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A gas of interacting fermions is in the unitary regime if the average 
separation between particles is large compared to their size (range of 
interaction), but small compared to their scattering length.  
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NONPERTURBATIVENONPERTURBATIVE
  REGIMEREGIME

System is dilute but System is dilute but 
strongly interacting!strongly interacting!

Setting the problem:



  

Physical realization:Physical realization:  e.g. dilute system of        atoms in a trape.g. dilute system of        atoms in a trap
•  The number of atoms in the traThe number of atoms in the trap: tp: typically about 10ypically about 105-5-10106 6  atoms  atoms 
      divideddivided   50-50 among 50-50 among    the lowest two hyperfine statesthe lowest two hyperfine states..
•  The strength of this interaction is fully tunable!The strength of this interaction is fully tunable!
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- Spin up fermion
 - Spin down fermion
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More details of the calculations:More details of the calculations:

Lattice sizes usedLattice sizes used: 6: 63 3 – 10– 1033. Imaginary time steps:. Imaginary time steps:883 3 xx 300 300 (high Ts) to  (high Ts) to 883 3 x 1x 1800800 (low  (low 
Ts)Ts)

Effective use of FFT(W) makes all imaginary time propagators diagonal (either in Effective use of FFT(W) makes all imaginary time propagators diagonal (either in 
real space or momentum  space) and there is no need to store large matricesreal space or momentum  space) and there is no need to store large matrices..

Update field configurations using the Metropolis importance sampling algorithmUpdate field configurations using the Metropolis importance sampling algorithm..

Change randomly at a fraction of all space and time sites the signs the auxiliary Change randomly at a fraction of all space and time sites the signs the auxiliary 
fields fields σσ((rr,,) so as to maintain a running average of the acceptance rate between) so as to maintain a running average of the acceptance rate between  0.4 0.4 
and 0.6 and 0.6 ..  

Thermalize for 50,000 – 100,000 MC steps or/and use as a start-upThermalize for 50,000 – 100,000 MC steps or/and use as a start-up  field field   
configuration a configuration a σσ(x,(x,)-field configuration from a different T.)-field configuration from a different T.

At low temperatures use Singular Value Decomposition of the evolution operator At low temperatures use Singular Value Decomposition of the evolution operator 
U({U({σσ}) }) to stabilize the numericsto stabilize the numerics..  

Use Use 2200,000-2,000,000 00,000-2,000,000 σσ(x,(x,)- field configurations for calculations)- field configurations for calculations

MC correlation “time” MC correlation “time” ≈ ≈ 2250 – 50 – 3300 time steps00 time steps at T  at T ≈ T≈ Tcc



  

DeviationDeviation  fromfrom Normal Fermi  Normal Fermi GasGas

Bogoliubov-Anderson  phononsBogoliubov-Anderson  phonons
and quasiparticle contributionand quasiparticle contribution
(d(dashedashed lin linee ) )  

Bogoliubov-Anderson phonons Bogoliubov-Anderson phonons 
contribution only (contribution only (dotted linedotted line))

Quasi-particle contribution onlyQuasi-particle contribution only  
(d(dottedotted line) line)

a =  a =  ±∞±∞

Normal Fermi Gas
(with vertical offset, solid line)(with vertical offset, solid line)



  

G. Astrakharchik et al.
Phys.Rev.Lett.93(2004)200404
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A. Bulgac, J.E. Drut, P. Magierski, Phys. Rev. A78:023625,2008
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Local density approximation (LDA)

Nonuniform
system

(gradient 
corrections
 neglected)



  

The radial (along shortest axis) density profiles of the atomic cloud in 
the Duke group experiment at various temperatures. 

3( ) hon r a
Superfluid

Normal

2

max
hoa

mω
= h

(0) - Fermi energy at the center of the trapFε



  

Entropy as a function of energy (relative to the ground state) for the 
unitary Fermi gas in the harmonic trap. 

Comparison with experiment Comparison with experiment 
John Thomas’ group at Duke University,

L.Luo, et al. Phys. Rev. Lett. 98, 080402, (2007)

THEORY

Theory:

EXP.

Ratio of the mean square cloud size at B=1200G to 
its value at unitarity (B=840G) as a function of
 the energy. Experimental data are denoted
by point with error bars.
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Results in the vicinity
of the unitary limit:
-Critical temperature
-Pairing gap at T=0

Bulgac, Drut, Magierski, PRA78, 023625(2008)Bulgac, Drut, Magierski, PRA78, 023625(2008)



  

Constraints:



  

Maximum entropy methodMaximum entropy method

From Bayes' theorem:  

A priori probability:

Relative entropy:

Likelihood function:

Maximum entropy method:

SVD method



  
P.Magierski, G. Wlazłowski, A. Bulgac, J.E. Drut, PRL103, 210403 (2009)



  

Single-particle properties

Quasiparticle spectrum
extracted from spectral weight
function at 0.1 FT ε=

Fixed node MC calcs. at T=0
P.Magierski, G. Wlazłowski, A. Bulgac, J.E. Drut, PRL103, 210403 (2009)



  

Pairing gap and pseudogap

Outside the BCS regime close to the unitary limit, but still before BEC, 
superconductivity/superfluidity emerge out of a very exotic, non-Fermi

liquid normal state

The onset of superconductivity  occursThe onset of superconductivity  occurs
  in the presence of fermionic pairs!in the presence of fermionic pairs!

pseudogap

order parameter

0.15(1)C FT ε=

*T
Monte Carlo calculations



  

0.15(1)C FT ε=

*T



  

Susceptibility from the independent quasiparticle model

/ *, ,m m Uα = ∆
Parameters (effective mass, mean-field potential, pairing gap) extracted from the response function Parameters (effective mass, mean-field potential, pairing gap) extracted from the response function 
within the within the independent quasiparticle modelindependent quasiparticle model accurately reproduce results obtained directly from the  accurately reproduce results obtained directly from the 

spectral weight function below the critical temperature!spectral weight function below the critical temperature!

Dashed, dotted 
and solid lines

P.Magierski, G. Wlazłowski, A. Bulgac, J.E. Drut, PRL103, 210403 (2009)



  

Preliminary measurements of pseudogap in ultracold atomic gases

40K 

J. P. Gaebler, J. T. Stewart, T. E. Drake, D. S. Jin, A. Perali, P. Pieri, G. C. Strinati,arXiv:1003.1147 
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