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Exact Diagonalization

Gives exact results for static and dynamic
properties

But limited to small systems

o 25 site Fermi-Hubbard model with 12 atoms
on the Earth Simulator in 2006

DMRG

Extremely powertul in 1D Q .@

e Accurate on hundreds of sites

e Higher dimension generalization 1s possible but very expensive




Quantum Monte Carlo

* Can solve static properties of

e 1,000,000 bosons 1n any dimensions,

Trotzky et al, Nature Physics, 2010

e 100 fermions in 2D and 3D at T>0.05Er

Algorithms and Libraries for Physics Simulations

http://alps.comp-phys.org

But limited to single-band Hubbard model



http://alps.comp-phys.org
http://alps.comp-phys.org

Beyond the Hubbard model

Continuum systems Multi-band systems
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Repulsive Forces Strong

Honeycom o]_ 1D chains Square
Stoner, 1939, Jo ¢t al, Science 2009 |

Tarruell et al, Nature 2012




Non-equilibrium dynamics

Expansion in 2D lattice Collision of clouds
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Schneider et al, Nature Physics 2012
Sommer ¢t al, Nature 2011




Density functional theory

Hohenberg and Kohn 1964
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e Hohenberg-Kohn theorem: All properties of the system are
completely determined by the ground state density

e Exact ground state density and energy can be obtained by
minimizing the density functional

Flp] + / drVey (r)p(r)

e I is a universal functional independent of the external potential




Kohn-Sham approach

Kohn and Sham 1965
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Self-consistently solve single-particle Schrédinger equation
to solve the many-body problem



http://en.wikipedia.org/wiki/Schr%C3%B6dinger_equation
http://en.wikipedia.org/wiki/Schr%C3%B6dinger_equation

Use |

Exc of a uniform system with same local density

Local density approximation

Coulomb gas: Ceperley and Alder 1980, Cold atoms: Pilati ez al 2010

Repulsive fermions show
ferromagnetism for high 0.6

density and large interactions

We extract |

Ay




20 most cited papers in APS journals

http://mml.materials.ox.ac.uk/Main/Top10
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Magnetism 1in harmonic trap

and shallow optical lattice




. %%/ Ferromagnetism 1n a trap
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Ferromagnetism 1n the lab?

e 2009: Indirect evidences for itinerant ferromagnetism Jo et al, Science 2009

e 2012: Pair formation 1n repulsive Fermi gas Sanner et al, PRL, Lee et al, PRA

Our conclusion is that an ultracold gas with strong short
range repulsive interactions near a Feshbach resonance
remains in the paramagnetic phase. The fast formation of Enaroy
molecules and the accompanying heating makes it impos- A
sible to study such a gas in equilibrium, confirming pre-
dictions of a rapid conversion of the atomic gas to pairs
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Prepare clouds separately

e Start with mixtures: Redistribution time >> Local loss time

e Start with separated clouds

Sommer et al., Nature 2011




Time-dependent DFT

Runge and Gross, 1984

* Time-dependent density obtained from
AV
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b Vau(r,2) + Vaa(r,8) + Voo, )], t)] (e, )




Simulation of collision

Total density

rho time 0.1

Magnetization

mag time 0.1




Ferromagnetism in shallow optical lattices

Ma, Pilati, Troyer and Dai, Nature Physics, 2012

Vor(r) = Vg [SiﬂQ(gat) s Sin2(gy) = Sin2(32)]
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Halt-filled system

Hubbard model
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Blue: staggered magnetization
Red: uniform magnetization

Ma, Pilati, Troyer and Dai, Nature Physics, 2012
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Validity of single-band
Hubbard model

a/a,, d=532nm
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Robert Jordens, PhD thesis, 2010




Can a lattice help ?
5N




Still more favorable

than increasing the
scattering length 1n

free Space




Contour plot of Gamma
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Unitary Fermi gas

A

Finite-temperature DFT for
unitary Fermi gas

Y




Finite-Temperature DFT
Applications

ICF capsule at ignition ®

ik
o
@

White Dwarf

ores
Solar core * core

White Dwari
He envelope

ok
o
»

(\\_\
oo
Lightning 2

. ’ .
discharges Jupiter core

Temperature (kelvin)

BN
o
S

* Earth core

2
TS g0 o 1

Density (grams/centimetera)




Finite-Temperature DFT

Formalism Kohn and Sham 1965

]| + / dr(Vext(r) — p)p(r)

Mermin 1965
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Feynman diagr aIlsS VS Feynman emulator

Bold Diagrammatic Monte Carlo MIT Experiment

Van Houcke et al, Nature Physics, 2012 Ku et al, Science, 2012
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Unprecedented agreement between experiment

and theory for strong interacting Fermions!




Vuxc for unitary Fermi gas

Fit Bold Diagrammatic Monte Carlo EOS and get Vuxc

20

e ¢ BDMC
— virial fit
— ideal gas

Viixe = 1F (p) — 1d (p)



Temperature dependence of Vixc
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Benchmark: 4 atoms 1n a trap
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KS vs TFA

Advantage of KS is more pronounced for constrained systems
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Finite-Temperature TDDFEFT

he V2
( 2m

Breathing mode

|

cf vanishing bulk viscosity of UFG
Castin 2004, Son 2007
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Summary & Outlook

 DFT 1s a usetul tool for statics and dynamics of

cold atom systems

Optical lattice loading,
Free expansion,

® MOreOV@r- o [Lattice modulation,

Bloch oscillation,

* Bosons, superfluidity, open systems ...

e Well controllable cold atom experiments can be used to
calibrate and improve DFT itself




Thank youl!



