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Outline

Experiment realization of
the Bose-Fermi Superfluid Mixture:

Damping of the dipole mode \

Landau-Beliaev damping

in single component BEC
High-T and low-T behavior
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Landau-Beliaev damping
in Bose-Fermi Superfluid Mixture
Damping through the BCS-BEC crossover



Experiment of the Bose-Fermi Superfluid Mixture
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For the first time, we have
Bose superfluid mixing with Fermi superfluid

I. Ferrier-Barbut, et.al. Science, 345, 1035 (2014)



Experiment of the Bose-Fermi Superfluid Mixture
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Experiment of the Bose-Fermi Superfluid Mixture

Dynamics:
{1 Dipole Oscillation
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Measure the EOS of L16

I. Ferrier-Barbut, et.al. Science, 345, 1035 (2014)



Experiment of the Bose-Fermi Superfluid Mixture

Dynamics:
{1 Dipole Oscillation
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Measure the EOS of Li6 Damping rate

I. Ferrier-Barbut, et.al. Science, 345, 1035 (2014)



Experiment of the Bose-Fermi Superfluid Mixture

Dynamics:
3 Dipole Oscillation
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Landau-Beliaev damping in a single component BEC
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Landau-Beliaev damping in a single component BEC
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Landau-Beliaev damping in a single component BEC
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Landau-Beliaev damping in a single component BEC
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Interactions
between the quasi-particles induce the damping



Beliaev process VS Landau process
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Beliaev process VS Landau process




Beliaev process VS Landau process
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Beliaev process VS Landau process
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Landau-Beliaev damping in a single component BEC

Low T, Beliaev process dominate

S.T. Beliaev, Soviet Phys. JETP, 34, 299 (1958);

P.C. Hohenberg, P.C. Martin, Ann. Phys. (NY), 34, 291 (1965).
W. Liu, PRL, 79, 4056 (1997); S. Giorgini, PRA, 57, 2949 (1998);
L.P. Pitaevskii, S. Stringari, Phys. Lett. A 235, 398 (1997)



Quasi-particles 1n the Bose-Fermi1 Mixture
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Quasi-particles 1n the Bose-Fermi1 Mixture
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Quasi-particles 1n the Bose-Fermi1 Mixture

Bose superfluid and
Fermi gas
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Quasi-particles 1n the Bose-Fermi1 Mixture

BEC

BCS 1
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Ex

Quasi-particles 1n the Bose-Fermi1 Mixture

BCS
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Quasi-particles 1n the Bose-Fermi1 Mixture

BCS 1
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Beliaev damping in the Bose-Fermi superfluid mixture
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Beliaev damping in the Bose-Fermi superfluid mixture
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Beliaev damping in the Bose-Fermi

Two-particle continuum
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Beliaev damping in the Bose-Fermi superfluid mixture
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Beliaev damping in the Bose-Fermi superfluid mixture
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Beliaev damping in the Bose-Fermi superfluid mixture
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The Hamiltonian of the Superfluid Mixture
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Beliaev damping in BCS side
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Beliaev damping in BCS side
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Beliaev damping in BEC side
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Beliaev damping in BEC side
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Beliaev damping through the crossover
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Landau damping in the mixture
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Landau damping in the mixture

Fermi gap : A
When kgT < A

damping is suppressed!
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Landau damping in the mixture

restriction: ¢ > qg

When kgT < heyqq

damping is suppressed!

Fermi gap : A
When k5T < A

damping is suppressed!
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Landau damping in the mixture

N
N
_|_
)
\ 4
=
_|_
)
A\
=
A/
=
_|_
(e
Y
N
_|_
Y
< N

When kT < hcyq When kgT < A

damping is suppressed! damping is suppressed!




Landau damping in the mixture

BEC side BCS side
K-dependence
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Landau damping in the mixture
BEC side BCS side
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Experiment

Compare to the experiment
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Compare to the experiment
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Compare to the experiment

Experiment ° /o Beliaev damping dominate
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Summary

* We try to explain the damping of the dipole
oscillation by the Landau-Beliaev damping, which 1s
due to interactions between the quasi-particles in the
Bose-Fermi superfluid mixture.

* The experiment was done 1n a harmonic trap. One
need a calculation in the trap.

* The Landau-Beliaev damping gives the quasi-
particles a finite lifetime. That will affect many
physical properties of the superfluid mixture, such as
thermodynamics, transport.
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