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What is an optical lattice? 
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Real atom: multiple transitions 

Variations: 
Magic wavelengths: 
 Precision measurement 
 Independent addressing 
Spin-dependent lattice: 
Lattice in higher dimensions 
  

Rb Optical lattice 
Theoretical Light Shifts 

Arora et al.  PRA 84 043401 (2011) Proto group, NIST & JQI 



Optical lattice in higher dimensions 

I. Bloch, Munich and MPQ Sengstock, Hamburg 



Band structure in optical lattice 
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Origin of the band structure: Bragg diffraction 

Condition for constructive interference: 

(k+k*)d=2,  4 ,  6…  



Eigen-states are delocalized Bloch waves q(x)=eiqxf(x) 

 q is quasi-momentum 

 Eigen-energy  E(q) is the dispersion 

  

-/d           0          /d 

Quasi-momentum 

Localized wave packets, Wannier  states, are defined as 
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Hamiltonian in the Wannier state basis is 
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Basic properties of particles in optical lattices 

t: nearest neighbor tunneling 
t2: next nearest neighbor tunneling 
… are the Fourier expansion of E(q) 



Energy scales in optical lattices 

Zero point energy 

~ V1/2 

~ V exp(-2V1/2) 

~ V3/2exp(-4V1/2) 



Eigen-states are delocalized Bloch waves q(x)=eiqxf(x) 

 q is quasi-momentum 

 Eigen-energy  E(q) is the dispersion 
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Quasi-momentum 

Localized wave packets, Wannier  states, are defined as 
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Hamiltonian in the Wannier state basis is 
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Basic properties of particles in optical lattices 

t: nearest neighbor tunneling 
t2: next nearest neighbor tunneling 
… are the Fourier expansion of E(q) 



Interaction of atoms in lattices 
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General wave function 
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V(x): (contact) interaction 
ni: particle number at site I 
a: scattering length 
 : mean trap frequency 
l : mean oscillator length 
 



t >> U 
Superfluid  

t << U 
Mott insulator 
 

Bose-Hubbard model (Fisher et al., PRB 1989, Greiner et al., Nature 2002) 

i

i

i

ji

ii
ijji n

nn
bbbbH ˆ

2

)1ˆ(ˆ
    )ˆˆˆˆ(    ˆ

, i

  





 

Tunneling Interaction Trap potential 

Density distribution Number statistics 
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Quantum phase transition of bosons in 2D lattices 

Ads-CFT duality:  Sachdev, Nature physics (2007) 

Critical thermodynamics:   Zhou and Ho, PRL (2010)  
               Hazzard and Mueller , PRA (2011)  



AdS-CFT duality 

Figure: Subir Sachdev (2011) 

Juan Maldacena (1997) 



Source: NASA/WMAP Science Team 

Observations 

Theory 

Evolution of early universe 



First cold atom apparatus at Univ. of Chicago 
(10/2006) 

Cesium-133 Bose-Einstein condensate apparatus  

Fast evaporative cooling  and Bose 
condensation (11/07/2007) 

Hung, Zhang, Gemelke, and Chin, PRA (2008) 



     Preparation of a 2D quantum gas 

,r B zk T   

strong 
z confinement 

Optical lattice 

weak  
radial confinement 

Bose condensate 



  Atoms in a 2D optical lattice 

2 Vertical 

compress. 

beams 

Gemelke, Zhang, Hung, Chin, 
Nature 460, 995 (2009) 

16 degrees 

4 lattice beams 

Microscope objective 



  Perform in situ absorption imaging 

2 Vertical 

compress. 

beams 

Gemelke, Zhang, Hung, Chin, 
Nature 460, 995 (2009) 

16 degrees 

Imaging beam 

4 lattice beams 

Microscope objective 



Averaged image 

Resolution: 1.0 µm 

Pixel size: 0.66 µm 

Lattice const.: 0.53 µm 

A closer look 

Particle #: 20,000 



Super 
Fluid 

Mott insulator 
(wedding cake) 

Density profiles of atoms in 2D optical lattices 



g=0.05 g=0.26   g=1.3 

Interaction strength  
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Extract temperature T and chemical potential µm  

( )m V r  

200µm× 200µm 

Extracting T and µm by fitting the low-density  
thermal tail based on a mean-field formula 
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d = 0.532µm; t: tunneling; U: interaction; I0: 0th Bessel 
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Theory:  
  Ho & Zhou, Nature Physics 6, 131 (‘10) 
Exp:  
  Dalibard (‘10), Zwierlein (‘12), Chin (‘11), … 
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T=21nK 
    37 
    42 
    49 
    60nK 

g=0.26  (a=10nm) 

Prokof’ev and Svistunov, PRA (2002) 

Mean-field (normal gas) 

Mean-field (superfluid) 

Equation of state of a 2D gas 
And scale invariance 

Chicago Experiment:  Hung, Zhang, Gemelke and CC, Nature 470, 236-239 (2011)  

ENS experiment:   Yefsah et. Al., arXiv:1106.0188 (2011) 



Thermodynamics tomography (equilibrium) 

Density n(x,y) 



Thermodynamics tomography 

Density n(x,y) Pressure n(x,y) 

 

Chemical potential n(x,y) 

 

Entropy per particle S/N(x,y) 


