Why is Quantum Physics not
more nonlocal than it is?




EPR PARADOX:

o Proposed in 1939:

* by A. Einstein, B. Podolsky, N. Rosen
(Phys. Rev. 47, 777).

o Original paper can he found at:
http://www.drchinese.com/David/EPR.pdf
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Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EixsteIN, B. PopoLsky AND N. RoOSEN, I'nstitute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

In a complete theory there is an element corresponding quantum mechanics is not complete or (2) these two




BELL’S THEOREM:

o Hidden variable theories: The wave function is not the

whole story — some other quantity (or quantities), A, 1s

needed in addition to y, to characterize the state of a system
fully.

Theoretical physicists were happily proposing hidden variable theories, until...

1964: sohn Stewart Bell proved that any
local hidden variable theory is
Incompatible with quantum mechanics.

II1.5 ON THE EINSTEIN PODOLSKY ROSEN PARADOX*

Joun S. BELLY}

|. Introduction

THE paradox of Einstein, Podolsky and Rosen [1] was advanced as an argument that quantum mechanics
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VOLUME 47, NUMBER 7

Experimental Tests of Realistic Local Theories via Bell’s Theorem

Alain Aspect, Philippe Grangier, and Gérard Roger
Institut d'Optique Theovique et Appliquee, Univeysile Payis-Sud, F-91406 Ovsay, France

(Received 30 March 1981)

We have measured the linear polarization correlation of the photons emitted in a radia-
tive atomic cascade of caleium, A high-efficiency source provided an improved statistical
accuracy and an ability to perform new tests. Our resuits, in excellent agreement with
the quantum mechanical predictions, strongly violate the generalized Bell's inequalities,
and rule out the whole class of realistic local theories. No significant change in results
was observed with source-polarizer separations of up to 6,5 m,

VOLUME 49, NUMBER 2 PHYSICAL REVIEW LETTERS 12 Jury 1982

Experimental Realization of Einstein-Podolsky-Rosen- Bohm Gedankenexperiment:
A New Violation of Bell’s Inequalities

Alain Aspect, Philippe Grangier, and Gérard Roger
Institut d’Optique Théorigue et Appliquée, Labovatoive associé au Cenlve National de la Recheyeohe Scientifique,
Université Pavis Sud, F-91406 Orsay, France
(Received 30 December 1981)

The linear-polarization correlation of pairs of photons emitted in a radiative cascade of
calcium has been measured. The new experimental scheme, using two-channel polarizers
(i.e., optical analogs of Stern-Gerlach filters), is a straightforward transposition of Ein-
stein-Podolsky-Rosen-Bohm gedankenexperimment. The present resulis, in excellent
agreement with the gquantum mechanical predictions, lead to the greatest violation of gen-
eralized Bell’s inequalities ever achieved.

Experimental Test of Bell’s Inequalities Using Time-Varying Analyzers _
Alain Aspect, Jean Dalibard,*’ and Gérard Roger Vorums 49, NuMBER 25 PHYSICAL REVIEW LETTERS 20 DecmpEr 1982

Institut d'Optique Théorique et Appliquée, F-91406 Ovsay Cédex, France
(Received 27 September 1982)

Correlations of linear polarizations of pairs of photons have been measured with
time~varying analyzers, The analyzer in each leg of the apparafus is an acousto-opti-
cal switch followed by two linear polarizers. The switches operate at incommensurate
frequencies near 50 MHz. Each analyzer amounts to a polarizer which jumps between
two orientations in a time short compared with the photon transit time, The results
are in good agreement with quantum mechanical predictions hut violate Bell’s inequal-
ities by 5 standard deviations,



The EPR-experiment




(P(A=+1,B=+1)=q; =0
P(A=-1B'=-1)=q, =0
|P(A'=-1,B=-1)=q3 =0
P(A'=-1,B'=-1)=q #0
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Alice measures A > x=0 Alice measures A" & x=1
Bob measures B > y=0 Bob measures B’ & y=1

Alice’sresultis 1 & a=1 Alice’sresultis -1 ¢ a=0

\

Bob'sresultis 1 & b=1 Bob'sresultis -1 > b=0




Max(BI) = K =|(00) +(01) +(10) — (11}
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Local Correlations L

p(a,blz,y) = ) p(X) plalz, \) p(bly, \)

Quantum Correlations Q LCQ

p(a,blz,y) = tr (papllg @ IT)






- theory combining them?

theory that allows violations of Bell
lities, while satisfying

hy not can quantum theory be more



X ol sl (599
Yy b sle s99)9
P b 9 d Ql"i“iL“ u;'.’ﬁ)"s'
ab[XY 639,5 i G sl 2g,r i S 5958] Cewdy lolg L]




IR )L_e aS 53 0,lee 3l g

Max(BI) = K =|(00) +(01) +(10) — (11}

1 1
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Max Bl =2

onlocality)=0.09 QM Max Bl=2+/2

onlocality)=0.5 NS MAX Bl=4



Entanglement versus non-locality

No-signalling

NON-LOCALITY

‘ Why is quantum non-locality limited ?



Tsirelson's bound

local point
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m classical bits

| <m



(X :Y)=H(X)+H(Y)-H(XY) H(X)==> p(x)log, p(x)

I(x:y) is the classical mutual information

The Information causality principle states

J :ZN: I(xy:by)gm

y=1

Information Causality can be violated using any correlations
which violate Tsirelson’s bound for the CHSH.

= J>m
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at both classical and quantum
condition.

iolated for all boxes for
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for any X #X’
ZREX P(al b) = Z{IEXI P(a; b) — P(b)

Forany Y #Y’
Lvey P(a,b) = Lpey P(a,b) =P(a)
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Local Orthogonality Principle

Event: e = (a1...an|z1...20)

Two events are “orthogonal” if they can be locally distinguished by one party

o v [ R N O (g, ] Y UR Y
if 45 € [l,n] T; =Y and aj #b;

A set of events is “exclusive” if they are pairwise orthogonal

The sum of the probabilities of pairwise orthogonal events is upper-bounded by
“1"




The sum of the probabilities of pairwise orthogonal events is upper-bounded by
Hl”
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tr(pP’) <1

Quantum correlations satisfy LO constraints




probability of success of the
rdy’s non locality

0.09
S 0.5

0.20717 QM
0.0177 QM




On the other hand, IC or any other

witnessing













QUANTUM MECHANICS?

WHAT IS




