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m  Quantum simulation with ultracold atoms
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PHYSICAL REVIEW D VOLUME 10, NUMBER 8 15 OCTOBER 1974

Confinement of quarks*

Kenneth G. Wilson

Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14850 .
(Received 12 June 1974)

A mechanism for total confinement of quarks, similar to that of Schwinger, is defined which requires
the existence of Abelian or non-Abelian gauge fields. It is shown how to quantize a gauge field theory
on a discrete lattice in Euclidean space-time, preserving exact gauge invariance and treating the gauge
fields as angular variables (which makes a gauge-fixing term unnecessary). The lattice gauge theory has
a computable strong-coupling limit; in this limit the binding mechanism applies and there are no free
quarks. There is unfortunately no Lorentz (or Euclidean) invariance in the strong-coupling limit. The
strong-coupling expansion involves sums over all quark paths and sums over all surfaces (on the lattice)
joining quark paths. This structure is reminiscent of relativistic string models of hadrons.

19745 Kenneth G. Wilsonfxt Confinement of quarks, PRD 10, 2445 (1974) &
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PHYSICAL REVIEW D VOLUME 10, NUMBER 10 15 NOVEMBER 1974

Gauge fields on a lattice. I. General outlook
R. Balian, J. M. Drouffe, and C. Itzykson

Service de Physique Théorique, Centre d’Etudes Nucléaires de Saclay, B.P. no. 2, 91190 Gif-sur-Yvette, France
(Received 3 June 1974)

We present Wilson’s model of gauge-field theory on a lattice, including a coupling to a matter field.
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Hamiltonian formulation of Wilson’s lattice gauge theorie
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Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853

1975, Koguat and Susskind

Wilson’s Tattice gauge mode ; eory. lhe structure of the
model is reduced to the interactions of an infinite collection of coupled rigid rotators. The
gauge-invariant configuration space consists of a collection of strings with quarks at their ends. The
strings are lines of non-Abelian electric flux. In the strong-coupling limit the dynamics is best described
in terms of these strings. Quark confinement is a result of the inability to break a string without
producing a pair.
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The Hamiltonian of electromagnetic field in 2D
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Quantum simulation with ultracold atoms
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Superfluid-Mott Insulator transition

: 81, NUMBER 15 PHYSICAL REVIEW LETTERS 12 OCTOBER 1998

Cold Bosonic Atoms in Optical Lattices

D. Jaksch,'2 C. Bruder.,'? J.1. Cirac,"? C. W. Gardiner,"* and P. Zoller'*
Unstitute for Theoretical Physics, University of Santa Barbara, Santa Barbara, California 93106-4030
2 Institut fiir Theoretische Physik, Universitdt Innsbruck, A-6020 Innsbruck, Austria

3Institut fiir Theoretische Festkorperphysik, Universitit Karlsruhe, D-76128 Karlsruhe, Germany M . F|Sher
4School of Chemical and Physical Sciences, Victoria University, Wellington, New Zealand PRB 19 89
(Received 26 May 1998) !

The dynamics of an ultracold dilute gas of bosonic atoms in an optical lattice can be described
by a Bose-Hubbard model where the system parameters are controlled by laser light. We study the
continuous (zero temperature) quantum phase transition from the superfluid to the Mott insulator phase
induced by varying the depth of the optical potential, where the Mott insulator phase corresponds to
a commensurate filling of the lattice (“optical crystal”). Examples for formation of Mott structures

in optical lattices with a superimposed harmonic trap and in optical superlattices are presented.
[S0031-9007(98)07267-6]
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SF-MI transition, experimental realization

Quantum phase transition from a
superfluid to a Mott insulator in
a gas of ultracold atoms Nature

2002

Markus Greiner*, Olaf Mandel*, Tilman Esslinger+, Theodor W. Hansch* & Immanuel Bloch*

* Sektion Physik, Ludwig-Maximilians-Universitit, Schellingstrasse 4/111, D-80799 Munich, Germany, and Max-Planck-Institut fiir Quantenoptik, D-85748 Garching,

Germany
T Quantenelektronik, ETH Ziirich, 8093 Zurich, Switzerland

For a system at a temperature of absolute zero, all thermal fluctuations are frozen out, while quantum fluctuations prevail. These
microscopic quantum fluctuations can induce a macroscopic phase transition in the ground state of a many-body system when the
relative strength of two competing energy terms is varied across a critical value. Here we observe such a quantum phase transition
in a Bose—Einstein condensate with repulsive interactions, held in a three-dimensional optical lattice potential. As the potential
depth of the lattice is increased, a transition is observed from a superfluid to a Mott insulator phase. In the superfluid phase, each
atom is spread out over the entire lattice, with long-range phase coherence. But in the insulating phase, exact numbers of atoms
are localized at individual lattice sites, with no phase coherence across the lattice; this phase is characterized by a gap in the
excitation spectrum. We can induce reversible changes between the two ground states of the system.
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SF-MI transition, experimental realization

Quantum phase transition from a
superfluid to a Mott insulator in
a gas of ultracold atoms Nature

2002
Markus Greiner*, Olaf Mandel*, Tilman Esslinger+, Theodor W. Hansch* & Immanuel Bloch*
(8] sitdt, Schellingstrasse 4/111, D-80799 Munich, Germany, and Max-Planck-Institut fiir Quantenoptik, D-85748 Garching,
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Quantum gas microscope

lattice beams
1064 nm

e
—

mirror 1084 nm
window 780 nm

P

\

high-resolution
objective

NA = 0.68

single 2D degenerate gas
~ 1000 8Rb atoms (bosons)

resolution of the
imaging system:
~700 nm

| Bloch@MPQ
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Quantum gas microscope

'atticleo::a:‘; single 2D degenerate gas
~ 1000 8Rb atoms (bosons)

long working distance
d microscope objective

mirror 1084 nm
window 780 nm

Z
|<¥ hemispheric
lens \

(a) m (b)

AdAAdd

| Bloch@MPQ M Greiner@Harvard
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single 2D degenerate gas
~ 1000 8Rb atoms (bosons)

long working distance
microscope objective

| Bloch@MPQ M Greiner@Harvard
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Quantum gas microscope

single 2D degenerate gas
~ 1000 8Rb atoms (bosons)

long working distance
microscope objective

\\NA—OSS//
™
( ooo\/ooo )
NA=0.8
| Bloch@MPQ M Greiner@Harvard
S. Kuhr@Glasgow, M. Zwierlein@MIT.......
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Experimental setup

lon Pump N @ lon Pump

Science
Chamber
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Experimental setup
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Experimental setup
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Objective
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Experimental setup

Gradient Coils
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Experimental

TR

, Gradient Coils
=

3um N =192
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Entanglement of atoms in optical lattices

Multi-atom entanglement!

T/4

L G G ) ) ) ww e M\/\/
D db JdJdb d D ) (D, o @ . 9 \9
D ddb Jdb T >m } T/
D e - e e Spin exchange interaction:
G G ) ) )
"X X' *‘X* PO X0 OYS O Duan et al., PRL 91, 090402 (2003)

Vaucher et al, NJP (2008) Trotzky et al., Science 319, 295 (2008)

EEEEEEEEEEEEEEEE

Ring exchange e

Dai et al, Nature Physics (2016) Dai et al, Nature Physics (2017) "

Z.-S. Yuan Dec 16 % 75 [F -T2k 22 R 45, online seminar



Quantum simulation

B Quantum simulator :

Hubbard Model

U
o
o/ \o VA

\ ‘ ; \
L YAL VA VAT VASS

a~600 N

ﬁ=—tz

(L))

@ t.

U
a;a; + Ez nm;—1)— Z uin;
i i

Hopping in neighboring sites
On-site interaction
Chemical potential

t/U competition

Superfluid phase

Particle-hole

superfluid-
insulator transition

U>>t, spin dependency
H"’]exSi'Sj H~].§1'§2'§3'§4
]exth/U Ju =t4/U3

beeeed L A

Spin model Topological
Tool kits for

models

Quantum simulation

Z.-S. Yuan Dec 16, ki 7Y 5 5T 2R 22 R 4R 45,

online seminar



m About lattice gauge theory (LGT)
m  Quantum simulation with ultracold atoms
O The toric code model and Schwinger model

m Conclusion and outlook
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Kitaev model: Toric code

Hamiltonian: O O O O O
O O O O O O
O O O o O
Hy==) A=) B, O e O o B ‘e O
§ p A . )
) ) e @ O & O
\ — G X
| H J O ® O O O O
jeEstar(s)
O O O O O
5= 1l < O O O O O O
jeboundary(p)
A \_/ \_/ A _/

* Four-body interaction
* Abelian Anyons: e, m excitations Kitaev, Annals of Physics 303, 2 (2003)
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Toric code -- Braiding
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Toric code -- Braiding

J
d
-
--------------
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Toric code -- Braiding

lp) = le,e,m,m)

J
d
-
--------------
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lp) = |e,e,m, m)

~
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e e
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lp) = le,e,m,m)
|p") = e'®|e,e,m,m)

Topological phase e'?, ¢ =
No e-excitation, ¢ = 0

~
-~
-~
---------------
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Questions

Can we build a many-body quantum system which is described by the Toric-
code Hamiltonian?

Requirements:
» Create the four-body interaction
» Demonstrate the topological phase

Previous efforts:

Theory: Han et al., PRL 98,150404 (2007)

Experiments: Lu et al., PRL102, 030502 (2009). photons
Pachos et al., NJP 11, 083010 (2009). photons
Barreiro et al., Nature 470, 486 (2011). ions
Song et al., PRL 121, 030502 (2018). superconductors

No background Hamiltonian ® There is no energy gap to protect the qubit!
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2D-optical superlattice

BHM

H= z [—J(@f a5k + Airlsr)] + Uiy Aty + frpfiyg]

o=T1
J<<U
v S - COam®
Super-exchange dominated : =0 -9
Hey = —2]exSL * SR « —O) i i
- L
In isolated plaquettes, suppress Sr—G0) i- 'i
super-exchange by 2D effective A e
magnetic gradients y
Ring-exchange dominated : Isolated plaquettes
Ho = —Ju6{656365,Jo = 40]* /U3

Paredes & Bloch, PRA77, 23603 (2008)
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Suppress super-exchange

wWow

Super-exchange is dominant:
|Tl) and |[IT) are degenerate

fi

Low-energy state subspace:
{ITLTL), [LTUT), [TTLL), [TTU), [TULT), 110

A,y >>4F/U

A, ‘ : o Emi
———Y Yy
Super-exchange is suppressed:

Non-degeneration due to
effective magnetic gradients
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Minimum Toric code Hamiltonian

Energy spectrum:
AE > 2J

A7) = 1/V2 (15450 = 6L L)

Jo = 40J4/U3 |25

AT = 1/V2 (11,4140 + 161 4 1))

AE > 2J

In reduced subspace {|TITl), {TLT)} O
H = Jo(|A™XA™| — |[ATKAT|)
— _]DAxAxAxAx

0100304 Ring- exchange
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Ring exchange driven oscillation

LAY ALD

I ‘r> /2 IHIIIGISIClle
+ T: 1y 1 1 13V,
A >_ AR '_l . ,—2 (l‘l ) ; |‘1 ))

i
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Ring exchange driven oscillation

LAY ALD

I ‘r> /2 IHIIIGISIClle
+ T: 1y 1 1 13V,
A >_ AR '_l . ,—2 (l‘l ) ; |‘1 ))

#iis
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Observation of ring exchange driven oscillation

Count the populations of different states

Imaging, Bright

Imaging, Dark

03

02

Settings:

T V,=V, =10
<. 00 |- A =115(1) Hz
Z X

01 L VyS =18.2(D E,

02 L N _ N N J /U=0.064- sz=192(1) Er
- z — AT T AT J,/U=0.075 1 Ay =145(1) Hz
03 g

0 100 200 300 400 500 600 700 800

t(ms
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Observation of anyonic fractional statistics

1
ITVTL) . —cijay + 14
0.3 —\\ﬁ | ' | ' I I | ]

0.2

01 \
00 |k |
_ + Y
01 - + )
wlf
X X X X

N, (t)

' 0,0,0,0,
41ijzf . | . | . |
0 50 100 150

[LTIT t (ms)

200 250

Dai et al, Nature Physics 13, 1195 (2017)
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Observation of anyonic fractional statistics

TN Eay+ar
W) S @A+
03 \\I ' | ' I ' I ' I i
0.2 i
01 | i
= 00 |- |
= e
_O'I | + —
0.2 | # ©,=0.51(1) 4
' 0,0,0,0, ©.=1.512) T
-0'3 | I | I | I | I | I I_
0 50 100 150 200 250

[T S+ )

Dai et al, Nature Physics 13, 1195 (2017)
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o—90 & o o 0o ¢
Wo =trUu(x)Uy(z + 1) U:[_(T + ) Ul(z)

nk Wilson Loop

X X+
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1D lattice Schwinger model

wn—l wn wn—}—l ?/}TL+2

(En,—la Un,—l) (En: Drn) (En—{—l: Drn—}—l)

Electric field Matter/ield

. a ) i . . a LA
Hqep = Ez(El,Hl) — %Z(lpl Upi41 Y141 — Hee) + Ez m(—1)"y; Y,
l z ~ z
—

Static electric field Matter—Gauge interaction

Kogut & Susskind, PRD 11, 395 (1975)
Chandrasekharan & Wiese, Nucl. Phys. B 492, 455 (1997)
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1D lattice Schwinger model

Gauge field

Target Hamiltonian ;

Matter field, fermionic

/

/

l
Matter-Gauge interaction

_ it R
Hygr = 2[—5 (V1041 Y11 —Hoc) + mi) ;]

1/ Ui-1,1 g Ui,i+1 i
O -

Map to the
Hubbard model

=Tolple]e)

* a;. annihilation operator
on matter sites

[ [+1

~ t "
Hygr = Z[ﬁ (al(dl+,1+1)2 a;+, + H. C-) + mc’izL al]

* d; ;41 annihilation
operator on gauge links
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Theo-Exp mapping

electric m = -00
odd even matter field
Theo: } < O } o < O ’ o ‘ O---
Matter field: 1= 1 2 3 4 5 4
Gauge link: (IFLI)= (0.1)  (1.2)  (23) (3.4) (45) (56)
t 1 ) 1t
For example: electron  electric field (with ~ positron
different
directions)

Exp (atom occupancy):
® 6 6 & o o o o o o o o

= 1 2 3 4 5 6 7 8 9 10 11 12
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Theo-Exp mapping

Low-energy limit (m — —oo), matter field dominates

electric m = -00
odd even matter field
Theo: 40 IP0<¢(O0 P 0 <¢O-
EXp:
1= 1 2\ 3 4 6 7 8 92 10 11 12
One atomin 4n-2site (n =1, 2, 3, ...): One atomin 4nsite (n=1, 2,4, ...):
o1 0 mp P« 01 0 Wy 0>

Map atom occupancy to matter-gauge state
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Theo-Exp mapping

High-energy limit (m — o), matter field annihilated to gauge field

L O =0 =0 0 =m0 =GR
‘ i i i ‘ i ' ‘ " —
f > m —» 00
/>O>O>O>O>O>O--J
——————8—+———$
Map atom occupancy to matter-gauge state:
Two atoms in 4n-3 site (n=1, 2, 3, ...): Two atoms in 4n-1site (n=1, 2, 4, ...).

20 0 mp O« oo 2 mp PO
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Experimental realization with a 71-site lattice chain

» Initial state: 010101010101 ...)

» Put an overall linear potential to “tilt” the whole lattice, construct the Hamiltonian

~

Higr = 2[2\/2 (al(dll+1) a;+; + H.c. ) + ma;r a]

odd even U A B 2A

m=06—U/2
t =8V2j2/U

6 intra double well
A inter double well

Suleyo 9¢
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» Ramp the interaction U in 120ms:

m/t:—oc0 - 0 - o

& 1
o -
o Even - -
5 Y 0
w




» Ramp the interaction U in 120ms:

e e Rt
oo R

suleyo 9¢
m
<
D
= 3
[ b ]
o —

Phase transition: or WW
10101010...) - R

—~ 100020002...) or [20002000...) ot [
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Experimental observation

Matter field: |

Observed transition from matter
field dominated phase to gauge
field dominated phase
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Population of even sites

Experimental observation

Matter field: |

1.0

0.8

0.6

0.4

Particle density

0.2

++.|.¢#

0.3

0.2

0.1

0

Observed transition from matter
field dominated phase to gauge
field dominated phase
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Gauge Iinvariance and Gauss’s law




Gauge Iinvariance and Gauss’s law

m
— — —O00
t ~
Uiy Ui
Yi—1 Yy
-=O ).l( O ),'—('“
| }
Gl—l Gl

Gauge invariance: G, = (=)™ (041 + Uy + 1)

[Gz; ﬁQLM] =0




Gauge Iinvariance and Gauss’s law

m m
Uiz Ui
Yi—1 Yy
- - O—>———O0—>—e—¢-- - - O—4—O——0—¢0
l ]

Gauge invariance: G, = (=)™ (041 + Uy + 1)

[Gz; ﬁQLM] =0

Observable:  P,=]010%010|+|002)002|+|200)200]




Observation of the gauge invariance

Population of atoms:

B,=|010)010| + [002)X002| + [200%200) :

Detecting |010) Detecting |002) or |200)

eNe
T tunneling

VAT Va2 VAT

address odd sites

N~ Ve

split atoms |

AVA- AV

address odd sites

ANV 4 Vind VYA

©
—

I I
|002) and |200) -

Gauge violation ¢(7)
o
b=

Voilation of Guass’ s law: e=1-@|Py)
' e=1-(Y|Py|y)

| l T | 1 1

& B

State population

20 40 60 80 100 120
f (ms)

Data points show the violation of Gauss’s
law, the curve is from a t-DMRG calculation

Yang et al., Nature 587, 392 (2020)
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lllustration of the experiment

Yang B, ...... Yuan Z -S, Hauke P, Pan J- W, Nature 2020
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lllustration of the experiment

Yang B, ...... Yuan Z -S, Hauke P, Pan J- W, Nature 2020
PR ATE. R
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Thermalization of the Lattice Gauge Theory

Questions:
m Does a LGT system out-of-equilibrium thermalize to a steady state?
m How do two different initial states with the same energy evolve?

>A _ _ Unconstrained
= Gauge invariant dynamics
- initial states = __oemmmmmmmms
| ——_—
5| (.
é P @ Q.
< quge theory B Gauge theory
\ ynamics equilibrium
040 - 9
N\ /
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Thermalization of the Lattice Gauge Theory

Preparing different initial states with the same energy density 104

m The system thermalizes to a steady state with an effective temperature.
m Different initial states with the same energy density evolve to an identical
effective temperature.

@ % AGm =0) 1.0

)

Nmatter
]

~

(

‘.---------------------

20 0 Quench evolution time t (ms)

Zhou et al, Science 2022
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Outline

m About lattice gauge theory (LGT)
m  Quantum simulation with ultracold atoms
m The toric code model and Schwinger model

O Conclusion and outlook
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® Minimum instance of the

toric code model
H-N. Dai et al, Nature Physics 2017

® Simulating the 1D Schwinger model with 71-site optical lattice

electric M = -00
odd even matter field B Yang et al, Nature 2020

»0<¢O0»r 0 <¢+O0»r 0 <¢0O

|-
L

o Unconstrained
Gauge invariant dynamics

initial states = __-=mmm=mm--

® Thermal dynamics ofa &} s - -
t

lattice gauge theory

Z-Y Zhou et al, Science 2022

Energy density

Gauge theory
dynamics

S E Gauge theory
equilibrium
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Conclusion and outlook

B Confinement/deconfinement

of the Schwinger model Intractable
Accessible with ® Simulating 2D LGT for
Classical computers : classical
, Non-abelian computers
, LGT
1D Z, symmetry ,
i |
1D 71-site :
1D U(1) aauge I High order
(1) gaug U(1) LGT I truncations of
I gauge fields
2D ring exchange I
|
o I Dynamics of
Building blocks 1D many-body system : 2D LGT
>

future
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Acknowledgement—Quantum gas microscope
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