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Outline

. Thermalization and its breakdown in gauge theories

. Quantum simulation using QuEra’s Rydberg atom array

. Interplay of criticality & defects with ergodicity breaking

. Conclusions



U(1) gauge theory in (1+1)D: quantum link model

[Kogut & Susskind ‘75, Wiese ‘13]
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The configurations of matter and

gauge field are constrained.




Mapping of S= QLM to PXP model

e Gauge theory * PXP spin model: eachfluxlinkisaspin O @

Particle on even site = electron @

. _ Gauss law = spin constraint ‘ e % . )
Hole on odd site = positron @

Electric field = [> or { Kinetic move: OO0 «—=> 0O @0 allowed
000 74@.; forbidden

QLM kinetic move: a link arrow flips
when a particle-hole pair is created

or removed ﬁpxp = szj—lijj+1 — ZT)’LZij

pgolpX L (o [oX [ Jp¥e ! !

X =lo)(e] +[e){o] P =o)(o| 7= e)(e]

Matter can be integrated out:

[Surace et al., PRX 10, 021041 (2020)]



Quantum many-body scars in the PXP model

~ A A A . . ].0 '\\ s T '3
HPXP — E Pj —1 Xj Pj_|_ 1 * Level statistics y . s
: converges to 081\ aq 7 Semi-Poisson
J . / \ === Wigner-Dyson
Wigner-Dyson —~0.64 / \
I
(chaos)

Weak breakdown of ergodicity
B (not due to symmetry or integrability). |
;5 What is left to understand? :
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[Turner, Michailidis, Abanin, Serbyn, Papic, Nature Physics 14, 745 (2018)]



Open questions

* Inexperiment, scar dynamics was * More general protocol where we ramp to
observed in product states like some mass and evolve with a different one:

() = e~ M) |y ()

Zs) = |oece...)

£0.6 A y, .
. qg o % S orgoot For what choices of masses is
= ;.;.’ ga ogQ . o . >
i gﬁ s o atome there ergodicity breaking?
E 027 o 51 atoms
o MPS
oL " : t
0 0.4 0.8 1.2 .
(Bernien et al, 4] 1M after quench (us) Disordered Ordered
. pobo. DO),|4040, 40
Scarring beyond product states? peder >eas) povo. po) )
or or
|ooomooo) |oooom0®,oooomoq
- - /3
1 me m
What is the role of defects due sing critical point
to Kibble-Zurek mechanism? me ~ 0.65.J

[Coleman ‘76; Rico et dl., “14]

Previous work predicted disappearance of scars

at criticality  [zhiyuan Yao et al., PRB 105, 125123 (2022);
Han-Yi Wang et al., PRL 131, 050401 (2023)]
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QuEra’s programmable Rydberg atom platform

doi:10.1038/nature24622

Probing many-body dynamics on a
Sl-atom quantum simulator
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Analog quantum simulations with QuEra

Confinement and string breaking Frustrated magnetism Trimer spin liquid
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Experimental setup

e Spatial arrangement ISy TTTTSTTTTTTIRIR IR AAAARAAAAAAADAAAAAAL]
e six parallel short chains freseersorpessessersy Bl
(21 atoms) esananann
e one long chain (61 atoms) secececececcecececnes SLEELEEEECRCT T R
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ground state N 4 e
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ram p tO AQ H. Bernien et al., Nature 551, 579 (2017).
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Dynamical phase diagram

* PXP model with chemical potential

A A A A 2
Hpxp = % Y P XjPi - A) iy
J j 1
fermionic mass in QLM t‘l
A=m g U

* Ramp to some mass and evolve with a .
different one: -

() = e~ M) |y () =

For what choices of masses is there ergodicity breaking?

* Measure density of matter fields
. Ao
Qo< Y (=145,
J

and compute its deviation from thermal value:

1
Dy = —— / (1)) — Qun2dt
t1 — 1o .

to




Dynamical phase diagram

* PXP model with chemical potential

HPXP = 5 ZPj—lXij-H — AZTLJ

1

fermionic mass in QLM

~
=0
Ao m g“

* Ramp to some mass and evolve with a
different one:

() = e~ M) |y () =

For what choices of masses is there ergodicity breaking?

—1

-2 -1 0 1 2
m;/J

* Ergodicity breaking regions
* Measure density of matter fields
(1) Néel/vacuum |OO R OO) |[>O[>O...D'O>

Q 0.4 E J w+d)j H. Bernien et al., Nature 551, 579 (2017).
(2) continuous QMBS family

A. Daniel et al., PRB 107, 235108 (2023).
and compute its dev1at|on from thermal value: _ :
(3) polarized/charge-proliferated

1 |co...00) [redee.. qe>edqe)

tq
Dth — 7 . / |<Q(f)> o Qtl’l |2dt G.-X. Su et al., PRResearch 5, 023010 (2023).
t1 —to Jy,



Experimental probe of dynamical phase diagram
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Why is the critical state so scarred?

* Entanglement growth from the critical initial state is very slow and oscillating:
m; = Me — Mg R M;/2

Entanglement in the initial
state diverges as o log (V)

1071 o 02

10-4] | i]q

1011111

107104 ,

(G Sme| Emp)|?

1()—13 | .

10—16

[A. Daniel et al., PRB 107, 235108 (2023)]



Scar dynamics & Kibble-Zurek mechanism

* C(Crossing the quantum phase transition
» relaxation time diverges g[Zfestrame\ | |/ o
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* We use a sigmoid-type ramp o £ e~lg—al™
.&c ________ 8
: W,
@
{1 — k) / _ ©
f— & i @]
f) k(L —2[t])+1 ﬁl © Phase 1 Gritical point g, Phase 2
1 1.5 Control parameter g
curvature parameter t [,UJS} A. Keesling et al., Nature 568, 207 (2019).
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Dynamics depends on density and type of defects

922 T =0.06 0.42 T T T I 0.06
* Clear correlation between total 0221 lo.07 v 10.07
. . 2 ’
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Conclusions

Rydberg atoms provide a versatile platform for probing
ergodicity breaking in gauge theories

Quantum simulation of U(1) quantum link model demonstrated
ergodicity breaking from a continuous family of initial
conditions

Ergodicity breaking also found from a critical ground state with
large entanglement, but mechanism not fully understood.

Crucial role of defects, refined Kibble-Zurek theory needed to
explain the observations

Many open questions in 2D Rydberg arrays, other types of gauge
theories, interplay with periodic driving, etc.



Thank you for attention!

Questions?



PCA entropy

e What else can we measure? = Primg=Jmy=J/2
= 0.9 |
e Principal Component Analysis (PCA) entropy é o7/ T
e proxy for entanglement entropy Fos L
e Shannon entropy defined on a data matrix Pyimi = Jomy =0
containing the experimental bitstrings Sool ' ' ' ]
Q L = = = =\
Spca = — > Axlng EL NW ]
;g | £ 0.5 . | |
e normalized singular values \ _ s7 o228
of the bitstring matrix k= >, 8

® Quench dynamics
e non-QMBS:
saturates
e QMBS: persistent
oscillations
e same frequency
as local observables

<49 numerics

IR [ [ T .
COoLOCo0000

= b Lo s T =100 WD
k



Phase transition point
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Scarred states with periodic defects

Effects of defects on
the QMBS dynamics? "

Numerical results 30
“Odd” defects i
1010100010101 B

- removable ;

- preserve scarring
“Even’ defects
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— split the system into 1w
short independent
domains 0

5 10 15 20
{

. . .l I
£
0
b

10 15
{

20 25

.I
5 10 15 20
{

0.

2

()



Bitstring statistics
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