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Quantum Simulation of the PXP Model

® Two Realizations of the PXP Model:

1. Rydberg Atom Array

2. Lattice Gauge Simulator

® Physics in the PXP Model

1. Quantum Thermalization
2. Confinement-Deconfinement Transition

3. Quantum Spin Liquid

How gauge theory picture helps understand quantum matter ?




Two Realizations of the PXP Model
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A Rydberg atom is an excited atom with one or more
electrons that have a very high principal quantum number




Platform for Quantum Simulation and Quantum Computation




Rydberg Blockade

H=3" (08 - i)+ Viguiy




Rydberg Blockade '
B =3 (08— &) + Y Vigiui,

Vo=V for 7=3"r1|

Vii = 0 otherwise




Rydberg Blockade
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PXP Hamiltonian
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PXP Hamiltonian
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Quantum Simulation of Lattice Gauge Theory

Physical charge

Matter Site Matter Site

--------------------------
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Gauge Site Gauge Site
A & ] A A A =5 =

Lattice Schwinger Model
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Local Conserved Quantlty
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Local Conserved Quantity

1.
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Conservation Quantity:

oz z
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Gauss’s Law: V . K = 0

Ejjr —E—1= 0

0= (—1)'n
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Local Conserved Quantity
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Lattice Gauge Realization of the PXP Model

- i A
Heff — Z —5 :I_H_lblbl—l—l + h.c. + mnj
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Gl — () Gauge charge

® No need to read the matter site




Lattice Gauge Realization of the PXP Model

- i A
Heff — Z —5 :I_H_lblbl—l—l + h.c. + mnj
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(; = 0 Gauge charge

® No need to read the matter site

@
. ® Connected by spin flip




Lattlce Gauge Reahzatlon of the PXP Model

p— —
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X J A
Hegr = Z 2 1[_|_1blbl—|—1 + h.c. + mnl
=l <

(; = 0 Gauge charge

® No need to read the matter site
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. ® Connected by spin flip

® Not allowed Rydberg Blockade
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Lattlce Gauge Reallzatlon of the PXP Model
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Hx — Z 2 [1+1blbl—|—1 + h.c. + mny
e B 2

(; = 0 Gauge charge

L]

H = Z [Pz 1,] ( ,H-I-h C. ) f’1+1,1+2 = m(Sf_u = SZZ,I—H)
/

® Gauge Conservation <4mmm)  Rydberg Blockade

® Matter Field Mass ﬁ Excitation Detuning




Physics in the PXP Model

1. Quantum Thermalization
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Quantun.l Unitary evolution Tl}e.rm.al
wave function equilibrium
A A
&l = (p  BIC)
Local observable Equilibrium Density Matrix of the Whole System

Sufficient Long Time Evolution
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Quantum Thermalization

® Loss of initial state memory

 0AU=47(9) @AU=12(2)
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Munich Group, Science 2015




Quantum Thermalization

Eigen-state thermalization
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no Eigodicity; all eigenstates are thermal

<a|(’>‘oz> = <me(Ea)@>

a function of energy only




Quantum Thermalization

® Volume-law of entanglement entropy
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Quantum Thermalization

® Volume-law of entanglement entropy
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Quantum Thermalization

Exact
Integrable

ETH

MBL

()

HZ, Ultracold Atomic Physics
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Probing many-body dynamics on a
51-atom quantum simulator
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Quantum Many-Body Scars

ARTICLE

Probing many-body dynamics on a Nature 2017
51-atom quantum simulator
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Weak ergodicity breaking from quantum
many-body scars

C. J. Turner®?, A. A. Michailidis'?, D. A. Abanin3, M. Serbyn? and Z. Papi¢®™
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Many-Body Scar in PXP Hamiltonian

Nature Physics 2018
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Many-Body Scar in PXP Hamiltonian ”

Significantly low entanglement entropy

Bipartite entanglement entropy for L = 28, m = 0.000, and k = 0+

~15 —10 _5 0 5 10 15




7.2 state cannot thermalize
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Quantum Thermalization

Fully Breaking of
Thermalization

Exact
Integrable

ETH

Thermalization

Quantum Many-Body Scar See review:
(Partially Breaking of Thermalization) arXiv: 2011.09436
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Phase Diagram of Lattice Schwinger Model
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Insight from Entanglement

Log-volume law of entanglement entropy

J
Excited State Property

E A
Critical States

(®) ¢
Scar States

-

. l >

0 iz m
Ising CFT

Ground State Property



Driving Scars to Critical

Zhiyuan Yao, Lei Pan, Shang Liu and HZ, PRB 2022




Prediction of Ising CFT

~ log (sin ”LTA)

| o Deformed PXP
| —Ising OF'T

8= = g - -3 -2 -1 0
logsin(m La/L)

Energy Entropy

Zhiyuan Yao, Lei Pan, Shang Liu and HZ, PRB 2022
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Zhiyuan Yao, Lei Pan, Shang Liu and HZ, PRB 2022
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Zhiyuan Yao, Lei Pan, Shang Liu and HZ, PRB 2022
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Experimental Observations

Interrelated Thermalization and Quantum Criticality in a Lattice Gauge Simulator al’XiV2 2210.17 03 2

Han-Yi Wang,!’ * Wei-Yong Zhang,!'* Zhi-Yuan Yao,? * Ying Liu,! Zi-Hang Zhu,! Yong-Guang
Zheng,! Xuan-Kai Wang,! Hui Zhai,>3 Zhen-Sheng Yuan,!>®* and Jian-Wei Pan' 34
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Precise Determine the Quantum Critical Point
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Time (ms)

1 1 1 1 1 1 )‘.
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Precise Determine the Thermalization Value
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From Ground State to Exatatlons

H Z|: (S lel l+1+S+ﬁl+1ﬁll)+ASZ:|
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l

Lei Pan and HZ, PR Research 2022

Dressed spins
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From Ground State to Excitations

H Z|: (S lelf:Tl—l—l_l_S_l_fl l—I—lfl 11)+ASZ]

s ) = 1) ® |00)

; = ﬁ* 4 =14 @11
. Z (2% + A%

Dressed spins

68 = - [T +vin) RARRRK

NN
u=1, v=-0.63 Overlap > 0.99

Lei Pan and HZ, PR Research 2022
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From Ground State to Excitations

Ferromagnetic = - 0
state of dressed spins NN N NN

165 = R AN

Al (] )i+ o] B)a) = =] 1) +ul )

Spin wave 4

3
e 1kR; ~T 2
= € 1 =

2T

G 1

yr S
k/2m

Lei Pan and HZ, PR Research 2022




From Ground State to Excitations
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without any fitting parameter

Lei Pan and HZ, PR Research 2022




Quantum Phase Transition

H=Q) P 15P—An

0.04

10.02

oy
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2¢ (c) 5
o, =
< ] >
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0 - - g | Q
05 0 0.5 1 1.5 & -05 0 0.5 1 1
A = A

Quantum phase transition

Lei Pan and HZ, PR Research 2022

Variance




Physics in the PXP Model

1. Quantum Thermalization

2. Confinement-Deconfinement Transition
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Topological Angle
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Topological Angle

! Fe - 9
o = Z 2S l+1b1bz+1 + h.c. 4+ mn; 5 zl: Ep i1
[

Gauge-Matter Coupling Mass of Matter Energy of
Field Gauge Field

E=it—, icZ Ei=(1'S
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Topological Angle

A E j’\ o A -
o = Z 2S l+1b1bz+1 + h.c. 4+ mn; % Z Ep i1
[

= L
Gauge-Matter Coupling Mass of Matter Energy of
Field Gauge Field

E=i+—, icZ 0 = 7

Yanting Cheng, Shang Liu, Wei Zheng, Pengfei Zhang and HZ, PRX Quantum 2022
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Topological Angle

! Fe - 9
o = Z 2S l+1b1bz+1 + h.c. 4+ mn; 5 zl: Ep i1
[

Gauge-Matter Coupling Mass of Matter Energy of
Field Gauge Field

E—it—9i€Z| Eiyu=(-1'S_,+h 0#7§
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Topological Angle
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Yanting Cheng, Shang Liu, Wei Zheng, Pengfei Zhang and HZ, PRX Quantum 2022
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Probe Confinement-Deconfinement

Deconfinement i

Yanting Cheng, Shang Liu, Wei Zheng, Pengfei Zhang and HZ, PRX Quantum 2022
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Produce an electron-positron pair |

G(r,t) = Y (WO — i) (ysr — i) W (1))

[

_QZ Z
G = -1, T Sl,l+1 T Ny

A I = AZ /\Z = — |
Gl =0 » B M= Op g iy = L+l

Yanting Cheng, Shang Liu, Wei Zheng, Pengfei Zhang and HZ, PRX Quantum 2022
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Confinement-Deconfinement in the PXP Model
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Physics in the PXP Model

1. Quantum Thermalization
2. Confinement-Deconfinement Transition

3. Quantum Spin Liquid
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RESEARCH

TOPOLOGICAL MATTER

Probing topological spin liquids on a programmable
quantum simulator Science 2021

G. Semeghini’, H. Levine!, A. Keesling'?, S. Ebadi', T. T. Wang’, D. Bluvstein’, R. Verresen’,
H. Pichler®#, M. Kalinowski’, R. Samajdar’, A. Omran’?, S. Sachdev’>, A. Vishwanath*,
M. Greiner™, V. Vuleti¢®*, M. D. Lukin'*
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Quantum Spin Liquid with Rydberg Atom Arrays
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Rydberg Blockade
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Quantum Spin Liquid in Rydberg Atom Arrays

RESEARCH

TOPOLOGICAL MATTER

Probing topological spin liquids on a programmable
quantum simulator Science 2021

G. Semeghini®, H. Levine!, A. Keesling'?, S. Ebadi’, T. T. Wang®, D. Bluvstein, R. Verresen',
H. Pichler®#, M. Kalinowski’, R. Samajdar’, A. Omran’?, S. Sachdev’>, A. Vishwanath*,
M. Greiner'*, V. Vuleti¢®*, M. D. Lukin®*
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Spin Liquid: A quantum superposition of exponentially many

spin configurations.
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Quantum Spin Liquid
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Quantum Spin Liquid

Advantage of Quantum Simulator:
Direct Probe Topological Order (= Long Rang Coherence)

A—/\
a—4
N - N
N--A

Number Parity of Rydberg Atoms along the Loop




Quantum Spin Liquid

Advantage of Quantum Simulator:
Direct Probe Topological Order (= Long Rang Coherence)

Coherence between Different Configurations
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Quantum Spin Liquid
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Evidence of Quantum Spin Liquid
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Quantum Many-Body State of Spln L1qu1d

ther Z = (ﬁ@f;ﬁ r h°C°> — Afiijy

QSL) = /%/ (u+vafTs J>) vac)

(i)
vac) = |0) @ | 1)@V If

Very efficient way to represent superposition

Recover two limits of positive and negative detuning

Automatically satisfy the constraint

@ BCS wave function possesses Z2 topological order

Yanting Cheng, Chengshu Li and HZ, arXiv 2021



Quantum Many-Body State of Spin Liquid

1 NH(uﬂfoTS )\Vac>

(i3)

Comparing with exact diagonalization
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0.75
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Wave function overlap

vac) =

0 1 2 3 4
A/Q
Energy difference

Yanting Cheng, Chengshu Li and HZ, arXiv 2021
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Quantum Many-Body State of Spin Liquid
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A/ _ A/Q
without any fitting parameter
<AZ2> = <chose> = <Z/\ope1r1>2 <AX2> — <Xclose> = <Xopen>2

Yanting Cheng, Chengshu Li and HZ, arXiv 2021
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