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A modern view of Bell inequalities and
guantum nonlocality

A Entanglement is the feature of quantum physics.

A Entanglement is the resource at the core of all Quantum
Information Science (QIS).

A Entanglement witnesses are witnesses of entanglement
If and only if they are Bell inequalities (all others rely

on assumptions on the Hilbert space dimensions).
guant-ph/0802.0760, PRL in press
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A Bell inequalities and quantum nonlocality are the basic
building blocks both of our basic Science and of QIS.
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Standard loopholes

A Detection loophole: Very much in the spirit of local
hidden variables: assuming that the statistics is
Independent of the lhv is almost the same as assuming
that the | hv have no effec
one wants to demonstrate. Has fortunately been closed:

- Nature 149, 791, 2001
-recent beauti ful exp. by
quant-ph/0801.2184, PRL 100,150404,2008

Locality loophole : It would be extraordinary that the
setting of a polarizer or of a phase modulator affects all
distant sources. Still, its nice that this loophole could be
closed:

- Paris PRL 49, 1804, 1982

- Innsbrug PRL 81, 5039, 1998

- Geneva PRL 81, 3563, 1998
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More Bell tests

A | like nonlocality !

A Nevertheless, proper scientific
methodology requires that one
tests extraordinary predictions
as much as possible.
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A When is a quantum measurement finished ?

A Possibly only once a macroscopic mass has significantly
moved, as advocated e.g. by Diosi and Penrose.

A In usual Bell tests, detection events only trigger the
motion of electrons of insufficient mass to finish the
measurement process.

Adrian Kent noticed that according to this plausible
assumption, no Bell test so far ensured spadi&e separation !

A. Kent, arXiv:gr —qc/0507045°
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Penrose-Diosi formula for collapse time
of the superposition: y ,+y,
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Bell test with true space-like separation

A macroscopic mass has

time < significantly moved . Lo 60 1TE
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o In usual Bell tests, detection events only trigger the motion of electrons
fp: of insufficient mass to finish the measurement process.
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<2 Visibility > 90% Y nonlocal correlations between
. Singles truly space-like separated events

m  Coincidences
Sinusoidal fit: V=(90.5 = 1.5)%
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How come the correlation ?

A How can these two locations out there in
spacetime know about each other ?

A via entanglement?  (in Hilbert space) or
A via communication ? (in space-time)

A L e ttdks the latter seriously. It requires to
define faster than light 0 s p o @adtion at a
di st amsonee@referred referenceframe.

A If in this preferred frame the communication
d o e sam@d on time, then the correlation
becomelocal ! This can be tested.
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A Synchronize both the inputs and the outcomes.

timet
outputa - S el oy ¥
)« spooky action in
referfgd frame
input a el — P E?

space

In which frame should the events be simultaneous|?

Notethat If the eventsare simultaneousin the Earth reference
frame, then they are alsosimultaneouswith respectto any frame
moving in a direction perpendicular to the Alice-Bob axis.

GAP Optique Geneva University
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test these hypoth
reference frame

Alice and Bob,

eastwest orientation,

perfect synchronization

with respect to earth

Y perfect synchronization
w.r.t any frame moving
perpendicular to the
A-B axis

Y in 12 hours all hypothe
tical privileged frames
are scanned.

GAP Optique Geneva University

Ph. Eberhard, private communication
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A After a Lorentz transformation, one finds

b vk is the relative speed of the

av,, & (1- /32)(]_- /‘2) (1- bz)(l- 72) Earth frame in the privileged frame,

QLB 2 1+ . 2 1+ _

¢ ¢~ r+p t r+ ‘b”‘) I = Ctyg/rag defines the alignment of
if V‘ ¢r the 2 detections in the Earth frame

A To get a good bound on Vi, One should ensure a good aIignment?,
and should upper bound | b” | (the component of b parallel to the AB direction).

Two cases can be considered. For each case, there exists a period of
time T, during which [ 4, (t)] is upper -bounded by:

GAP Optique Geneva University
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Finite precision
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A The «Speed of Quantum InformationsMs Vg 2 ‘t' t"
B~ ‘A

A After a Lorentz transformation, one finds

b vk is the relative speed of the

aVo, ] (1- [)2)(]_- /‘2) (1- bz)(l- 72) Earth frame in the privileged frame,
e-8§ ° 1+ 2 = 7
¢ ¢~ r+p t (f + ‘b”‘) I = Ctyg/rag defines the alignment of
if V‘ ¢r the 2 detections in the Earth frame
T = 360 seconds d @b6.4 10° a @p.®

time T, during which [ 4, (t)] is upper -bounded by:
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The observed correlation is indeed truly nonloca
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How come the correlation ?

A How can these two locations out there in space-
time know about each other ?

Y There is no spooky action at a distance :
there is not a first event that influences
a second event.

Y Quantum correlation just happen, somehow
from outside spacetime :
there Is no story in spacdime

that can tell us how It happens.

GAP Optique Geneva University

23



How should one understand nonlocality?

A Distant events can be somehow connected.
A Our education, especially as physicist, make it
difficult to accept such a concept.

A But the math are simple: a+b=x.y, as in the
nonlocal PR box X y

a
) b
A It would help our understanding
- to study nonlocality as a resource, and
- to decompose quantum nonlocal correlations

Into simpler nonlocal correlations.

GAP Optique Geneva University

guant-ph/0803.2359 24



How should one understand nonlocality?

A Distant events can be somehow connected.
A Our education, especially as physicist, make it
difficult to accept such a concept.

A But the math are simple: a+b=x.y, as in the
nonlocal PR box X y

The same randomness
manifests itself at
distant locations !

a
) b
A It would help our understanding
- to study nonlocality as a resource, and
- to decompose quantum nonlocal correlations

Into simpler nonlocal correlations.
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Found.Phys.10,1469,200:

Assume that | ocally everyttr
l.e. that individual particles are always in pure states:

a\d ~ quv
PM(a,b|a,b)=f/ P.(a,b|ab)

where [ =|H?A|I7>

and Pmn=jr(1+ai§g.g>m+ b(Zét()jsd>n +a lﬁi)m,(g, k()j))

NOnl yo the g@aenomdocaat i ons C
They just happen, without any classical explanation.
They are only constraint by P, 2 0
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Leggett 0s 1 neq
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