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Scale of temperatures

Ultracold atomic gases

Big Bang     

Radiazione cosmica

Quantum degeneracy in dilute ultacold atomic gases 

Standard superfluids and superconductors, cosmic radiation



The highest temperature 

T = 4 x 1012 K

Cern-Ginevra





The lowest Temperature  

T  =  4 x 10-10 K

MIT-Cambridge
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Why do we need extremely low temperatures to reach Bose-

Einstein condensation in atomic gases ?

At low temperatures the motion of atoms is governed by the 

laws of quantum mechanics. 
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When one decreases temperature the 

thermal wave length  becomes larger and 

larger and eventually comparable to the 

interatomic distance. 

Atoms behave like waves 

and loose their identity



Nature divides elementary particles into two main

classes 

- Fermions (electrons, neutons, protons, atoms with 

odd number of fermions, like He3)

- Bosoni (photons, atoms with even number of 

fermions, like hydrogen, He4 ..)  



At low temperatures quantum mechanics predicts

a new phenomenon exhibited by bosons

Bose-Einstein Condensation (1924-1925)

Satyendra Nath Bose Albert Einstein



W. Ketterle



- At low temperature all the systems existing in nature (with

the exception of liquid Helium) undergo a transition to the 

crystal phase.

- Atomic gases are not available in equilibrium at T=0

- Atomic gases at           are fortunately available in 

conditions of metastable equilibrium if their density is

sufficiently small to avoid crystallization. 

- This sets severe conditions for density (                          ) 

and hence for temperaure (                      )                        

- Bose-Einstein condensation in atomic gases has been a long 

sought goal for decades before 1995.
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Some questions

• How can we realize such low temperatures

and reach BEC ?

• What are the  new important features

exhibited by Bose-Einstein condensates ? 



To realize BEC in atomic gases we need:

• Trapping conditions (keep atoms far from the walls 
using magnetic or optical fields) 

• Ultra-vacuum (reduce collisions with hot atoms) 

• Very dilute gases (avoid crystallizaion)

• Ultra low temperatures (new cooling techniques)

The great technological challenges 

of modern atomic physics !!



Experimental device used to realize BEC (JILA)



One of the first images revealing 

Bose-Einstein condensation (JILA 1995)

Below a certain temperature a macroscopic fraction 

of atoms occupies the same single particle states 

(Bose-Einstein condensate)



1997 NOBEL PRIZE IN PHYSICS

Steven Chu Claude 

Cohen-Tannoudji
William D. Phillips

"for development of methods to cool 

and trap atoms with laser light"



2001 NOBEL PRIZE IN PHYSICS

"for the achievement of Bose-Einstein 

condensation in dilute gases of alkali atoms”

Eric Cornell Wolfgang Ketterle Carl Wieman



- After the first realization of Bose-Einstein 

condensation in alkali atoms in 1995 the 

experimental and theoretical activity in  ultracold

atomic gases has become a well established

field of research of fundamental interest for the 

investigation of quantum phenomena and 

involves thousands of researchers around the 

world.

- In Italy Bose-Einstein condensation is presently

realized in Florence, Pisa and Trento



Some questions

• How can we realize such low temperatures

and reach BEC ?

• What are the  new important features

exhibited by Bose-Einstein condensates ? 
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2004

(JILA)

Temperature dependence 

of Casimir-Polder force
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(MIT) 

Vortices in a Fermi superfluid
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Synthetic gauge fields: 

New horizons of atomic physics



Atoms are neutral objects and are not sensitive to  

Lorentz force which in charged systems is at the basis of 

important many-body phenomena (ex: Quantum Hall effect)

It is now possible to create artificial gauge fields which 

simulate in neutral systems the effect of a magnetic field on 

a charged particle 

For a useful review see 

Jean Dalibard: 

Introduction to the physics of artifical gauge fields

[Proceedings of the International School of Physics "Enrico Fermi" of 

July 2014, "Quantum matter at ultralow temperatures“]



In the presence of a magnetic field the kinetic energy of a 

charged particle can be written as  

Where p is  canonical momentum operator. In the case of a 

uniform magnetic field oriented along the z-direction one has

(Landau gauge)
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Can we produce 

similar Hamiltonians employing

neutral atoms and explore the 

effects at the many-body level ? 



The simplest example: 

Rotating a trapped gas  

Analogy with bucket

experiment of superfluid Helium

Efficient procedure to create quantized vortices !

2

)(

2

1

2

)(

2

)(

2

1

2
2222

22

22

22
2

yxm
rm

m

ymp

m

ymp

Lrm
m

p
H

ho

yx

zho























A more advanced example:

Spin-orbit coupling

Simplest realization in a mixture of two BECs

Spin dependent gauge field + breaking of Galilean invariance

Two detuned and polarized laser 

beams + non linear Zeeman field

provide Raman transitions

between two spin states, give

rise to new s.p. Hamitonian
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IMPORTANT PERSPECTIVES 

- Supersolidity with spin-orbit coupling

- Synthetic dimensions 

- Synthetic gauge fields in Fermi gases 

- Non Abelian gauge fields (Rashba Hamiltonian) 

- Simulation of lattice gauge theories 

- novel topological properties of quantum matter 

- etc..



The Trento BEC team

Visit our web site 

http://bec.science.unitn.it/


