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Double Slit Interference 

Bohr-Einstein Dialog 

Einstein: What is real? 

Bohr: What can be said? 



Double Slit Interference 

Bohr-Einstein Dialog 

Interference if and only if no 
path information anywhere in 
the Universe 



Ein Quanten- 
Zufallszahlengenerator 
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Quantum Information 

Bit versus Qubit 

Bit Qubit 

„0“ or „1“ „0“ and „1“ 



Albert Einstein 1909 
 Salzburg 

„Unbehagen“ über die 
neue Natur des 
Zufalls 

„Jedenfalls bin ich davon 
überzeugt, daß der Alte nicht 
würfelt“ 
Einstein an Max Born, 4. 12. 1926  

 
 



Spooky Action Albert Einstein: 

Erwin Schrödinger: Entanglement, Verschränkung 



Buch: Physik im Wandel meiner Zeit 

Max Born Seite 228 

Einsteins Brief an Max Born am 3. Dezember 1947 



Einstein-Podolsky-Rosen Citations 



Bell‘s Theorem 
 

 
  

 

   |Φ+〉 =  1/√2 (|H〉|H〉 + |V〉|V〉) 

 

Local Realism:   E11+E12+E21-E22 ≤ 2 
 
Quantum Physics:  2 2

Conflict of Quantum Physics with  

Local Realism    John Bell 1965 



Bertlmann‘s Socks and the Nature of Reality 
  John Bell 



Long-Distance Entanglement 

 Canary Islands 143 km 



Receiver	  

n  Optical Ground Station OGS on 
Tenerife 

n  1m telescope 

n  Polarisation Analyser on the 
optical bench in the OGS 







Teleporta.on	  	  
eines	  Quantenzustandes	  

   Weg?  Nichtlokale Information 



Long-Distance Free-Space 
Teleportation 

Ma, Herbst, Scheidl, Wang, Kropatschek, Naylor, Mech, Wittmann, Kofler, Anisimova, 
 Makarov, Jennewein, Ursin,  A.Z., Nature 2012 

Also: Jian-Wei Pan group Nature 2012 



Teleportation Setup 







Teleportation Results 



Entanglement Swapping 
Teleportation of Entanglement 

Fiber Based Bell State 
 Analysis 

P o l   C o n t r o l 1 

P i e z o   P h a s e   M o d u l a t o r 

F i b e r   C o u p l e r 

F i b e r   C o u p l e r 
a d j u s t a b l e   d e l a y 

BS 
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P o l   C o n t r o l 

P o l   C o n t r o l 

EPR Source 

EPR Source 

J.-W. Pan et al., Phys. Rev. Lett. 86, 4435 (2001) 
T. Jennewein et al., Phys. Rev. Lett. 88, 017903 (2002)  



Delayed – Choice Teleportation of an Entangled State 
Entanglement Swapping Photon 1 and 4 

Become Entangled 
after their 
Registration! 
 
Relational Bits! 

Idea: Asher Peres 2001 
 
Experiment: without Switching 
T. Jennewein, et al 2002 
With Switching: X. Ma, et al 2010 

Einstein: What is? 

Bohr: What can be said? 



Delayed-choice entanglement swapping 

Ma,	  Ursin,	  Zo9er,	  Kofler,,	  Z	  
Nature	  Physics	  	  2012	  (May	  14	  issue)	  



Delayed-choice entanglement swapping 

Photon	  pairs	   Measurement	  i	   Measurement	  ii	   
State	  

fideli.es	   Entanglement	  
witness	   State	  

fideli.es	   Entanglement	  
witness	   

Photons	  2	  and	  3	   0.645±0.031	   -‐0.145±0.031	   0.379±0.026	   0.120±0.026	   
Photons	  1	  and	  4	   0.681±0.034	   -‐0.181±0.034	   0.421±0.029	   0.078±0.029	   
Photons	  1	  and	  2	   0.301±0.039	   0.199±0.039	   0.908±0.016	   -‐0.408±0.016	   
Photons	  3	  and	  4	   0.274±0.039	   0.226±0.039	   0.864±0.019	   -‐0.364±0.019	   

Events	  are	  a	  more	  fundamental	  reality	  than	  quantum	  states	  



Teleportation of Entanglement 

T.Herbst, T. Scheidl, M.Fink, J.Handsteiner, B.Wittmann, R.Ursin, A.Z. 2014 



No Phenomenon is a  
Phenomenon unless it is an  

Observed Phenomenon 

Niels Bohr 



Collaboration with 

Jian-Wei Pan 



Defini&on	  of	  Steering	  

“The	  EPR	  criterion	  is	  also	  a	  criterion	  for	  steering,	  as	  defined	  by	  the	  viola.on	  of	  the	  LHS	  model.	  
EPR	  steering	  confirms	  the	  incompa&bility	  of	  local	  realism	  with	  the	  completeness	  of	  quantum	  

mechanics,	  just	  as	  with	  the	  approach	  of	  EPR	  in	  their	  original	  paper”	  

Margaret	  D.	  Reid,	  Qiong-‐Yi	  He	  und	  Peter	  D.	  Drummond;	  Entanglement	  and	  nonlocality	  in	  mul.-‐par.cle	  systems;	  Fron.ers	  of	  Physics	  
Volume	  7,	  Number	  1,	  72-‐85,	  	  



Alpbach, Tyrol, Austria 



Quantum Steering 

 
  

 

   |Φ+〉 =  1/√2 (|H〉|H〉 + |V〉|V〉) 

 Schrödinger 1935 

 Einstein 1948 

  Mutually Unbiased Bases MUBs 

 

   |Φ+〉  =  1/√2 (|H’〉|H’〉 + |V’〉|V’〉) 

   |Φ+〉  =  1/√2 (|R〉|L〉 + |L〉|R〉) 



Realiza&on	  



•  Mode	  systems	  of	  the	  paraxial	  
approxima.on	  
–  Hermite-‐Gaussian	  (HG)	  
–  Laguerre-‐Gaussian	  (LG)	  

(„Doughnuts“)	  

•  Laguerre-‐Gaussian	  modes	  possess	  
external	  („orbital“)	  angular	  
momentum	  [1]	  

Use External Modes, 
   e.g OAM states 

[1]	  L.	  Allen,	  M.W.	  Beijersbergen,	  R.J.C.	  Spreeuw,	  J.P.	  Woerdman,	  Phys.	  Rev.	  A	  45	  (1992)	  



          High OAM entanglement 

Robert	  Fickler	  et.al.	  "Quantum	  Entanglement	  of	  High	  Angular	  Momenta",	  Science	  338	  (2012).	  

•  superposi.on	  with	  phase	  -‐>	  2	  MUBs	  

•  visibility	  in	  two	  MUBs	  -‐>	  
	  	  entanglement	  detec.on	  criterion	  	  

•  Crea.on	  and	  verifica.on	  of	  entanglement	  up	  to	  

•  OAM	  per	  photon:	  300	  	  
•  OAM	  difference:	  600	  	  
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          multi-mode entanglement 

•  2-‐dimensional	  subspaces	  
l ll

•  Entanglement	  detec.on	  criterion	  
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Krenn	  et	  al.	  Arxiv	  recently	  

D = 186 Hilbert Space Dimension 

d dimension of entanglement 



FOTONIEN TANSSI 



Some	  Possibili.es	  

•  Locality	  ?	  
	  

•  Total	  Determinism	  ?	  

•  Ac.ons	  back	  into	  Past	  ?	  

•  Aristotelean	  Logic	  ?	  
•  Counterfactual	  Reasoning	  ?	  
•  Realism	  ????	  
•  Many	  Worlds	  ?	  



Thank you very much 


