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Outer space. Is it really cold?

The following image just shows the reduced map (i.e., both the dipole and Galactic emission 
subtracted). The cosmic microwave background fluctuations are extremely faint, only one part in 
100,000 compared to the 2.73 degree Kelvin average temperature of the radiation field. The 
cosmic microwave background radiation is a remnant of the Big Bang and the fluctuations are the 
imprint of density contrast in the early universe. The density ripples are believed to have given 
rise to the structures that populate the universe today: clusters of galaxies and vast regions devoid 
of galaxies. http://lambda.gsfc.nasa.gov/product/cobe/dmr_image.cfm



The coldest place in the universe

http://www.quantumoptics.ethz.ch/

Laser setup. 
More than 10 
diode lasers at 
wavelengths of 

766 nm, 780 
nm, and 830 nm 
to generate laser 

light for atom 
cooling, 

trapping and 
manipulation. 



The coldest place in the universe

                                                                                                                                                                                                                                                                                                                         

Bose-Einstein condensation: 400, 200 and 50 nano-Kelvin
87Rb 
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Why is it useful?

• Observation of Bose-Einstein condensation 
(1925-1995).

• Modelisation in cosmology :
– Neutron stars
– Primordial quarks

• Modelisation of condensed matter:
– Metal-insulator transition induced by 

interactions
– High temperature superconductivity

• Quantum computers



Outline

• Cooling mechanism
• A refresher in quantum mechanics and statistical 

physics
– De Broglie wavelength
– Bosons and fermions

• Collective phenomena in cold atoms
– Bose-Einstein condensation (bosons) (BEC)
– Controlling interactions between atoms (Feshbach)
– Superconductivity (fermions) (BCS)
– BEC-BCS crossover



Lasers that cool ?

Radiation pressure and comet tails (Kepler) 
(Not the only contribution)

Absorption of a yellow photon by Na: 
Speed decreases 3cm per seconde 

(Compare with ~500 meters per second
at room T) 

Guéry-Odelin-Dalibard
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Optical molasse

• 1983 W. Phillips. Jets of alkali 
atoms 1000 m/s -> 10 cm/s

• Absorption every 30 ns 
(lifetime ~ 10 ns)

• Deceleration = 100,000 g
– Cohen-Tannoudji, Chu, Phillips, 

Nobel 1997

Guéry-Odelin-Dalibard



Application in metrology

Guéry-Odelin-Dalibard



Dipolar trap (second stage, off-resonnance)
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Dipolar trap (second stage, off-resonnance)

Guéry-Odelin-Dalibard
There exists also magnetic traps (min. B)

Laser frequency > atomic resonnance    repelled by large intensity



Cooling by evaporation

Guéry-Odelin-Dalibard



Cooling by evaporation

Guéry-Odelin-Dalibard

Sacrifice 2/3 of 
atoms (or much 

more,
999/1000 to reach 

degeneracy 
temperature (where 

quantum effects 
appear))



Outline

• Cooling mechanism
• A refresher in quantum mechanics and statistical 

physics
– De Broglie wavelength
– Bosons and fermions

• Collective phenomena in cold atoms
– Bose-Eistein condensation (bosons) (BEC)
– Controling interactions between atoms (Rés. Feshbach)
– Superconductivity (fermions) (BCS)
– BEC-BCS crossover



Statistical physics

• Counting states



Counting states

Claude Cohen-Tannoudji, Jean Dalibard, Franck Laloë
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Bosons and fermions

• Bosons
– Integer spin  
– Photon, 4He, 7Li,  23Na, 39K, 87Rb

• Fermions
– Half-integer spin
– Electron, muon, neutrino, proton, neutron, 3He, 6Li, 

22Na, 40K, 86Rb
• Why alkalis?



Bosons and fermions

• Bosons
– Integer spin  
– Photon, 4He, 7Li,  23Na, 39K, 87Rb

• Fermions
– Half-integer spin
– Electron, muon, neutrino, proton, neutron, 3He, 6Li, 

22Na, 40K, 86Rb
• Why alkalis?
• (Cs in atomic clocks) 
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Thermal de Broglie wavelength

Inter-particle separation: V/N = 1/n

T at which the two lengths are equal
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Phase transition: Bose Einstein condensation

Claude Cohen-Tannoudji, Jean Dalibard, Franck Laloë



Bose-Einstein condensation

Nanosystems Initiative, Munich (MPI für Quantenoptik) 

http://www.mpq.mpg.de/cms/mpq/en/departments/quanten/homepage_cms/projects/bec/pics/evap.jpg



Bose-Einstein condensation when λT ~ l

Claude 
Cohen-

Tannoudji, 
Jean 

Dalibard, 
Franck 
Laloë



Detection of the condensate

Claude Cohen-Tannoudji, Jean Dalibard, Franck Laloë



Interference between two condensates: 
coherent state of matter (atom-laser)

Claude Cohen-Tannoudji, Jean Dalibard, Franck Laloë



Why not crystallisation instead of BEC?

• Metastable state
• Equilibrium can be reached only with three-

body collisions (unlikely given the low 
density)



Superfluidity 
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Superfluidity 

• Helium four (boson) around 1937 (Kapitza, 
Allen). Tc = 2.17K

• Helium three (fermion) around 1973. Tc = 
3mK (Analog of superconductivity for 
electrons (1911)).
– BCS theory (1957): Cooper pair formation 

(retarded attraction through phonons) then 
condensation (each pair is added with the same 
phase). 
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Importance of interactions for superfluidity

• Condensation leads to ε = cp for elementary 
excitations instead of ε = p2/2m hence there 
is a critical speed.

• If we separate into two different 
condensates instead of a single one, the 
exchange energy (purely quantum 
mechanical) becomes higher, hence it is 
preferable to have a single condensate. 
(repulsion)



Superfluidity and quantized vortices
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Superfluidity and quantized vortices

Claude Cohen-Tannoudji, Jean Dalibard, Franck Laloë
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Controlling interactions between atoms: 
scattering length

V

r
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as < 0as > 0 as = ∞



Controlling interaction between atoms: Feshbach 
resonnance

Atom–molecule coherence in a Bose–
Einstein condensate

Elizabeth A. Donley, Neil R. Claussen, 
Sarah T. Thompson and Carl E. Wieman

Nature 417, 529-533(30 May 2002)
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Bose condensation vs superconductivity

• Bardeen: these are two different 
phenomena.

• Possible to go continuously from one to the 
other using the Feshbach resonance.



Neutron star (unitary limit)

When the scattering length is infinite, 
there is no other relevant length in the 
system. 

There is equilibrium between 
attractive forces and Fermi pressure. 

Total energy is β times the kinetic 
energy (Fermi pressure). That number 
is difficult to calculate. Experimently, 
-0.26 Thomas-Gehm
-0.3 Salomon
-0.5 Grimm

John Thomas, Michael Gehm



Model for crystalline systems
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Model for crystalline systems

Metal-insulator 
transition

(Mott transition)

Atoms play the role of 
electrons and the 

optical lattice the role 
of ions in solids.

Guéry-Odelin-Dalibard



More

• Tonks-Girardeau gas of ultracold atoms in 
an optical lattice (Hard core bosons in one 
dimension)
– B. Paredesm A. Widera, V. Murg et al.
– Nature 429, 277 (2004)

• Fermion pairing with spin-density 
imbalance in an optical lattice
– New Journal of Physics 8, 179 (2006) 

(quarks…)



References, reading

• Making, probing and understanding Bose-
Einstein condensates
– W. Ketterle, D.S. Durfee, and D.M. Stamper-

Kurn
– http://xxx.lanl.gov/PS_cache/cond-mat/pdf/

9904/9904034v2.pdf
• Theory of ultracold Fermi gases

– Stefano Giorgini, Lev P. Pitaevskii, Sandro 
Stringari

– http://xxx.lanl.gov/PS_cache/arxiv/pdf/
0706/0706.3360v2.pdf

http://xxx.lanl.gov/PS_cache/cond-mat/pdf/9904/9904034v2.pdf
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References, reading

• Bose Einstein condensates in atomic gases ; 
simple theoretical results
– Y. Castin
– http://www.phys.ens.fr/cours/notes-de-cours/

castin/castin.pdf
• Bose-Einstein condensation in the alkali 

gases: Some fundamental concepts 
– Anthony J. Leggett
– Rev. Mod. Phys. 73, 307 (2001)

http://www.phys.ens.fr/cours/notes-de-cours/castin/castin.pdf
http://www.phys.ens.fr/cours/notes-de-cours/castin/castin.pdf
http://www.phys.ens.fr/cours/notes-de-cours/castin/castin.pdf
http://www.phys.ens.fr/cours/notes-de-cours/castin/castin.pdf


References, reading

• The cold atom Hubbard toolbox
– D. Jaksch and P. Zoller
– http://xxx.lanl.gov/abs/cond-mat/0410614



References, reading

• Atomes froids et condensats quantiques
– David Guéry-Odelin et Jean Dalibard

• Pour la Science Octobre-décembre 2006 p.28

• La saga des condensats quantiques
– Yvan Castin

• Pour la Science, décembre 2004 p.114

• Des atomes froids à la supraconductivité
– John Thomas et Michael Gehm

• Pour la Science, juillet 2004, p.68

• La condensation de Bose-Einstein dans les gaz
– Claude Cohen-Tannoudji, Jean Dalibard, Franck Laloë



Links for Canada

• http://www.physics.utoronto.ca/%7ejhtgroup/links.html
• http://ucan.physics.utoronto.ca/


