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io Trujillo MartínezPhysikalis
hes Institut, University of Bonn1 Introdu
tionThe idea of Bose-Einstein 
ondensation (BEC)dates ba
k to 1925 when A. Einstein, based ona work of S.N. Bose devoted to the statisti
al de-s
ription of the quanta of light, predi
ted the o
ur-ren
e of a phase transition in gas of nonintera
t-ing atoms. This phase transition is 
onne
ted withthe 
ondensation of bosoni
 atoms that o

upy thelowest energy state. This o

urs due to the quan-tum statisti
al e�e
ts.2 Experimental veri�
ationIt took about 70 years to verify Einstein�s predi
-tion. This was independently done by E.Cornelland C. Wieman at the University of Colorado andW. Ketterle at MIT in 1995. They used a gas ofRubidium atoms 
ooled down to 170 nK. For thiswork they re
eived the Nobel prize in 2001.

Figure 1: "Easy" BEC ma
hine. From[http://jilawww.
olorado.edu/be
/℄3 How to make atoms 
old?The experimental sear
h for BEC started in theearly 1970�s, making use of te
hniques based onmagneti
 and opti
al trapping, and advan
e 
ool-ing me
hanisms. The �rst studies were fo
used

on the spin polarized hydrogen. It was one ofthe most naturally 
andidates for BEC be
ause ofits light mass. Experiments on hydrogen atoms,based on the te
hniques named above, were 
loseto BEC, but this approa
h is still limited by the re-
ombination of the individual atoms to mole
ules(Silvera [5℄ and Walraven [6℄, 1980 and 1986).Later, in the 1980�s, making use of laser-basedte
hniques, su
h as laser 
ooling and magneto-opti
al trapping, it was possible to 
ool alkaliatoms to very low temperatures be
ause of theirfavorable internal energy-level stru
ture. On
e thegas is trapped, the temperature 
an be loweredfurther by evaporative 
ooling (Ketterle and vanDrute [7℄ 1996). One noti
es that during this, theequilibrium 
on�guration of the system 
ould bea solid phase. In order to observe BEC, one hasto maintain the system in a metastable gas phasefor su�
ient time. This is made possible in a di-lute gas be
ause one 
an negle
t the three-body
ollisions, whi
h would 
ause a solid phase in theground state of the gas.The te
hnique used by Cornell and Wieman atBoulder and Ketterle at MIT is based on the ex-perimental studies of dilute atomi
 gases. They
ombined di�erent 
ooling te
hniques and su
-
eeded in rea
hing the temperatures and the den-sities required to observed BEC.4 BEC in other areas of physi
sFrom the beginning the experimental and the the-oreti
al resear
h on this unique phenomenon pre-di
ted by quantum statisti
s has involved di�er-ent areas of physi
s. F. London, dire
tly afterthe dis
overy of super�uidity in liquid Helium(4He), postulated that it 
ould be a manifesta-tion of Bose-Einstein 
ondensation. Landau devel-oped the �rst self-
onsistent theory of super�uidsin terms of the spe
trum of elementary ex
itationsof the �uid. Eviden
e for BEC in helium emergedlater from the analysis of the momentum distribu-tion of the atoms measured in neutron-s
atteringexperiments. In re
ent years, BEC has been in-



vestigated in the gas of paraex
itons in semi
on-du
tors, but up to now there is no eviden
e forit. Another manifestation of BEC is super
ondu
-tivity. The behavior of super
ondu
tors suggeststhat ele
tron pairs are 
oupling over a range ofhundreds of nanometers, three orders of magni-tude larger than the latti
e spa
ing. Called Cooperpairs, these 
oupled ele
trons 
an take the 
hara
-ter of a boson and 
ondense into the ground state.The 
ondensation of Cooper pairs is the founda-tion of the BCS theory of super
ondu
tivity.

Figure 2: Images of the velo
ity distribution of Ru-bidium atoms. The left image 
orresponds to thegas at a temperature above the 
riti
al tempera-ture where the atoms 
an o

upy the energy levelsa

ording to Bose-Einstein statisti
s. The 
entreframe shows the appearing 
ondensate (
ondensa-tion state), i.e. the o

upation of the lowest stateof energy by the atoms. And the right frame showsthe 
ondensate after further evaporation when themajority of atoms are in a 
ondensed state. FromCornell (1996)5 Why are BEC interesting?One of the most important features of the trappedbose gases is that they are inhomogeneous and �-nite systems, i.e. the number of parti
les is rang-ing from few thousands to millions. The fa
t thatthese trapped gases are inhomogeneous has the im-portant 
onsequen
e that the 
ompression of thegas takes not only pla
e in the momentum spa
e,but in the 
oordinate spa
e as well (see Fig. 2).This double possibility of investigating the e�e
tsof 
ondensation is interesting from both experi-mental and theoreti
al point of view. It allows tostudy of new physi
al quantities whi
h were nota

essible with previous experiments: for exam-ple, the temperature dependen
e of the 
onden-

sate, energy and density distribution, interferen
ephenomena, et
.The re
ent experimental a
hievements of BECin alkali vapors have resurre
ted interest in thetheoreti
al studies of Bose gases. Lots of e�orts intheoreti
al resear
h have been made with the aimof interpreting and explaining the observations andpredi
ting the new phenomena. This opens theway for the interdis
iplinary work as well. Mostre
ent reviews and books on this subje
t are [1℄,[3℄, [4℄.6 Can fermions be 
ooled aswell?In a system 
onsisting of fermions at a very lowtemperature the Pauli ex
lusion prin
iple plays animportant role. It forbids that two fermions o
-
upy the same quantum state. To exhibit Bose-Einstein 
ondensation, the fermions must formpairs, i.e. 
ompound parti
les (e.g. mole
ules orCooper pairs) whi
h are bosons. The �rst mole
-ular Bose-Einstein 
ondensates were 
reated inNovember 2003 by the groups of Rudolf Grimmat the University of Innsbru
k, Deborah S. Jin atthe University of Colorado at Boulder and Wolf-gang Ketterle at MIT.Referen
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