
Quantum Entanglement, the Universe and Everything

Entanglement (i.e. quantum correlations of a magnitude exceeding all classically possible correlations), after giving rise to 
the field of quantum information and assuming an important role in particle physics, still puzzles the scientific community and 

holds lots of open questions.



Any state that is not separable is called entangled.
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Can complete positivity be
tested experimentally?

Any derivation of a quantum master equation satisfies the important mathe-
matical condition of complete positivity  –  but can we show experimentally that 
complete positivity is a necessary condition for every quantum system? 

YES  –  complete positivity leads to an inequality between the strengths of de-
coherence that can be tested, e.g., in neutron interferometry
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Decoherence
the transition from quantum to classical 

physics

Quantum Master Equation:
The time evolution of the density 
matrix ρ of an open quantum system 
coupled to an environment is governed 
by the quantum master equation.



Projector model
Ansatz with projector 
operators Ak=λPk  –  
decoherence acts like 
a measurement 

_

Relativistic Entanglement
Representations of Poincaré group 
induce momentum dependent 
Wigner-Rotations 

SL(2,) transformed spinors viewed as 
superposition of momentum transfor-
med rest frame spinors  





The spinors u(p, ±½) and u(-p, ±½) of two particles with 
diametrical momenta of the same magnitude and spin (green) 
a) parallel or  b) antiparallel to these directions (blue) seem 
rotated about the angle ±Ωp (red) to an observer with 
momentum perpendicular to the particles direction of 
propagation. [1]

[1] P.M.Alsing and G.J.Milburn, Lorentz Invariance of Entanglement. arXiv:quant-ph/0203051v1

Tracing over momentum degrees of 
freedom (DOF) leaves system in a 
mixed state
 → degradation of spin entanglement



In the limit of sharp momenta, 
momentum DOF can be expressed in 
Qubit-formalism



Amount and distribution over DOF of entanglement not Lorentz - invariant

Spin-Momentum State of two massive particles:

Difference ΔEnt of linear entropy of entanglement 
betweed unboosted and π/4-Wigner rotated system

Nonlocal Correlations in Kaon Systems
 Kaon Strangeness

 The kaons decay; the long-lived neutral kaon  
KL has a mean lifetime  τL ≈ 5 ×10−8 s, the 
short-lived neutral kaon KS, τS ≈  9 ×10−11 s

r.... regeneration parameter
f,f….scattering amplitude of K0, K0

Test of Local Realism via Bell Inequalities
Probability for measuring on left-hand side and on right-hand side 
KS is determined by LRT [1]



Experiment in analogy to spins/photon

η, η... detection efficiency for K0, K0
    _     _ 

Regeneration of KS
In a K-beam after a few centimetres only 
the KL survives. But inserting a piece of 
matter, KS is regenerated.



_ _

Experiment with regeneration

[1] Albert Bramon and Gianni Garbarino,  Phys. Rev. Lett. 89, 
160401 (2002)









Entanglement witnesses

Hermitian

A state ρ is entangled iff there exists 
an operator A such that

Idea: Convexity of the set of sepa-
rable states

Geometric Entanglement Witnesses - Shift Method

where

C



S






Detection of PPT (bound entangled) 
states, e.g. if ρ is PPT

Constructing the shape of the separab-
le states with Cλ as optimal entangle-
ment witness

If Cλ is an entanglement witness, then all 
states “left“ of the hyperplane (including ρ) 
are entangled.





positivity pyramid

PPT cone

bound
entanglement

Realignment
cone

Horodecki
states

Fig. 1

separable states

Fig. 2

States are separable in the purple region, bound entangled in the 
yellow region and free entangled elsewhere.

Results for two-qutrit states of the form

Construction of an operator that can detect 
NPT entangled, PPT (bound) entangled and 
separable states:


