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 High-precision measurements
complementary to condensed-matter tools
variety of diagnostic tools (direct imaging, velocity 
distribution, oscillations, Bragg spectroscopy, ....)

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

 Model systems
parameters known ab-initio ⇒ direct comparison with theory
towards quantum simulators ⇒ artificial, controlled systems 

                                                       to study fundamental questions

Ultracold Atoms and Quantum SimulatorsUltracold Atoms and Quantum Simulators

ultracold atoms

T~10nK
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Ultracold Atoms and Quantum SimulatorsUltracold Atoms and Quantum Simulators

Spin exchange ▶
(Phillips, Bloch)    

Quantized vortices ▲
in Fermion gases (Ketterle)

▲   Anderson localization
(Aspect, Inguscio, Hulet)

▲ Tonks-Girardeau gas
      (Weiss, Bloch)

▲ BEC-BCS crossover
     (Jin, Ketterle, Grimm, Salomon)

▲ Superfluid-Mott insulator Transition
     (Hänsch, Bloch, Esslinger)

▲ Berezinskii-Kosterlitz-
     Thouless crossover
     (Dalibard, Phillips,Cornell)
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Disordered SystemsDisordered Systems

 Disorder is ubiquitous in physical systems

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

 Relevant issues
➢Anderson localization (disorder-induced metal-insulator 

transition)
➢interactions or non-linearities in disordered systems
➢disordered spin systems

Speckle
Potential (for cold atoms)
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Anderson Localization (1D picture)Anderson Localization (1D picture)
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Anderson Localization (1D picture)Anderson Localization (1D picture)

wave physics
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Anderson localization

 ln[T(L)] ~ -2L / L
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Anderson LocalizationAnderson Localization

 3/14

●Theory

●Light in diffusive media

●Photonic crystals

●Microwaves

●Sound waves

●Cold atoms
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D.S. Wiersma et al., Nature 390, 671 (1997)

M. Störzer et al., Phys. Rev. Lett. 96, 063904 (2006)

A.A. Chabanov et al., Nature 404, 850 (2000)

R.L Weaver, Wave Motion 12, 129 (1990)

H. Hu et al., Nature Phys. 4, 945 (2008)

T. Schwartz et al., Nature 446, 52 (2007)

Y. Lahini et al., Phys. Rev. Lett. 100, 013906 (2008)

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

G. Roati et al., Nature 453, 895 (2008)

J. Chabé et al., Phys. Rev. Lett. 101, 255702 (2008)
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Disordered Quantum GasesDisordered Quantum Gases

 Dynamical localization
➢Zoller et al., PRA (1992)
➢Raizen et al., PRL (1994)
➢Garreau et al., PRL (2008

            and 2010)

 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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Our Theoretical WorkOur Theoretical Work

Quantum Atomic 
Gases - theory
LSP
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OutlookOutlook

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)
➢J. 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 : Simple Simulators or Ultracold Atoms : Simple Simulators or 
New Systems ?New Systems ?

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

New issues with ultracold atoms
● localization of wavepackets
● long-range correlations of the disorder
● what about the trap ?
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Controlled Disorder in Quantum GasesControlled Disorder in Quantum Gases

ground
glass plate

laser

random
phases

Experimental control

           C
2
(z) = 〈V(z)V(0)〉-〈V〉2

V
R
  I

L
 / ∆


R
: correlation length

(depends only on the intensity
       profile of the ground-glass plate)

D. Clément et al.,
New J. Phys. 8, 165 (2006)

Speckles: an original class of disorder

E(r) is a Gaussian random process

V(r)  |E(r)|2 - 〈|E|2〉  is not Gaussian
                                    is not symmetric
C

n
(r

1
, ..., r

n
) = 〈V(r

1
) ... V(r

n
)〉 all

   determined by CE(r) = 〈E(r)*E(0)〉

ℏa t ℏL



20

laser

Experimental control

           C
2
(z) = 〈V(z)V(0)〉-〈V〉2

V
R
  I

L
 / ∆


R
: correlation length

(depends only on the intensity
       profile of the ground-glass plate)

D. Clément et al.,
New J. Phys. 8, 165 (2006)

ℏa t ℏL
ground
glass plate random

phases

Speckles: an original class of disorder

E(r) is a Gaussian random process

V(r)  |E(r)|2 - 〈|E|2〉  is not Gaussian
                                    is not symmetric
C

n
(r

1
, ..., r

n
) = 〈V(r

1
) ... V(r

n
)〉 all

   determined by CE(r) = 〈E(r)*E(0)〉

Controlled Disorder in Quantum GasesControlled Disorder in Quantum Gases



21

laser

Experimental control

           C
2
(z) = 〈V(z)V(0)〉-〈V〉2

V
R
  I

L
 / ∆


R
: correlation length

(depends only on the intensity
       profile of the ground-glass plate)

D. Clément et al.,
New J. Phys. 8, 165 (2006)

ℏa t ℏL
ground
glass plate random

phases

Speckles: an original class of disorder

E(r) is a Gaussian random process

V(r)  |E(r)|2 - 〈|E|2〉  is not Gaussian
                                    is not symmetric
C

n
(r

1
, ..., r

n
) = 〈V(r

1
) ... V(r

n
)〉 all

   determined by CE(r) = 〈E(r)*E(0)〉

Controlled Disorder in Quantum GasesControlled Disorder in Quantum Gases

V
R



22

laser

Experimental control

           C
2
(z) = 〈V(z)V(0)〉-〈V〉2

V
R
  I

L
 / ∆


R
: correlation length

(depends only on the intensity
       profile of the ground-glass plate)

D. Clément et al.,
New J. Phys. 8, 165 (2006)

ℏa t ℏL
ground
glass plate random

phases

Speckles: an original class of disorder

E(r) is a Gaussian random process

V(r)  |E(r)|2 - 〈|E|2〉  is not Gaussian
                                    is not symmetric
C

n
(r

1
, ..., r

n
) = 〈V(r

1
) ... V(r

n
)〉 all

   determined by CE(r) = 〈E(r)*E(0)〉

Controlled Disorder in Quantum GasesControlled Disorder in Quantum Gases

V
R


R



23

OutlookOutlook

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)
➢J. 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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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
How to Observe ItHow to Observe It

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

see also G. Roati et al., Nature 453, 895 (2008)
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LSP et al., Phys. Rev. Lett. 98, 210401 (2007)
M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)

 Bose-Einstein condensate in a harmonic trap

 Thomas-Fermi regime :

Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

t=0 Vtrap ≠ 0

VR = 0

g ≠ 0
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

0<t<ti
Vtrap = 0

VR = 0

g ≠ 0

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

 Interaction-driven expansion of the BEC

 Scaling theory of expanding BEC (in TF regime)

 Momentum distribution :

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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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

t=ti
Vtrap = 0

VR ≠ 0

g = 0

 Interactions off and disorder on

 « p » is no longer a good quantum number but « E » is !

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

VR
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model
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Spectral function

FT of the 
correlation 

function of the 
disorder

fixed value of p

E

2''(p) 
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

ti<t Vtrap = 0

VR ≠ 0

g = 0

 Localization of the wave packet

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

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

short distance :  ln(P) ~    2(E)|z|
long distance :    ln(P) ~ 0.5(E)|z|
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

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

versus numerics
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

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

E

γ(E)

E

versus numerics
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

E

D(pE)/pE

γ(E)

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

2µ

versus numerics
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

0.5∗γeff

∼2∗γeff

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

E

γ(E)

D(pE)/pE
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

0.5∗γeff

∼2∗γeff

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

spectral 
broadening

E

D(pE)/pE

γ(E)

2µ

versus numerics
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Experimental InsightExperimental Insight

see also G. Roati et al., Nature 453, 895 (2008)

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

BEC (t=0)

Exponential fit

Semilog 
plot

BEC parameters : N=1.7 104 atoms, (in ≅ 1.5R)
Weak disorder : VR/µin =0.12 << 1
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see also G. Roati et al., Nature 453, 895 (2008)

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

Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Experimental InsightExperimental Insight

Fair agreement 
with theoretical 
predictions
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Localization in a Speckle PotentialLocalization in a Speckle Potential

FT of the 
correlation 
function of 
the disorder
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Localization in a Speckle PotentialLocalization in a Speckle Potential

 Correlation function of a 1D speckle potential

FT of the 
correlation 
function of 
the disorder

ground
glass plate

laser

random
phases

2kc



C(2pE)

pEh/σR
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Localization in a Speckle PotentialLocalization in a Speckle Potential

 Correlation function of a 1D speckle potential

FT of the 
correlation 
function of 
the disorder

C(2pE)

pEh/σR

effective 
mobility edge

ground
glass plate

laser

random
phases

2kc

 γ  ≠  0 γ  ≃  0

P. Lugan et al., Phys. Rev. A 80, 023605 (2009)
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

0.5∗γeff

∼2∗γeff

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

spectral 
broadening

E

D(pE)/pE

γ(E)

2µ

versus numerics
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

0.5∗γeff

∼2∗γeff

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

spectral 
broadening
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2
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2
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Theoretical ModelTheoretical Model

M. Piraud et al., Phys. Rev. A (Rapid Comm.) (2011)
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Anderson Localization of a Matterwave : Anderson Localization of a Matterwave : 
Experimental InsightExperimental Insight

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

kmax /  kc
 = 1.16 +/-0.14

n(z) ~ 1/|z|

 ≅ 2.010.03 

BEC parameters : N=1.7 105 atoms, (in ≅ 0.8R)
Weak disorder : VR/µin =0.15 << 1
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Anderson localization in a 1D speckle Anderson localization in a 1D speckle 
potential : potential : ConclusionsConclusions

Model of localization
For ξin > σR, 

short distance : ln[n(z)] ~    -2eff  observed

large distance : ln[n(z)] ~ -0.5eff  possible signatures (?)

                                   + deviations from exponential decay

For ξin < σR, 

central role of special long-range correlations in 1D speckle 
potentials  effective mobility edge
algebraic localization, n(z) ~ 1/|z|2  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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potentials  effective mobility edge
algebraic localization, n(z) ~ 1/|z|2  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 ...

Anderson localization in a 1D speckle Anderson localization in a 1D speckle 
potential : potential : ConclusionsConclusions

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

Courtesy of R. Hulet, unpublished (2009)
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central role of special long-range correlations in 1D speckle 
potentials  effective mobility edge
algebraic localization, n(z) ~ 1/|z|2  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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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)
➢J. 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

OutlookOutlook
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Localization in a Disordered TrapLocalization in a Disordered Trap

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

Effect of trapping on localization ?
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Localization in a Disordered TrapLocalization in a Disordered Trap

Disordered potential

(eg. speckle field)

trapping 
potential

homog. box inhomog. trap

or

 Numerical diagonalization

Center-of-mass position:

Extension:
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Localization in a Disordered BoxLocalization in a Disordered Box

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

+



58

Localization in a Disordered BoxLocalization in a Disordered Box

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

+

 
Smooth crossover from 
localized states (z<<L) and 
extended states (z~L)

   ⇒  finite­size effect

No coexistence of localized 
and extended states (Mott's 
argument)

«extended 
states»

«localized 
states»
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Localization in a Disordered TrapLocalization in a Disordered Trap

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

+
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Localization in a Disordered TrapLocalization in a Disordered Trap

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

+

Branch of extended states :
smooth crossover towards 
z
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Localization in a Disordered TrapLocalization in a Disordered Trap

L. Pezzé and LSP, Phys. Rev. Lett. 106, 040601 (2011)
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Branch of extended states :
smooth crossover towards 
z

n
~z

cl
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n
)
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Branch of localized states :
nearly constant z and 
localization near the edges of the 
trap, z

n
z

cl
(E

n
)

⇒ Coexistence of localized and      
     extended states
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Localization in a Disordered TrapLocalization in a Disordered Trap

L. Pezzé and LSP, Phys. Rev. Lett. 106, 040601 (2011)
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Branch of extended states :
smooth crossover towards 
z
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)

Branch of localized states :
nearly constant z and 
localization near the edges of the 
trap, z

n
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cl
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)

⇒ Coexistence of localized and      
     extended states
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Localization in a Disordered TrapLocalization in a Disordered Trap

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

⇒ Coexistence for each realization of the disorder
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Localization in a Disordered TrapLocalization in a Disordered Trap

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

⇒ Coexistence for each realization of the disorder
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Localization in a Disordered TrapLocalization in a Disordered Trap

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

n〉
En
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Localization in a Disordered TrapLocalization in a Disordered Trap

L. Pezzé and LSP, Phys. Rev. Lett. 106, 040601 (2011)
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Localization in a Disordered TrapLocalization in a Disordered Trap

L. Pezzé and LSP, Phys. Rev. Lett. 106, 040601 (2011)
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Localization in a Disordered TrapLocalization in a Disordered Trap

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

loc (C)

ext (D)p

n〉

p〉

VT(zp)

En

Localized states :
­ localized states of the pure disordered potential
­ weakly affected by the trap
­ energy determined by the trap ⇒ z

n
z

cl
(E

n
)
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Localization in a Disordered TrapLocalization in a Disordered Trap

L. Pezzé and LSP, Phys. Rev. Lett. 106, 040601 (2011)
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ext (D)p
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Localized states :
­ localized states of the pure disordered potential
­ weakly affected by the trap
­ energy determined by the trap ⇒ z

n
z

cl
(E

n
)

n〉

En
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Localization in a Disordered TrapLocalization in a Disordered Trap

L. Pezzé and LSP, Phys. Rev. Lett. 106, 040601 (2011)
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Localization in a Disordered TrapLocalization in a Disordered Trap

L. Pezzé and LSP, Phys. Rev. Lett. 106, 040601 (2011)
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ext (D)

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

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

⇒  Mott argument not applicable (weak spatial overlap)
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Localization in a Disordered Trap : Localization in a Disordered Trap : 
ConclusionsConclusions

 
Localized and extended states can coexist in energy in a 
disordered trap

Localized states
localized by disorder
weakly affected by the trap
energy determined by their position in the trap

Extended states
reminiscent 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

 Effects of interactions
expansion scheme
gas at equilibrium and finite-T 
metal-insulator transitions

Perspectives ....Perspectives ....

P. Lugan et al., Phys. Rev. Lett. 99, 180402 (2007)
L. Fontanesi et al., Phys. Rev. Lett. 103, 030403 (2009) 
I. Aleiner et al., Nature Phys. 6, 900 (2010)

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)
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