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Summary of the previous lectures

* The properties of dilute Bose-Einstein
condensates can be described within the
mean-field approximation.

* All particles possess the same wave-function ®
solution of the Gross-Pitaevskii Equation (GPE)
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* |[n the Thomas-Fermi approximation,
Na/a, >>1, the GPE reduces to the LDA.



Low-lying excitations
Bose-Einstein condensate close to equilibrium
O(r,t) =e " (p(r) + SO(r,t))

For a weak perturbation: 0®<<¢

Expansion of the time-dependent EGP to first order:
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A Lp is not a hermitian operator!
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The Bogoliubov spectrum

Find the spectrum of L, for a uniform system: n,=N|¢|?; u,=gn,.
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Bogoliubov spectrum: 7@ = i\/hzkz I 2m(7°k °/ 2m+2gn,)
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Bogoliubov Spectrum (Il)

g<0: collapse instablity

g>0:Bogoliubov spectrum

Acoustic branch
w = cK

Sound velocity 4, = mc*
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Crossover for 7K ~
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Measurement of the Bogoliubov
spectrum

Steinhauer et al. Phys. Phys. Lett. 88, 120407, (2002).

Bragg spectroscopy of elementary excitations

Energy momentum conservation

Resonant transfer of photons for

o{k)/2n (kHz)

Wgogo (kl - kz) :l W, — W, |




Landau’s criterion for superfluidity
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Energy-momentum conservation: the motion of the impurity is damped by emission of
elementary excitations if
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Raman et al. PRL 83, 2502 (1999).



Superfluid Hydrodynamics

Alternative approach to the dynamical properties of a Bose-Einstein condensate

n(r,t)
Madelung’s Transform: @(r,t) = Qe'l(”)

Using Gross-Pitaevskii’s Equation
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V=—Vy Potential flow
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on+Vv(nv)=0 Conservation equation
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Long wave-length/Thomas-Fermi/large cloud limit

Hydrodynamic equations for a viscousless fluid.



Simple solutions of the hydrodynamic
equations

Stationnary solution:
v=0
gn(r)+U(r) =cte  Thomas-Fermi profile!

Homogeneous system close to equilibrium:
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In a harmonic trap: scaling solutions
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Cylindrical trap:
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The Bogoliubov Hamiltonian

Second quantized Hamiltonian:
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The Bogoliubov Hamiltonian:
Homogeneous system

eik.r

N

A T 2 2 A
1 a, hke/2m+gn gn a,
H:E0+EZ _4 1 B : 322 0_ A
k K an, k™ 2m—gn, )\ @,

Expand the field operators in the plan-wave basis SV = Z
k

Bogoliubov transform:
3 —11 A At
b, =ud +v.a',

oy - A For u2-v,2=1, the b, s are bosonic annihilation operators.
b,'=uad.," +va,

H=E, +Zha)k6J6k
k



Quantum depletion and Lee-Huang
Yang corrections

The ground state corresponds to the vacuum of the Bogoliubov excitations.
Even at T=0, states of finite momentum are populated

k#O Z<ak a) = ka

k0
Quantum depletion of the ground state:
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Energy of the ground state (Lee-Huang-Yang formula)
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Experimental demonstration of the
Lee-Huang-Yang corrections

Averaging images of ‘Li between 1440 and 2150 a,

v=pa’ (g [107°]

Navon et. al., PRL 107,135301 (2011)

E/N = % (1 +a\/@)

We find : 4.5(7)
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And beyond Lee-Huang-Yang?

When getting closer to the Feshbach resonance the lifetime of the could decreases!

Three-body recombination:
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The binding energy is large compared to the potential height: the three atoms are lost.
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Phenomenological law : =—-L,n N
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Three-body losses in a Bose gas close
to a Feshbach resonance
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Gross et. al., PRL 2009 (also Pollack et. al., Science 2010 ), also Innsbruck, Florence,

Rice...)
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Dimensionally: L, oc hi Quasi-equilibrium for p/7>>L,n? = na’ <1
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Hard to enter to strongly correlated regime with free bosons!



