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OUTLINE
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% (Bi-partite) entanglement measures in
equilibrium many-body systems: from FQH

states to quantum magnets (e.g. spin ladders)

R

% Some motivations to study out-of-equilibrium
systems - Relaxation and thermalization

A

% Bi-partite entanglement in out-of-equilibrium

many-body systems (illustrated for XXZ chain)




Entanglement measures
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Fantastic tools !
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A & B are entangled : S A B

(Schmidt decomposition) ‘\Ij> ¥ Z )\Z‘\Ij% > ) ‘\IJZ >
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Motivation: entanglement spectra in FQH systems

1 & Haldane, 2008

rewrite the weights as:  \; = exp (—§;/2)

PA — €XP (_’S) :> Edge states

Entanglement spectrum : {&;}




“Haldane” Conjecture:

Precise correspondence between the entanglement
spectrum of a many-body system partitioned into
two sub-systems linked by some “edge” and the true

edge spectrum

substantiated in the case of FQH systems

Question #1: universality ?




A simple Quantum S=1/2 magnet:
The 2-leg spin ladder !
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Entanglement entropy
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Strongly entangled regime
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FM leg (+ AFM rung) couplings
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Unified picture in terms of 1 A

a thermodynamic ensemble PA — — €Xp (_6 Qh)

m—1 thermal
ZlD Te length

@ spin-

~ lmag / 2 correlation

length

Thermodynamic entropy

of Heisenberg chain

@ Ty < 1

Svn/L ~ 1Ty /(3VHeis) —n/i

agrees with numerics




PARTIAL SUMMARY

% Extend generality of “Haldane” new conjecture

beyond FOH systems

\/
7

% Open 1ssues:

3¢ Role of non-local orders: rung singlet & Haldane

phase have # string OP’s (Anfuso & Rosch, 07)

2
#* QCP ?
4

Al

s¢ Extend to more chains ? Practical use for
numerics !
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Exemples of out-of-equilibrium systems -
Relaxation and thermalization

many-body systems (illustrated for XXZ chain)




Non-equilibrium electronic transport

Non-equilibrium electronic transport in a one-dimensional Mott insulator

F. Heidrich-Meisner,! I. Gonzalez,? K. A. Al-Hassanich,> A. E. Feiguin,* M. J. Rozenberg,> ¢ and E. Dagotto”

[Phys. Rev. B 82, 205110 (2010)|
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Fondamental 1ssues:

At

* Relaxation ?

xS

Characterisation of steady state ?




New Simulators for Condensed Matter !

Cold Atoms in Optical Lattices

Jaksch, Dieter, Clark, Stephen A
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Quantum simulations with cold
trapped ions

Michael Johanning, Andrés F Varon and Christof Wunderlich
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Observation of Quantum Dynamics in Isolated System

Quantum phase transition from a
superfluid to a Mott insulator in
a gas of ultracold atoms

Markus Greiner*, Olaf Mandel*, Tilman Esslingeri, Theodor W. Hansch* & Immanuel Bloch*
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out-of-equilibrium physics
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Recent theoretical progress on quantum quenches

in 1D: t-DMRG

* Bosonic Hubbard chain

C. Kollath, A. M. Liuchli, and E. Altman, Phys. Rev. Lett. 98,
180601 (2007); G. Roux, Phys. Rev. A 79,021608(R) (2009).

* Hard-core bosons chain

M. Rigol, Phys. Rev. Lett. 103, 100403 (2009); M. Rigol and
L. F. Santos, Phys. Rev. A 82, 011604(R) (2010).

* Fermionic Hubbard chain

F. Heidrich-Meisner et al., Phys. Rev. A 80, 041603(R) (2009).

Still many remaining 1ssues on thermalization...




XXZ-chain <=> Hardcore bosons
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Entanglement spectra
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Equilibrium spectra
(Boltzmann-Gibbs)
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Initial state

(symmetrized)

Quantum quench

Quench

“..  Luttinger | ¢ (,],,...,/
.. Liquid |

L (XY)

Final state

§(7)) = exp (i H (6r))|$(0))

Taylor expansion of exp (i1 H (0f))

arbitrary good precision (typically ~ 10716)




Entanglement entropy after quench

...... Svn(T) = —Tr{pa(r)Inpa(r)}
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Finite-size scaling
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Out-of-equilium entanglement spectra
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Can 1t be described by a thermal ensemble ?




Infinite time-average vs thermal averages

Remarkably similar !
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Thermalization occurs even for extensive observables !

Extention of “Eigenstate Thermalisation Hypothesis”
M. Rigol, V. Dunjko, and M. Olshanii, Nature 452, 854 (2008)
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Important differences might be due to:
1) fondamental issues like integrability
and/or

2) technical 1ssues like smaller # of states to average ?
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Quasi-adiabatic quenches
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Summary

* Generically, out-of-equilibrium state cannot be
described by an effective system 1n its groundstate

* (Non-local) bipartition setup provides stringent
tests of thermalization

* Thermalization at the level of extensive observable
occurs for non-integrable systems

* Deviation between time-average and statistical
average of entanglement entropy: Save — (Syn)




