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Abstract: <p>Many-body localization generalizes the concept of Anderson localization (i.e. single particle localization) to isolated interacting
systems, where many-body eigenstates in the presence of sufficiently strong disorder can be localized in aregion of Hilbert space even at nonzero
temperature. This is an example of ergodicity breaking, which manifests failure of thermalization or more specifically the break down of
eigenstate-thermalization hypothesis.</p>

<p>In this talk, | enquire into the quasi many-body localization in topologically ordered states of matter, revolving around the case of Kitaev toric
code on the ladder geometry, where different types of anyonic defects carry different masses induced by environmental errors.&nbsp; Our study
verifies that the presence of anyons generates a complex energy landscape solely through braiding statistics, which suffices to suppress the diffusion
of defects in such clean, multicomponent anyonic liquid. This nonergodic dynamics suggests a promising scenario for investigation of quasi
many-body localization.&nbsp; Our results unveill how self-generated disorder ameliorates the vulnerability of topological order away from
equilibrium. This setting provides a new platform which paves the way toward impeding logical errors by self-localization of anyons in a generic,
high energy state, originated exclusively in their exotic statistics.</p>
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Interplay of
Thermalization & Localization

Topics:

e Eigenstate Thermalization Hypothesis (ETH)
o Ergodicity Breaking (Failure of ETH)

 Many Body Localization (MBL)
I. MBL in a translationally invariant model
Il.  Toric code on ladder geometry

I1l.  Glassy dynamics due to anyon statistics
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Diffusion

Diffusion is a process toward (thermal) equilibrium,
which maximizes entropy.

Pirsa: 18080082 Page 5/41



Classical vs. Quantum Systems

. Classic Thermalization:

* System in contact with reservoir, has

energy (and particle) flow

* can be described by few Classical Reservoir
parameters after long time

B LN, S ekc.

- Quantum systems  Quantum 23

* can use classical reservoir. ‘&L—

* |s the concept of reservoir
necessary?

* No!
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Closed Systems:
Quantum Thermalization

* In quantum system, initial state

information perfectly preserved (#) — (3—"3H’f[)(0)(3"3”’*
* Unitary evolution

* System at time t depends on exact

initial state — no loss of information )

* Obvious in eigenstate basis lim P({-) i /O(T)

* Directly contradicts thermalization! Leroo

* But does subsystem look

thermal at long times?

- Can it lose information about : &
initial state to other subsystems! fli}})lo PS (f) = PS (T)
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Schematic of Thermalization Dynamics

in Closed Systems

Quantum quench

Pure state
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Eigenstate Thermalization Hypothesis

¢ Quench protocol: Evolve initial state with a (many-body) Hamiltonian |[¥(1)) = exp(—iH1)|W¥,

Q. : Does the system reach thermal equilibrium ?

e Expand Vo) Z.”” n) in eigenbasis of H = g E,|n){n

L T

¢ Time-evolved observable (generic Hamiltonian)

” * 10 - )t t—ox 2 7
<()(,)> T E “:r’”uf ! (‘)H.'J'f — § |”n ()nu
1

n.n’ Diagonal ensemble

o Eigenstate thermalization hypothesis (ETH) e e

/ 7y .\ AV A %% 1 L O (PR L :
(n|Oln) ~ (n'|0On’) = O(F) 1), |n")  in the same energy shell
(n|O)| & ; : 0 ot £
) vanish in the thermodynamic limit and for few-body observables

e ETH implies thermalization
<C)(f — X)) = O(f‘.f') = C)(r[') FE = <\U|)|H|\l}()>
F. Alet E = (H)r

Luca D'Alesslo, et. Al. Advances in Physics, 2016 Vol. 65, No. 3, 239-362
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Break Down of ETH

1) Integrable systems

Infinite number of “local” conserved quantities

2) Breaking of translational invariant symmetry in Space,
Explicitly or even Spontaneously!

Q Anderson (single particle) localization.

QMany-Body Localized (MBL) systems.

3) Time crystals.

std Vbt

H{t)=H({t+T) UEE R ERE RN
BUT O SR A W
(0(t)) #(O(t+T)) tittitie

r
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Anderson Localization:
Single-Particle Localization

PHYSICAL REVIEW VOLUME 109, NUMBER § MARCH 1, 1958

Absence of Diffusion in Certain Random Lattices §

P. W. ANpDERSON
Bell Telephone Laboratories, Murray HHill, New Jersey

(Received October 10, 1957)

This paper presents a simple model for such processes as spin diffusion or conduction in the “impurity
band.” These processes involve transport in a lattice which is in some sense random, and in them diffusion
is expected to take place via quantum jumps between localized sites. In this simple model the essential
randomness Is introduced by requiring the energy to vary randomly from site to site, It is shown that at low
enough densities no diffusion at all can take place, and the criteria for transport to occur are given. 2

H=Y eli)i|+ ) tili) (il + h.c

i (i,7) Ap=¢; = [-W,+W]

W > t. — localization

¢
S

L & ’ Billy et al. “Direct observation of Anderson localizationof matter
waves in a controlled disorder”. Nature 453, 891-894 (2008).
. I

/\/ Roati et al. “Anderson localization of a non-interacting Bose-
Einstein condensate”. Nature 453, 895-898 (2008).

F. Pollmann

Pirsa: 18080082 Page 11/41



Pirsa: 18080082 Page 12/41




Resilience of the topological order following a quenc

Sfé-n, t (f) G S()

Heating procedure: AS = — :
‘Spa,_q(: = ’*SU

DO OO O @
OO OO @O

T

0? 103

10! 10" 10" l
l’(’

H. Yarloo, AL, A. Vaezi, Phys. Rev. B. 97, 054304 (2018)

Pirsa: 18080082 Page 13/41



Absence of Diffusion in Certain Random Lattices
P, W. ANDERSON
Bell Telephone Laboratories, Murray Hill, N ew Jersey
(Received October 10, 1957)

ANdE'«I"SOH was GCTUG”Y m:lmll;: ::::‘nﬁm ‘IR of ml_c.rc Hl‘ f‘nr a numl)c‘r‘ F)f rlcldwns

intferested in MBL: among donor electrons in Si, a situation in which Feher

pr‘()blem Of qUGnTum has shown experimentally that '-.pm (lllTuamn is neg-
llj.’lhlﬁ’ eCOn( and probabl 1 \portant, a I}

spln difoSion exampie ol real YN VSICA

imply impossible; dn(l t_hml, as thc lrr(duuhlc

Anderson used a single minimum from which a theory of this kind nf1rmapm‘t

: g ; Is novhasiz

pr’TICIE model as an lf. ,lt 't_.\l}lﬁ n.l.ust sl.lrt‘ In l[)l‘.‘rllt.u ,“, i pee
(over) simplification. “the thermodynamic system of spin inte;
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Many-Body Localization (MBL)

'y
|
|
|

—+ ww
\ 2.1 .9 TIm
€ f”}()f

““-'} - ‘11

t
v

|

on (1958)

Y
Anderso
. . . . Basko, Alelner, Altshuler (2006)

\ / \ \ / Qganesyan and Huse (2007)
Pal and Muse (2010)
Bauer and Nayak (2013)

F. Pollmann
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Many-Body Localization (MBL)

LA o VAV A

H=S qele;+tS cle;+VY ningg Hilbert space Real space

]
i (i,] i Random Random

Hartree-Fock energy On-site energy

» Central assumption:

v All single particle states are localized. Interaction Hopping

v Absence of thermal Bath

j" 3‘“H|”>(“| 1 S. .l.h,‘ "I>:II| i h.l

. ‘r i
— . =/,
[ . : e/
g &re E » " S0 e )%
R . v . nw‘ ff,#.h —
> - Rough definition of MBL: AL in Hilbert space
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MBL and adiabatic continuity

Y
”.“-;Lf. B

s

Diagonal and nen-interacting
just like
Free fermions

\

>

\-

Fa—

Ji T

Anderson orbitals
only dressed by
interaction

['urwjunr]l But Interac Tmrj
Just like
Fermi-liquid theory

» Mutually commuting quasi-local
conserved quantities:

e

ni 4 exponential tail

1

MBL: Emergent integribility in
non-integreble systems.

r
:
i

vEvery MBL eigenstates
is like
Fermi-liquid ground state and thus cold statell

[ o 5 0 % o
oo W o

[
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Universal characteristic properties of MBL

_,.v

-’j \ \{Y\'\ j I _Ti l I\I l I A(ll:";ﬂl‘(il"!l W
N

v Initial stored information never decay

v Area-law entanglement of highly excited states

even in infinite time v Logarithmie growth of entanglement

J. Bardaraon, F. Pollmann, J. E. Moora, Phya. Rav. Latt. 109, 017202 (2012)
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Characteristics of MBL phase

I'hermal phase Single-particle localized Many-body localized
Memory of imiual conditions hidden in Some memory of local imitial conditions Some memory of local iminal conditie
"_|Ir|‘l||\"‘||'TIH. i ||I:|"f'\']\' l‘\l',\[\l.'ll ||‘| ‘||'}"l[\ \}"; ' II:I"IZ [1i|'||,.|I Wlll?l |||I|‘||,‘|'|\ 11 aony

rmes tHmes

Fagenstate thermahzation ]"‘-<>!|'--I- ETH talse ETH fals

ETH) trud
Mav have nonzero DO conductivity Zero DO conductivity Zero DO conductivity
LContmuoous local spectrum I hiseret ||>.||-‘}*-A|Ir1|\ I s rete local pectrum
Eigenstates with volume-law Eigenstates with aiea-law eantanglement Eagenstates with area-law entanglement
entanglement
Power-law spreadi of entanglement No spreading of entanglement L ogarithmic spreading of entanglement
Troam none IJl,lu.‘_.\-.l. mitial L“\.ljll\"l‘ Iroam nonent I.\._l.\L tinal condinion
|'r|.'| ASING .L.hl -.‘\-'-I.‘\I o "'nw.h.-||.|' ‘|:',|--\‘.— w'\lw'l I“.|.'|.L'II\'.'|‘HI .\-‘Lll'r-u'.tiwl.

S~L¢

S - Ld—‘l S ~ Ld—l

Sent(A) =

Py =trp n><n\ tra (p°4 Inpy)

D. A. Abanin and Z. Paplc, Ann. Phys. (Berlin) 529, No. 7, 1700169 (2017)
R. Nandkishore and D. A, Huse, Annu. Rev, Condens, Matter Phys, 6:158-<38 (2018)
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MBL requirements:

e |Interaction
e Disorder

Can MBL phase appear in a
translationally invariant system?
l.e. without disorder
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MBL in translationally invariant systems (quasi-MBL) :

» QI: Is Non-ergodic dynamics is possible in the absence of disorder ?
Al: yesl|
N. Y. Yao, C. R. Laumann, J. |. Cirac, M. D. Lukin, and J. E. Moore, Phys. Rev. Lett. 117, 240601 (2016).

* 1D many body Falikov-Kimball Hamiltonian:

H= - \ I @ light a particle
J
_ olo'(“ilo I
- NN, i

M. Schiulaz, A, Silva, and M, Miiller, Phys, Rev, B 91, 184202 (2015)

High entropic configuration =» Higher Configurational disorder = Non-ergodic dynamics
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Disorder-free localization due to super-selection rule:

H

e
0
o
0
?

|P0) = |10)®|1¢) s 4L P ) = 1,0,1,0

Polsson

Hilbert space gets the

I I dalad
factorized structure, i,

7 ] ;--““-u__\_
unconstrained LGT &
|W,.) {qg:") '\'llrﬂ"I .
0o r -+ .
[N ] 0. 04 b 0y
Initial state can not restrict '
dynamics into a fixed gauge =zector: ‘ :
Ry . i . : Hiq,) JY e '-’fr'ﬁ'—fmf‘,u 1/2)
|"H.‘ — \ i i \'. \ -h——l i
‘_f\ - - " E i + 17 !
[gi)==%1 mergen | !
' dynamical 7(q) &g + 1) + =d(q
disorder

A, Smith, J. Knolle, D, L. Kovrizhin, and R, Moassnar, Phys, Rev, Lett, 118, 266601 (2017).
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New mechanism for disorder free MBL in:
Kitaev-toric code on ladder geometry
(a quasi-one dimensional model)

@ » L - - - -
®
L — L - - L
Mk =—Jv Y A, B ¥ By,
A =]]ef, ieLorT; J >0, Bo=[]of, jeO; 4 >0,
i J
Let |$2) = @i|+); , af|+)i = [+)i the 2-fold degenerate ground states:

vK) = g [0+ B)IR), i) = Welvw), We= [ o

P feone leg

2D: A. Kitasv, Annals of Physica 303, 2 (2003); 2-lega ladder: V. Karimipour, Phys. Rev. B. 79, 214435 (2009).

AL, A. Mohammad-Aghaei and R, Haghshenas, Phys, Rev, B. 91, 024416 (2016)
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The main idea

L - - -
Hy' im Y By(i) = je Y (AL(5) + A%(3))
A, S . -

.A ‘{I; —_ — ’(I; implies an . anyon on v
\

e = (1 .IL},,/'.E

.Ij‘ﬂ‘l/l = ’q: implies ano anyon on p

A™ = (1 - B,)/2
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The main idea

s - - -
Hy' dm Y By(i) = je Y (AL(E) + A4(i))
A'q‘ 4 d i

Lo X 0 JX 0 XX @ 3 03 O
(m)-(m ) d ) <(m ‘_) (m ) -
QOO O OO

== 0@ O O @
— .(m". u:m)
(’“ Tod X f_'> - @ - @&
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The main idea

Anyons feel a random phase]

while moving across the
system just like to what
happens in AL.
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The main idea

s ; - -
A, 3

Anyons feel a random phase
while moving across the
system just like to what

happens in AL,

O CD S -
'rn m m m ('m

%Kw I\ H e
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The main idea
W s i ‘T/; ;1_,Y“(,_;)+1 (i)

Anyons feel a random phase]

while moving across the
system just like to what
happens in AL.

U R HCR WO N MO
(m) ( ) (m) (fn -(m) .
Q_O @ O O@-

«1 11
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The main idea
W ) i _,‘Tn ;1_,Y“( (i) + A%(4))

Anyons feel a random phase]

while moving across the
system just like to what
happens in AL.

&% Toe e
oo S®

{

.1 11
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The main idea
w | i _,V/; ;1_,Y“( (i) + A%(i))

Anyons feel a random phase]

while moving across the
system just like to what
happens in AL.

ODODDD.D DS
arl Q—o B O G ® ® O

Pirsa: 18080082 Page 30/41



Disorder-free localization in Kitaev Ladder system

XXX

¥ Lin

v The presence of one type of anyons hinders the kinetic
term of the other kind.

v The ¢-charges are confined between static m-charges. £, . —
\ MG O

v Anyons feel a random phase while moving across the

system that purely rooted in nontrivial anyonic statistics. ( ]i .
\/ L
7'-.- 7 V_ . ::: £ ”i\”"_ ,f\'r_:("”"w * {'“”':r‘“'rfffl(l F iy ie1Mb.i+1))
« = ° E(.Hh., b lafty ity sy (1 + pig3))
Ytﬁ(/;t.]{f;r',;r' _l|+,rr :))
. ® o O o °
. (’“) o q ri:J ~ 7' & = @” ( -y . Q:{) )CD

d X \m
o ..ei.QQC)QOQ

H. Yarloo, AL, A. Vaezi, Phys. Rev. B. 97, 054304 (2018)
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The main idea

o "‘m Z '\'r'\—f 1 1 s B
YK
A 1
{( [H!
v Light particles (charges) see v After non-local dual mapping:
Heavy ones (fluxes) |
as static barriers. te(i) = 2te(1 —nj")

v' The e-charges are confined
between
static m-charges.
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Disorder-free localization

Ap2,(t) ,wa () = ni(8)) |

\)|'-’
Non /

TR 12 4 =

e
/

i f‘.iflj' 'R

IR "n.

0.006 +

i i | Ki\;\*

) . 31 & N= 1-__! $ 1
* translational symmetry is j N=16| Jm =10 3%
dynamically broken for t,, « t, . | ® N=18] ¢ =1 S
()
10~4 10~ 10) 10~!
tm

v’ Exponentially diverging behavior for
complcfc rclaxation ‘rimci

f /,!H.

Tfl m o

Translational symmet
dynamically broken.

?

H. Yarloo, AL, A Vaezl, PFhys Rev B 97, 054304 (2018)
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Resilience of the topological order following a quenct

'5rr nt (f ) '-‘)‘t}

Heating procedure: AS = ,
*‘7,'”1”(' = “’U

|| e =====
\ n p Vh--u.l.'J 7 ;..1
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() \ I8 # ' Fﬂ nT
b
\ 11 _I."r_/
. f’l’r
— 0,064 /
> o '
ff-J /
<] 0.4 ’
. o
[ h] [«
0 /4
£ d Y
().1) ==
1! 1Y 10! 10" 1o*
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H Yarloo, AL, A Vaezl, Phys Rev B 97, 054304 (2018)
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Resilience of the topological order following a quencl

'-‘;r nt (f) 'S‘l)

Heating procedure: AS = :
h;m_qr = “’ll

It is more favorable for the initial information

to be encoded in subspaces with higher
density of errors.

H Yarloo, AL, A Vaezl, Phys Rev B 97, 054304 (2018)
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Resilience of the topological order following a quencl

'Srr nt (f) 'S‘l}

Heating procedure: AS = ;
*‘7,'.1.‘1;;(' iy “’“
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H Yarloo, AL, A Vaezl, Phys Rev B 97, 054304 (2018)
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Resilience of the top!
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Failure of Eigenstate Thermalization
Hypothesis

D e [pa TP oii]
9 i <,’!) III)+1> 0.6

H. Yarlog, AL, A, Vaazl, Phys. Rav. B, 97, 054304 (2018)
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Summary:

» Random arrangement of heavy anyons in high energy eigenstates dynamically suppresses the
diffusion of light ones.

» Self-induced disorder, is purely rooted in nontrivial anyonie statistics.

» This effect increases the robustness of topological order,

» A typical initial inhomogeneity gives birth to a glassy dynamics.

» Slow growth of entanglement entropy, with characteristic time scales bearing resemblance with
those of inhomogeneity relaxation

» impeding logical errors in highly excited states by self-localization of anyons.

» the stronger environmental perturbations the higher strength of self-disorder and boosting the
*endcncy of anyons toward self-localization

» It is more favorable for the initial information to be encoded in subspaces with higher density of
errors!
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