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Very brief/skewed summary of DFTVery brief/skewed summary of DFT



KohnKohn‐‐Sham theoremSham theorem
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Universal functional of Universal functional of  particle density aloneparticle density alone
Independent of external potentialIndependent of external potential



How to construct and validate an How to construct and validate an abab initioinitio EDF?EDF?

Given a many body Hamiltonian determine the properties of Given a many body Hamiltonian determine the properties of 
the infinite homogeneous system as a function of densitythe infinite homogeneous system as a function of densitythe infinite homogeneous system as a function of densitythe infinite homogeneous system as a function of density

Extract the energy density functional (EDF)Extract the energy density functional (EDF)

Add gradient corrections, if needed or known how (?)Add gradient corrections, if needed or known how (?)

Determine in an Determine in an abab initioinitio calculation the properties of a calculation the properties of a 
select number of wisely selected finite systems   select number of wisely selected finite systems   

Apply the energy density functional to inhomogeneous systemsApply the energy density functional to inhomogeneous systems
and compare with the and compare with the abab initioinitio calculation, and if lucky declarecalculation, and if lucky declare
Victory!Victory!Victory! Victory! 



Extended KohnExtended Kohn‐‐Sham equationsSham equations

Position dependent mass Position dependent mass 
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N l F i t l !Normal Fermi systems only!



H t i l!H t i l!However, not everyone is normal!However, not everyone is normal!



Superconductivity andSuperconductivity and superfluiditysuperfluidity in Fermi systemsin Fermi systemsSuperconductivity and Superconductivity and superfluiditysuperfluidity in Fermi systemsin Fermi systems

Dilute atomic Fermi gases                   Tc ≈ 10-12 – 10‐9 eV

Liquid  3He                                             Tc ≈ 10-7 eVq c

Metals, composite materials                Tc ≈ 10-3 – 10-2 eV

Nuclei, neutron stars                            Tc ≈ 105 – 106 eV

• QCD color superconductivity       Tc ≈ 107 – 108 eV

units (1 eV ≈ 104 K)



SLDA  - Extension of Kohn-Sham approach to 

superfluid Fermi systems
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There is a little problem! The There is a little problem! The densities densities nn and and tt diverges! diverges! 
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Position and momentum dependent running coupling constantPosition and momentum dependent running coupling constant
Observables are Observables are independent independent of cutof cut‐‐off energy (when chosen properly).off energy (when chosen properly).



Superfluid Local Density Approximation (SLDA) Superfluid Local Density Approximation (SLDA) 
for a unitary Fermi gasfor a unitary Fermi gas



What is a unitary Fermi gas and What is a unitary Fermi gas and 
why why consider such a consider such a system?system?

B t h MB t h M B d X h ll S ttl 1999B d X h ll S ttl 1999Bertsch ManyBertsch Many--Body X challenge, Seattle, 1999Body X challenge, Seattle, 1999

What are the ground state properties of the manyWhat are the ground state properties of the many--body system composed of body system composed of g p p yg p p y y y py y p
spin ½ fermions interacting via a zerospin ½ fermions interacting via a zero--range, infinite scatteringrange, infinite scattering--length contactlength contact
interaction. interaction. 

0Fa rλ 0F

I 1999 it t t l ith th ti ll i t llIn 1999 it was not yet clear, either theoretically or experimentally, 
whether such fermionic matter is stable or not.



Why a unitary gas? Why a unitary gas? 

From a talk of J. Carlson, Pack Forrest, WA, August 2007From a talk of J. Carlson, Pack Forrest, WA, August 2007



BEC sideBEC side BCS sideBCS side
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open circles open circles –– Chang Chang et al. et al. PRA, 70, 043602 (2004)PRA, 70, 043602 (2004)
squares  squares  ‐‐ AstrakharchikAstrakharchik et al.et al. PRL 93, 200404 (2004)PRL 93, 200404 (2004)

FNFN‐‐GFMC, S.GFMC, S.‐‐Y. Chang Y. Chang et al.et al. PRA 70, 043602 (2004)PRA 70, 043602 (2004)



Chang and Bertsch, Phys. Rev. A 76, 021603(R) (2007)Chang and Bertsch, Phys. Rev. A 76, 021603(R) (2007)

Unitary Fermi gas in a harmonic trapUnitary Fermi gas in a harmonic trap



The renormalized SLDA energy density functional  The renormalized SLDA energy density functional  
Only this combination  is cutoff independent Only this combination  is cutoff independent 
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Parameters defining SLDA functional for a unitary gas:Parameters defining SLDA functional for a unitary gas:
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Quasiparticle spectrum in homogeneous matterQuasiparticle spectrum in homogeneous matterBonus!Bonus!

solid/dotted blue line        solid/dotted blue line        ‐‐ SLDA, homogeneous GFMC due to Carlson et al SLDA, homogeneous GFMC due to Carlson et al 
red circles                          red circles                           ‐‐ GFMC due to Carlson and Reddy GFMC due to Carlson and Reddy 
dashed blue line                dashed blue line                 ‐‐ SLDA, homogeneous MC due to SLDA, homogeneous MC due to JuilletJuillet, g, g
black dashedblack dashed‐‐dotted line dotted line  ‐‐meanfieldmeanfield at unitarity  at unitarity  



Extra Bonus!Extra Bonus!

The normal state has been also determined in GFMCThe normal state has been also determined in GFMC
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SLDA functional predicts      SLDA functional predicts      
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Fermions at unitarity in a harmonic trapFermions at unitarity in a harmonic trap

GFMC     GFMC     ‐‐ Chang and Bertsch, Phys. Rev. A 76, 021603(R) (2007)Chang and Bertsch, Phys. Rev. A 76, 021603(R) (2007)
FNFN‐‐DMC DMC ‐‐ von von StecherStecher, Greene and , Greene and BlumeBlume, , PRL PRL 9999, 233201 (2007) , 233201 (2007) 

PRA PRA 7676, 053613 (2007), 053613 (2007)



NB P i l j iNB P i l j iNB Particle projectionNB Particle projection
neither required nor neither required nor 
needed in SLDA!!!needed in SLDA!!!



SLDA  - Extension of Kohn-Sham approach to superfluid Fermi systems
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GFMC     GFMC     ‐‐ Chang and Bertsch, Phys. Rev. A 76, 021603(R) (2007)Chang and Bertsch, Phys. Rev. A 76, 021603(R) (2007)
FNFN‐‐DMC DMC ‐‐ von von StecherStecher, Greene and , Greene and BlumeBlume, PRL , PRL 9999, 233201 (2007) , 233201 (2007) 

PRA PRA 7676, 053613 (2007), 053613 (2007)



•• Agreement between GFMC/FNAgreement between GFMC/FN‐‐DMC  and SLDA extremely good, DMC  and SLDA extremely good, 
a few percent (at most) accuracya few percent (at most) accuracy

Why not better?Why not better?
A better agreement would have really signaled big troubles!A better agreement would have really signaled big troubles!

•• Energy density functional is not unique, Energy density functional is not unique, 
in spite of the strong restrictions imposed by unitarity in spite of the strong restrictions imposed by unitarity 

•• SelfSelf‐‐interaction correction neglectedinteraction correction neglected
smallest systems affected the mostsmallest systems affected the most

•• Absence of polarization effects Absence of polarization effects 
spherical symmetry imposed, odd systems mostly affectedspherical symmetry imposed, odd systems mostly affected

•• Spin number densities not included Spin number densities not included 
extension from SLDA to SLSD(A) neededextension from SLDA to SLSD(A) needed
abab initioinitio results for asymmetric system neededresults for asymmetric system needed

•• Gradient corrections not included, … but very likely small!!! Gradient corrections not included, … but very likely small!!! 



Challenges towards implementation of SLDA in nucleiChallenges towards implementation of SLDA in nuclei



BaldoBaldo, , SchuckSchuck, and , and VinasVinas, arXiv:0706.0658, arXiv:0706.0658



GandolfiGandolfi et al. arXiv:0805.2513et al. arXiv:0805.2513

Gezerlis and Carlson, PRC  77, 032801 (2008)Gezerlis and Carlson, PRC  77, 032801 (2008) Bulgac et al. arXiv:0801.1504, arXiv:0803.3238Bulgac et al. arXiv:0801.1504, arXiv:0803.3238



Let Let us summarize us summarize some of the ingredients of some of the ingredients of the SLDA in nucleithe SLDA in nuclei

EnergyEnergy Density (ED) describing the normal systemDensity (ED) describing the normal system

ED contribution due to superfluid correlationsED contribution due to superfluid correlations
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I iI iIsospinIsospin symmetry  symmetry  
((Coulomb energy and other relatively small terms not shown here.)Coulomb energy and other relatively small terms not shown here.)

Let us consider the simplest possible ED compatible with nuclear symmetriesLet us consider the simplest possible ED compatible with nuclear symmetries
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and with the fact that nuclear pairing corrrelations are relatively weak.and with the fact that nuclear pairing corrrelations are relatively weak.
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Let us stare at Let us stare at the anomalous part of the anomalous part of the ED for a moment, … or two.the ED for a moment, … or two.
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NB I am dealing here with sNB I am dealing here with s--wave pairing only (S=0 and T=1)!wave pairing only (S=0 and T=1)!

The last term could not arise from a twoThe last term could not arise from a two--body bare interactionbody bare interaction..



In the end one finds that a suitable superfluidIn the end one finds that a suitable superfluid 
nuclear EDF has the following structure:

IsospinIsospin symmetricsymmetric
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Th li t t f b th d ddTh li t t f b th d ddThe same coupling constant for both even and odd The same coupling constant for both even and odd 
neutron/proton numbers!!!neutron/proton numbers!!!



A single universal  parameter for pairing!A single universal  parameter for pairing!



ConclusionsConclusions

The future looks promising and The future looks promising and 
h i li h f h d f h l!h i li h f h d f h l!there is light of the end of the tunnel!there is light of the end of the tunnel!


