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Abstract: <p>Inthistalk, | will revise some of the aspects that lead isolated interacting quantum systems to thermalize.</p>

<p>In the presence of disorder, however, the thermalization process fails resulting in a phenomena where </p>

<p>transport is suppressed known as many-body localization. Unlike the standard Anderson localization for </p>
<p>non-interacting systems, the delocalized (ergodic) phase is very robust against disorder even for moderate</p>
<p>values of interaction. Another interesting aspect of the many-body localization phase is that under the time</p>
<p>evolution of the quenched disorder, information present in the initial state may survive for arbitrarily long times.</p>
<p>Thiswas recently used as a probe of many-body localization of ultracold fermionsin optical lattices</p>

<p>with quasi-periodic disorder [1]. Here, we will stress that this analysis may suffer from substantial finite-size effects </p>
<p>after comparing with the numerical resultsin one-dimensional Hubbard chains [2].</p>

<p></p>
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Introduction

Anderson localization — non-interacting particles

Absence of Diffusion in Certain Random Lattices
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Introduction

Anderson localization — non-interacting particles

Absence of Diffusion in Certain Random Lattices
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Anderson localization — experimental realizations
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Introduction

Anderson localization — non-interacting particles — Aubry-André Model
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Introduction

Anderson localization — non-interacting particles — Aubry-André Model
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Ergodicity breakdown — Many body localization

Ultracold fermionic atoms in optical lattices
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Isolated systems out of equilibrium:

Microcanonical ensemble
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* Non-linear chaotic evolution
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* No memory of the initial state
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Isolated systems out of equilibrium:

Microcanonical ensemble
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Thermalization - ETH
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Thermalization - ETH
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t=0:H -

Quantum system:

Y(0)) = |U(t)) = ¢ §S v(0)) = Zf:.f tEat| ) : Unitary evolution

(4]

(O(t)) = (¥(t)|0u(t)) = Zr" cge'Ea—EsltQ .

r|__1'
E | .'() n * . (E,-E ZJ‘() . . . 5
= Ca|"Vaa CoCae ad :Thermalization?
X a,.0#a

) Mondaini Post-doc @ Penn State

Pirsa: 15100082

Page 22/51



The' T L T T —

Isolated systems out of equilibrium:

b L5 .
¢ i :;._ ~ ‘ » Thermal X » Thermal state
- o - }' O

me

Quantum system: ad 1

Dephasing

¥(0)) = |¥(2)) = e~ *Hy(0)) = Z:-,,c ‘Eat|n) . Unitary evolution

St oy 5
(O(t)) = (W(t)|Ou(t)) = Zr"',(‘,‘f':E“_E"'()..1' LZAEema |§ > Initial state
: » 4 - \ ‘5
a.3 = - -.‘ X Q
i . -}() I E'I',.,.-— E f() 2 . 2
= ) |ca|"Oaa + CaCat s :Thermalization? |
a a.B#a Eigenstate thermalization

[Rigol et al. Nature 452, 7189 (2008)]

) [ 1
§ 2 * \ § ,
|'“i| ()tnn - /\( /microcanonical = ()ru:

N
a Eos o.|Eg-E.|<AE

ETH
(@|O)a) = (O)mE (E)

[Deutsch, ]. M. PRA43, 2046 (1991)] & [Srednicki, M. PRE 50, 888 (1994)]

Post-doc @ Penn State

Pirsa: 15100082 Page 23/51



Pirsa: 15100082

Oufe —

Localization in the absence of interactions

* Experimental realizations

Interactions — Many body localization — Optical lattice experiment Science 349, 842 (2015)
Thermalization - ETH

Ergodicity and random matrices

Many-body localization in the 1d Hubbard model
Further aspects of the Many body localization

Summary

Mondaini Post-doc @ Penn State

Page 24/51



Pirsa: 15100082

Ergd g neel

Experimental data for excitation spectra of heavy nuclei:

| ‘l o *"'\>
‘4 L i | l - '
Voot Bl b :
- . 941 l, ' b [ Ryl J e 's e 1 _
400 700 1000 igner (1956)

ENERGY (eV)

V ondair Post-doc @ Penn State

Page 25/51



Experimental data for excitation spectra of heavy nuclei:
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* Comparison with other quantum mechanical problems:

Ergodicity and random matrices
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Ergodié and random matrices "ivectors

* Hamiltonian matrices in typical many-body problems are sparse and not random

* Do the eigenvectors still follow the predictions of random

matrices— random unit vectors?
* Information entropy (measure of delocalization in a given basis):
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Chaos — exponentially departing trajectories

Classical scenario

[https:/ /heurocks files. wordpress.com /2014 /08 /untitled 1. png]
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The 1d Hubbard model
H =t Z (6;!-.0&1:—%1.0 -+ h.c.) + U Z fli APy
1,0 :

Y U
OBC: (W) ) SF SN SF SN SF S SF ¥ o §

Mondain PCBI-d)C@PennSlalo

Pirsa: 15100082 Page 31/51



H = —t Z (6:0&::+1.n — h.('.) +U Z i 1715 |
1,0 :

—t, Z ((A;I.(TE’_'__Z(T + h.(.‘.)
1,0

Integrable — Bethe Ansatz solution — lack of thermalization

Y U
OBC: (W) S) SF SF o) N SF SN F SF oF -
> 4

dondaini Post-doc @ Penn State

Pirsa: 15100082 Page 32/51



[V. Oganesyan, D. Huse PRB 75, 155111 (2007)]
* AdjaCent gap ana]ysjs; [A. Paland D. Huse PRB 82, 174411 (2010)]

[B. Tang, D. lyer, and M. Rigol, PRB 91, 161109(R) (2015)]
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Ergi v analy

[V. Oganesyan, D. Huse PRB 75, 155111 (2007)]
* Ad'aCent ra ana] S1S: [A. Paland D. Huse PRB 82, 174411 (2010)]
] b p y [B. Tang, D. lyer, and M. Rigol, PRB 91, 161109(R) (2015)]
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[V. Oganesyan, D. Huse PRB 75, 155111 (2007)]

* AdjaCent gap ana]ygjs; [A. Paland D. Huse PRB 82, 174411 (2010)]

[B. Tang, D. lyer, and M. Rigol, PRB 91, 161109(R) (2015)]
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The 1d Hubbard mode
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* Adjacent gap analysis:
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Ergodicity analysis — disordered system

[V. Oganesyan, D. Huse PRB 75, 155111 (2007)]

* Adjacht gap ana]ygjs; [A. Paland D. Huse PRB 82, 174411 (2010)]

[B. Tang, D. Iyer, and M. Rigol, PRB 91, 161109(R) (2015)]
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B

MBL . Al .""h'_"‘_‘*'i' 1 and Aubrv-~A ré odels

-filline: = , = 2 g a :
Quarter-filling: p = ne. /L = 1/2 A = Bawsardsre + Hap+ Z £ifL;

e e e et o el W . =
_“' | “ - - [ 1 . 1/2 ) ‘i It
- $4 L=w-s.=12 || ¢ Anderson: & € |=—7, -
= 15 '.. 0 s -a [ 12 S 1] - -
~ “—m
° 84 I ,
L S, } " SNSRI - v | A , L
, .‘."-J;“" 0.0 * Aubry-André: ¢ = 5 cos(2npi+¢) ¢ € |—-m, W
Febobeg-m-------- TR ’ <
. ’ 7
‘. '. U = 2.00 *  Non-monotonic
- > 2 )
R e - e, hy. pu, = 0.1 * Non-interacting limit when U — oC Spinless fermions
— "_m
e b J ;
TTRLY ':‘.'.'.._I..'..'- R e o I
T AN R '
e { X ()
~ B L . -
E i ...-. )j. M 0 ] .
— "..=' -
47 oy
i e !!!!j.lu'.‘ /
- v
JeBgEg-------~--srr--cesesc-s---=-=
: i Ny | X).00) "
= " ; Y - Robust ergodicty
S 04 o M (T7 0.1 J
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"
*
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M‘BL . ”“:‘f‘ SON and Aubrv-Ar '4 Odels

Numerical experiment:
Yoy =110101...) - [1(0)) = |¥(t)) = e *Ht|h(0))

]] - fl”uhhurr! W ]‘[‘qh + Z :-:I‘lz
i

TRYA"RVA"RYARY, MBL manifest on the dynamics of the observables?
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X

in the MBL phase...
* Charge imbalance as an order parameter?

L — o

* Large finite size effects

e (Kpg) =0 after W 2 W,

fondaini Post-doc @ Penn State
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X

in the MBL phase...
* Charge imbalance as an order parameter?

L — o

* Large finite size effects

e (Kpg) =0 after W 2 W,
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ETH breaktIOv I mm—
ETH ansatz: Otrﬁ _— O(E)dud + (3_8‘(E)/2f0(E* w)RU'i'3

[Srednicki, M. PRE 50, 888 (1994). ...]

E = (E. + E3)/2

O; fo : smooth functions
w=E,-Eg '

‘.llll- ) Pmt-d)C@PennSlalo
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ETH ansatz: O, 5 = O(E)(S(U-g - e_S(E)/sz(E. w)Rap

[Srednicki, M. PRE 50, 888 (1994). ...] e R

05F

&= (Ba+EBp)/2 O; fo : smooth functions
w=E, - Ej ' =

alAla
-
/1
o in

(10| H |20, 0 05}

mitial state 1.5
[Sorg et al. PRA 90, 033606

K fz (l-'flﬂf-‘f ‘1o 1 h_,~_) ’rx ((',i_,,"r 2. % h_;-_) ) 1.5

1,0 “w

~ 1 (e ) [ .2 -
Sar =7 D™ D iy — i) (g0 — ) 05
5,J

ETH fails in the MBL phase T B wew
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* Shannon entropy in the Fock basis:  Sa = ) lc,[*Inlc,|* where o)

i . " 1
* Inverse participation ratio: IPRy = ————

—GOF
- W=0 A

o

- 4 " A i - . " " A - 4 — i F— x 4 A i - n
'3 2 1 0 1 2 3 43 2 1 0 1 2 3 40
E,/(U+W)
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o A

ETH -

* Shannon entropy in the Fock basis: Sa =~ _|ci[*Inc,|* where )

* Inverse participation ratio: IPR, = SN
bt J=1 Ca
12 ! ! f ! T 3 10°

— s OF
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B

Other aspects of ME

Many-body mobility edge — Disordered Heisenberg chain

h; € [-h/2,h/2]

1.0

-~ 0.6

1

Scalmg; .{"(h — h")[‘]:ﬁp

Participation coefficient a,

* New computational thechniques for

large system sizes — shift invert
method...

0.0

h

€ = { i“‘llld.\ S h‘}( ,'-"Ilmh _ ]‘-H)
[David J. Luitz, Nicolas Laflorencie, and Fabien Alet PRB 91, 081103(R) (2015)]
fondaini Post-doc @ Penn State e ———p—
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* Orthogonality catastrophe [P. W. Anderson, PRL 18, 1049 (1967)]
|IG) : Ground state of a metallic system (extended states)
v/ 5 2 . .
G") : Ground-state after a local perturbation (adding an impurity)
Fermi Surface e ® . Fermi Surface
T ETETE —'—'_‘T'—'_
L E 2 X N N L ........ L
Yoo ce AT
seee oD e
LA 1 J e °
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Other aspects of MB

* Orthogonality catastrophe [P. W. Anderson, PRL 18, 1049 (1967)]
G) : Ground state of a metallic system (extended states)
v/ : " . .
IG") : Ground-state after a local perturbation (adding an impurity)
Fermi Surface e ® - Fermi Surface
T W ETEEE —'—'_‘T'—'_
Lk 2 1 N ¥ L ........ L
oo e od's %0’
sene o -
LA 1 J e °

F=|(GIG")| = L™

* How about localized, or even many-body localized systems?

[V.Khemani,R.Nandkishore,S.L.Sondhi, Nature Phys. 2015]
[D.-L. Deng, J. H. Pixley, X. Li, and S. Das Sarma, arXiv1508.01270]

— Statistical orthogonality catastrophe

(F) = e

* Spinless fermions

U =0— Anderson U=0 lubry — André U =4 — Anderson
=0 y ] ‘
P F o y SOC —»
4 4 avomarm | A diagnostic tool
£ -~ b
. - ) - ‘ ’p . M
,e"'& | Pt P to identify
A . 1 )'f : i
' o re o localization?
f.--l. P4 4 NURaG . v o -
¥ x s
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_________________________

* Ergodicity is extremely , / !

robust against disorder in o/

the Hubbard model g

W,

.
* Close to the MBL transition — large equilibration times — experimentally
feasible?

* Scalings? Large system sizes... Computationally feasible?
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