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Outline: Cold atoms meet lattice gauge theory

2. Cold atoms meet lattice gauge theory
• 2.1 Schwinger model and bosonic Schwinger model
• 2.2 Strongly correlated bosons in a dynamical lattice
• 2.3 The synthetic Creutz-Hubbard model

3. Experimental and experimentally friendly quantum simulators:
a) Density dependent gauge fields
b) Floquet engineering of Z2 gauge fields
c) Local U(1) symmetry from spin-changing collisions
d) Minimal SU(2) models for ultracold atom systems
e) Non-Abelian gauge invariance from dynamical decoupling
f) Rotor Jackiw-Rebbi model

1. Quantum simulators (and annealers)
• 1.1 Ideology
• 1.2 Paradigmatic examples
• 1,3 Royal Society initiative

4. Outlook: Conclusions and outlook
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1.1 Quantum Simulators: Ideology I

 There exist many interesting quantum 
phenomena (such as superconductivity).

 Maybe we can use another, simpler and better 
controllable quantum system to simulate, understand and 
control these phenomena (R.P. Feynman)? Such a system 
would thus work as quantum computer of special purpose, 
i.e. 

 These phenomena may have important 
applications!

 These phenomena are often difficult to be described 
and understood with the help of standard computers.

QUANTUM SIMULATOR

http://www.google.de/imgres?imgurl=http://portaldaciencia.freewebpages.org/richard_feynman.jpg&imgrefurl=http://portaldaciencia.freewebpages.org/cnfisica.htm&usg=__uWxpAne7ysBwiHC_P4wljonkDCw=&h=747&w=527&sz=35&hl=de&start=1&zoom=1&um=1&itbs=1&tbnid=wad-kuJZEytPRM:&tbnh=141&tbnw=99&prev=/images?q=richard+feyman&um=1&hl=de&client=firefox-a&sa=X&rls=org.mozilla:en-US:official&tbs=isch:1&ei=6LSATYiZHoSMswbKgo3mBg


Interesting quantum phenomenon: 
Superconductivity

 Superconductors are “ideal” conductors,  
they conduct electric currents without  
resistance.

 They conduct strong currents without losses.

 They can generate strong 
magnetic fields outside of them, 
but due to the Meissner-
Ochsenfeld effect, they do not 
let magnetic fields enter them!

 Unfortunately, superconductors exist only at 
low temperatures: normally close to absolute 
zero, -270º Celcius, “high temperature SC” 
at T>-166º (boiling of liquid nitrogen).

http://en.wikipedia.org/wiki/File:EfektMeisnera.svg


Superconductivity: 
Theory

 We (some of us) believe there exist a 
simple model that captures the phenomenon 
of high Tc superconductivity, the Hubbard 
model.

 Unfortunately, even this simple model is far too hard 
to simulate, and hard to understand with 
existing computers.  

 So, why not trying to mimick it     
with atoms…



Simple Hubbard model

First band

Tunneling On site interactions
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3D Lattice Potential (by courtesy of M. Greiner, 
O. Mandel, T. Esslinger, I. Bloch, and T. Hänsch)

•Resulting potential consists of a simple cubic 
lattice 

•BEC coherently populates more than 100,000
lattice sites

V0 up to 22 Erecoil

wr up to 2p ´ 30 kHz

n 1-5 atoms on 
average  per site



1.2 Quantum Simulators: Ideology II

 There exist many interesting classical 
optimization problems (such as spin glasses, 
travelling salesman…)

 Maybe we can use another, simpler and better 
controllable quantum system to solve, understand and 
control these classical problems (D-Wave computers)? 
Such a system would thus work as quantum computer of 
special purpose, i.e. 

 These phenomena may have important 
applications!

 These phenomena are often difficult to be described 
and understood with the help of standard computers

QUANTUM SIMULATOR/ANNEALER

http://www.google.de/imgres?imgurl=http://portaldaciencia.freewebpages.org/richard_feynman.jpg&imgrefurl=http://portaldaciencia.freewebpages.org/cnfisica.htm&usg=__uWxpAne7ysBwiHC_P4wljonkDCw=&h=747&w=527&sz=35&hl=de&start=1&zoom=1&um=1&itbs=1&tbnid=wad-kuJZEytPRM:&tbnh=141&tbnw=99&prev=/images?q=richard+feyman&um=1&hl=de&client=firefox-a&sa=X&rls=org.mozilla:en-US:official&tbs=isch:1&ei=6LSATYiZHoSMswbKgo3mBg


Quantum simulators/annealers

What shall we simulate?

 Statics at zero temperature – ground state and 
its properties.  

 Statics/equilibrium dynamics at non-zero 
temperature, or low energies.

 Dynamics (Hamiltonian, but out of equilibrium)

 Dissipative dynamics



1.2 Paradigamatic examples: Platforms/models

 Ultracold atoms in traps/on chips (QFT  
with Ψ4 interactions, or more…)

 Ultracold atoms in optical lattices 
(Hubbard models, spin models) 

 Ultracold trapped ions (spin models with 
long range interactions)

 Rydberg atoms in optical tweezers
 Circuit QED
 Quantum dots arrays
 Josephson/superconducting qubits arrays  

(Ising spin glasses)
 Polariton condensates
 Photonic platforms (boson sampling)

http://cua.mit.edu/ketterle_group/experimental_setup/BEC_I/Feshbach.jpg
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Phase diagram of the Bose-Hubbard model

http://cua.mit.edu/ketterle_group/experimental_setup/BEC_I/Feshbach.jpg
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Simulating interesting systems – High Tc- superconductivity 
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2.1 Schwinger model
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2.1 Bosonic Schwinger model
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2.1 Bosonic Schwinger model
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2.2 Strongly correlated bosons in a dynamical lattice
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2.3 The synthetic Creutz-Hubbard model
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2.3 Wilson-Hubbard model



2.3 Gross-Neveu model



2.3 Gross-Neveu model
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3.3 a) Density dependent gauge fields

http://cua.mit.edu/ketterle_group/experimental_setup/BEC_I/Feshbach.jpg


3.3 b) Floquet engineering of Z2 gauge fields

http://cua.mit.edu/ketterle_group/experimental_setup/BEC_I/Feshbach.jpg


3.3 c) Local U(1) symmetry from spin-changing collisions

http://cua.mit.edu/ketterle_group/experimental_setup/BEC_I/Feshbach.jpg


3.3 d) Minimal SU(2) models for ultracold atom systems

http://cua.mit.edu/ketterle_group/experimental_setup/BEC_I/Feshbach.jpg


3.3 e) Non-Abelian gauge invariance from dynamical decoupling



3.3 e) Non-Abelian gauge invariance from dynamical decoupling

http://cua.mit.edu/ketterle_group/experimental_setup/BEC_I/Feshbach.jpg


3.3 e) Non-Abelian gauge invariance from dynamical decoupling

http://cua.mit.edu/ketterle_group/experimental_setup/BEC_I/Feshbach.jpg
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3.3 f) Rotor Jackiw-Rebbi model
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