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Why gauge?

Integer Quantum Hall effect

Hofstadter butterfly
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Magnetic flux αFractional Quantum Hall Effect

http://en.wikipedia.org/wiki/File:Hall_effect.png


Why artificial?

We want to mimic effects of the Lorenz force !!!

Ions are heavy !!!    

Atoms are neutral !!!



Why non-Abelian?

(from Physics Today, Xiao-Liang Qi and Shou-Cheng Zhang)

We want to mimic  Quantum Spin Hall (QSH) effect 
(spin-orbit, Rashba, Dresselhaus couplings and more…)



Why non-Abelian?

The Nobel Prize in Physics 2010 was awarded jointly to Andrei Geim and 
Konstantin Novoselov "for groundbreaking experiments regarding the two-
dimensional material graphene"

We want to mimic graphene and emergence of Dirac  
fermions…

http://nobelprize.org/nobel_prizes/physics/laureates/2010/geim.html
http://nobelprize.org/nobel_prizes/physics/laureates/2010/novoselov.html


Why non-Abelian?

We want to mimic all possible topological insulators…

Also: Alex Altland + Martin Zirnbauer, Andreas Schnyder + Shinsei Ryu +
Akira Furasaki + Andreas W.W. Ludwig, Xiao-Liang Qi + Taylor L. Hughes +
Shou-Cheng Zhang …



Outline

Laser-induced gauge fields
Proposal Jaksch-Zoller
Proposal Mazza-Rizzi
Proposal Spielman-On-A-Chip

Gauge fields in optical lattices
Crash course on lattice gauge fields

MVPs: I. Spielman, T. Porto, W. Phillips, E. Cornell, J. Dalibard, F. Gerbier, I. Bloch, A. Hemmerich, 
K. Sengstock (exp.), … N. Goldman, A. Bermudez, M.A. Martin-Delgado, P. Zoller, G. Juzeliūnas, J. Ruseckas, 
E. Demler, L. Santos, M. Fleischhauer, E. Mueller, H. Grabert, S. Das Sarma, Ch. Clark, I. Satija, D. Jaksch, 
L.-M. Duan, J.I. Cirac, P. Öhberg, H-P. Büchler, M. Rizzi, L. Mazza, P. Nikolić, A. Trombettoni, C. Morais Smith,
J. Pachos, D. Bercieux, Y. Meurice (th.) …

Physics in artificial gauge fields (“free” fermions)
o Hofstadter “butterflies and zebras 

and moonbeams and fairy tales” (Jimi Hendrix)
Integer Quantum Hall Effect
Dirac physics, topological phase transitions
Topological insulators and Quantum Spin Hall effect
Wilson fermions and axion QED



Crash course on lattice gauge fields 



Crash course on lattice gauge fields 



Crash course on lattice gauge fields 

Gauge dependent
freaks of all countries, unite!!!

Your time has come!!!



Crash course on lattice gauge fields 

Non-Abelian fields: particles have “colors” (internal states)



Crash course on lattice gauge fields 

Wilson loop is gauge invariant!



Proposal Jaksch-Zoller (Abelian) 

The scheme = combination of laser
assisted tunneling, lattice tilting, 
employing of internal states

D. Jaksch and P. Zoller, New J. Phys. 5, 56 (2003).

Uy=1

Ux=exp(iαm)

y = λm/2



Proposal Mazza-Rizzi (non-Abelian) 

Ux , Uy , Uz = “anything you want”

Emerging Bosons with Three-Body Interactions from Spin-1 Atoms in Optical Lattices 
L. Mazza, M. Rizzi, M. Lewenstein, J.I. Cirac, in print PRA.



Proposal Spielman-On-A-Chip 

Realistic Time-Reversal Invariant Topological Insulators With Neutral Atoms, 
N. Goldman, I. Satija, P. Nikolić, A. Bermudez, M.A. Martin-Delgado, M. Lewenstein, 
and I.B. Spielman, pending in PRL.

Ux=exp(iγσx)

Uy=exp(imασz)

x = m/2

H= Hhopping + 
λstag∑(-1)mc†

mncmn



Ux=exp(iασx)

Uy=exp(imΦ + iβσy)

x = λm/2

When |W| = |Tr(Product of U’s along the
perimeter of a plaquette)| < 2, then
the field is genuine non-Abelian!

Physics with artificial gauge fields 
(non-Abelian U(1)xSU(2), constant Wilson loop)



Integer Quantum Hall Efect (lattices)



Integer Quantum Hall Efect (lattices)



Dirac physics in  non-Abelian gauge fields



Why Dirac physics in 
in non-Abelian gauge fields?

In 2D square lattice SU(2) 
gauge fields include 
spin-orbit, Rashba and 
Dresselhaus couplings, and 
more…



Topological phase transitions

U1=exp(iασx)
U2=1
U3=exp(iβσy)

Pure SU(2)



Topological phase 
transitions



Emergence of relativisitic
fermions



Topological insulators and QSH effect

Realistic Time-Reversal Invariant Topological Insulators With Neutral Atoms, 
N. Goldman, I. Satija, P. Nikolić, A. Bermudez, M.A. Martin-Delgado, M. Lewenstein, 
and I.B. Spielman, pending in PRL.

Ux=exp(iγσx)

Uy=exp(imασz)

x = m/2

H= Hhopping + 
λstag∑(-1)mc†

mncmn



Wilson fermions and axion QED

in print in PRL

Naive massless
fermions:
Urx=exp(-iψxαx)
Ury=exp(-iψyαy)
Urx=exp(-iψzαz)

αk=σz⊗σk

Add on site Raman
to make them all massive.

Then dd Vrk=-iexp[-iπβ/2],
β= σx⊗1, k-dependent
strength, to make one m~0



Wilson fermions and axion QED

in print in PRL

Wilson fermion is invariant
under Uanti= i(1⊗ σy)K



Outlook

Spin Hall Effect
• Atoms on a atom-chip (I. Spielman)
• Multiband scenario with spin currents (edge states)
• Novel type of topological insulators
Artificial Gauge Fields in 3+1 Dimensions
• Experiment: Proposals by us and J. Dalibard/F. Gerbier
• Artificial SU(4) lattice gauge fields
• Emergence of massless/massive Dirac fermions
• Laboratory for Wilson fermions, axion QED, 
“neutrino oscillations”, …

Other groups (SU(N), discrete, Heisenberg-Weyl…)
Dirac physics in curved space

Toward quantum simulators of lattice gauge theories?
Interacting systems: Superfluidity and FQHE



Frog levitation in an artificial  
non-Abelian “magnetic” field

• http://www.youtube.com/watch?v=A1vyB-
O5i6E

http://www.youtube.com/watch?v=A1vyB-O5i6E
http://www.youtube.com/watch?v=A1vyB-O5i6E


QUAntum Gauge Theories and Ultracold Atoms

PhD ICFO:

Tobias Grass
Ania Kubasiak,
Alejandro Zamora
Philipp Hauke

Postdocs ICFO: 

Fernando Cucchietti
Gergely Shirmai
Edina Shirmai
André Eckardt
Luca Tagliacozzo

Collaborations: Theory

Nathan Goldman (UL Bruxelles)
Ignacio Cirac, Mateo Rizzi, Leonardo Mazza (MPI Garching)
Jacek Dziarmaga, Łukasz Cincio (Univ. Jagielloński, Cracow)
Nuria Barberán, Danny Dagnino, Alessio Celi, Octavi Boada, 
José Ignacio Latorre (UB, Barcelona)
Jean Dalibard, Kenneth Günter (ENS, Paris)
Alejandro Bermudez, Miguel Angel Martin-Delgado (UCM, Madrid)
Indu Satija, Predrag Nikolić (GMU, Fairfax, VI and NIST)
Ryan Barnett (UMD and NIST, KITP collaboration!!!)

Collaborations: Experiments

Jean Dalibard + (ENS, Paris)
Ian Spielman (NIST, Gaithersburg)
Klaus Sengstock + (Uni Hamburg)

http://www.icfo.es/index.php?section=home0&lang=english
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