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The first paper on “quantum nonlocality”



EPR: QM is “incomplete”

According to EPR, any satisfactory physical theory must be:

(1) Correct.

(2) “Complete”.



EPR’s elements of reality

“If, without in any way disturbing a system, we can predict with 
certainty (i.e., with probability equal to unity) the value of a
physical quantity, then there exists an element of physical 
reality corresponding to this physical quantity.”



EPR’s elements of reality

“Without in any way disturbing a system” = Spacelike separation.

“Predict with certainty” = Perfect correlations.



Bohm’s version of EPR’s argument
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Bohm’s version of EPR’s argument
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• X2 and Y2 are both “elements of reality”. 

• In QM, X2 and Y2 are incompatible observables 
(Heisenberg’s uncertainty principle).

Æ QM is incomplete (according to EPR).
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Bell’s theorem

It is impossible to complete QM with elements of reality because some 
predictions of QM cannot be reproduced with elements of reality.



The CHSH inequality
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The CHSH inequality
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The CHSH inequality is violated
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Aspect’s experiments



Loophole-free Bell experiments

So far, the results of any performed Bell experiment admitadmit an 
interpretation in terms of local realistic theories. 

A loophole-free experiment would require: 

• Spacelike separation between Alice’s measurement choice 
and Bob’s measurement in order to exclude the possibility 
that Alice's measurement choice influences the result of 
Bob's measurement (locality loophole).

• Sufficiently large number of detections of the prepared 
particles in order to exclude the possibility that the 
nondetections correspond to local hidden-variable 
instructions (detection loophole).



Photons, ions… the good news

• Photons are the best candidates for closing the locality 
loophole. For instance, one can do a Bell experiment with 
pairs of polarization-entangled photons separated d = 400 m, 
which is not subject to the locality loophole (Innsbruck 98).

• Ions are the best candidates for closing the detection 
loophole. For instance, one can do a Bell experiment with 
pairs of trapped ions with a detection efficiency h = 1  
(Boulder 01, Maryland 08).



Photons, ions… the bad news

• Photo-detection efficiency (h = 0.05-0.33) is not high 
enough to close the detection loophole (h > 0.83 is required 
for the CHSH inequality). 

• Separation between trapped ions (d = 1 m in the Maryland 
08 experiment) is not enough to close the locality loophole 
(d > 15 km is required for the Maryland 08 experiment).



Problem

44 years after Bell’s original paper we do not have a 
loophole-free Bell experiment!



Proposals for loophole-free experiments

Eberhard-Kwiat: Bell inequalities for non-maximally entangled 
states (assuming photodetectors with h > 0.67 efficiency).

Fry: spin measurements of atoms using a polarized pulse of laser
light.

Grangier: homodyne measurements.

Simon-Weinfurter: entanglement swapping between two atom-
photon pairs.

Proposals for excluding some specific classes of local hidden-
variables: Santos, Zukowski.

Bipartite Bell inequalities exhibiting exponentially-growing-with-
size nonlocality + two-photon hyperentanglement.



Entanglement, nonlocality and Bell’s inequalities

A state is (Popescu's) nonlocal if it cannot be prepared by local 
interactions and classical communication.

A state violates a specific Bell inequality if the results of the 
experiment cannot be reproduced by any possible model with 
local properties and no communication.

I prefer to call (Popescu's) nonlocality just “entanglement”. 

Entanglement is a physical resource.

(My) nonlocality is the price realistic theories have to pay to 
reproduce quantum mechanics.

My point: “Measures of (Popescu’s) nonlocality” might be not 
appropriate “measures of how conclusive a Bell experiment is”.
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Hardy’s nonlocality proof
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Any pure two-qubit entangled, but not maximally
entangled, state can be written as



Hardy’s nonlocality proof
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Therefore,

L. Hardy, PRL 71, 1665 (1993).



Hardy’s nonlocality proof
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Hardy’s nonlocality proof
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Rotationally invariant proof
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Prepare the 8-qubit state
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Rotationally invariant proof
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Properties:

The local (4-qubit) observables are:



Rotationally invariant proof

This is Alice



Rotationally invariant proof

Let us suppose that she measures G...



Rotationally invariant proof

...and obtains the result 1



Rotationally invariant proof

Then, if Bob (whose measurement is spacelike separated from Alice’s 

decision) measures F, he always obtains 1...



Rotationally invariant proof

...even if Bob rotates his apparatus



Rotationally invariant proof

He always obtains 1!



Rotationally invariant proof

Even if Alice has rotated her apparatus!



Rotationally invariant proof

In any way!



Rotationally invariant proof

Analogously, if Bob measures G and obtains 1...



Rotationally invariant proof

...then he can predict that, if Alice measures F, she
always obtains 1



Rotationally invariant proof

Even if Alice rotates her apparatus!



Rotationally invariant proof

...or Bob!



Rotationally invariant proof

If Alice and Bob measure G, sometimes (in 8% of the
cases) they both obtain 1...



Rotationally invariant proof

In those cases, what if, instead of measuring G, they
had measured F?



Rotationally invariant proof

If EPR’s elements of reality do exist, then, at least in 8% 
of the cases, both of them would have obtained F=1



Rotationally invariant proof

However, they NEVER both obtain 1!!!



Hardy’s nonlocality proof
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Extended Hardy’s nonlocality proof
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Hardy’s is a particular case of the CHSH inequality
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Entanglement-assisted reduction of communication
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Entanglement-assisted reduction of communication

Optimal classical protocol



Entanglement-assisted reduction of communication
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Entanglement-assisted reduction of communication
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Optimal classical protocol



Entanglement-assisted reduction of communication
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If Alice and Bob share pairs in the state

Quantum protocol



Entanglement-assisted reduction of communication
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Entanglement-assisted reduction of communication
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Entanglement-assisted reduction of communication
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In the next lecture

GHZ: Beating EPR using their own weapons (perfect 
correlations)

Mermin inequality: Violation that grows exponentially

Bipartite AVN 

Bipartite AVN with only single-qubit measurements


