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Bell tests, gravity & collapse,

and spooky action at a distance

a + b= x.y

Alice Bobx

a b
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A modern view of Bell inequalities and 

quantum nonlocality

ÁEntanglement is the feature of quantum physics.

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

ÁEntanglement witnesses are witnesses of entanglement 
if and only if they are Bell inequalities  (all others rely 
on assumptions on the Hilbert space dimensions).
quant-ph/0802.0760, PRL in press

ÁBell inequalities and quantum nonlocality are the basic
building blocks both of our basic Science and of QIS.
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Abstract setting

Bob

b
d

b= Ñ1

Alice

a
d

a= Ñ1
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space

time
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input

output a
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d
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Space-like

separation
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Standard loopholes

ÁDetection 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 lhv have no effect é which is precisely what 
one wants to demonstrate. Has fortunately been closed:
- Nature 149, 791, 2001
- recent beautiful exp. by Monroeõs group: 

quant-ph/0801.2184, PRL 100,150404,2008

ÁLocality 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

ÁI like nonlocality !

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

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

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

space

time

a
d

input
b
d

output a b

Adrian Kent noticed that according to this plausible 

assumption, no Bell test so far ensured space-like separation !

A. Kent, arXiv:gr -qc/0507045



G
A

P
 O

p
ti
q

u
e

 G
e

n
e

v
a

 U
n
iv

e
rs

it
y

7

FG

APD

FM

FM

Satigny

APD

FM

FM
ŭ

Jussy

classical channels

18.0 km

TAC

Geneva

FBG
C

PPLN

L
F

FBG

C

Laser

Piezo Piezo

= 60 ms

quant-ph/0803.2425

Franson 
interferometer



G
A

P
 O

p
ti
q

u
e

 G
e

n
e

v
a

 U
n
iv

e
rs

it
y

8

He-Ne Laser

Piezo

+

-
BS

Single-photon

detector

4V

Photodiode

100 nm

Mirror

Mirror

-1 0 1 2 3 4 5 6 7 8
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

-3

0

3

6

9

12

15

18

21

24

27

30

Am
pli

tud
e (

V)

Time (µs)

 

 

Di
sta

nc
e (

nm
)

quant-ph/0803.2425



G
A

P
 O

p
ti
q

u
e

 G
e

n
e

v
a

 U
n
iv

e
rs

it
y

9

ðDi·siõs equation

ðFor a parallelepiped mirror

ðNumerical application in our case

Penrose-Diosi formula for collapse time

of the superposition:  y1+y2
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Bell test with true space-like separation

source

A B

time

space

The photon enters

the interferometer

A macroscopic mass has

significantly moved

In usual Bell tests, detection events only trigger the motion of electrons 

of insufficient mass to finish the measurement process.

º7 ms

º60 ms

@18 km

quant-ph/0803.2425
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How come the correlation ?

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

Á via entanglement?      (in Hilbert space)  or

Á via communication ?  (in space-time)

ÁLetõstake the latter seriously. It requires to
define faster than light òspookyaction at a
distanceóin somepreferred referenceframe.

ÁIf in this preferred frame the communication
doesnõtarrive on time, then the correlation
becomelocal ! This can be tested.
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ÁSynchronize both the inputs and the outcomes.

space

time

a
d

input b
d

output a b

In which frame should the events be simultaneous ?

Note that if the eventsare simultaneousin the Earth reference

frame, then they are alsosimultaneouswith respectto any frame

moving in a direction perpendicular to theAlice-Bob axis.

Speed of

spooky action in

preferred frame

Space-like

separation
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Letõs test these hypothetical preferred 

reference frame

Alice and Bob, 

east-west orientation,

perfect synchronization 

with respect to earth

Ý perfect synchronization

w.r.t any frame moving

perpendicular to the

A-B axis

Ý in 12 hours all hypothe-

tical privileged frames

are scanned.

A     B

Ph. Eberhard, private communication

http://images.google.ch/imgres?imgurl=http://www.bergoiata.org/fe/24-25/Space%2520-%2520Earth.jpg&imgrefurl=http://www.bergoiata.org/fe/24-25/10.htm&h=768&w=1024&sz=128&hl=fr&start=16&tbnid=jxsSAV5EVnuUJM:&tbnh=113&tbnw=150&prev=/images%3Fq%3Dearth%26gbv%3D2%26svnum%3D10%26hl%3Dfr
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Fiber length: 17.5 kmUnderground fiber: 13.4 km

Fiber coil: 4.1 km

Total fiber length: 17.5 km
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Finite precision

Á The «Speed of Quantum Information» VQI is

Á After a Lorentz transformation, one finds

Á To get a good bound on VQI, one should ensure a good alignment    ,
and should upper bound | b|| | (the component of bparallel to the AB direction).

Two cases can be considered. For each case, there exists a period of 
time T, during which | b|| (t)| is upper -bounded by:
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Detectors' synchronization
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Finite precision

Á The «Speed of Quantum Information» VQI is

Á After a Lorentz transformation, one finds

Á To get a good bound on VQI, one should ensure a good alignment    ,
and should upper bound | b|| | (the component of bparallel to the AB direction).

Two cases can be considered. For each case, there exists a period of 
time T, during which | b|| (t)| is upper -bounded by:
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the 2 detections in the Earth frame

b = v/c is the relative speed of the
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T = 360 seconds d@5.4 10-6                      a@5.8o
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Conclusion: 

The observed correlation is indeed truly nonlocal
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How come the correlation ?

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

Ý There is no spooky action at a distance : 

there is not a first event that influences 

a second event.

Ý Quantum correlation just happen, somehow 

from outside space-time :  

there is no story in space-time 

that can tell us how it happens.
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How should one understand nonlocality?

ÁDistant events can be somehow connected.

ÁOur education, especially as physicist, make it 
difficult to accept such a concept.

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

ÁIt would help our understanding  
- to study nonlocality as a resource, and
- to decompose quantum nonlocal correlations 
into simpler nonlocal correlations.

b

a + b= x.y

a

x y

quant-ph/0803.2359
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How should one understand nonlocality?

ÁDistant events can be somehow connected.

ÁOur education, especially as physicist, make it 
difficult to accept such a concept.

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

ÁIt would help our understanding  
- to study nonlocality as a resource, and
- to decompose quantum nonlocal correlations 
into simpler nonlocal correlations.

b

a + b= x.y

a

x y

quant-ph/0803.2359

The same randomness
manifests itself at
distant locations !
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4. Leggettôs ñlocalityò

Assume that locally everything is ònormaló, 
i.e. that individual particles are always in pure states:

),|,(),|,( baPdbaPQM
dddd

balba lq ñ=

ñOnlyò the correlations Cmnare nonlocal. 

They just happen, without any classical explanation. 

They are only constraint by Pmn²0

where

and ( )),(1
4

1
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Found.Phys. 10,1469,2003
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Leggettôs inequalities
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Leggettôs inequalities


