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Lecture 1. Molecular regime in two-component Fermi gases
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Two-component trapped Fermi gas
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Weakly interacting ultracold limit

Weakly interacting gas
a| < n~1/3
nlal® < 1orkpla| < 1

Ultracold limit

2 h’ 1/2 '
Ap = ( o ) > R, = S-wave scattering
Interspecies interaction only

What does the interaction do?
a < 0 —Interspecies attraction —Cooper pairing at low T

k® ®_k
Superfluid BCS transition — T~ F'p exp{—m /2kp|a|}
T. < 0.1Er forordinary ¢« Very hard to reach
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Experiments 4k OLj

Dilute limit nR? < 1 Ultracold limit A > R,

Quantum degeneracy — JILA 1998 40K
At present  n ~ 108 —10Mecm™3; T ~ 1uK

JILA, LENS Innsbruck,MIT,ENS,Rice,Duke, ETH,
Hamburg, Tuebingen, Toronto
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U(R)

Feshbach resonance

Bound state of the brown U(R)
at the resonance with continuum

/ of green U(R)




Superfluid regimes

kpla| <1 — BCS
| kpla] >1 — Strongly interacting regime
Il ne° <1 — Gas of bosonic molecules
a>Re — BEC of weakly bound molecules

BCS-BEC crossover: Leggett, Nozieres-Schmitt-Rink .



Scattering amplitude and bound state

f = a_l—l—ikl—l—RQR —> scattering amplitude
*

Bound state = pole of f

, 9 1 1 1 1\ Y2
k:m :>77R*—|—77—a_ = 0; 77:_23*+<4R3+aR*)

a>0and R, <a =n=a""
o B h2772 - h2
Binding energy = €9 = . 2

R* < a4 = wide resonance/single-channel model
U A
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Gas of bosonic molecules (dimers)

Region Il (a > 0) = gas of weakly bound bosonic molecules

.,

® Size of a molecule

o« 0
Ja
a < n 13 orna® <1 = weaklyinteracting Bose gas

N(N—1)

Interaction energy F;,,y = 5 Eint
9. _
Eint = Vo g _?

g < 0 = collapse of a Bose-Einstein condensate
g >0 = stable BEC
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M olecule-molecule elastic interaction

Interaction constant g = 4rh?agy/2m "Old answer" — 2q
4-body problem  Exact solution for a > R, (Petrov et al 2003)

v — 9variables 1 .
1 R
a>R. = Zero-range approximation \ .
U, o — f(7, R)(1/47r — 1/4ma) 2
1

R>a Y =¢o(ri)eo(r2)(1—aqq/R); ¢o(r) =

R>a f(7 R)=(2/rR)exp(—r/a)(l — agq/R);
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Derivation of a 4y

Limit 71 — 0 Integral equation for f (3 variables)

Add — 0.0a
Monte Carlo (Giorgini/Astracharchik, 2004)

Diagrammatic approach (M.Kagan et al, 2005; V. Gurarie et al, 2006)

Il = X XL

['=0.75a

=
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Weakly bound dimers

Weakly bound dimers — The highest rovibrational state of
the diatomic molecule

(~ 1ms for Rby at n ~ 10Mcm™3)
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Atom-dimer collisions. Physical picture

Weakly bound dimer ~ a
Size —

~R, 2particlesareidentical fermions
1 1

Pauli principle

Apel ™ (keffRe)Z? ~ (Re/a)Z?
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Atom-dimer collisions. Relaxation rate

The released binding energy is ~ h?/mR?
Establish the dependence of a,..; on «a

2

~R, 2particlesareidentical fermions
1 1
r~R, = U=A(a)Y) — validatanyr < a

R. < r < a = zero-range approximation
as wellasatany » > R,

The only distance scaleisa = ,V = B(a)F(7;/a)

p= VTR <a = U Ba)(p/a),(9)
A(a) = B(a)a™" v == 0.1662
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Atom-dimer collisions. Relaxation rate

Long distance behavior =

U = (1 a%d) 2M31/2(T/a exp (—r/a)

= B x a~3/2, Hence, A(a) o< a=3/277

el X A%(a) = e oxa 3T = g3

e = C (hRe) (&)S; s = 3.33

T a

Strong decrease of relaxation on approach to resonance
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M olecule-molecule reaxation collisons

a

AR, [ R.\°
Qpep = C e( e); s = 2.55

T ~ (Qpaqn)~t ~  seconds

Resonant enhancement  «a, ~ ha/m 7 <1ms

. —p.16/1!



Suppressed collisional relaxation
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Bose-Einstaein condensates of molecules

Suppressed relaxation Fast elastic collisions agzg5 = 0.6a

. el _
6L12 ? - < 10 !
(el

Efficient evaporative cooling — BEC
JILA, Innsbruck, MIT, ENS, Rice
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Composite bosons

[ {

Bosonic behavior at large separations BEC

Small separations ?

I fermionic correations!

\_\./.
U o (exp{iki} — exp{—iki}) ¥
5 27 for kr < 1 ® ®
W] o k7

U o (exp{ik7} + exp{—ikF})
— const for kr <1 bosons o S
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