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INSTITUT —  Ultracold Atoms and Quantum Simulators
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2 Flexibility

@ control of parameters (dimensionality,
shape, interactions,
bosons/fermions/mixtures, ...)

< )

ultracold atoms

# High-precision measurements
@2 complementary to condensed-matter tools

@ variety of diagnostic tools (direct imaging, velocity
distribution, oscillations, Bragg spectroscopy, ....)

4 Model systems
@parameters known ab-initio = direct comparison with theory
#towards quantum simulators = artificial, controlled systems
to study fundamental questions
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2 Disorder is ubiquitous in physical systems

@ Defects and impurities
»solid-state physics
»quantum Hall effect
»superfluidity / superconductivity
»propagation of light in dense media

Potential (for cold atoms)

@ Relevant issues

»Anderson localization (disorder-induced metal-insulator
transition)

»interactions or non-linearities in disordered systems
»disordered spin systems
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Anderson Localization (1D picture)

wave physics
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® Theory

® Light in diffusive media
® Photonic crystals

® Microwaves

® Sound waves

® Cold atoms

Anderson Localization
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@ Dynamical localization

»>Zoller et al., PRA (1992) Disordered quantum gases under control
> Ra|zen et a/ , PRL (1994) Laurent Sanchez-Palencia'* and Maciej Lewenstein?*
»Garreau et al., PRL (2008 Hinarptoe] Geogfn: ahd i sl Srn s pon T of ththen imlng s sbetd 1 dicastn: Somones

the effect of disorder on superconductivity and quantum magnetism. We review recent progress in the field of ultracold atomic
gases, which should pave the way towards the realization of versatile quantum simulators, which help solve these questions.

a n d 2 O 1 0 ) In addition, ultracold gases offer original practical and conceptual approaches, which open new perspectives to the field of
disordered systems.
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@ Disordered molasses
»Grynberg et al., PRA (1998) ; EPL (2000)

@ Classical and Anderson localization
»Lewenstein & Zoller et al., PRL (2003)
»Inguscio et al., Aspect, Bouyer et al., PRLs (2005)
»LSP et al., PRL (2007)
»Aspect, Bouyer et al., Nature (2008) ; Inguscio et al., Nature (2008)

@ Interplay of interactions and disorder
»Large body of theoretical work; Shultz & Giamarchi (1988), Fisher et al. (1989)
»Inguscio et al., PRL (2007) ; Nature Phys. (2010)
»DeMarco et al., PRL (2009) ; Nature Phys. (2010)
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Gases - theory
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1. Anderson localization in a 1D speckle potential

1.1 Localization of a matter wave packet
»LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
>|. Billy et al., Nature 453, 891 (2008)
»M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)

1.2 Algebraic localization in a speckle potential
»LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
»P. Lugan et al., Phys. Rev. A 80, 023605 (2009)

2. Localization in the presence of a trap
»>L. Pezzé and LSP, Phys. Rev. Lett. 106, 040601 (2011)

3. Perspectives
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Ultracold atoms as ideal simulators
* flexibility
* high-precision measurement tools
* model systems (ab initio calculations)
* control of disorder

New issues with ultracold atoms
* |ocalization of wavepackets
* long-range correlations of the disorder
* what about the trap ?
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D. Clément et al.,
New J. Phys. 8, 165 (2006)
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1. Anderson localization in a 1D speckle potential

1.1 Localization of a matter wave packet
»LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
>|. Billy et al., Nature 453, 891 (2008)
»M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)
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LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
J. Billy et al., Nature 453, 891 (2008)

Superposition of matter
waves with a broad
energy distribution

n(z,t — 0o) ~ /dE Dg(E) P(z,t — oo|E)

see also G. Roati et al., Nature 453, 895 (2008)
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LSP et al., Phys. Rev. Lett. 98, 210401 (2007) t=0 Vtrap Z 0
M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011) Vg =0
g #0

-

# Bose-Einstein condensate in a harmonic trap

® Thomas-Fermi regime :

no(z) < 1 — (z/Lp)’
0(z)=0
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LSP et al., Phys. Rev. Lett. 98, 210401 (2007) 0<t<t. Vtrap —
M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011) 1 Vi =0
g#0

- .....

2 Interaction-driven expansion of the BEC
@ Scaling theory of expanding BEC (in TF regime)

@ Momentum distribution :

Di(p)  [1 — (p&n/h))e

in = h/\/ dmp

Yu. Kagan, E. L. Surkov, and G.V. Shlyapnikov, Phys. Rev. A 54, R1753 (1996)
Y. Castin and R. Dum, Phys. Rev. Lett. 77, 5315 (1996)
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LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)

# |Interactions off and disorder on

@ « p »isno longer a good quantum number but « E » is !

Dp(E) = / dp A(p, E)D;(p)
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LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)

# |Interactions off and disorder on

@ « p »isno longer a good quantum number but « E » is !

Dp(FE) = /dp A(p, E)D;(p) A(p,E) fixed value of p

—

Spectral function 2x"(p)
E
FT of the —
correlation —— g
function of the /" Y (99
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LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)

# Localization of the wave packet

1+ u?
1 + cosh(mu)

2 o0
v(E
Pyo(z|E) = i %( ) /0 du w sinh(7u)

xexp { —(1+ )y (B)|z/2}

short distance : In(P) ~ 2vy(E)|z]
long distance : In(P) ~ 0.5y(E)|z]

V.L. Berezinskii, Sov. Phys. JETP 38, 620 (1974)
A.A. Gogolin et al., Sov. Phys. JETP 42, 168 (1976)
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LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)

# Localization of the wave packet

2 o0
v(E
Pyo(z|E) = i %( ) /0 du w sinh(7u)

1 + cosh(mu)

xexp { —(1+ )y (B)|z/2}

Y(E) ~ (m*/2h°p3) C(2pp)

2mE

PE

V.L. Berezinskii, Sov. Phys. JETP 38, 620 (1974)
A.A. Gogolin et al., Sov. Phys. JETP 42, 168 (1976)



__ Anderson Localization of a Matterwave :
INSTITUT — — -
Theoretical Model

d'OPTIQUE
GRADUATE SCHOOL

LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)

# Localization of the wave packet

1+ u?
1 + cosh(mu)

xexp { —(1+ )y (B)|z/2}

2 o0
v(E
Poo(z|E) == fé( )/0 du u sinh(7uw)

2 2 2N\
Y(E) ~ (m*/2h pE) C(2pE) FT of the
\ correlation
function of the

V.L. Berezinskii, Sov. Phys. JETP 38, 620 (1974) :
disorder

A.A. Gogolin et al., Sov. Phys. JETP 42, 168 (1976)
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__ Anderson Localization of a Matterwave :
— Theoretical Model

n(z,t — o0) >~ /dE Dp(FE) P(z,t — oo|E)  versus humerics

-40 30 =20 -10 0 10 20 30 40x10
z/ox M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)
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__ Anderson Localization of a Matterwave :
— Theoretical Model

n(z,t — o0) >~ /dE Dp(FE) P(z,t — oo|E)  versus numerics

< Y(E)

-40 30 =20 -10 0 10 20 30 40x10
z/ox M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)
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n(z,t — o0) >~ /dE Dp(FE) P(z,t — oo|E)  versus numerics

m | D(pe)/pe
Dy(E) = [dp A, B) Do) = D) | e\
" N, = Y(E)
> E
21

-40 30 =20 -10 0 10 20 30 40x10
z/ox M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)
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n(z,t — o0) >~ /dE Dp(FE) P(z,t — oo|E)  versus numerics

m D(pe)/pe
Du(E) = [ dp Atp. ) Do) = " Do) | N\

-40 30 =20 -10 0 10 20 30 40x10
z/ox M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)
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n(z,t — o0) >~ /dE Dp(FE) P(z,t — oo|E)  versus numerics

m . D(pe)/PE
dp A(p, B) Di(p) = "“Dilpp) | ¢\

Dg(F) = e

—

-40 =30 =20 -10 0 10 20 30 40x10°
z/Gg M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)
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n(z,t — o0) >~ /dE Dp(FE) P(z,t — oo|E)  versus numerics
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-40 =30 =20 -10 0 10 20 30 40x10
Z/GR M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)



Anderson Localization of a Matterwave :
Theoretical Model

I\

INSTITUT

d'OPTIQUE
GRADUATE SCHOOL

n(z,t — o0) >~ /dE Dp(FE) P(z,t — oo|E)  versus numerics
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__ Anderson Localization of a Matterwave :
— Experimental Insight

LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
J. Billy et al., Nature 453, 891 (2008)

BEC parameters : N=1.7 10* atoms, (§,, = 1.56;)
Weak disorder : V. /p,,=0.12 << 1

3
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see also G. Roati et al., Nature 453, 895 (2008)
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LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
J. Billy et al., Nature 453, 891 (2008)

o
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L. Sanchez-Palencia et al.,
PRL 98, 210401, 2007

1.01 Fair agreement
with theoretical
0.5 predictions

Localization length L, (mm)

- .
-!-.-.-

I I |

I
20 40 60 80
Disorder amplitude V; (Hz)

see also G. Roati et al., Nature 453, 895 (2008)
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@ Correlation function of a 1D speckle potential
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N 9 2 9 /e, FT of the
Y(E) ~ (m*/2h pE) C(2pp) <= __correlation
function of

the disorder

2 Correlation function of a 1D speckle potential effective
mobility edge

A~

C(p) = wVgor[l — Iplow/2h=  Cl2pg)

Y#0\gy=0

>

hlog PE

ground

glass plate
P. Lugan et al., Phys. Rev. A 80, 023605 (2009)
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n(z,t — o0) >~ /dE Dp(FE) P(z,t — oo|E)  versus numerics
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versus numerics

n(z,t — o0) ~ /dE Dp(E) P(z,t — x|F)

10 20 30 40x10

\
D(pe)/pe
Du(E) = [ dp Alp. B) Do “
< Y(E)
102 - T | T T T T "‘-':.'::"f' .................... . ; E
18(1) [PLYetr spectral 20 h*2mog?
3 4 % broadening —h? 2
NZ 107! y W 9 -h"/2mg;,
=107 ‘ '
bmm_s | For ¢, > oOp
1074
107 (S
10_6 I ! I I I N

M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)
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n(z,t — 00) ~ /dE Dg(E) P(z,t — oo|E) vVersus numerics

Dp(E) = / dp A(p, E) Di(p)

M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)



__ Anderson Localization of a Matterwave :
INSTITUT — — -
Theoretical Model

d'OPTIQUE
GRADUATE SCHOOL

n(z,t — o0) >~ /dE Dp(FE) P(z,t — oo|E)  versus numerics

/

m__, . D(pe)/Pe
Dg(E) = / dp A(p, £) Di(p) ~ —Di(ppg) /
PE Nl (E)
— E
h’2mog® 2
=h?2mé&,
algebraic For ¢, < Op
localization
n(z) « 1/|z|?

M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)
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n(z,t — o0) >~ /dE Dp(FE) P(z,t — oo|E)  versus numerics

/

D /
Dp(E) = / dp A(p, E) Di(p) ~ _,Z”Di(pﬁ) / (Pe)ibe
PE -‘,\‘\F V(E)
10° fr—r—TrrrrT T T .,. E
10" F : h’/2mog®  2u
Z 10 e =h*/2m&;y’
S 107" a _
& L gl algebraic For ¢jp < o
localization
10~ n(z) o 1/|z| '-
1074 L— E— b EE— — 3
-40 -10 -1 1 10 40x10

Z/GR M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)



__ Anderson Localization of a Matterwave :
INSTITUT — — . -
— Experimental Insight

d'OPTIQUE
GRADUATE SCHOOL

LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
J. Billy et al., Nature 453, 891 (2008)

BEC parameters : N=1.7 10° atoms, (§,, = 0.8c;)
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@ Model of localization
aFor &, > op,
ashort distance : In[n(z)] ~ -2v.+ =» observed
@large distance : In[n(z)] ~ -0.5v.¢ =» possible signatures (?)
+ deviations from exponential decay

aFor &, < op,
@ central role of special long-range correlations in 1D speckle
potentials =» effective mobility edge
@ algebraic localization, n(z) ~ 1/|z|* = observed
@not in contradiction with theorems [P. Lugan et al., PRA (2009)] !

@ Perspectives : tailored speckle potentials [see poster by M.
Piraud, tomorrow], role of interactions ...
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Atom density (at/pum)

potential : Conclusions

. Billy et al., Nature 453, 891 (2008)
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Atom density (at/pum)

. Billy et al., Nature 453, 891 (2008)

potential : Conclusions

05 00 05
Distance (mm)
Courtesy of R. Hulet, unpublished (2009)
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@ Model of localization
aFor &, > op,
ashort distance : In[n(z)] ~ -2y, =» observed
@large distance : In[n(z)] ~ -0.5v.¢ =» possible signatures (?)
+ deviations from exponential decay

aFor &, < op,
@ central role of special long-range correlations in 1D speckle
potentials =» effective mobility edge
@ algebraic localization, n(z) ~ 1/|z|* =» observed
@not in contradiction with theorems [P. Lugan et al., PRA (2009)] !

@ Perspectives : tailored speckle potentials [see poster by M.
Piraud, tomorrow], role of interactions ...
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2. Localization in the presence of a trap
»>L. Pezzé and LSP, Phys. Rev. Lett. 106, 040601 (2011)



isrirur = Localization in a Disordered Trap

Quantum
degenerate
gas

Magnetic Laser
coils waveguide

Thermal

atoms )
Trapping

potential

Effect of trapping on localization ?

LSP and M. Lewenstein, Nature Phys. 6, 87 (2010)



isrirur = Localization in a Disordered Trap

~

H=-h*V?/2m+ V(r) + Vi(r)

/ or
trapping

Disordered potential potential
(eg. speckle field) homog. box iInhomog. trap

@ Numerical diagonalization

@ Center-of-mass position: T = <¢n|’f° ¢n>

@ Extension: Ary, = ((Wn 7°2 |¢n> — Ty
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L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)




INSTITUT — Localization in a Disordered Box

L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

«extended
states»

«localized
states»

@ Smooth crossover from
localized states (Az<<L) and
extended states (Az~L)

= finite-size effect

@ No coexistence of localized
and extended states (Mott's
argument)
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L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)




INSTITUT — Localization in a Disordered Trap

L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

S3]e]S PapuUaIXa

Branch of extended states :

smooth crossover towards
Azn~zd(En)




INSTITUT — Localization in a Disordered Trap

L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

Sa)e]S PapusIXd

Branch of extended states :

smooth crossover towards
Azn~zd(En)

SaJels pazifeoo|

Branch of localized states :

nearly constant Az and
localization near the edges of the
trap, z =z_(E )

= Coexistence of localized and
extended states
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L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

10° pee
S %
~ 10 D
4 3
\ .
1 - 5 &
(@)
3 D &
g N =
1.5 ® 3
o . o
© 0 0 Branch of extended states :
" 15 - % smooth crossover towards
.3 ii n Azn~ZcI(En)
— 4

Branch of localized states :

nearly constant Az and
localization near the edges of the
trap, z =z_(E )

= Coexistence of localized and
extended states
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L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

—1 -0.3 0 0.5 1
E‘JTII El.:] (E) |

= Coexistence for each realization of the disorder
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L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)
4.3
4.2
e
N 4l
)
1
4 - Anm_—ﬂﬂh\-\_‘i D
-
3.9 =
—1 —0.5 0 0.5 |

EJTIIEL:] (E) |

= Coexistence for each realization of the disorder
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L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

P

H=-h*V?/2m+V(r) + Va(r)




INSTITUT — Localization in a Disordered Trap

L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

P

H=-r*V?/2m+V(r) + Va(r)
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L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

P

H=-r*V?/2m+V(r) + Va(r)
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L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

P

H=-h*V?/2m+V(r) + Va(r)

(b) loc (C)

ext (D)
Rpe PR e
0.5 ' 1.5
Localized states : € P "J E i

- localized states of the pure disordered potential /

P P = €p + (Xp|Vr(2)|Xp)
- weakly affected by the trap
- energy determined by the trap = z =z_(E )
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L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

P

H=-rm*V?/2m+V(r) + Vi(r)

] :
T (b) loc (C)
E, H’Ly ‘nh ﬁz
"I“M"H P us
L %,
gV N l 'UI V ext (D)
Xp | | i ot
0 0.5 ' 1.5
Localized states : €..0.E

- localized states of the pure disordered potential / i <X \V (z) ‘XJ >
- weakly affected by the trap RS %
- energy determined by the trap = z =z_(E )

n
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L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

P

H=-r*V?/2m+V(r) + Va(r)

E, 0 {wﬁ
T e u’!ﬁ@rﬁw Wip>
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L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

Extended states :
- reminiscent of eigenstates of the pure trap
- weakly affected by the disorder (Epoz E)
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Localization in a Disordered Trap

L. Pezzée and LSP, Phys. Rev. Lett. 106, 040601 (2011)

—1 -0.3 0 0.5 1
E‘JTII El.:] (E) |

= Mott argument not applicable (weak spatial overlap)
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@ Localized and extended states can coexist in energy in a
disordered trap

@ ocalized states

?|ocalized by disorder

@ weakly affected by the trap

#energy determined by their position in the trap
? Extended states

2reminiscent of the eigenstates of the trap

@ weakly affected by the disorder

@ No hybrydization of the two classes of states (Mott's argument
not applicable)

@ General feature : relevant to broad class of inhomogeneous traps
and in d>1 [see poster by L. Pezzé, tomorrow]

@ Perspectives : direct observation (B. DeMarco ?)
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# Anderson localization in d>1
@#signatures of localization =
#role of long-range correlations in

speckle potentials

R. Kuhn et al., New J. Phys. 9, 161 (2007) ©
S. Skipetrov et al., Phys. Rev. Lett. 100, 165301 (2008)
A. Yedjour and B. van Tiggelen, Eur. Phys. J. D 59, 249 (2010) ©

# Effects of interactions 0.02!
#expansion scheme 0.015!

agas at equilibrium and finite-T £
metal-insulator transitions

P. Lugan et al., Phys. Rev. Lett. 99, 180402 (2007)

5
o'
=l=lelelalel=l
Pl lhon-a

0T 23456
' ® oR/E ]

@

L. Fontanesi et al., Phys. Rev. Lett. 103, 030403 (2009)
I. Aleiner et al., Nature Phys. 6, 900 (2010)
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