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Ultracoldatomicgases
potentialquantumemulators

1. External potentials can be changed &

- harmonic potential, optical lattices,

- honeycomb (graphene),
- random (Anderson localization),

- artificial gauge fields

2. Interactions can be tunec
- Feshbach resonances,
- changing hopping in lattices, ...
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3. DIMENSIONALI¢YD, 2D, 3D

4. Weak coupling to ENVIRONMENT
However atomsare neutral.
Isolated manv bodv svstems Desirableto have magneticeffects,
Y Y Sy Hall effect, topologicalphasesX

out-of-equilibrium !l
e.g, seeBloch,Dalibard NascimbeneNature Physics, 267 (2012).




CLASSICAL SYSTEMS Manifestation (examples

bS¢gliz2y@e HYR massspectrometer
- Cyclotronorbits

r
m—- -=F=qv3B
dt’ i

QUANTUM SYSTEMS _ _
Manifestation (exampleg

Schrodingerequation: - Landaulevels
- quantum Hall effect
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Significance of Electromagnetic Potentials in the Quantum Theory

Y. AaaroNov AND D. Bouu
H. H. Wills Physics Laboratory, University of Bristol, Bristol, England
(Received May 28, 1959; revised manuscript received June 16, 1959)



Synthetic magnetic fields for atormethods

Existing methods:
J.R.Ab&haetret al,

Science92 476 (2001).

ARotation of the gas
[Lorentz forcé [Coriolis forcg

A asefratom interactions

[AharonovBohm phasg [Berry phasg
¢ -B > ¢' QB=— %o
J J
“ Quantal phase factors accompanying adiabatic changes
. Linet al, By M.V.Berzy, FRS,
Nature462, 628 (2009). H. H. Wills Physics Laboratory, University of Bristol,

Tyndall Avenue, Bristol BS8 1TL, UK.

* Opticallattices(modulationtehniques laser
assistedunnelingg X 0
Strucket al. PRL 108, 225304 (2012)

Aidelsburgez Xz . f 20KX tw[ MMMI Mypoam OHAMODU
Myake> XKEtterle PRL 111, 185302 (2013)



Synthetiggaugefieldsin neutralatomicquantumgases
vialaseratominteractions

Dalibardet al. RevMod. Phys (2011). ) { cos@ e ﬂinﬁ')
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For atomin J}%¥] that adiabaticallymovesin the light field:

excited state manifold
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Populationof excitedstatesshouldbe avoided!!
Spontaneougmissionheatsthe gas

Linet al., Nature462, 628 (2009).



Signatures

Synthetiggaugémagnetidieldsin neutralatomicquantumgases
vialaseratominteractions(ctd.)

SignhatureFormationof vorticesin a BEC Halleffect, signatureskewnes®f the cloud
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LinX Spielman Nature462, 628 (2009). LeBlancet al, PNAS, (2012).




Weyl points

WeeK ending

PRL 114, 225301 (2015) PHYSICAL REVIEW LETTERS 5 JUNE 2015

Weyl Points in Three-Dimensional Optical Lattices: Synthetic Magnetic Monopoles
in Momentum Space

Tena Dubcek,' Colin J. I{emled},--',3 Ling Lu,’ Wolfgang Ketterle,” Marin Sol_]’;—l’éié,1 and Hrvoje Bulja—ml
1[).:-'-7_)(”-11110:1: of Physics, University of Zagreb, BijeniCka cesta 32, 10000 Zagreb, Croatia
E[)E‘]}'{H‘THIE'HI of Physics, Massachusetts Institute of Technology, Cambri dassachusetts 02139, USA

(Received 24 December 2014; published 3 June




Weylfermions
Relativistic quantum field theonDIRAC, MAJORANA, WEYL FERMI

WEY lfermions

A not observedn
particle physics
A mass=0

DIRAJermions

A electron muorz X

A mass

A neutrinosc
believedto be
Weylfermionsuntil HermannWey|
neutrino oscillations

were observed

A Diracequation

PaulDirac

MAJORAN#fermions

A not observedin
particle physics

WEY IHamiltonian
0 o GLE

A particleisits
own antiparticle

A Today neutrinos? chirality

Ettore Majorana



Weylsemimetals

A Conduction and valence band touahWeylpoints

A Energys k linear along all three
dimensiors ¢ massless fermions

Ve

A Lowenergy electrons described by théeyl
Hamiltonian©O o @Wti

A Time reversal symmetry or/and inversion
symmetry must be brokem these materials

A Robustc Weyl points of different chirality can
only be annihilated

Review A. M. Turner and A.
Vishwanath arXiv:1301.0330.

Ve

A Fermi arc surface states

ELUSIVBNly recentlyobserved in condensed matter:
S:Y. Xu et al.Science 349, 613 (2015)
B. Q.Lvet al.,PhysRev X 5, 031013 (2015)



Weylpointsin photonics

A Theoreticallyproposedin doublegiroid photonic
structures

A Inversionsymmetrybreakingg structuraldesign

A Time reversal symmettyreakingc gyroelectric
materials Theory

LBl — | ?L“*'B]'; __ if”_‘-—'?_} 2 | L. Lu, L. Fu, J. Idannopoulos
s(IB) = _I""l%’:'J D h”{h| D ’ and M.{ 2 f 2NatdPhaionics
' ' 7, 294 (2013).
ELUSIVBNly recentlyobserved irphotonics J. BraveAbad L.Lu L.Fu H.B,
L. LyZ Wang, DYe, LRan, LFu,JD. M.{ 2t 22D tMater. 2 (2015)

Joannopoulos, M{ 2 f 2$ciénce34%. 622 (2015). 034013 (aldielectric
superlattice$



Weylpointsin momentumspaceof
3Dopticallattices

1. Ultracoldatomic gases in 3D optical latticefighly controllable systems

2. Synthetic magnetic fieldscan be used to break time reversal and/or inversion
symmetry in simple cubic lattice geometry

Theoreticalwork onWeylpts.:

A

A
A

Lan Goldman, Bermudez, Lu,
mK 6 SPRE84, 165115 (2011).
Jiang, RAA 85, 033640 (2012).
GaneshanDasSarma FRB 91,
125438(2015).

Weylpoints. within experimental reach in systems
that realizedthe HarperHofstadter Hamiltonian

A Miyake Sivilogloy KennedyBurton, Ketterle, PRL
111, 185302 (2013).

A AidelsburgerAtala Lohse Barreirq Paredes Bloch,
PRL111, 185301 (2013).




Theh =1/2 HarperHofstadter Hamiltonian

Miyake Sivilogloy KennedyBurton, Ketterle PhysRevLett 111, 185302 (2013)

Engineering botlthe phase andhe amplitude of
the tunneling matrix elements i@D opticallattice

Hoo1o(k) = =2{J, cos(k,a)o,+ K, sin(ka)o, M+ T (K))S , e

Eqyj =12 \/,s"'IK T sin®(kea) + J5 cos? (kya),

Theh ' m2Dlattice:

A time reversalsymmetry
A inversionsymmetry

A Diracpointsin k-space



WeylHamiltonian wih laserassisted tunneling

Laserassisted tunneling along both x and z directions
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3Dlattice

breaksinversionsymmetry

5 dzo 6K&Anedyly,
Ketterle { 2 f 2Buliai
Phys Rev. Lett. 114, 225301 (2015)



Weylpoints syntheticmagnetiononopolesh momentumspace

InverS|on symmetry broken Berryconnection

Ak) =i{ulk) Vg ulk)).

¢ AT(Q®), v OFEQ®, L AI(QY, )

Two bands which touch at foWeylpoints Berrycurvature

qu OETQd 0 AT (&) o Al @6




Annihilation oWeylpoints

A Tunable AB sublatticeenergy offset of orsite energies (7 )
A Additionalf , term in Hamiltonian
A Weylpoints with oppositechiralitiesannihilate foff CL

5 dzo §Kernedylu
Ketterle { 2 f 2Bulfark
Phys Rev. Lett. 114, 225301 (2015)



Fermi arcsurfacestates

A Fermiarc
surface states
for aslab

A Dispersion sheets
of surface states
(on two sides
of the slab)
Intersect
along the
Fermi arcs




he Quantum Hallftect with Wilczek'scharged

magneticflux tubes instead o€lectrons
al NA2l ¢2R2NAGZI 5 NN {\geryoa&djan5 I y 12 wl R
In preparation



Anyons i fractional statistics
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In two spatialdimensions| canin principletake anyvaluebetween0 and 1

F.Wilczek PRL 49, 957 (1982)i&inaas).Myrheim, NuovoCimentoB 37, 1 (1977)
C.Nayak S. H. Simon, &tern M. Freedman S.DasSarma, RMP 80, (2008)
- potential platform ¢ fault tolerant quantumcomputing

two exchanges oneparticle encirclesthe other in the relative space
3D 2D
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