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Outline

 Problem and Motivation:
 Universal scaling at Unitarity point

 Failure of Low density expansion

 Large N formulation
Model and formulation

 1/N expansion: Saddle Point + Fluctuations

 Results
 At critical temperature, Zero Temperature, 

Finite Polarization

 Away from unitarity

 Excitation gap vs. Order parameter

Conclusion



Feshbach Resonance:
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BCS-BEC Crossover

Unitarity
Point

Molecular BEC

Strongly bound pairs

Dilute Bose Gas

BCS regime:

Cooper pairs 

Dilute Fermi Gas

Interaction strength
Bound state No bound state

RR

R

Weak coupling

On Resonance

At unitarity: No small parameter to expand around: hard problem

Bertsch: Challenge problem in many-body physics (1998): ground state of resonant gas

Strong coupling



kF is the only scale in the problem !

Energy 

per particle

is a universal parameter, related to many quantities

Simple system, with simple scaling

Chemical Potential Bulk Modulus

First SoundPressure density

Unitarity Limit (              ,Strong Coupling)

Hard problem: No expansion parameter



Borrow from Critical Phenomena Technology:

Large-N expansion

, In the limit              ,the free energy is given by saddle point contribution

Systematic expansions for and other observables ( , Tc, 
…) in terms of 1/N



Saddle Point Approximation

Gap equation

Recover Standard 

Mean-Field Results

The               phase is in the same universality class as             



1/N expansion (Loop expansion)

Gaussian Fluctuations around saddle point

Anomalous

Normal



Result
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Recover Standard Result

Away from Unitarity

Large-N calculation away from Unitarity



Excitation Gap Vs Order Parameter

 Excitation gap:              Minimum energy to create excitation

 Order Parameter:                             

 In general                              (but equal in Mean-field theory)

= +  1/N

Calculation:

(Carlson et al, 2003)Monte Carlo



Parallel effort

 Large N,

Nikolic and Sachdev, cond-mat/0609106 (also 

talk in this session, L32.00011 )

 expansion (4- and 2+ )

Nussinov and Nussinov, PRA (2006)

Nishida and Son, PRL (2006) and cond-

mat/0607835; Nishida, cond-mat/0608321

Arnold, Drut and Son, cond-mat/0608477



Summary

 Investigate universal properties near unitarity point 

using systematic 1/N expansion

 is exact solution

 Derive the 1/N contributions to various physical 

quantities 

 Future: Dynamic and Spectral function.

 Make contact with recent experiment from Ketterle’s group on 

normal state at large polarization



Cold Atoms

Basic Relations
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Cold Atoms

Basic Relations
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Large-N calculation

 Problem can be solved exactly for N=1
 N=1   solution is also superfluid (Good)

But interested in N=1 problem….

 Perform 1/N expansion

 Very successful approach for critical phenomena and high 
energy physics 

At unitarity: Monte Carlo1/N expansion at N=1N=1

Given by 

Feynman 

diagrams
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Sa de Melo et al., PRL 71 (1993) 3202

scattering length:

critical temperature:

BCS behavior  

BEC behavior 

Dissociation

of bound bosonFermi gas Bose gas

BCS-BEC Crossover at finite T


