Bla,b, A, \) = p(B|b, )

No Superlulminal signalling p(:\?n. = p(-~-\| |
p(Bla,b) = p(B|b) e

N . \
Does the nbtion of “local causality” capture the content \® cmwt;’?

N
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Locality catisality: p (Ala,b, B,\) = p(Ala, ) |
Bla,b,A,)\ = p(Blb, A)

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

Does the nbtion of “local causality” capture the content of relativity?
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Failure of predictability from Bell-inequality violations

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

AN ( B)
| D ONeEL / /b/
— AR R ._._/_.;,f N
7 N/
g 7/ a. b4
] A{',l'-:/ A, B % olitcomes

Predictability: p(A,Bla,b) € {0,1}

No signalling: p(Afa,b)= p(Ala) and p(Bla,b)= a(

Thm: No signalling + Bell-inequality violation —4u predicta

D)
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Failure of|predictability from Bell-inequality violeiitions

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

2 / a, b - settings
u A. B -- outcomes

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

Thm: No signalling + Bell-inequality violation = unpredictability
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Failure of|predictability from Bell-inequality VIO|"¥ tions

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

—

) / ~as /D A8
¢ , b - settings
¢ o A, B -- outcomes

Predictability: p(A,Bla,b) € {0,1} |
No signalling: p(Afa,b)= p(Ala) 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 predictabilit
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Failure of predictability from Bell-inequality violations

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

'/ A < r"/,.,- B \

) r N A )
/a VA NG
J X\
g a, b — settings
"] e A, B -- outcomes

Predictability: p(A,Bla,b) € {0,1}
No signalling: p(Afa,b)= p(Ala) 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 predlctabi!ity)
= p(Ala) p(Biey+axnasiopaling s

But this is factorizability, ¢om which the Bell inequalities follow.
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Failure of |predictability from Bell-inequality violgtions

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(Ala) and p(Bla,b)= p(B|b)
Thm: No signalling + Bell-inequality violation = unpredictability
= = dictability)
of: p(A,Bla,b,\) = p(A,Bla,b) p(Ala,b) p(B[a,b) (by pre
Hletnn = p(Ala) p(B|b) (by no signalling)

But this is factorizability, from which the Bell inequalities follow.
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Failure of|predictability from Bell-inequality viole{tions

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

g ‘ 7 a, b — settings
,-".11-/ A. B -- outcomes

Predictability: p(A,Bla,b) € {0,1}
No signalling: p(Ala,b)= p(Ala) and p(Bla,b)= p(B|b)
Thm: No signalling + Bell-inequality violation = unpredictability
- = by predictability)
f: p(A,Bla,b,\) = p(A,Bla,b) p(Ala,b) p(Bla,b) (by _
gl = p(Ala) p(B|b) (by no signalling)

But this is factorizability, fom which the Bell inequalities follow.
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Magic is a natural force that can
be used to override the ysual 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 L

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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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 correlgtions

Adversary
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my of Bell-inequality violating correléﬁtions

Adversary
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Monogamy of Bell-inequality violating correlgtions

Adversary
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Monogamy of Bell-inequality violating correle‘;tions

Adversary
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my of Bell-inequality violating correlé}tions

Adversary
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my of Bell-inequality violating correlaf.tlons
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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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Contextuality
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Conte>

Con
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uality
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Ernst Specker, “The logic

of propositions which are
not simultaﬁeously

decidable”, Dialectica 14,
239 (1960).
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p(success) <

[
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Specker’s example

p(success) < 3
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Specker’s example

— r“
L) ]

—\

&

—

If the outcomes are fixed deterministically by the ontic state and are

| sasurement is performed, then
indenge®nt of the context in which the measurement IS perorm d, the

)

p(success) <
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Specker’s example |

(D I
O
7S
w
k.
YR 0B M S
gis: P Rl

If the outcomes are fixed deterministically by the ontic sta{e and are
independent of the context in which the measurement is performed, then

2
p(success) < 3
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Specker’s example

IR

erministically by the ontic state and are

If the outcomes are fixed det
hich the measurement is performed, then

independent of the context In W

p(success) <

[ [N

Pirsa: 12010048
Page 59/80



Pirsa: 12010048

Frustrated Networks \:

Nodes are binary variables [

Edges

(—"

mply joint measurability

Outcomes agree -- Perfect correlation
Outcomes disagree --Perfect anti-correlatgn

Frustration = no valuation satisfying all correlations

jom -

e o o - - )
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Frustrated Networks |
|
Nodes are binary variables |
Edges imply joint measurabilit
Outcomes aqgree - Parfect correlation
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] Frustrated Networks

Nodes are binary variables }
Edges 1mplyjoint measurability |

| Qutcomes agree -- Perfect correlation
________ | Outcomes disagree --Perfect anti-correlatgn

Frustration = no valuation satisfying all correlations

(I o o o o = )

g o= =)

________
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If the outcomes are fixed deterministically by the ontic staFe anﬂd 1.;
independent of the context in which the measurement IS performed, then

-

p(success) < 1
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If the outcomes are fixed deterministically by the ontic state and are

independent of the context in which the measurement is performed, then

p(success) < ;

Pirsa: 12010048 Page 64/80



|ocal determinism IS an instance of traditional noncontextuality where

the context IS remole
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| ocal determinism IS an instance of traditional noncontiex

the context IS remote
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|ocal determinism IS an instance of traditiona

the context IS remote
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Klyachko’s example
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Klyachko’s example

GES

p(success) <

_______
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Klyachko’s example

4] B

{ p(success) <

(ll)ela] « 1 — ) {hl}
(o) (la| . I — |l2)(la]}
(|Ls) (la| , T — |la){ls]}
(1) (sl T = ) (Lal}
(|is)(ls| + 1 — |ls){lsl}
where (illis1) =0 i€ {1, 5}
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Klyachko’s example

el e s p((sliceess) <y

\\ !" ’J'\):\\\
' i l

5 projective mmts: -1»‘ 4

{|tgll s 1 —|l)(als
H[i)\;"{l‘_)‘ , [ “) {)‘} ‘/' -f.:: _____ : _______
{|is) (s s T — |la){lsl} i A
{|{.U r[1' I - H; ) (1 |} Liss
(i) (sl s I~ lls){ls} 2

l:lliag) =0 i€ {1,...,3}

where llis1 \
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5 projective mmts:

{llglal . I—[b)al;
{|ia)(la] s T — |l2)(lal}
{|ls)(ls]| s 1 — \ls) (Ls| }
'{“-1:’ Ul o 4 = g (Lal

{|ts){ls| s I — ll5)(L5| }

where (lillic1) =0 %€ (1
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5 projective mmts:

Ul el
”[;)_.J J/)[ .

{“1‘ /1' e

[
/
[lis)(la| , {
[
{|ts){ls| 5 {

—

where ({illie1)

Preparaﬂon:theﬁnthathesonthesynwnenyaxs
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Klyachko’s example

) 1
COsF 1) = ==
VI |
‘ 9
VU . [lo) (] s Jla2) ()
3
ln'()})."‘f.'“!"')
sl
\_,' H

Pirsa: 12010048 Page 75/80



Klyachko’s example

1) 1-
08° 0 = ==
\ COS /3
) { / ( ‘ L
COﬂSider: \'rll;#l‘ . ‘f)/)! - |/1-"'r/1-’:|f

i
o(|l1) (s | : . -
v(|la)(l2]) | ( prob.|(v|l1)|’
e
o(|la2) (la2]) = * 5 e

|fJ?‘1|)
=L

Vo I[l,.

prob.| <U“1,2;I \"J
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Klyachko’s example

2
cos” fl = —1:
VI

| Y

Consider: ({|t1){l1] . |l2)(la] . [l12)(h12l}
v(|l1)(1])
"(“‘))“;'“
v(|l12)(li2])

Probability of
anticorreled outcomes

o([l1){l1]) :
L’(“;‘):} /1)‘ ) =
v(|liz)(lz]) = 0]

[J['(l]}.".':(,"[1-_"‘."
=1 — -
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Klyachko’s example

cos? B =

Sil
e

Consider: [{|i1)(l] . |l2) (o]  [la2)(hal}

N L
U(V’ZH‘/’“ ’ (1)[ Probability of ‘
'e'(__f?;<{9|) _ anticorreled outcomes

U(I[l?/'\/.l;)“' & 1% 1)) | - (a “,_ ,L’\
o([l1){]) = =
v(|l2) (L2 \):
|llz)</ ol) = l12)
|[ \
;?] = plol)\\t \lp,\

—_—
e
&)
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Klyachko’s example

|
\

Similarly for any pair of [
measurements...
]

Probability of

anticorreled outcomes

2

—_—

VB

———
—

Quantum probability of success

)

) — 2.~ 080 > 2

T
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Klyachko’s example

‘ cos? ) = L
Vo
v
i
Similarly for any pair of 4 : |
megsurements... ') A
@ e a0
Probability of [y oemze | ,“\# S
anticorreled outcomes R ~===334 17
_ 2 %
=% ;l:

Quantum probability of success

< ~089>=
Vo -'

p(success) =
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