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= Integer Quantum Hall effec‘r o= y%

= Hofstadter butterfly

Energy —

<O T O3IM

NZizj>1

* Fractional Quantum Hall Effect  Magnetic flux a


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

Why artificial? ICFO"

de Ciéncies
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= We want to mimic effects of the Lorenz force Il

= Tons are heavy Il

= Atoms are neutral |l



Why non-Abelian? ICFO®
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= We want to mimic Quantum Spin Hall (QSH) effect
(spin-orbit, Rashba, Dresselhaus couplings and more...)

a b
spinless 1D chain spinful 1D chain
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(from Physics Today, Xiao-Liang Qi and Shou-Cheng Zhang)



Why non-Abelian? ICFO"
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= We want to mimic graphene and emergence of Dirac
fermions...

Figure 3 {Color ofiine) . spertrum (1o units of
t) for fimite values of ¢ and #, with £ =2.7 eV and ¢ = 0.2¢
Right: zoom-in of the energy bands close to one of the Dirac
Figure 1 {Color online) Graphene {top left) is 4 honeycomb Dot s.
attice pf carbon agomgs. Graphitg ftop rieht) gag, be griewed - . e . .
The Nobel. Prize.in Physics.2010,was awarded jointly to Andrei Geim and
Rgnehidlecaast o raoh cne (Lot dons lefrd g Lyllepeses (O are ’ ’ °
Konstantin Novoselov “for grounidbireaking experiments regarding the two-
ensional-material graphene®. ' .
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http://nobelprize.org/nobel_prizes/physics/laureates/2010/geim.html
http://nobelprize.org/nobel_prizes/physics/laureates/2010/novoselov.html

Why non-Abelian? ICFO"
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= We want to mimic all possible topological insulators...

Periodic table for topological insulators and superconductors
Alexei Kitaev
California Institute of Technology, Pasadena, CA 91125, U5 A.

TABLE 1. Classification of free-fermion phases with all possible combinations of the particle number conservation (J) and
time-reversal symmetry (). The my(Cy ) and my ( Rg ) columns indicate the range of topological mvanant. Examples of fopologically
nontrivial phases are shown in parentheses.

g m(C) d—1 d—2 d-—3 7 iRy d—1 d—2 d—3
] & (IQHE) 0 7 no symmetry T only
1 0 (px +ipy. e, StRu) (*He-B)

Above: insulators without time-reversal 1 T 0o Symmetry _ Toﬂh ) Tand Q

symmetry (ie., systems with O symme- - (Majorana chain)  ((px+ipy) T+ (Px—ipy)]) (BiSb)

:1]3;;:11:1}’) are classified vsing complex K- . - T only Tand Q

Ty- B - ((TMTSE),X) (HeTe)

Right: superconductors/superfinids (sys-
tems with no symmefrv or I-symmetry
only) and time-reversal invariant insula-
tors (systems with both I and () are clas-
sified using real K-theory

e =R W S ]
e e e T 5 e

10 Symmetry

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



ICFO"—

OU"'I ine Institut

de Ciéncies
Fotoniques

= Gauge fields in optical lattices
v' Crash course on lattice gauge fields

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

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

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

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, 6. Juzelitnas, 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. Ohberg, H-P. Biichler, M. Rizzi, L. Mazza, P. Nikolic¢, A. Trombettoni, C. Morais Smith,
J. Pachos, D. Bercieux, Y. Meurice (th.) ..



Crash course on lattice gauge fields
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Crash course on lattice gauge fields
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Crash course on lattice gauge fields
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Crash course on lattice gauge fields

Non-Abelian fields: particles have "colors” (internal states)
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Crash course on lattice gauge fields
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Wilson loop is gauge invariant!



Proposal Jaksch-Zoller (Abelian)

25) e
U =1 e+l | -: -ﬂn
Y T
ety
£, 12
- i m-1{0 ® O8O |}
Ux exP( am) a) L=ih b} a1 n wil Lo
y = Am / 4 The scheme = combination of laser

assisted tunneling, lattice tilting,
employing of internal states

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



Proposal Mazza-Rizzi (non-Abelian)

U,. U, , U, = "anything you

r/\_/—\/#— —
F=2: mp=m kHz |
ancilla state

~3Hz

F=1; mp=m

FIG. 3. Sketch of the scheme we propose to induce hopping
between the levels of the FF = 1 manifold, i.e. the adiabatic
elimination of one F' = 2 state trapped in the intermediate
minimum (red non-dashed arrows). Because of orthogonal-
ity properties of wannier functions, the coupling cannot be
realised with microwave fields. Optical Haman transitions
through an excited state carry non-negligible momentum and
can therefore be a solution. In Appendix A we also discuss

want”

F=2 A A
0 iy . ~GiHz

F=1 1_ :
mp==1 T~ 100 MHz

mp=l
nmg=1

FIG. 4: Splittings of the levels of the F' = 1 and F' = 2
hyperfine manifolds in *"Rb due to an external magnetic field.
The splitting between the two manifolds is not in scale. Red
arrows describe the effective couplings we want to engineer
via Haman transitions, s and (s are the effective parameters
deseribing these transitions.

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

U, =exp(iyo,)
U, =exp(imao,)
m/2

H= l—lhopping +
Asmgz( -1 )mc.rmncmn
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Realistic Time-Reversal Invariant Topological Insulators With Neutral Atoms,
N. Goldman, I. Satija, P. Nikolié, A. Bermudez, M.A. Martin-Delgado, M. Lewenstein,
and I.B. Spielman, pending in PRL.



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

U, =exp(iao,)

U, =exp(im& + ipo,)

FIG. 1 (color online). (a) Square lattice subjected to a non-
x - Am / 2 Abelian gauge potential. This external field induces state-
- dependent hoppings described by the U(2) operators U, and

U,. (b) Energy bands close to the m-flux regime (¥, = 7/2 +

0.1, iIJ;; = 7/2 — (.1), with vanishing Abelian flux & = 0. The

bands touch at four Dirac points inside the first Brillouin zone
(BZ), where the energy scales linearly with momenta E ~ k.

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



Integer Quantum Hall Efect (lattices)

PHYSICAL REVIEW A 79, 023624 (2009)

Ultracold atomic gases in non-Abelian gauge potentials: The case of constant Wilson loop

M. G::rldman._] A. Kubasiak.™ P, Geatsl:rzm:l,I and M. Lewenstein™*
'Center for Nonlinear Phenomena and Complex Systems, Université Libre de Bruxelles, Code Postal 231,
Campus Plaine, B-1050 Brussels, Belgium
ICFO-Institut de Ciéncies Fotonigues, Parc Mediterrant de la Tecnologia, E-08860 Castelldefels, Barcelona, Spain
*Marian Smoluchowski Institute of Physics, Jagiellonian University, Reymonta 4, 30059 Krakow, Poland
*Institucio Catalana de Ricerca i Estudis Avancats, 08010 Barcelona, Spain
(Received 21 December 2007; revised manuscript received 2 December 2008; published 26 February 2009)
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FIG. 2. {Color online) Wilson loop’s magnitude as a function of

the parameters |W|=|W(a. #)|. The Abelian regime is determined by
the criterion |W|=2: In the range o, 8 [0, w], the system is equiva-

GOLDMAN et al.

4 Ty

FIG. 3. (Color online) Spectrum E=E(k,.k,) for =1, #=2, and
d=0.2. While the degeneracy of some of the bands is lifted, the
three central bands remain doubly degenerate. Blue integers repre-



Integer Quantum Hall Efect (lattices)

Ref. [19], one can generalize the well-known Thouless-
Kohmoto-Nightingale-Nijs (TKNN) expression [32] to the

present non-Abelian framework, yielding

1
Oy= 2 > ((ah 1y |y uy)) — (6, 10yl D)k,
: E.Tﬁh E;.L"CEF ,]_: F x ¥ ¥ x
(8)
ULTRACOLD ATOMIC GASES IN NON-ABELIAN GAUGE ... PHYSICAL REVIEW A 79, 023624 (2009)
-2[] FIG. 5. (Color online) Spec-
trum E=E(d®) and phase diagram
15 for =1, B=2, and d=L with g
=07, Cold (respectively, warm)
10 colors correspond to positive (re-
5 spectively, negative) values of the
quantized conductivity. Purple
corresponds to a null transverse
S =0 Oy conductivity. For <21, the quan-
-5 tized conductivity evolves mono-
tonically but suddenly changes
-10 sign around the van Hove singu-
larities located at £= = 1 (see the
-15 alternation of cold and warm col-
ors). The Fermi energy is ex-
=20 pressed in units of the hopping pa-

rameter ¢ and the (ransverse
conductivity is expressed in units
of 1/h.




Dirac physics in non-Abelian gauge fields

PRL 103, 035301 (2009) PHYSICAL REVIEW LETTERS LY 2009

Non-Abelian Optical Lattices: Anomalous Quantum Hall Effect and Dirac Fermions

N. Goldman,' A. Kubasiak,™ A. Bermudez,' P. Gaspard,' M. Lewenstein,” and M. A. Martin-Delgado”
'Center for Nonlinear Phenomena and Complex Systems - Université Libre de Bruvelles (U.L.B.),
Code Postal 231, Campus Plaine, B-1050 Brussels, Belgium
2ICFO-Institut de Ciéncies Fotoniques, Parc Mediterrani de la Tecnologia, E-08860 Castelldefels (Barcelona), Spain
*Marian Smoluchowski Institute of Physics Jagiellonian University, Reymonta 4, 30059 Krakéw, Poland
‘Departamento de Fisica Tedrica I, Universidad Complutense, 28040 Madrid, Spain

*ICREA - Institucio Catalana de Ricerca i Estudis Avancats, 08010 Barcelona, Spain
(Received 16 March 2009; revised manuscript received 29 May 2009; published 14 July 2009)
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Figure 1: (a) Square lattice subjected to a non-Abelian q‘ -
gauge potential. This external field induces state-dependent y ! o,

-10 a 10
X

-0 " I
hoppings described by the U(2) operators Uz and Uy. (b)
Energy bands close to the m-flux regime (®, = 7/2 + 0.1,

FIG. 3 (color online). WVortex-like single-particle wave func-
tions of the LLL &, (x v) for m = 4. (a), (b) Isotropic limit
¢, = cy. (c), (d) Anisotropic regime ¢, = 2¢,. Note that dis-
tances are measured in units of the magnetic length lg.



Why Dirac physics in
in non-Abelian gauge fields?

(al O% CIO% rh]z:

g*’c(;coﬁ) £ In 2D square lattice SU(2)

"D ] gauge fields include
eSeded T spin-orbit, Rashba and

Figure 1: (a) Square lattice subjected to a non-Abelian Dr‘esselhaus Coupllngs' and

gauge potential. This external field induces state-dependent more...
hoppings described by the U(2) operators Uy and Uy. (b)
Energy bands close to the m-flux regime (#, = 7,/2 + 0.1,




Topological phase transitions

New Journal of Physics

The open-access journal for physics

. " . : New Journal of Physics 12 (2010) 033041 (38pp)
Topological phase transitions in the non-Abelian = <0coner 2000

hﬂneyCOmb IﬂttiCE Published 24 March 2010

A Bermudez'-®, N Goldman?, A Kubasiak®*, M Lewenstein-
and M A Martin-Delgado’

BOP Institute of Physics (Ilml TSCHE PHY SIKALISCHE GESELLSCHAFT

U,=exp(iao,)
U,=1
U;=exp(ipo,)

Pure SU(2)

Figure 5. Scheme for the fermionic honeycomb lattice subjected to SU(2) gauge
fields, where each hopping is dressed by U, = e*™s, U; = and Us = "™, We



Topological phase
transitions

[H]
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FIG. 2. (Color online) Wilson loop’s magnitude as a function of
the parameters |W|=|W{a. 8)|. The Abelian regime is determined by
the criterion |W|=2: In the range . 8 = [0, #], the system is equiva-

Figure 31 Distribution of Dirac points with their associated topo-
logical charges along the first Brillouin rone for (a) Graphene /),
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Emergence of relativisitic
fermions
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annthilation (time-reversed event).



Topological insulators and QSH effect

o El Posrag = 0.5t Hostag = 1.5t m
U - 4 o
~exp(iyo,) S
2 A . [W“\/\v”
U - | 2~ =N L QSHE <
y-exp |maaz I /ﬂ\:,/ﬁ\\:/_\
40 w2 x 3w2 2n 0 w2 x 3u2 o :
ky K,
- B Halffiling (5 = 0) Gap around E¢ = -1t
x - m/z 15 15
_ . _
= E nt
g 1 £ 075
H= Hhopping + oc .
-1 \mp1 015 025 035 0.15
Asmgz( 1) c mncmn Y

Figure 3: (a) Energy bands E(k,) for v=0.25 and a=1/6, with an
external staggered potential Ags; = 0.5¢ and 1.5¢. The topological
phases associated to the bulk gaps are indicated. (b)-(c) Phase dia-
grams in the (7, Agag )-plane in the vicinity of the maximally coupled
case 7=0.25 for (b) Er =0 and (c) Er =—1. —

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



Wilson fermions and axion QED

Wilson Fermions and Axion Electrodynamics in Optical Lattices

A. Bermudez,! L. Mazza.? M. Rizzi.® N. Goldman.® M. Lewenstein,*

Naive massless
fermions:

U,.x=exp(-iq;xa )
U, =exp(-iy,a,
U..=exp(-iy,a,)

ak=0'2®0k

Add on site Raman
to make them all massive.

Then dd V. =-iexp[-inp/2],
p= 0,®1, k-dependent
strength, to make one m~0

in print in PRL

3 and M.A. Martin-Delgado!

El ___ F=72

V.
Td~0.2-2MHz

2= u

[ ¥
5
= U
r ﬂ e
[8~T0-100kH Y
F=g/2 !
d
1400} .| 1.00
= =
2 K=
= =
= 0.50 = 0.50
g 3
= / = ’
J’l \ - -
(1 UU{J 20 40 [}'{][}{J 30 60

time [ms] time [ms|

Figure 1: a) Superlattice potential (grey lines) trapping *°K atoms
in the main and secondary minima. The hopping between F = 9,2
levels (in black) is laser-assisted via an intermediate F =7 /2 state
(in red). The coupling, detuned by 4 + &, is induced by an off-
resonant Raman transition with Rabi frequency £ b) Scheme of
the four states of the F = 9/2 manifold (red vertices), connected by
laser-induced hoppings (green boxes). (c) Time-evolution of the pop-
ulations of the neighboring my = 9/2 levels for the spin-preserving
hopping. The solid (dashed) line is used for site i (i +1). A clear spin-
preserving Rabi oscillation between neighboring sites is present. The
numerical simulation is an exact Runge-Kutta time-evolution of the
complete model involving all the couplings and the levels in Fig la.
id) The same as before for a spin-flipping hopping. Notice the
need for a superlattice staggering (10-20 kHz) in order to avoid on-
site spin-flipping. Exact time-evolution shows oscillations between
neighboring sites with a different spin.



Wilson fermions and axion QED

Wilson Fermions and Axion Electrodynamics in Optical Lattices

in print in PRL

A. Bermudez,! L. Mazza,2 M. Rizzi,> N. Goldman,” M. Lewenstein,*~ and M.A. Martin-Delgado'
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Figure 2: a) In-gap zero-energy modes (dashed red lines) for g =
(krky) = 0.m/4 <m; <3m/4, and my =m/2,m; =m/4, for a lat-
tice with N = 40" sites and open boundaries at z = (), L. b) Boundary
massless Dirac fermion at z =0, g=0, and my = my, = m; = m/2.
c¢) Scheme for a fractional magnetic capacitor consisting of an ax-
ion well: @(r,f) = —x if z € [71,%], and @(r,r) = 0 elsewhere,
pierced by a magnetic field 8 = Bz. This is designed by tuning
m, = m, = m,/2 = m/4 globally, whereas #ir 3 m is only applied
to 7 < z < z. d) Accumulated charge on the “plates™ of the capaci-
tor, for a lattice of N = 30° sites, m, = m, = my /2 =m/4, m=10m
(leading to 8 = —x for 12 < z < 18), and flux ¢ /gy = 27/15.

Wilson fermion is invariant
under U= i(1® o )K

Figure 3: a) Axion index as a function of the masses my, /m, m; /m,
and setting m; = m/2. In the ¥, invarianl regime, only fixed values
of the axion # = {0, } are allowed. b) Perturbations to the axion
term &6 in the %;-breaking regime. d) Total axion lerm # in the
¥;-breaking regime..



Outlook i
= Other groups (SU(N), discrete, Heisenberg- Werntldlmq)ues
= Dirac physics in curved space o
: Spm Hall Effect @ -

- Atoms on a atom-chip (I. Splelman)
* Multiband scenario with spin currents (edge states) 0
* 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”, ..

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

ICFO"—



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

e http://www.youtube.com/watch?v=AlvyB-
O5I6E



http://www.youtube.com/watch?v=A1vyB-O5i6E
http://www.youtube.com/watch?v=A1vyB-O5i6E
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ICEO” QUAnNtum Gauge Theories and Ultracold Atoms

Collaborations: Theory
PhD ICFO:
Nathan Goldman (UL Bruxelles)
Ignacio Cirac, Mateo Rizzi, Leonardo Mazza (MPI Garching)
Jacek Dziarmaga, tukasz Cincio (Univ. Jagiellonski, Cracow)
Nuria Barberan, Danny Dagnino, Alessio Celi, Octavi Boada,
José Ignacio Latorre (UB, Barcelona)

Tobias 6Grass
Ania Kubasiak,
Alejandro Zamora

Philipp Hauke Jean Dalibard, Kenneth Giinter (ENS, Paris)
Alejandro Bermudez, Miguel Angel Martin-Delgado (UCM, Madrid)
Postdocs ICFO: Indu Satija, Predrag Nikolié (6MU, Fairfax, VI and NIST)

Ryan Barnett (UMD and NIST, KITP collaborationlil)

Fernando Cucchietti
Gergely Shirmai

Edina Shirmai Collaborations: Experiments
André Eckardt
Luca Tagliacozzo Jean Dalibard + (ENS, Paris)

Ian Spielman (NIST, Gaithersburg)
Klaus Sengstock + (Uni Hamburg)
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