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The cube of physical theories:  

Padmanabhan 
PHYS REV D , vol. 84, 2011
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QUANTUM ENTANGLEMENT

QUANTIFYING ENTANGLEMENT



Loophole-free Bell inequality violation using electron spins 
separated by 1.3 kilometres

B. Hensen et al., 

Nature 526, 682–686 (29 October 2015) doi:10.1038/nature15759 
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A. Aspect



Special Relativistic Effects

Is Entanglement Lorentz	Invariant?

Wigner Rotations

Example

Bertlmann et al.
Phys.Rev.A81(2010)042114





• Entanglement not generally invariant
• Particle entanglement is invariant
• Bell inequality violation invariant

• Which physical partitions are	acessible?
• Separation of spin	and momentum	

possible?
Vedral, Saldanha, PRA87(2013)042102



General	Relativistic Effects

1. Uniformly Accelerated Observer ROB



Vacuum is a relative concept, observer dependent

Rindler Coordinates

WEDGE	I	IS	CAUSALLY	DISCONNECTED	OF	WEDGE	II



KLEIN GORDON EQUATION (2D)
FLAT SPACE RINDLER SPACE

Global Killing Vector Fieldddd

Bogoliubov Transformation

Unruh basis

2-mode squeezed state



Unruh Temperature and Entanglement



What are the effects of gravity and motion on quantum properties?





Alice falls into a Black Hole, Fuentes et al. Phys.Rev.Lett.95(2005)120404



Fundamental Quantum Optics Experiments Conceivable with Satellites

D. Rideout et al.
Class.Quantum 

Grav.29(2012)224011



Space-based experiment could test gravity’s effects on quantum	entanglement

The	change	in	gravity	is	predicted	to	cause	a	degradation	of	the	entanglement	
between	the	BECs

David	Edward	Bruschi,	et	al,	New	Journal	of	Physics.	2014	DOI:	10.1088/1367-2630/16/5/053041

General Relativity:
tested from Cosmic 

scales to 10 m

PRD78(2008)042003

Quantum Theory:
LHC 10-20 m to ~100 km

Nature 3-7 (2007) 481

Gravitationally induced quantum decorrelation



Quantum	Fields in	ExpandingSpacetimes



Just like SHO with
time dependent

frequency

Relate IN and OUT states via Bogoliubov 
transformation (squeezing)





Entropy quantifies 
entanglement

Density matrix Reduced density matrix – observe only modes +k

... one can read ST evolution from entanglement!!!!!Ex: small mass limit...

Bosonic 
modes

Fermionic modes

Fuentes et al, 
PRD82(2010)045030
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Perspectives:	A	growing field of research

• Holographic computation of entanglement using AdS/CFT – Ryu & 
Takayanagi

• Testing effects of gravity and motion on entanglement in space based 
experiments – Bruschi, grupo de Nottingham

• Event horizon and entropy in high energy hadron production – Castorini et al.
• Application of Unruh effect to neutrino physics
• Quantum Metrology 
• Study of entanglement produced by scattering in a purely quantum field 

theoretical framework 
• Effects of interaction on entanglement of fields in expanding spacetimes
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