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Recently, the two-band superfluidity has found an experimental realization through the
so-called orbital Feshbach resonance (OFR) [1, 2]. The interaction strength parameters
of Fermi gases under OFR are highly tunable, allowing for regimes from BEC to BCS
[3]. This has stimulated theoretical studies of multiband condensed Fermi gases.

The present work is devoted to collective excitations in a one- and two-band Fermi gas
with  s-wave  pairing  in  the  BCS-BEC  crossover  at  nonzero  temperatures,  being
particularly focused on phononic and Leggett modes. The treatment is performed using
the Gaussian pair fluctuation effective action for a two-band system within the path
integral formalism, derived in Ref. [4]. 

We show that beyond the weak interband coupling regime, the frequently used low-
energy expansion of the effective action fails for Leggett modes. The frequencies and
the damping factors for Leggett modes are then determined in a self-consistent non-
perturbative way through complex poles of the fluctuation propagator, similarly to Refs.
[5],  where  this  method  has  been  applied  to  pair-breaking  and  phononic  collective
excitations in ultracold Fermi gases.

The  spectra  of  Leggett  modes  are  investigated  as  a  function  of  the  coupling
parameters, temperature, and the detuning parameter , which characterizes the band
offset between the two bands.  With increasing  ,  the Leggett  mode frequency may
reach and cross the pair-breaking continuum edge,  showing an interplay with pair-
breaking modes. In the BEC regime, when pair-breaking collective excitations absent
[5],  the  Leggett  mode  passes  the  pair-breaking  continuum  edge  acquiring  a  finite
damping, but does not dissolve. At the BCS side, the Leggett modes avoid crossing
with  the  pair-breaking  continuum.  Strong  coupling  regimes  are  favorable  for  the
experimental observation of Leggett modes.
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