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Spatially separated 
entangled photons

Can we measure the position of photon A and infer the position of photon B? 
If yes, photon B has reality of position  

Can we measure the momentum of photon A and infer the momentum of photon B? 
If yes, photon B has reality of momentum  

Photon B has simultaneous reality of position and momentum!!!
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Nonlinear
crystal

Spatially separated 
entangled photons
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What is the resolution to EPR’s thoughts? 

Photon B has simultaneous reality of position and momentum!!!

This is what EPR wrote...



Position correlations Momentum correlations
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Entanglement requires uncertainty about the outcome 
of the measurements at A and B
Entropy is > 0
 

Entropy is a measure of the 
uncertainty associated with a 
random variable.

Entanglement requires a degree of certainty about the 
inferred outcome of a measurement on B, given a 
measurement on A, and vice versa
Entropy = 0

 

A

B

http://en.wikipedia.org/wiki/Random_variable
http://en.wikipedia.org/wiki/Random_variable
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Entropy is low, 
number of modes is low 
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Entropy is high, 
number of modes is high
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h(!i|!s) + h(φi|φs) ≥ log2(2π) = 2.65

h(!i|!s) + h(φi|φs) = 0.89
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Work provides a clear picture for 
angles/angular momentum

Both entropy calculation and 
inferred variances show EPR 
correlations

Entropy calculation is not effected 
by cyclic nature of angles

Can use for quantum cryptography, 
quantum imaging etc 



Classical communication

7
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-14 +14

Quantum measurements

I(A;B) = H(A)−H(A|B) = H(B)−H(B|A)
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Spatially separated 
entangled photons

A

B

     Einstein, Podolsky and Rosen 

argued that Quantum Mechanics (QM) 

was an incomplete theory because of  its 

description of entangled systems    

[EPR, Phys. Rev. 47, 777 (1935)]. 

       Bell proposed a method of testing local 

realism. 

 Bell’s theorem: no classical theory based on 

local-hidden variables can ever fully reproduce 

quantum mechanical predictions [Bell, Physics 1, 

195 (1964)]. 



•   Experimental result indicating two photon superpositions in OAM 
[A. Mair et al., Nature 412,  313 (2001)]
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1.  SLMs in signal/idler arms
(not shown in picture)

We can detect coincidences
for near-field/far-field/
intermediate-fields

2.  Multi-pixel detector array
(converts position to time)

We can simultaneously 
measure 8 quantum states
with no scanning
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Our multi-pixel linear array, single photon detector allows to make.....

- a demonstration of spatial EPR in which the strength of the position or 
momentum   is measured without scanning any of the optical or electronic system
 - measure the correlations in the near-field, far-field and intermediate planes

d!2 d

d!2
d

Focal length of signal lens, fs

Fo
ca
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en
gt
h
of
id
le
rl
en
s,
f i

What is the significance of how the correlations change as we move 
from the near-field to the far-field?

- the polarisation analogy has implications 
  for locality and hidden variable theories
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Violations of Bell’s inequality
Can a single image violate this?

EPR correlations in 
the OAM/angle 
basis

QKD with spatial states 
How best to maximise bit/photon?
Optimal basis for measurements?

Violations of 
generalized 
Bell inequalities

Differences between EPR/Bell?
How best to characterise states?

Full-field quantum
measurements

Power of SLM for quantum optics
Implications for Bell’s inequalities? 



Questions

What is ghost imaging?
Is this a quantum effect?

What is required to show a 
non-local quantum effect?

Is our image the result of a 
quantum effect?

What is the angular EPR paradox?
What is required to demonstrate this?

 What is the difference between 
- violating a Bell-type inequality
- demonstrating EPR correlations?
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