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MBL 4 Motivation MBL ige tae Ihermalisation Hypothesis

Deutsch (91), Srednicki (94,98), Rigol, Dunjko & Olshanii (2009),

. - . . D’Alessio, Kafri, Polkovnikov, Rigol, Adv. Phys. 65,239 (2016
Thermalization Manv_bodv localization essio, Kafri, Polkovnikov, Rigol, Adv. Phys. (2016)

— d
Quantum correlations in local d.o.f Sy =tr [pA In ,OA] x L
are rapidly lost as these get

entangled with the rest of the system.

4

Classical hydro description of
remaining slow modes (conserved
quantities, and order parameters).

Are there scenarios when this fails?

> > System fails to act as its own heat bath!
The many-body _elusive interface between
localization transition ~ quantum and classical worlds

Nandkishore et al.,Annu. Rev. Cond. Mat. 2015; Altman et al. Annu. Rev. Cond. Mat. 2015,
Gornyi et al. Phys. Rev. Lett. 2005

Basko et al. Ann. of Physics 2006
Nandkishore et al.,Annu. Rev. Cond. Mat. 2015
Altman et al. Annu. Rev. Cond. Mat. 2015

LMU

Approaching Many-Body Localization from Disordered Luttinger Liquids
C. Karrasch, J. E. Moore

MBL senerickailure of Thermalization B S ) ™

Protection of topological order by symmetry and many-body

Ancrew C. Potter, Ashvin Vishwanath Pioneering work:
Comments: 17 pages, 4 figures . T
Subjects: Disorderged Sysltgekro:s and Neural Networks (cond-] I.V. Gornyl,A. D. erlm, and D. G. Polyakov, PRL (2005).

. . . . . 29. arXiv:1505.07089 [pdf, other] .
Generic: Disorder + Interactions + High Energy Density Dynamics of many-body looalisation n a wensaton nverin] . M. Basko, I. L. Aleiner, B. L. Altschuler, Ann. Phys. (2006).
Merlijn van Horssen, Emanuele Levi, Juan P. Garrahan
Comments: 5 pages, 4 figures
Subjects: Statistical Mechanics (cond-mat.stat-mech); Quan|

- ~z ~ ~ 30. arXiv:1505.06343 [pd, ps, other] Review/intro:
H= .S + J::S. . S. Many-body ground state localization and coexistence of loc: )
Zi hiS; Zid BT R Yucheng Wang,Haiing Hu, Shu Chen D.A. Huse, R. Nandkishore,V. Oganesyan,

Subjects: Disordered Systems and Neural Networks (cond-1 Annu. Rev. Cond. Mat. 6, |5 (20 | 5)
31. arXiv:1505.05386 [pdf, other]

Revisiting Many-body Localization with Random Networks of
Benoit Descamps, Frank Verstraete

I IMA\J p-bibs Comments: 3 figures R.Vosk & E.Altman,

Subjects: Quantum Physics (quant-ph)

é £
£ & o
DOOHLOOD BRSO sy anos] AU Rev. Cond. Mat. 6,383 (2015)

Kevin Slagle, Zhen Bi, Yi-Zhuang You, Cenke Xu
Comments: 5 pages 2 figures

Diesed  -Lids e o oo (conarmatstel) D.Abanin, E.Altman, I.B., M. Serbyn (2019)

it states and q y-body il
L. Barbiero, C. Menot, A. Recati, L. Santos Rev. Mod. Phys. 91,021001 (2019)
@/@' @ @ Comments: 5 pages, 4 figures
Subjects: Quantum Gases (cond-mat.quant-gas)
34. arXiv:1504.06872 [pdi, other]

Total correlations of the diagonal ensemble herald the many-body localization transition
J. Goold, C. Gogolin, S. R. Clark, J. Eisert, A. Scardicchio, A. Silva

o sunif s auantoh)
r A% =~ Az aZ (n) AZpZ aZ aZ 35. a
Hy_pit = E T; + E JiiT;T; + E E Kl.{k)jT,- Ty, - Th, T wai EXperiments: Cold Atoms, lons, obilty edge
Xi .
i ij n=11ij,{k} ool NV Centers, Electronic Systems...
Subjl quant-gas); Quantum Physics (quant-ph)
[-bits” are quasi-local integrals of motion B ek Subrol aioe

Subjects: Disordered Systems and Neural Networks (cond-mat.dis-nn); Statistical Mechanics (cond-mat.stat-mech); Strongly Correlated Electrons (cond-mat.str-el)
37. arXiv:1503.06508 [pdf, ps, other]

Localization in a random $x-y$ model with the long-range interaction: Intermediate case between single particle and many-body problems

Alexander L. Burin

Comments: Modified version after review

Subjects: Disordered Systems and Neural Networks (cond-mat.dis-nn)

38. arXiv:1503.06147 [pdf, other]

Many-body localization characterized from a one-particle perspective

J.Z.Imbrie, Jour. Stat. Phys. 163:998-1048 (2016)
"I-bits": Serbyn, PRL 2013 | Huse, PRB 2014 | Nandkinshore, Annu. Rev. Cond. Mat. 2015




MBL AINew lype of _hage Transition

The toy model of MBL: H = Zi h;S? + Z,-,J:}"S: . S,

Numerics from Luitz et al. PRB 2015

Ergodic - MBL transition not visible in thermodynamic (equilibrium) quantities
Properhcs of the mcny-oody eigenstates change (area law t‘:ntong[omnml

Experiment: Need to probe the dynamics at high energy density

Altschuler et o

Znidaric et ¢

Important Points

Very little theoretically known about MBL in d>1
(stability of MBL in d>1 unclear)

Calls for particularly precise characterization of the experiments
(validation through a quantum simulator)

Experiments (almost) isolated from environment
but small residual coupling limits observation time (>1000 1)

MBL [REEresting Questions Connected to MBL

Nature of the phase transition (universality, diverging scales, rare regions ...)
Pal + Huse, PRB 2010 | Agarwal, PRL 2015 | Potter PRX 2015 [Vosk, PRX 2015 | Luitz, PRB 2016 ...

Entanglement dynamics in the MBL phase
Znidari¢, PRB 2008 | Bardarson, PRL 2012 | Serbyn, PRL 2013 | Vosk, PRL 2013 | Nanduri PRB 2014 ...

Local integrals of motion
Serbyn, PRL 2013 | Huse, PRB 2014 | Chandran, PRB 2015 | Ros, Nucl. Phys. B 2015 ...

Stability to environmental couplings
Nandkishore, PRB 2014 | Huse, PRB 2015 | Johri, PRL 2015 | Levi, PRL 2016 | Fischer, PRL 2016 | Luitz, PRL 2017 ...

Coupling to small “baths”
Nandkishore, PRB 2015 | Hyatt, PRB 2017

2 Extensions of MBL to Floquet systems (time crystals, SPT phases)
Ponte, PRL 2015 | Else, PRB 2016 | von Keyserlingk, PRB 2016 | Khemani, PRL 2016 | Yao, PRL 2017 ...

MBL PhaseiDiagram - D. F use Lecture (7)

Dunamic thase diagram of MBI notaieg s Fhese Y

erhurbativily fable,

¥ o Tl
FPNWONTS NON pantun be 4.\1\.1 s inble

A. Morningstar et al. arXiv 2107.05642



MBL

Measuring Localisation MBL QLirési-Disordered Fermi-Hubbard

Anderson localization: Ready...Set...Gol

\/Vv\/\m/\,\/\/ H=-J>" (e;aém,a +H.c.)+A > sin (2mai+ ¢) &l 6o+ U Y R

T. Schwartz et al. Nature 446, 52 (2007)
Y. Lahini, et al. Phys. Rev. Lett. 100, 013906 (2008)
J. Billy et. al. Nature 2008 (Inst. Opt.)
G. Roati et. al. Nature 2008 (LENS)

o
3
3

5
3
3

40K-40K Feshbach resonance

4 160 180 Blz?g[G] 220 240
Ready...Set...Gol Without interactions U=0 : Aubry-André model
Fastest timescale: local probe! WRM/\A./V
e Homogenous tunneling but quasi-random onsite energies
e a is the incommensurability ratio, irrational, in the experiment = 0.721
/\/\A/\/\/\N\/\A/\/\/\/\/\ Slowest timescale: global probe All eigenstates extended for A/J < 2

All eigenstates exponentially localised for A/J > 2 @
2)
LMU G. Roati et al. Nature (2008) v

°

Scattering length [agl
3
3

N
S
5]

Many-body localization:

Kondov et al. (DeMarco) Phys. Rev. Lett. | 14,083002 (2015)

LMU

MBL Single Particle Orbitals MBL
3
25rem ~ v\ ; T T T T T T T g
AN L Ground State Wavefunction g
o Trap V& g . <
2 |effects [ £ : 2
7} £ il B 4
3 15F m § 2 bl -
5 \ E fg %| ergodic delocalized Y T7d7 7
— . ; ;
. B ] 1 |
@ ' T T L —— T
3 .‘ Disorder Disorder 0 R—
= st % i Three Step Procedure 0 s 10 15 20
Metal e Anderson Insulator Laree R U
, . ...?"' At il Sl EEEL SR 1) Prepare CDW (with different doublon densities)
00 1 2 3 4 5 6 7 8 9 10 2) Evolve in disorder
Disorder Strength 3) Readout CDW (disorder averaged)
gsp — 11’1_1 (A/2J) N,—N, Hamming Distance

Main Observable: Imbalance [ =

Ne +No D(t) =53 [1-1(2)]
”LMU (see P. Hauke & M. Heyl, PRB 2015)




Interlude -

Optical Lattices Controllable Parameters

V\/M/\A/\A/ ® Original
W\/\/\/\/w ® Intra & Interwell Barrier Depth
/\/\/\/\/\/\/\/\/ ® Potential Bias

[AII parameters can be changed dynamically & in-situ! ]

LMU

Optical Lattices r Optical Superlattices

Superimpose two standing waves with controllable phase & amplitude.
1530 nm + 765 nm

Array of double wells

Note: two non-equivalent sites in unit cell! ‘ LMU

Optical Lattices J - 2D Superlattice Geometries (1 SL)

0000 [

Controllable couplings
and dynamics

Superlattice useful for
—_— controlling and detecting

LMU




g : : . Mapping the Population of the Energy Band
Optical Lattices 2D Superlattice Geometries (2 SL) Band Mapping B R oy Zones

20 E, 4E, Free Particle
==t Crystal momentum is conserved
| while lowering the lattice depth
i ho, adiabatically !
-hk +hk -hk +hk -hk +hk
q q q
Crystal momentum
® 0] ® PRy © e © I © £
Y Y &S S ) P ) P Population of nth band is
mapped onto nth Brillouin
s 5 s 5 zone !
Coupled Plaquette Systems Higher Lattice Orbital Physics
see B. Paredes & . Bloch, PRA 77,23603 (2008) see V. Liu,A. Ho, C.Wu and others work A. Kastberg et al. PRL 74, 1542 (1995)
S.Trebst et al., PRL 96, 250402 (2006) exp: related to A. Hemmerich’s exp. M. Greiner et al. PRL 87, 160405 (2001) p Free particle
’ T ——
momentum
-3hk -2hk -hk +hk +2hk +3hk

‘ MU ‘ LMU

Band Mapping Experimental Results Optical Lattices Populating Higher Energy Bands

S X Momentum distribution of a dephased condensate Single Iattice site Energy bands
Brillouin Zones in 2D after turning off the lattice potential adiabtically
ey ——-
Stimulated Raman transitions
between vibrational levels are ) -
S used to populate higher T 2 gand
z 2D energy bands. ho
o] “
O l 1 Band
Ig> -hk +hk
q

Measured Momentum
Distribution !

Piet Mondrian

LMU LMU




MBL ime Evolution

T T T T T T T
a U/J=4.7(1)

B 6, U/J=10.3(1 i

0.8 (1) A8
™ 0.6- .

8 6]

3 0.4+ -

End Interlude = AJ=3
E 020} .

? A/J=0
o—dﬂ%zaooocyao—o—o—o—o—o—o—o—w

| | | | | | |

0 10 20 30

Time (7)

[ Non-ergodic, non-thermalizing quantum evolution ! J

M. Schreiber et al. Science 349, 842 (2015)
P. Bordia et al. Phys. Rev. Lett. 116, 140401 (2016)

Relaxation 'g .) 0 'uasipe riodic MBL :‘Localization
A=5J
T T T I
‘ O Experiment
[ \ y ) ED - no trap
o OoR,0 o ‘ 0.6 —— ED - incl. trap 7]
p N
8 [0}
= 2
]
'g s U=5J 7 = o |
- U=0 8
oN =
10-1 1 1 1 1

10-1

Noninteracting localised - Interacting non-localised

100

101
Time (7)

102

o
[N

o
o




MBL mbalance vs U/] MBL Numerics - Entanglement Entropy
B M= 47(9) @A =1.2(2) ' '
0.6} ® A/J=2.9(6) @A/ =0.0(0) § 214f Uu=0
o @
t E c B 9] N
N ® ® Wyl S 3
& ] 1= 2 c
O 04} o N . (]
c [} o = =
© () £ (= o
8 [ (] Cg)%% (YA 7 % 061 u £
= ° ) < AV i £
0.2 1 T oo . .
o o e 00 10 %0 5 0 15 200"
| oo cmemi: o o i ““
. @ O eo [
Ul 2 =i U(/)J e 20 Characteristic log(t) Maximum in entanglement entropy slope
entanglement entropy growth connected to minimum of imbalance

I) Localisation for all Interactions
2) Characteristic W-shape
3) Dynamical U vs -U symmetry

DMRG Simulations A/J =5

[ S =150+ 5" log(t/7) }

M Znidari¢, T Prosen, P Preloviek, Phys. Rev. B (2008)
JH Bardarson, F Pollmann, JE Moore PRL (2012)
M Serbyn, Z Papic, DA Abanin PRL (2013)

MBL Infldenceof Initial Do Ion Fraction

Can burnan ek sense | Oullengesofencdiog maralty e | There easures of
el e | suocmmos il /4 s | carrer makdiey 5 5

T T . ' I
[ 8 [¢] {1 O attractive
0.6 03[ . o0 98 1 ]
[ &8 ® ] non-
o 8 o interacting
osm ? 1 O repulsive
™ o) 0.2 1 >50% doubl
A 6 9 . -0 % doubloons
e Py 4 0 4 O 40% doublons
g | ) | / STAYING IN
©
: o
= 6-0-0.6 00 (56 X6} o2~ no doublons |
03F & 56 © i
R eNGs] g0
Q0
0.2} n
| 1 L L ;
-20 -10 0 10 =

uJ

Kinetic energy of doublons for large U Jabi = J*/U

Doublons see effectively larger disorder % < %




System Summary

Disorder Potential

I. Prepare Domain Wall MeBde rimnatnm Aftar n jective

(no tunneling dynamics)
Optical lattice

laser beams . .
‘ ' 2. Turn on disorder potential

Vacuum window

. 5
< / 3. Lower the lattice depth p
(near critical point) pt
el
. . . . =
\ 4. Measure atomic distribution o
S
“D"i::;‘:d entia *Tunneling time is 6.4 ms. 8
po * Disorder is changed for each image.
< \#’ 015 *Take 100 picture for averaging.
Objective lens l( N, %‘ 010 :
2 oo U =24]
o -
00 =] —
Disorder, & A 0-20J

The setup y Other potentials MBL oe mgp}_ﬁ{l\lE}l-ThermaIization in AMO System

Very hard to probe whether the system has thermalised!
Types of potential Potentials hist. NN difference hist.

(but possible for small system sizes) A Kaufman et al.
Science 2016

160000
140000
120000

& 100000

S 80000
60000
40000

20000

1o 05 os 10

oo
Potential difference

DRt s e

Py — 2) Evolve until steady state is reached (*always exp. limited)

7000

‘2 5000
& 3000-

3) Analyse if any remnant pattern detectable

1000

ID Quasiperiodic

Tz oo 02 0.4 06 08 10 12 -0 05 0.0
Potentiol Potential diference

 —— e B "

LMU

os 1o

LMU




MBL ( Ma lzaion far from Equilibrium

Domain Wall Dynamics

Evolution under 2d disordered Bose-Hubbard:
A n At A U .y/a ~ "
H=-J L/”\ a; G+ < 2 (A = 1) + 2,(8; + VD

System preparation far from equilibrium

Infinite temperature wrt.

%"g\g"f\fé\ﬂ‘wnﬂ‘wW kinetic energy and disorder

See also experiments on ground state Bose-Glass:
Kondov et al. Phys. Rev. Lett. (2015)

1 ;? 7T 0.4+ ¢
s o[ e 4 ] - 06F 4% A
N AR ] 0.3 I
- Q01 | |, | e ) N 0.3 o
o 0 0 10 N i i
8 Position x () o) 0.0
- - : L1l
% v 8 e 1 5 10
£ i I A(J) ¢¢
o Q o4}
£ Ergodic Phase (:) 6
| : Y a%e
ol . , , 0.0 & ¢ Q
0 100 200 300 B MBL Phase
Time t (A/J) Lo | I I T N N B I

0.6 1 3 5 7 10

Numerics: 1 d+ladder tDMRG: Hausschild et al. PRB (2016); 2d T.Wahl et al. arXiv:1711.02678,Yan et al PRL (2017) Disorder



Normalized density, n(x)

Imbalance, Z

Jisorder Effect in Real Space Il

Position, x (sites)

Role of

Interaction

— | |

0.6 1.0 ! -D- -
N 05 _EPD o & 0

0.4 I

0.2

0.0

Disorder, A(J)

Decay constant, A (sites™)

0.3

0.2

0.1

0.0

Probing MBL on Different Length
and Timescales

Diverging Length Scale

80—
| 540— :‘%
M - EQ

(0] = Isl(blollolloll ¢
0 4 8 12 16 20

N A(T) ++

4 I

-I 1 1 d? I T R

2 3 4 5 6 7 89
1 10

Disorder, A(J)




MBL »etfer Separation of Timescales

o
@®
/7
eococoe L
am:-wo =~

Imbalance, 7

0 100 200 300
Time, t(1/J

MBL with a small bath Dynamics without mixture

é

.
o
o

I J

8 08¢

Imbalanc:

Doublon fract. p,

e 00
0 20 40 60 80 100
Time t (A/J)

I
~

Imbalance 7,
o
(e}

0.2
00 = i i i i - Band width 8
0 200 400 600 800 100C
Time t (h/J) Interactions U=25]
T1~06h/J  T~105h/J 1y  Disorder  A=28]

A. Rubio-Abadal, J-y. Choi et al., PRX 2019; arXiv:1805.00056

MBL with a small bath

Dynamics without mixture

0.8}
N
g 0.6
©
8
£ 0.4
0.2+
0.0 [— - - - -
0 200 400 600 800 1000
Time t(h/J)
S—
T11~0.6 h/J T2~105 h/J T3> 2500 h/J

A. Rubio-Abadal, J-y. Choi et al, PRX 2019

MBL with a small bath
10} o ' 1O = _—
HiliHim g o8 1°2¢
5 £
é 0.6 016
o o
N = 04 3
8 1 1 " L n 000
= 0 20 40 60 80 100
E Time t (A/J)
E

0 200 400 600 800 1000

Time t (A/J)
T11~0.6 h/J T2~105 h/J T3> 2500 h/J

A. Rubio-Abadal, J-y. Choi et al., arXiv:1805.00056




MBL robing MBL Instabilities

[ Engineered disorder with controlled non-disordered (ergodic) grains! )

Avalanches?
Stability?
Range?
Timescales of Instability?

Motivation

& Q

Disordered lattice Clean lattice

“Clean” i y- “Dirty”
component & % component

Localization?
_—

[ Thermalization? 14

W.De Roeck & F. Huveneers, Phys. Rev. B 95, 155129 (2017).
R. Nandkishore. Phys. Rev. B 92,245141 (2015).
A.Chandran et al., Phys. Rev. B 94, 144203 (2016).
K. Hyatt et al,, Phys. Rev. B 95,035132 (2017).
K.Agarwal et al,AdP, 1600326 (2017).

Stability vs Coupling to an Atomic

Bath and “MBL Proximity Effect”

Wiy

Dirty component |d)

WY

Clean component |c¢)

()

Independent

Coupled

ot

i

i

Evolution time
1t 3t

1T

i s e

Atom number in |d;

Atom number in |c



Introduction J;Jl” Jd eNc H“g of order potentlal

1) Deloc + Loc = Deloc :J J %
2) Deloc + Loc = Loc 3, ? ﬁ"'

775 780 785 790 795 800
Wavelength A (nm)

3) Deloc + Loc = Deloc + Loc

[ Down spin can be considered as a heat bath )

U=Uy ~Upn~=Upy

Introduction arge 'Density Wave




MBL with a small bath _l‘)yw w . dirty component MBL Bath
@ o ewwlh

" (@) (b)
05F ‘ ‘ ‘ ‘ ‘ ‘ ‘
:t 0.12 2
e
N
& (XY i ° N_=0
E o \ # *ﬂ :* +'++.+" —$—¢—& 1 0.08
~° s = L + + . N,=20 %
3 DI et $
= 0.1 N ¢ 0.04 %
ﬁ N =40 *
Qo ~ q c 1
£ Ne=s0 > * 0.00 ‘
50 200 350 500 650 800 950 1100 0 20 40 60 80
Time t (A/J) Clean atom number N_
\ ) ) ) ) ) ) Imbalance stable for small admixtures
2 11
%0 00 350 50?_ E:S(:/J) 800 950 00 Larger bath size kills the imbalance \:i> Localization non-trivial !
ime

A. Rubio-Abadal, |-y. Choi et al, PRX 2019

MBL

2) Deloc + Loc = B

w

3) Deloc + Loc = Deloc + Lgg =
H = —,]Z <(A1;r(‘1,-+| + /1.('.)
+%Zﬁ,(m—1)+w > hing,

i€ Lais




MBL M:]L. to Bath MBL Olibled to Bath

Quenched initial state Separate dynamics Transport across interface b 3
§ g2 o .
=~ 0 b [ 5 ® Decay length as a function of
Y o R ® evolution time
8 o
0 0 1 2
or = 3.1(1)r -. 100(1)T 10 Tirr::a)(') 10
-1 . 4
o o o c |
. . Qoo
- o u D ' Decay length as a function of
g g . D | bath size
2 S QXD |

L L 0 1 2
o Decay length &

{ 8(2)(5’./) = (ﬁiﬁj> - <ﬁl><ﬁj>]

MBL MBL _-obled to Bath

Local Particle Number Fluctuations

® ol
:f”l EEIIIIIYD 0
olliBo o 1 P
0 2 4 0 2 4
Occupation n Occupation n . .
909 Probing Dynamical
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. ‘ Entanglement Features
15 /e ¢ e 0 £
N O 5
2 o Rree” £ 100 N i
a 1 o
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0[ 100 'E
10° 10! 102 2 4 6
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n




MBL

0.4

Entanglement Entropy Growth
NS ) ) )

— 0.1

03 F

— 0.1,L=20

wn 0.2

0.1

spin echo DEER
oy 09 2 g 7] (% IEI = Ir
om" 10"° 34 s 6 71 8 @2 o 2 2 2
Jt/h w
01 1 10 100 @ @ _EI_
J.t FIG. 2 (color online). (a) Averaged entanglement entropy of
L L L L L initial product states, in which all fermions are localized at some (d) . .
0.1 1 10 100 1000 sites, shows a characteristic logarithmic growth on long time 2 diffusive NIL MBL
Jit scales (system size is L = 12, W = 5). Growth rate is found to 4 MN—— N—
be proportional to ln(Yl/h) (igset). Saturated entanglement c
(b) and the ratio C = Sg(00)/Sgje (c) decrease with W (for &
fixed V = 0.01). t t t
: L \
w
w
o
Interaction induced entanglement of t T t
different spatial regions of system
log(t) direct consequence of
M Znidarié, T Prosen, P Preloviek, Phys. Rev. B (2008) exponentially decaying interactions
JH Bardarson, F Pollmann, JE Moore PRL (2012) strength of LIOMs
M Serbyn, Z Papic, DA Abanin PRL (2013)

M. Serbyn PRL (2014)
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MBL Population Measurement
a)
S
©
3
=
B
g
g
% 0.0 1 gt = frej
10° 10 102 10°
evolution time ¢ (ns) c) w/J
0 5 10 . 15 20
0 2—\//){ -
2 a
A 3 OOO@O@K

0 100 200 300 400 500 600 700 800
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Big Open Questions
* Stability of MBL
* Nature of Transport in Ergodic Phase
* Definition of Localization Length
* Finite Coupling to Bath

* Phase Diagram

Experimental Advances
* Longer timescales
* Larger systems
* Structured disorder

* |mproved isolation from environment

MBL
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Probing Thermalization

in a QMB System




Thermalization Ihermalization in an soléfed QMB System

Quantum quench §

1.04

_ 08 T=0
Pure state R <06
\ [ 0.4
N’J‘ . Y 4
) 00T 5 s
Observable A
Global Local
Unitary dynamics Thermalization
T>0 |
Pure state
W) )
0 Obsen‘/qge'»A 6" A. Kaufmann et al. Science 2016
1 —pE,
ETH assumes that locally: P4 = ——¢€ n
Zy
— _ _ Remaining System acts as “Thermal Reservoir” for
Syy=—1r (pA log pA) =S smaller subsystem.

Entanglement Entropy is Thermal Entropy in a QMB System

Thermalization lflobing Renyi Entropy

Probing State Purity via Many-Body Quantum Interference (here for bosons)

Y
170 bas @ Rubwessmnd

Beoun Sp e
Opevedion
Pch
CO‘DICA

Purity fr (p2)
Renyi-2 Entropy 5,(p) = — log <tr (pz))

Bounds von Neumann Entropy

Sy = So(p) see C.M. Alves & D. Jaksch PRL 2004
A. Daley et al. PRL 2012

To Show:

1) Global State Remains Pure

2) Locally, system looks thermal
3) Probe local vN Entanglement Entropy

(or related quantity)

A. Kaufmann et al. Science 2016
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Thermalization Measure Renyi-2 Entropy Thermalization ermalization'in an Isolated QMB System
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Negative Temperature einodynamic Definition of Temperature

Qperature

Temperature
does not measuyre
energy content!!!

Thermodynamic theorems apply in negative as well
as positive temperature regime!

Negative Temperatures

Requirements

EA

—

P, xe *sC=T)

[ For negative temperatures, we require upper energy bound Emax! ]

LMU

Negative Temperatures

Requirements

EA

P, xe *BT

[ For positive temperatures, we require lower energy bound Enmin! ]

‘ LMU

Negative Temperatures
‘ A Nuclear Spin System at Negative Temperature
E. M. PurceitL AND R. V. Pouxp

| Department of Physics, Horsard Unisersity, Cambridge, Massachusetts
PHYSI{ November 1, 1950

1 Th NUMBER of special experi have been d with
a crystal o‘ LiF which, as reported prevwllsly‘ had long

“* i~ a etrong field and in the earth’s field.
I ""ldﬁlﬂ

JULY 1, 1956

lute Temperatures

But how to realise in
gas of
moving atoms,
for motional states???

Patrick Medley v

MIT-Harvard Cenier fol
Massachusg

2 Januay
(Received 12 Ja ive

fons at positive and ncb.u
pm,

c aration OF 1508 5 cool other degrees of freede
ultracold 0 J tures ¢ (C"-:‘: pkl?'!‘l‘u spin system can .\lmhc u\«l to cool other € iz
ive SDi atures of
sffective 577 saagsaﬁﬁsa
Em Pound, Phys. Rev. 81,2 e
N. Ramsey, Phys. Rev. 103,20 (1956) -
M. Klein, Phys. Rev. 104, 589 (1956) . iﬁ% T e
P.Hakonen & O. Lounasmaa, Science 265/
P.Medley et al, Phys. Rev. Lett 106, 195301 (2011)

We demonstrag

LMU




S Energy Bounds of the BH Model

Negative Temperature

[ LU V>0 || TU V<0 |

4J

o
T

Ekin Eint Epot

b WWWU\/\/ Bt

Negative Temperature

(Um-Uv=y)

Eq Eq

Atomic Limit Atomic Limit
Mott Insulator q a  Mott Insulator
Mott Insulator \/\WN V\NM\/\/ Mott Insulator
Eq Eq
q q
Superfluid WWWW\/ \/\/UWW\/\/ Superfluid
Eq Eq
q q
TUV >0 TUV <0

Sequence: A. Rapp, S. Mandt & A. Rosch, PRL (2010)

Negative Temperature

Entropy vs Energy

Negative Temperatures

Experimental Results

Positive Temperature wlo switching

SF to M1l

0 Optical density (a. u.) 1

Negative Temperature w switching




Negative Temperatures

For attractive interactions (a<0), condensate collapses!

E.A.Donley et al. Nature 412, 295-299 (2001)
J.M. Gerton et al. Nature 408, 692 (2000)

Negative Temperatures

Occupation (a.u.)

0.20 |-

©
=\
a

o
-
o

Kinetic energy of Bloch wave (J)

Collapse of Condensate

LMU

Occupation of Energy States

T=-2.2/ks

Kinetic energy well
fitted by Bose-Einstein

distribution

1

n(Qx,Qy) = e(Brin(4e,qy)—m)/keT _ |

Ekin(‘]za Qy) =-2J [cos(qzd) + COS(de)]

LMU

Negative Temperatures i y Stabil Ity

e . —
[ ) | )
m o
€102k ° J
1.0 F :10 ;
anti- °
0.8 tra‘ppl‘ngitra‘ppl‘ng‘

40 0 40 80
|Wherl /217 (Hz)

Visibility
o o o
N IS o

o
o
T

-0.2

0 100 200 300 400 500 600 700
Hold time in final lattice (ms)

[Negative Temperature State as Stable as Positive Temperature State!]

@

LMU

Negative Temperatures i ) Im p lications

Gases with negative temperature possess negative pressure!

a5

v >0 and dE =TdS — PdV

E

Carnot engines above unit efficiency! (but no perpetuum mobile!)

_w_, B
L Q1 T,

Some statements for the second law of thermodynamics
become invalid!




NegT tifFriction at Negative Temperature Negative Temperatures Carnot limits

T,>0T, >0 T;>0,T, <0
T > 0 Friction: Opposite
P entropy increases entropy flow
*— @ - Medium heats up
# Particle slows down AE,

- AEI ;
AW

T<O0 Anti-Friction:
? entropy increases
- - Medium cools down AW AW |
. = =— >
» Particle accelerates n= AE, <1 = A5
. ) (but direction is randomized
particle spectrum is in lone-term Iimit)
assumed to be unbounded g 2 Energy and Entropy are globally conserved!

LMU » No violation of thermodynamic laws =  No solution to energy problem!

Lieb-Robinson bounds

Lieb-Robinson bounds

O YT TY YT Y R TTFEITITY
444

vt—L
Lieb and Robinson (1972) [[A,BM]| < A exp (T)

awn




| ‘ Lieb-Robinson bounds 1D ot‘insulator out of equilibrium

|.Prepare ID Mott insulator with U/] > |

A L B "
orc o XXX Y XYY Y |
) . . deep lattice (20 E;) ‘
short-range interactions ’ o Y\/x .

g‘ variable
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ © lattice depth
Bravyi, Hastings and Verstraete (2006)
Calabrese and Cardy (2006) vt—L/2
Eisert and Osborne (2006) | (A(®)B(t)) — (A(t))(B(t)) | <\ exp (—/)
Nachtergaele, Ogata and Sims (2006) ¢

... and many others since then

the propagation of correlations is
bounded by an effective light cone

C ttinsulator out of equilibrium

C ttinsulator out of equilibrium

|.Prepare ID Mott insulator with U/J > |

deep lattice (20 E;) deep lattice (20 Ey) ’
no tunnelling y\/x no tunnelling y\/x LN

variable variable
lattice depth lattice depth

|.Prepare |D Mott insulator with U/] > |

2. Lower U/] abruptly 2. Lower U/ abruptly

The initial state is highly excited. Calabrese and Cardy (2006)

3. Record the dynamics Quasiparticles are emitted and propagate
ballistically, carrying correlations across the system.
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* Two-point parity correlation function
Ca(t) = {s;(t)sjra(t)) — {s5(D)(s}3.a()

+1if \of
i\ for W

Sj(t) - ein[nj(t)—ﬁ] {

o o
N w

o

correlation Cq(t)

Cup=90)

\ ---- quasiparticle model
/ \ — simulation (DMRG) ]
O experiment

time t (R/))

B

distance d

o W w N

=~ 0 in the initial state
>0 when t=d/v

UOIIE2.LI0D pasi[ewiou

0

04 0.8 1.2
time t (R/))

effective light-cone!

time

* Two-point parity correlation function

Ca(t) = (s;(t)sj1a (D) — (5;(E)){s}a(t))

(1) = il (®-A] { +1if \7/

-1 if \for W

correlation Cq(t)

0.3

o
)

o

Cup=90)

---- quasiparticle model
— simulation (DMRG) ]
O experimental

0.8 1.2
time t (B/))

velocity (aJ/h)

simulation (DMRG)

1
1

experiment

non-interacting particles




Outline Lecture 3

o Bound Magnons

e Spin-Charge Fractionalization in
Fermi Hubbard Chains

0 Connection to Ground State Non-Local Order
Superexchange Interactions

e Kardar-Parisi-Zhang Universality in
Heisenberg Quantum Magnets

Superexchange induced flopping

Quantum Dynamic of Mobile Single Spin Impurity

.y 3,: S,Z T. Fukuhara, M. Endres, M. Cheneau P. Schauss, Ch. Gross, |. Bloch, S. Kuhr,
exPi’ J U. Schollwdck, A. Kantian, Th. Giamarchi

Sherson et al. Nature 467, 68 (2010),
see also Bakr et al. Nature (2009) & Bakr et al. Science (2010)




Quantum Magnetism Spin impurity dynamics

Jox  Jex
N e N e W S Y e N

AR Su.an o o S5 S S8 S8 S8 S

- a>

$$ 8 F o-d oo ¢ $ 4
=

X

—Jox Z S,‘ -S j Ferromagnetic Heisenberg Interaction

(i) ‘
e MU
Quantum Magnetism » Spln impurity dynamics

444440 bbb b

Heisenberg Hamiltonian

H= 0o Y Si-Sj = ~Ju ) (SIS5+5)S)+5i55)
Jex

2
=S X (5757 +5057) TR, Jo =4

H= —JZ (djdj + did;) single particle tunneling

Quantum Magnetism Spin impurity dynamics

%W
2o b6 66606888 VVVVWW
35866666666

>0 8606666666 2> = |F=2, m=-2>
> 8 0 0606666668 [1> = |F=I, me=-1>
498060690 06860666

’ Line-shaped light field created with DMD SLM
‘ LMU

Coherent quantum dynamics
of single spin at zero temperature

Quantum Magnetism

1 ] 02f V=10Er
Uy =19

-10 -5 0 5 10

-5 0 5 10

Position (lattice sites) Paosition (lattice sites)

Probability

-5 0 5 10 -5 0 5 10
Position (lattice sites) Position (lattice sites)

J Ny Jaxt\1?
H:—?(Z)(S;FSJ- +578H) B = [f,-( o )]
l’]

Bessel function of the first kind
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Quantum Magnetism

agnon Bound States

There can be bound states in a Heisenberg spin chain!
Development of Bethe Ansatz.

H = _Jexz (S£8%.1 + S'zygzyﬂ) - AZS?S?H
l l

Direct Observation of Magnon Bound States Jex

_ Jex At o oot ) N
T. Fukuhara, P. Schauss, S. Hild, J.Zeiher, M. Cheneau, M. Endres, I. Bloch, Ch. Gross Z%%%E;%tgg) H = D) (Si Si+1 +S; Si+1) AZSI' i+1
= i i

H. Bethe, Z. Phys. (1931)

M. Wortis, Phys Rev. (1963)

M. Takahashi & M. Suzuki Prog. Th. Phys. (1972)
M. Karbach, G. Miiller (1997)

T. Fukuhara et al., Nature 502, 76 (2013)

for photons: O. Firstenberg et al., Nature 502, 71 (2013) see also: repulsively bound pairs & interacting atoms
K.Winkler et al. Nature (2006); S. Folling et al. Nature (2007);Y Lahini et al. PRA (2012)

LMU

Magnon Bound States lenge for CM Physics Magnon Bound State D yhamical Evolution

Bound Magnon Motion

Very difficult to observe in spectroscopic data in real materials!

a) 15 b 0.5
()].0 = 0k0 () 2 04
0'5__,_/\‘\ S o o
0.9b—47 ¥53 3 L= T0KOe 0%
. 2 H=70k0e | | 2 1. . . )
theory with 2 %5 3, hg . / Breakup and Single Spin Motion
200 ()55 0
bound states E x © 15— Ka
I\ — Sy (ko) > “|real rapidities only
04 1y - Sk )] & H=70 kO¢ )
! R Soko)| 5 05 % 5. . theory without $ Q $ $ $ $ $ 6 $ $ $ * 3
- i = = 00 Xy
A ! EATOIRCS | 1 bound states
‘1.0 1.5 2.0 25 30 0 1.5 2.0
wlJ wlJ

M. Kohno, Phys. Rev. Lett. 102, 037203 (2009) M. Ganahl et al., Phys. Rev. Lett. (2012)
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"

NN
e

Jz=09 Jz=12

* Two distinct propagation branches beyond J;=0.7

* New lower branch is bound state

* It dominates at large Jz,
with decreasing velocity

* Low entanglement entropy (see below)

From: H.G. Evertz
M. Ganahl et al., Phys. Rev. Lett. (2012)

Two-spin excitation in FM Ll

N, =3an

Magnon Bound State

Initial State: 444_%%44#|

Pair distribution evolution P(x1 ,xz)

Dynamical Evolution

X2

A=1
Interacting
Isotropic Heisenberg

LMU

Magnon Bound State Dynamical Evolution

Initial| State: H—H—&—H—H—#—&—H|

Pair distribution evolution P(x1 ,XQ)
A=0
Non-Interacting
X1 "
X2
see also: two interacting atoms
Y. Lahini et al., PRA 86,01 1603 (2012) ‘ LMU

Magnon Bound State Dynamical Evolution

Initial State: 44444444#,H_¢|

Pair distribution evolution P(x1 ,xz)
A=1.6
Interacting
Heisenberg
X1 "
X2

LMU




Magnon Bound State Experimental Results Magnon Bound State Propagation Velocity

[ Clx1,%2) = P(x1,%2) — P(x1)P(2) ]

2 8 free magnon
:‘5‘)
0Oms 40 ms 60 ms 80 ms 120 ms 8 6 (jP
2 g °
x & =
go “ - K- " .;:'V Exp. 84 l
8 ' 3 b
nd magnon

. e g ° ou gno

2 i S 2 5)
3 e
% ° " " ~ o ,:,'5' 0 'Zleo"l)’ 2 . ‘ ‘

° . 0 50 100

v al Time t (ms)

=
- e %
X . . =, Theory
;% o F . % Al Ve

LR We find: — = 2.3(3)
‘490 o0 1w0-0 0 10-0 0 10-10 0 10-10 0 10 Vb

Position x, Position x, Position x, Position x, Position x,
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Bound Magnons

Spin-Charge Fractionalization in
Fermi Hubbard Chains

Connection to Ground State Non-Local Order

Kardar-Parisi-Zhang Universality

The Electron

Charge -e /' N

Fract'lona\izat‘\on

Uas‘\_part'\c\es

nfinement of Q ntary particle

Deco ake up the eleme

that m

O

Charge -e

Quasi-Particle Quasi-Particle

J. Vijayan et al. Science 367, 186 (2020)

AFM

.-"FM Correlations in 1D

Postselection to M, = 0!

L

0.2

in correlation C(d)

( A A
‘ LC(d) = 45757 q) — 4<Sf><55+d>]




The Electron

The Electron
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fine!
DecOn o the el
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O

Charge -e Charge -e

Particle Particle Quasi-Particle Quasi-Particle

Fractionalization Niou d TR
PR P P 0 o P PR o PR o PR AF Sm-%.
0-0-0-0-0-0-0-0-0-0-0-0 (Prpsp- a8=4 choia
A A A A ~ A AL A
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: | ¥ . J
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5 S=A a
0-0- 0100 0-0-0-0-0- 80 be i qp ok o o 454 Gullp
Spinon Spin 1/2 Chargon +e = ecch ove ccuvied 90"4 ~ 'g
Vs (Holon)
V m— DMRG Simulation: ~—, UL O S RIS &
C.Kollath, U. Schollwéck, W. Zwerger - /1) o A~ TToM) ALIZATTON
Phys. Rev. Lett. 95, 176401 (2005) D v \J LI v



Previous Work

FHM Dynamics

Experiment
A W e
4 s
L 3o
! Z
i o

+
o
[———

Spectroscopic determination:
C.Kim, et al. Phys. Rev. Lett. 77, 4054 (1996)
OM. Auslaender et al. Science 308, 88 (2005)

(a) time=0 2. o .
08, N L=72, Nas, yog
06 charge
down -
SROCRY
up
o spin —

DMRG Simulation:
C. Kollath, U. Schollwéck, W. Zwerger
Phys. Rev. Lett. 95, 176401 (2005)
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FHM Dynamics

Dynamical Spin Ghage Separation

Hole Dynamics

~

(hi)

Hole density

A Hole density
00 01 02 03 04 05 o
C
o i
£ 094
@
E 188
€
2 283
3
& 37
4an
5 -4 3 -2 -1 0 1 2 3 4 5 -5 0 5

X-position (site)

Clx=1)
045 -0.40 -0.35 -0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00

x-position (site)

0.0
0.77

Evolution time (1))

Spin Dynamics
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Fractionalization - Hole Shedding Spinon

Spin attached to hole

A

<5Az;71 hi Siy1) >0

OO0 00O IOROOOO0O0

(CROR PR OROROROR0L 0, »0L0;

(8% 1h;iSi ) <0
Hole got rid of spin




SC Separation Fractionalization at Finite Temperatrues

pin-Hole

SC Separation

S'gir'i'CorreIations

>

prrelation Csys

Nholes Nspin
o
[«)]
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o
o
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o
e
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Hidden Order in the 0000000000000 4¢

Ground State




AFM Charge & Spin Order around Hole AFM Microscopic Origin of SC —Separation

Minimize Energy l:|'> Two Conditions

P> Holes want to delocalise +1 > -1
P> Spins want to align antiferromagnetically

Hole introduce domain wall

¥)= |0000000) |¥) = | 0000000) “parity” kinks in AFM background!
+|0000000) +| 0 0Q0000)
+|0000000) +| 0000000)
+|0000000) +| 000 0000) Hole = Non local topological excitations!
+... +..
Ground State Excited State

J, ‘ LMU ‘l LMU

AFM AFM around Holes AFM AFM around Holes

0.2
02 ~ ”
oI 1 2900090 3 e
» 0 3 2
o 01§ 0 s d @ °
o = @ £
£ g 2 o g
a o 8 5 5
3 & = <
5 ? g g
k7] ol T
a @ -
0.2
0.2
5

-5 0
Distance spin-spin d

-5 0
Distance spin-spin d

Cyn(s,d) = (S, (i)hirsS. (i + d))

Con(s,d) = (=1)U(Sz(D)hiysS2(i + d))

LMU LMU




AFM

Hidden (Tiopological) Order in the 1D Hubbard AFM AEM order around a Single Hole

(VIAIVIAI@IVIAIVIAlY)

Cs,h (d s 2)<§z(i)§z(i + 2) |ﬁi+l>

00000000

0.1 o)
Heisenberg AFM in “Squeezed Space” S 0.0k fr e N B
(o} N °
f
[‘]E’(xl, v xN) = Ysp(xq, oo, 2N) PHeis (V1 - - .,yM)] .% -0.1
°
FWoynarovich J. Phys. C (1982) 8 -0.2 g
M. Ogata & H. Shiba Phys. Rev. B (1990)
String Correlator o
'SH! 4
N v— 03¢ ‘ ‘ ‘ ‘
Orop = (S*(0)(=1)==1 ~77S,(d)) 1 2 3 4 6
Distance d (sites)
H.V. Kruis, .P. McCulloch, Z. Nussinov & ). Zaanen EPL (2004) ‘l
H.V. Kruis, L. McCulloch, Z. Nussinov & . Zaanen Phys. Rev. B (1990) /||LMU

‘@ lLMU

AFM

AFM order around more holes String Order

Order Parameters

Typical Order Parameter in Landau Paradigm of Phase Transition
0.1
0.1 i A ~
i : lim  (AX)A(y)) =
00k N . s3 0 |x—y|—00
S D :
_g 0.1 E 2 0.1
e ° ® Order Parameter:
502 2,
z 02
Csul@) . g .
i 2 0 Examples: General classification etism, AFM....)
Distance d (sites) 1 2 3 4 03
Distance d (sites)

scheme for
all phases of matter 22?
Spins around holes behave much
as if they were direct neighbors!

Order Parameter Chara d State Correlations

Local ordering!

LMU

LMU




String Order String Order in 1D Systems String Order

E.G. DallaTorre, E. Berg, E.Altman, Phys. Rev. Lett. 97,260401 (2006)

E.g in 1D gapped systems where (A(x)/l(y)) decays exponentially with distance E Bergl|EDallaTore TG amarch BESnap RS REC B2 S o) o @
8
1
However, they can show hidden non-local order: ‘ H==J3} (@lain +he) + oY Dol = 1) +V Y At NI
‘ ‘ 2 //l HI DW
Bose-Hubbard with next-neighour interaction 0 N
A A ~ 4
lim (Ax)| [[ B@|Ay) =c
Ix—y| o0
z€S(x,y) -
L 0 -1 0 0 +1 0 0 -1 0 +1 0 0 0o -
We say the order is hidden, because a “global view” of the underlying state A Hidden Antiferromagnet!

is required. (Topological Order: X.-G.Wen)
Hidden Non-local Order Captured by String Correlator

Allows us to characterize state only via its ground state correlations!

M. den Nijs, K. Rommelse, Phys. Rev. B 40, 4709 (1989). 02‘ = = lim 6ﬁz H ethsﬁk 6ﬁ 1
E.Kim, G. Fa’th, ]. So’lyom, D. Scalapino, Phys. Rev. B 62, 14965 (2000) |1 —j I —c9 J
E. G. Dalla Torre, E. Berg, E. Altman, Phys. Rev. Lett. 97, 260401 (2006) ‘ I i<k<j
F Anfuso,A. Rosch, Phys. Rev. B 75, 144420 (2007) 37
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Kardar-Parisi-Zhang Equation

. Oh(Z,t) ) A 5 .
Quantum Gas Microscopy of —5 = VVh+ (VR (@ 1) [
Ka rd ar- Pa ri S i - Z h an g Non-linear stochastic differential equation describing temporal change of height field e &

Superdiffusion

M. Kardar, G. Parisi & Y.-C. Zhang PRL 56, 889 (1986)

C.A. Tracy & H. Widom Comm. Math. Phys. 159, 151 (1994)
C.A. Tracy & H. Widom Comm. Math. Phys. 177, 727 (1994)
M. Prahofer & H. Spohn PRL 84, 4882 (2000) 1. Corwin, Notices of the AMS 63, 230 (2016)

Growth of interfaces/surface growth

Experiment: D. Wei, A. Rubtio-Abadal, K. Srakaew, C. Gross, J. Zeiher, |.B.
Theory: B. Ye , F. Machado, J. Kemp. N. Yao, S. Gopalakrishnan arXiv:2107.00038

Growth of Interfaces Growth of Interfaces
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Kz KPZ Univesaiity Class (1D)

KPZ Universality Class

113 height fluctuation with
GOE/GUE Tracy-Widom Limit
123 transv. spatial correlations

Sh(x, 1)
A—

h(x, 1)

Sht! p=1/3
50(11/2 z=73/2

1. Corwin, Notices of the AMS 63, 230 (2016)
K. Takeuchi Physica A 504, 77 (2018)

Numerical Evidence - Infinite T Heisenberg Dynamics

AXVEARVEYEANY EARYEARARYEATAX Y]
SI
(S, DS(0,0)) ~ PC(x, 1) ~ fgpy (x11"%)

Consider spin domain wall at T - «

0000000000000 0O0OO
n—0

l ‘ (S%x, HS%0,0)) ~ 9.(S°(x, D) pw
n
M. Ljubotina et al., Nature Comm. (2017)

‘ 0 ’ x
M. Ljubotina et al., Phys. Rev. Lett. (2019)
Review: see V. Bulchadini, S. Gopalakrishnan, E. Ilievski arXiv:2103.0197

A Quantum Surprise:
Infinite Temperature Spin Transport
in Heisenberg Quantum Magnets is in

KPZ Universality Class

Numerical Evidence
M. Ljubotina et al., Nature Comm. (2017)
M. Ljubotina et al., Phys. Rev. Lett. (2019)
Review: see V. Bulchadini, S. Gopalakrishnan, E. Ilievski arXiv:2103.0197

Anomalous Transport

rg. Model Revisited

z=1
ballistic
! [ H=Jo) (52”5341 + 8050+ ASfoH) Space time scaling
i
«© Here: A =1 1
S X ~ t /Z
g
® z=38/2
5 KPZ
(4 superdiffusive
5 p Z=2 . .
{ diffusive z=1 ballistic
0 egrabilty 3 1<;<2 s%pe(dlﬁu5|ve
o 2D coupling J,/J — z= diffusive

Numerical Evidence:
M. Ljubotina et al., Nature Comm. (2017)
M. Ljubotina et al., Phys. Rev. Lett. (2019)

Subtle interplay of integrability (stable quasiparticles)

Understanding (generalied GHD, SU(2) & Integrability,...) & Non-abelian SU(2) symmetry in Heisenberg model.

S. Gopalakrishnan and R. Vasseur, Phys. Rev. Lett. (2019)

J. De Nardis, Phys. Rev. Lett. (2019)

S. Gopalakirshnan, R. Vasseur, and B. Ware, PNAS (2019)

V. B. Bulchandani, Phys. Rev. B (2020)

Reviews:

B. Bertini at el. Rev. Mod. Phys. (2020)

V. B. Bulchandani, S. Gopalakrishnan, and E. llievski, arXiv:2103.01976

Exp.: A. Scheie et al. Nature Physics (2021)
Related: Transport via Spin-Spirals

S. Hild et al. Phys. Rev. Lett. (2014)

P.N. Jepsen et al. Nature (2020)




Anomalous Transport

Single shot images

———————— 48sites ——

Box potential!
No harmonic confinement.

Spin domain wall t=0

t/t=36

|Single shot image of |t) atoms
]

|v> atoms t=0

Reconstructed |t> occupation t/t= 36

Experimental Measurement
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M. Ljubotina et al., Nature Comm. (2017).
M. Ljubotina et al., Phys. Rev. Lett. (2019)

Exp. Spin Chains: A. Scheie et al.

Nat. Phys. (2021)
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Anomalous Transport

Single shot images

48 sites

Experimental Measurement

Averaged density
(n =0.94)
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BreakingiSuperdiffusion - Brea}k:ﬁg Non-Abelian Symmetry
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Polarization transfer <;'> height field (at origin) of KPZ equation
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AK. Hartmann et al. EPL 121, 67004 (2018)
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Tracy-Widom Distribution
(non vanishing skewness)

1 Mean z = 1.49(2)

| Standard Deviation S = 0.31(1)

Anomalous Transport

Ballisti:—Superdiffusion-Diffusion

1D 1D 2D
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g integrability

6— 2D coupling J,/J —1'

Experimental Evidence for KPZ

Superdiffusive transport (z=3/2)
Polarisation fluctuation scale (B=1/3)

Skewness of Polarisation fluctuation distribution constant
(and compatible with Tracy-Widom GOE/GUE])

Breaking SU(2) symmetry OR breaking integrability destroys KPZ behaviour

arXiv:2107.00038




Where Next?

Potential Shaping Larges Sizes
Quantum Ladders with
flexible edge geometries
(SPT Phases)
Haldane Spin Liquid

eesss e

J

Large 2D Systems
(2500 atoms, filling >95%)

a DMD shaped potential Tilted-edge ladder

]

Fully tuneable coupling strengths

)
Tweezer SPT: Léséluc et al. Science 365, 6455 (2019) see also: Chiu et al. PRL 120,243201 (2018) @ ‘LMU

Challenges Scaling Up

l813 nm
Next 1-2 years PP Y.
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Addressing trary Lig ht Patterns

Measured Light Pattern

Digital Mirror Device

(DMD)
Exotic Lattices Quantum Wires Box Potentials
Almost Arbitrary Light Patterns Possible!
[ Single Spin Impurity Dynamics, Domain Walls, Quantum Wires, Novel Exotic Lattice Geometries, ... )




Outlook

® Search for New Phases of Matter

® Extremely Strong Magnetic Field Physics
® Novel Quantum Magnets

® Controlled Quasiparticle Manipulations

® Non-Equilibrium Dynamics

(New Types of Universality?)
® Thermalization in Isolated Quantum Systems Joafinis

Koepsell Guillaume

® Entanglement Measures in Dynamics Salomon

Dominik
Bourgound

Jayadev Vijayan

® Supersolids
® Cosmology - Black Hole Models?
® High Energy Physics/String Theory

® New clocks/Navigation
Quantitative i
testbeds : : \ : H " Pimponpan Sompet

for theory! Timon Hilker

® Novel Quantum Light Matter Interfaces
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