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Interactions, disorder, chaos in guantum systems

Interactions and chaos in guantum syste




Linear guantum mechanics x nonlinear classical mechanics

Schrodinger Newton
L 0Y(xt) [ P? d2x(t)  dV(x(t))
5 _<2M+V(x)>lp(x’t) M

Y dynamical variable _ _
X is the parameter of the potential and

_ the dynamical variable
X parameter of the potential

V(ix) x x®™ n=>3

is linear

V(x) < x™

No sensitivity to initial conditions — no
chaos in the classical sense




Many-body quantum mechanics

n identical particles

oW (xq, ... Xy, t) P,? P?
===+ +— Y
at 2M + + 2M + V(le xn) (le x’nl t)

W(xq, ... X, t)

symmetric (bosons) or asymmetric (fermions) combination of

1/}1 (x1; t) lpn(xn» t)

is still linear, but very hard to solve

For fermions: no “simple” approximation

For bosons: “mean-field”




Mean-field approximation for interacting bosons

Model the effect of particle-particle interactions on a “typical” particle by
its mean effect as a potential acting on the typical particle

The Gross-Pitaevskii equation

0 , 2
2D = (T4 V00 + gl OF )

Mean-field term is nonlinear

Sensitivity to initial conditions — chaos in the classical sense???




Classical chaos in a tilted lattice

Simple(st?) system




Is it really chaos?

Ultracold Boson Gases, Phys. Rev. Lett. 101, 144103 (2008)



Poincare section

1_1 = 01, 9_1 = 90

Classical Chaos with Bose-Einstein Condensates in Tilted Optical Lattices, Phys. Rev. Lett. 91, 210405 (2003)



“Cuantum chaos” x classical chaos

“Traditional” definition of quantum chaos: Quantum systems whose c/assical counterpart is chaotic
— no S.I.C. (no “real” chaos)

Quantum "chaotic”kicked rotor classical chaos (KAM) in the kicked rotor
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Perfect crystal: Delocalized Bloch waves — diffusive dynamics
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Anderson model of a disordered lattice

PHYSICAL REVIEW VOLUME 109, NUMBER 3§ MARCHO 1, 1958

Absence of Diffusion in Certain Random Lattices

' P. W. ANDERSON
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received October 10, 1957)

“Tight-binding” model of a quantum lattice

Hu, = Wup + Thupiq + Thtp—

“Diagonal” disorder

—— <V <

w w
2 2




Anderson model

Consequences of the Anderson model

- 1D : Exponential localization of the eigenfunctions 1)~ exp(|x — x¢|/£)

» Suppression of the diffusion — Insulator
« 3D — « Mobility edge » — Metal-insulator transition

Limitations of the Anderson model

e "One-particle” model — No particle interactions
o Zero-temperature

« Oversimplified description of a crystal lattice




Simple picture of Anderson dynamics




EXperiments in condensed-matter and ultracold atoms

Condensed matter

Decoherence (ill-defined quantum phases)
No access to the wave function
Electron-electron coulombian interactions

Ultracold atoms

« Control of decoherence
» Access to probability distributions (and even
« Control of interactions (Feschbach reso



Experiments with ultracold atoms

1D: 1. Billy et al,, Direct observation of Anderson localization of
matter-waves in a controlled disorder, Nature 453, 891 (2008)

“3D" : F. Jendrzejewski et al., Three-dimensional localization of
ultracold atoms in an optical disordered potential,
arXiv/1108.0137 (2011)

“3D": S. S. Kondov et al., Three-Dimension
Localization of Ultracold Fermionic Matt
(2011)

Optical Depth
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Experiments with the guasiperiodic kicked rotor

Localized Critical Diffusive
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The quasiperiodic kicked rotor is a “"quantum simulator” for the Anderson model

Measurement of the critical exponent

Direct measurement of probability distributions

or Transition with Atomic Matter Waves, Phys. Rev. Lett. 101, 255702 (2008)
a Metal and an Insulator, Phys. Rev. Lett. 105, 090601 (2010)
on Transition, arXiv/1108.0630v1 (2011) (in press)
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Interactions

Adding particle-particle interactions

. aun 2
l? = Upyq T Up-g Hpun + glugluy,

$
(V + glun|?uy

« DANSE » : Discrete Anderson Nonlinear Schrodinger Equati




Nonlinear effects

g~w (Vi + glunl?u,

* Nonlinearity and disorder can (partially) compensate each other!
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e (Sub-)diffusion induced by interactions




Nonlinear effects

ects of the nonlinearity: Nonlinear trapping (self-trapping)

g >W (V, + glunlz)un

« Large population difference decouples neighbor sites
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« Diffusion inhibited by interactions
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Universal Spreading of Wave Packets in Disordered Nonlinear Systems

S. Flach, D. O. Krimer, and Ch. Skokos

Max Planck Institute for the Physics of Complex Systems, Nothnitzer Strasse 38, D-01187 Dresden, Germany
(Received 30 May 2008; published 14 January 2009)

A LeTTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYSICS August 2010

EPL, 91 (2010) 30001 www.epljournal.org
doi: 10.1209/0295-5075/91/30001
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The crossover from strong to weak chaos for nonlinear waves
in disordered systems
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. Self-Trapping

Valid for a given initial state

Nonlinearity — sensitivity to the initial state
Strong Chaos

e Smooth initial state favors c
» Peaked initial state favor

Weak Chaos




ANSE in an finite lattice

AN i

ReV
« Measured quantity: survival probability p(t)
e Faster computation!
1.0
Initial state occupies uniformly Z, sites with 0.8}

random phases
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For moderate values of the disorder, one can find an “effective localization length”...
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Bose-Einstein condensation opens the way to experimentally realizable nonlinear quantum

systems

Quantum systems displaying sensitivity to initial conditions — “quasiclassical” chaos

Dynamics much more dependent on the initial state than in the linear case

We probably need some “rewording” to adapt to nonlinear quantum dynamics
(fundamental principles are not challenged)

Combination of non local quantum effects and quasiclassical chaos




