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1. What is Cold atom in an optical lattice? 

What is Cold atom ? 

Laser trapping technique 

Optical Lattice 

Bose-Hubbard model 



Alkali Bose gass nK order  

By using two experimental methods: Laser Cooling and Evaporative Cooling  

The created ultra cold alkali gasses have  

densities between ρπ ρπ particles per ὧά. 

In such a trapping system,  energy shift  

depending on a hyperfine- atomic levels becomes, 

http://publish.ucc.ie/boolean/2011/00/Russell/42/en 

Creating ultra-cold atom in a magnetic trap 

This is simple Zeeman effect 

 Alkali atom has a magnetic dipole. 



A electric dipole of an alkali atom couples to a electric field induced by laser.  

Time averaged intensity 

laser frequency 

Second perturbation theory 

|g> 

|e> First excited state 

Electric ground stateČ  a single doublet( ὛȾ)  

ns-np splitting 

Laser intensity detuning 

detuning 

> 0 : blue detuning 

< 0 : red detuning 

AC-Stark shift 



Optical lattice 

Trapping frequency up to 100kHz. 

A Standing laser potential for creating Lattice field theory!  

Optical lattice potential can be created by standing lasers. 

The created electric field becomes periodic potential for cold atoms.  

A single linearly polarized  laser give rise to an electric field, 

By averaging over the laser frequency , we obtains an effective energy for a single atom. 

As one basic periodic potential,  we can make the following 3D periodic potential. 

This potential depends on 

detuning and laser intensity.  

The cold atoms are tightly confined in  

each potential minima. 

Here, the potential amplitude can be controlled as follows:  

Two counter-propagating lasers produce a standing wave,  



Optical lattices 

2D square lattice and 3D cubic lattice 

Honeycomb lattice 

Optical Super lattice 

By changing laser parameters, incident angles  

and the number of incident laser, 

One can make some of geometrical structures. 

Suitable for  

(2+1)D Lattice Gauge theories 

Suitable for Graphene physics and 

Haldane Hubbard model, etc.. 

Quantum Entanglement  

Bell Stateé 



Bose Hubbard model: 

Å Theory: M.P.A.Fisher, et al., Phys. Rev. B 40, 546 (1989). 

Å Experiment realization: M. Grainer, et al, Nature 415, 39ï44 (2002). 

If you are interested in deriving the above model,  see a famous text,  

A. Altland  and, B. D. Simons , ñCondensed Matter Field Theoryò  

 (Cambridge Univ. press), especially Sec.2.  

In an optical lattice, both hopping t and on-site interaction U are easily tunable! 

momentum distribution 

They assumed that 2D superconducting islands 

linked each other:  Each island includes the cooper 

pairing Boson induced by strong coupling regime. 

These parameters can be widely controlled ! 

Quantum phase transition occurs Ą Mott insulator-Superfluid phase transition  

In 2003, by using Rb alkali atoms, the model was realized by Greiner 

group.  

These experimental results corresponded to many theoretical predictions. 

Superfluid 

Mott insulator 



Summary  
1. Cold atom in an Optical lattice may be a versatile Quantum Simulator: 

 Control system condition   

   Ÿ   particle density,  kind of particle,  particle interaction,  hopping amplitude, 

artificial magnetic fields, etc. 

 Ÿ   Geometry(square, triangular, and honeycomb, etc.),     
Dimension(1D,2D,3D, also 4D! by using internal degree of freedom ),  

 .Optical lattice can trap both bosonic and fermionic atomsה

2. Real Experimental Simulator:  

       Optical lattices can test  Condensed Matter Physics and more Lattice Quantum 

Field Theory. Č Direct observation of many-body physics 

                      Ҝ  We can observe real time dynamics (I will show later)   



2.     Atomic Quantum Simulator з:  

       Basic concepts and a feasible experimental 

       method for U(1) lattice gauge-Higgs model 



ÅWhat is Quantum Simulator? 

1 For some interesting Quantum systems,  

To construct artificial, controllable, and versatile quantum 

system experimentally. 

To detect these dynamics. (imaginary time Ҝ real time)   

2. For Lattice Gauge Theories and Strong-Correlation Systems.., 

 Quantum Simulator compensates for classical simulation, and 

also endows new knowledge. 

3. This real experimental simulator can realize  

many models which have been studied by academic interest. 

 Introduction J. Ignacio Cirac and Peter Zoller, 

 Nature Physics 8, 264ï266 (2012) 



Local Gauge invariant system must be created. 

We need to set optimal Interactions, lattice geometry, 

 and particle number, etc..  

In this seminar, our proposal:  

U(1) gauge-Higgs model can be experimentally constructed  

from Bose Hubbard model in BEC state 

Local gauge symmetry In one component cold atom system , 

difficulté 

  Higgs coupling  model can be constructed. 

K. Kasamatsu, I. Ichinose, and T. Matsui,  

Phys. Rev. Lett. 111, 115303 (2013). 

Cold atom system 

This is a U(1) gauge-Higgs model 

To create Quantum Simulator for Gauge system. 



To construct U(1)GHM, we  start  to set a extended Bose 

Hubbard Model (BHM) with long range interaction. 

LGT black filled line  

Optical 

Lattice 

dashed 

red line  

This Bose-Hubbard model  can be set on  

the below optical lattice system. 

The dashed red lines indicate the 2D optical 

lattice with the square geometry, 

and cold atoms reside on its sites denoted by 

black crosses. Its unit cell consists of a pair of 

white and blue squares (yellow region). 

   The filled black lines indicate the 2D gauge 

lattice on which the U(1) lattice GHM is 

defined.  

Then the cold atoms are viewed to sit on each 

link of the gauge lattice to play the role of 

gauge field. 

Density-density interaction,  

dipole-dipole interaction, etc. 

This interaction term generates 

a Gaussôs law.  

The tuning condition will be proposed. 



, 

Assuming uniform atom densities in each link, 

 the field operator can be decoupled into density fluctuation and phase. 

mean density fluctuation 

We can notice that the canonical relation between density and phase 

 is equivalent to that of U(1) gauge theory.    

Electric flux and U(1) gauge variables correspond to density fluctuation and U(1) 

phase variables of BEC at each link. 

From the above relation, we substitute the above decoupled operator into the BHM, 

and keep terms up to second order of density fluctuation.  We obtain the following model, 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/hat{/Psi}_{ri}=/sqrt{/hat{/rho}_{ri}} / e^{i/hat{/theta}_{ri}}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/hat{/rho}_{ri}=/rho_0+/hat{/eta}_{ri}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/{/hat{/eta}_{ri}, /;/; /hat{/theta}_{ri}/}, /;/; 
/mbox{conjugate variables}
/end{align*}


Gaussôs law appears !  

Gaussôs Law Electric term 

Higgs coupling termé.??? 

What is this hopping term? 

When we assume 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/gamma^2 /rightarrow 0
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/Rightarrow
/end{align*}


 The Higgs field is a complex field defined on site r with its radial excitation frozen (London limit)  

If we translate the hopping terms into the following Higgs coupling term, 

Furthermore, if we assume unitary gauge,  

In short, the Higgs field represents a fictitious charged matter field to describe 

the violation of charge-less Gaussôs law in ultra-cold atoms. 

Why can we regard hopping term as Higgs coupling term? 

Then, we can translate the hopping terms into a Higgs coupling term with unitary gauge. 


