
Quantum Entanglement

&  Macroscopic Quantum superpositions

Dirk Bouwmeester

University of California, Santa Barbara, US
&
University of Leiden, the Netherlands

Vancouver, November 16, 2011



13.700.000.000 years



4.560.000.000 years



4.000.000 years



250 years

1861



250 years

1861

Great moments in evolution

1861



1861

e

e

e
e

e

Before



1861

e

e

e
e

e
+Maxwell



1861

e

Maxwell



1861

e

LIGHT!!



LIGHT!!

Albert Einstein: "The special theory of relativity owes its
origins to Maxwell's equations of the electromagnetic field."

Special Relativity

1905



LIGHT!!

Max Planck:“Maxwell achieved greatness unequalled"

Special Relativity                                 Quantum Theory

1906



How can we understand the 
structure of atoms and molecules?

Classical physics doesn’t work!



Bohr

Quantum Mechanics

Pauli: two electrons 
cannot be in the same 
state
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Quantum theory

Quantumsuperpositions
in position, time, or polarisation
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RL +=Ψ

Photons
position superposition
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Quantum theory

Quantumsuperposition
in position, time, or polarisation

VH +=Ψ

Photons
polarisation superposition
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Quantum measurement
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Quantum measurement

VH +=Ψ

Chance 
is a law of nature POL

Klick



Quantum measurement

VHChance 
is a law of nature

Ψ can not be 
measured directly

POL



Quantum measurement

Einstein:
“God does not play 
dice.”

Bohr:
“Stop telling God 
what to do!!”



Quantum interference

Surfing electron?!?
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Quantum entanglement
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Einstein:
“spooky action 
at a distance”



Quantum cryptographycryptography

Scytale:           Spartans, 400 BC
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011010111011101
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Alice
111 VH βα +=Ψ

1 Bob

Quantum teleportation

entangler
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Quantum teleportation

Photons
EntanglingAlice

Bob



Quantum teleportation

Trapped Ions
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The quantum wavefunction is the 
representation of the real state of a 
system

Ψ Many
Worlds
Interpretation



No quantum measurements are being 
performed on the universe. Therefore  
quantum correlations are preserved.

UniverseΨ

?



Vaidman’s watch

YES

NO

Photon source



Penrose

Penrose: 

The concept of a quantum superposition 
and the principles of general relativity are 
inconsistent with one another.











Towards Quantum Superpositions of a Mirror
W. Marshall, C.  Simon, 
R. Penrose, and D. Bouwmeester
Phys. Rev. Lett. 91, 130401 (2003).



Law, PRA, 49, 433 (1993)
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Leiden, the Netherlands



Nuclear cooling
100µK

Optical cooling 
100nK

Dilution refrigeration
10mK





3rd generation optical setup





First optical cooling results in 
dilution refrigeration system

Q = 80000, T= 800 mK
Q = 3000, T = 87 mK
Q = 400, T = 18 mK
?????

Based on peak supression lowest curve T<800µK, n<150
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Summary:

Quantum theory describes the structure of atoms, molecules, 
materials, biology, …. life.

Quantum entanglement explains the emergence of a classical reality 
from an underlying quantum world.  This seems to allow the existence 
of “many worlds”.

Prediction: As a result of gravity macroscopic superpositions will 
rapidly decay. This would results in a single classical reality (but 
requires new physical laws).

New experiments are needed (at 0,000001 Kelvin, Leiden,…).

Quantum Applications: quantum cryptography, quantum 
teleportation, quantum computation


