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(1) Introduction

A brief review on our previous work

(2) single-particle excitations and collective
modes in the BCS-BEC crossover of a
superfluid Fermi gas in a trap

Superfluid density of states

Goldstone mode (uniform gas)

dipole, quadrupole, monopole modes

(3) summary
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New Fermion Superfluidity in “°K Fermi gas

C. A, Regal, M. Greiner, and D. 8. Jin (2004)
T /7T,~0.07-0.15
Key words to understand this new superfluidity

» Feshbach resonance

» BCS-BEC crossover
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Feshbach resonance
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characteristic energy of atoms

(Timmermans (2001), Holland (2001))
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We have studied the BCS-BEC crossover in a trapped Fermi gas
with a Feshbach resonance (F.R.), extending the strong-coupling

theory developed by Nozieres and Schmitt-Rink (NSR, 1985).

Y. Ohashi and A. Griffin PRL 89 (2002) 130402.
PRA 67 (2003) 033603, 063512.

weak-coupling strong-coupling
BCS crossover regime BEC
F.R Cooper pair composite bosons Feshbach
o (CP+FR molecule) molecule
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Crossover
in superconductivity
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sousns Eagles (1969), Leggett (1980), NSR(1985)




BCS-BEC crossover
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long-lived molecules associated with the F. R.

BEC regime BCS regime
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In this talk, we discuss single-particle and collective
excitations in the BCS-BEC crossover regime of this
newly discovered fermion supertluidity at T=0.

(1) We extend the strong-coupling theory developed by Eagles
(1969) and Leggett (1980) to include the Feshbach resonance
and a trap potential .

(2) We do not use LDA, but take into account correct
eigen-functions of a harmonic potential.

(3) Collective modes are obtained from the poles of the density
correlation function, which we calculate using HFB-GRPA
in the crossover regime.

Our theory is consistent with the Goldstone’s theorem and
" m!m’s theorem in the whole range of BCS-BEC crossover.




Some related work

(This is not the complete list of recent work!)

F.R. mechanism superfluidity in a Fermi atom gas (coupled F-B (CFB) model)

Timmermans et al. (2001) (mean-field theory)
Holland et. al. (2001) (mean-field theory)

possibility of BCS-BEC crossover using F.R. (CFB model) in a Fermi atom gas

Ohashi and Griffin (2002) (strong-coulping (extended NSR) theory beyond MFA)
Milstein et al. (2002) (strong-coulping (extended NSR) theory beyond MFA)
Bruun (2004)

density profile, order parameter, and DOS in a trapped superfluid Fermi gas

Bruun et al. (1998) (BCS model with no F.R. in weak-coupling regime)

Ohashi and Griffin (2003) (CFB model, LDA at Tc and above in the crossover regime)
Perali et al. (2003) (BCS model with no F.R., LDA at T=0 in the crossover regime )
Ohashi and Griffin (2004) (CFB model, DOS in the crossover regime)

collective modes in superfluid Fermi atom gas

Minguzzi et al. , Bruun et al. (1999) ( hydrodynamics)
Baranov et al. (2001) (BCS model with no F. R., uniform gas, weak-coupling))
Bruun et al. (2001) (BCS model with no F.R, trapped gas, T=0, GRPA, weak-coupling)
Ohashi and Griffin (2003) (CFB, uniform gas, T>0, GRPA, crossover regime)
Stringari (2003) (trapped gas, hydrodynamics, crossover regime)

20@843hi and Grifin (2004) (CFB, trapped gas, T=0, GRPA, crossover regime) g



Coupled Fermion-Boson model in a trap

Superconductivity: Lee, Ranninger,
Fermi atom gas: Timmermans, Holland, Ohashi, and their collaborators

two hyperfine states = 1 I
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Conservation of the total number of atoms

N=N . LN

atom moleciles

o @ =%

This constraint is incorporated into the Hamiltonian as
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EH_HNF_/;BNB

chemical potential of molecules

Hp =21
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Fermi and Bose fields lead to two superfluid order parameters:

Ary=sU <1P L) ¢(f‘)> BCS Cooper pair

ém (?”' ) = <(I)(?“' )> BEC molecular condensate

However, these are NO'1 independent due to the Feshbach

resonance.
2

SACY = Vi, ()4 20 =240, ()

As a result, superfluidity is described by only one composite
order parameter given by

[ AG) = AGP) - g6, (r) ]
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BCS regime and BEC regime are determined by which
component is dominant.

Bose molecule A(T") =A(r)-g¢,.(r)

Fermi atom Fermi atom

\ p— / 2v>0
Bose molecule
2v<0 \w

A(r) >> ¢, (1) A(r) << 4,(r)

. I
A(r)= A7) A(r)=-g9,,(r)

Cooper-pair BCS

Molecular BEC
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BCS-BEC crossover theroy at T=0
(absence of thermal fluctuations)

Mean-field Hamiltonian

Hyes = 3 [are (02— - D e () + VI (] (1)

frex
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trap

(The composite order parameter determines Fermi excitation gap.)
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Density profile
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(Ry: Thomas Fermi radius)

Fermi atoms form Cooper-pair bosons, which does not affect
the density profile in the BCS regime.

Density profile shrinks in the BEC regime due to the absence
of Pauli Principle between molecules associated with the F.R.




Composite order parameter
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Chemical potential
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Effective pairing interaction

. This interaction
| appears in the gap
equation.
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U, becomes strong in the BEC regime because Zp~2v.
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Single-particle excitations (DOS)
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C: Increase of Eg in the BEC regime (v<0)

N

BCS regime: it >0 BEC regime: 1 <0
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Collective modes

We calculate the density correlation function coupled with
superfluid fluctuations in RPA, and obtain the poles due to
collective modes.

- I, L,
H.{;‘:<P.z'p;>: 11, I, :ZYLM(Q)Hé(Far')YLM(Q)
LM
I, 1L, 1l

v p(r)= pal (ryeir) (1:ampliton, 2:phason, 3.density)

s [T (r.r) =11 (r.r )——J.dr"r"zl_lﬂ(r r L

+—Idf"" - Idr"'r"' LG e D G eI 7 )
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Feshbach molecule Green function




Velocity of Goldstone phonon
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Bogoliubov phonon in BEC (Na)

Dansisy (arb. unit.)

Andrew et al. (1997)
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A similar experiment would be also useful
o054 TOr Fermi gases!
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Kohn mode (L=1)
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.4 of the molecular condensate in the BEC regime.
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Collective mode energies are suppressed to exist below the
two-particle continuum (<2E, ). This phenomenon may be
useful to distinguish between superfluid phase and
hydrod ynamic normal phase without a gap.

When one includes interaction between molecules, mode
frequencies would agree with hydrodynamic results in

2004/3n¢he BEC regime. (BEC W = \E&?ﬂ,%m = \/gfi?n) 2



Spectrum of the density correlation function
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Spectrum of density correlation function gives
(1) collective mode frequency,
(2) single-particle excitation gap (x2).
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Summary

We have discussed single-particle and collective excitations
in the BCS-BEC crossover in a trapped Fermi gas with a
Feshbach resonance.

The crossover is smooth, where the character of condensed
bosons continuously changes from Cooper-pairs to molecules
associated with a Feshbach resonance.

Single-particle excitation gap takes a minimum in the
Crossover regime, which affects collective mode
frequencies.
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Summary 2

The Kohn’s theorem is broken if the trap frequency of
molecules can be different from the trap frequency of atoms
(using their different hyperfine states(?)). This phenomenon
may be useful as an evidence that the character of the bosons
really changes from Cooper-pair to molecule in the crossover.

In the crossover regime, quadrupole and monopole modes are
suppressed to exist below the threshold of two-particle
continuum, which is twice as large as the single particle
excitation gap. We emphasize that this suppression is absent
in the hydrodynamic normal phase with no energy gap.

Inclusion of interaction between molecules, and
extension to finite temperatures are our future problems.

2004/3/16 END 28



