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Outline
• S-wave superfluidity

– Feshbach resonant bosonic model

– Atomic SF (ASF) and Molecular SF (MSF)

– Quantum Ising transition

– Half vortices deconfinement transition

• P-wave superfluidity
– Feshbach resonant bosonic model

– Finite momentum Atomic-Molecular SF (AMSF)

– Quantum smectic transition

– Phase diagram



Part I

S-wave superfluidity



Summary

• atomic (ASF) and molecular (MSF) superfluids

• quantum Ising transition

• p vortex deconfinement

ASF

MSF

Atomic SF

Molecular SF



Motivation
• Bosonic Feshbach resonances exist in e.g., Rb87, Rb85,…

® ultracold coherent bosonic atom-molecule mixtures

• Resonant fermionic systems led to molecular superfluids, BEC-BCS crossover, 
strongly interacting superfluid, etc. 

• Allow SF-SF quantum phase transitions (cf. just crossover for fermions) 
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Motivation

• Bosonic Feshbach resonances exist in e.g., Rb87, Rb85,…
® ultracold coherent bosonic atom-molecule mixtures

• Resonant fermionic systems led to molecular 
superfluids, BEC-BCS crossover, strongly 
interacting superfluid, etc.

• Allow SF-SF quantum phase transitions (cf. just crossover for fermions) 



Feshbach resonance (Fermi)
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Motivation

• Bosonic Feshbach resonances exist in e.g., Rb87, Rb85,…
® ultracold coherent bosonic atom-molecule mixtures

• Resonant fermionic systems led to molecular superfluids, BEC-BCS crossover, 
strongly interacting superfluid, etc. 

• Allow SF-SF quantum phase transitions (cf. just crossover for 
fermions)

earlier works:
Valatin and Butler ‘58
Evans and Imry ‘69
Nozieres and Saint James ‘82



Resonant model
Interacting bosonic atoms and (diatomic) molecules:

(m1 = m, m2 = 2m , µ1 = µ, µ2 = 2µ - n)

atom-molecule density-density interactions

aamammaaa

Feshbach resonance
atom-molecule conversion

a



• Feshbach interconversion rate and background scattering lengths:

Model parameters (determined by 2-body physics)

gs = h2/m (aaa ,  amm ,  aam ) 

DB

• small parameters:



Landau theory

a = 0 (two independent global U(1)’s)



Landau theory

a = 0

a ≠0

a ≠0

crossover



Temperature-detuning phase diagram



•

qy1=0 (and y2≠0)

q broken symmetry: U(1)/Z2

q spectrum:

§ gapless Bogoluibov molecules 
§ gapped atoms

q p-vortices deconfined

Atomic and molecular superfluids
ASF•

qy1≠0 (and y2≠0)

q broken symmetry: U(1)

q spectrum:

§ gapless in-phase Bogoluibov
§ gapped out-of-phase q1 , q2

q p-vortices confined

MSF



• atomic gap closing at nc:

MSF-ASF transition

• p-vortices deconfinement, R0(nc)®¥:

• quantum (“compressible”) Ising transition:

…likely driven 1st order (Halperin, et al; Frey,Balents)



Trapped profiles via LDA
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• resonantly interacting Bose gas:

§ atomic and molecular superfluids
§ quantum Ising transition
§ p-vortices

• …but: expect short lifetime due to 3-body instabilities (Efimov states)

• fixes:

§ optical lattice?
§ avoid immediate vicinity of the FBR?
§ spinor condensate with on average repulsive interactions?

• p-wave resonance generalization: periodic ASF, orbital condensates, etc…

Summary and conclusions



Outline
• S-wave superfluidity

– Feshbach resonant bosonic model

– Atomic SF (ASF) and Molecular SF (MSF)

– Quantum Ising transition

– Half vortices deconfinement transition

• P-wave superfluidity
– Feshbach resonant bosonic model

– Finite momentum Atomic-Molecular SF (AMSF)

– Quantum smectic transition

– Phase diagram



Part II

P-wave superfluidity



Summary

• atomic (ASF) and spinor-molecular (MSF) superfluids 
• atomic-molecular superfluid (AMSF) with finite momentum atomic BEC
• quantum and thermal phase transitions

p-wave



Motivation
• Bosonic Feshbach resonances exist in e.g., Rb87, Rb85,…

® ultracold coherent bosonic atom-molecule mixtures



Rb85-Rb87 Feshbach resonances

Papp, Pino, Wieman



85Rb 87Rb Feshbach resonances
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Motivation

®

• Allow SF-SF quantum phase transitions (cf. just crossover for 
fermions) even for s-wave resonance

original proposal in continuum:
LR, Park, Weichman, PRL ’04
Romans, et al, PRL’04

more recently on lattice:
- Diehl, et al, 2010
- Ejima, et al, 2011 (DMRG)
- Bonnes, Wessel, 2011 (QMC)

Ising



P-wave Feshbach resonant scattering

long centrifugal
barrier

open
r

closed
U(r)
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(spin liquids)
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Landau theory
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Landau theory
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MSFFM ( lz =1 )
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µ� > 0, µm < 0

Landau theory
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Landau theory
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intermediate detuning µ� < 0, µm > 0�c1 < � < �c2
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Near MSF-AMSF transition
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Global phase diagram
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Symmetries, order parameters, Goldstone modes
• AMSFPolar

• AMSFFM
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MSF – AMSF transition
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Experimental signatures
• momentum distributions nk

(a) , nk
(m)

• Bragg peaks at Qn in AMSF

• thermodynamic singularities at transitions

• excitation spectra (phonons, Bogoluibov and spin-wave modes) 

via Bragg spectroscopy
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• resonantly interacting Bose gas:

§ atomic and molecular superfluids
§ atomic supersolid, tunable Q(n)
§ quantum, thermal transitions
§ topological defects…

• questions:

§ nature of the AMSF solidity: vortex lattice? 3d crystal?
§ stability? expect short lifetime due to 3-body instabilities
§ …

• fixes:

§ optical lattice?
§ avoid immediate vicinity of FBR?

Summary and conclusions



300 K to 1 mK
~109 atoms

Laser (Doppler) cooling

Fluorescence

Evaporative cooling

1 mK to 1 µK
~108 → 106 atoms

probing w/ resonant laser shadow image

1997
Chu, 
Cohen-Tannoudji, 
Phillips

Laser cooling, trapping and imaging
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Steinhauer et al., PRL 88, 2002

BEC

BEC excitation spectrum
Helium



Photoassociation (Bose)


