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Abstract: We will discuss the recent advances involving programmable, coherent manipulation of guantum many-body systems using neutral atom
arrays excited into Rydberg states, allowing the control over 200 qubitsin two dimensions. These systems can be used for realization and probing of
exotic quantum phases of matter and exploration of their non-equilibrium dynamics. Recent advances involving the realization and probing of
guantum spin liquid states - the exotic topological states of matter have thus far evaded direct experimental detection and the observation of
guantum speedup for solving optimization problems will be described. In addition, the realization of novel quantum processing architecture based
on dynamically reconfigurable entanglement and the steps towards quantum error correction will be discussed. Finally, we will discuss prospects for
using these techniques for realization of large-scale quantum processors.
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Exploring New Scientific Frontiers using
Programmable Rydberg Arrays

Mikhail Lukin
Physics Department, Harvard University
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This talk
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v" Building scalable quantum systems using Rydberg atom arrays

* Atom-by-atom assembly of strongly interacting quantum matter
* Exploring quantum phase transitions

* Quantum control of large 2D atom arrays
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v Probing quantum dynamics of many-body systems

* Quantum phases & phase transitions in 2D spin models
* Probing topological spin liquids
* Applications to quantum optimization

v" Current efforts and outlook

* Reconfigurable quantum processing architecture
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Atom-by-atom approach for building scalable quantum systems
Laser cooled neutral atoms: removing entropy by observation

Prioneering work: Regal, Browaeys groups
A.M. Kaufman, et al., Science 345, 306 (2014)

H. Labuhn et al., arXiv-1509.04543 (2015) Hannes Bernien, Sylavin Schwatrz, Alexander Keesling, Harry Levine,Ahmed Omran, Giulia Semeghini

CUA collaboration of Lukin, Greiner & Vuletic groups, Manuel Endres group at Caltech
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Atom-by-atom approach for building scalable quantum systems
Laser cooled neutral atoms: removing entropy by observation

1. Tightly focused laser trap loads ultra cold atoms from Magneto-Optical Trap
2. Image and remove empty traps

3. Rearrange remaining traps->regular atom array

Prioneering work: Regal, Browaeys groups

A.M. Kaufman, et al., Science 345, 306 (2014) : . : : o Ad
H. Labuhn et al., arXiv:1509.04543 (2015) Hannes Bernien, Sylavin Schwatrz, Alexander Keesling, Harry Levine,Ahmed Omran, Giulia Semeghini

CUA collaboration of Lukin, Greiner & Vuletic groups, Manuel Endres group at Caltech
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Rydberg blockade for atoms with larger n

= long lifetime and strong interaction:
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Rydberg blockade for atoms with larger n

= long lifetime and strong interaction:
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Rydberg blockade for atoms with larger n

= long lifetime and strong interaction:

1.0MHz - 1 .
0.8 e Ay — —
0.6} 6 UvdW 6 . (XlO Qn 100)
04 m > |00 microseconds coherence times
0.2+ \
— P2 F T I
0.2 7 (
—0 ‘4 = 1 | 1 I ] | 1 | 1 { 1 |
0 5 10 15 pm 20 25 30
simultaneous excitation
Q is blocked at distances <R,
entangles atoms:
insensitive to motion, position

—Lly —

Ry = 10pum for typical values: n=70-100

idea: collaboration with M. Fleischhauer, R. Cote, |. Cirac, P. Zoller (2001), early expts Paris, Wisconsin
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Rydberg blockade for atoms with larger n

= |long lifetime and strong interaction:
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Recent work: Browaeys group (Orsay), Saffman group (Wisconsin), Endres group (Caltech),
Thompson group (Princeton), Kaufman group (JILA)

idea: collaboration with M. Fleischhauer, R. Cote, |. Cirac, P. Zoller (2001), early expts Paris, Wisconsin
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Programmable quantum simulator using atom arrays

For n;=0,1 Rydberg atoms on each cite i

H= Z hi; U':"E — Z RA n; + Z 1"?,3"“-«;”3'

$<23

Ising-type model:
Fendley, Sengupta, Sachdev PRB 69, 075106 (2004)

Original PQS idea: R. Feynman (1981) Experiment: Hannes Bernien, et al, arXiv 1707.04344, Nature (2017)
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Programmable quantum simulator using atom arrays

For n;=0,1 Rydberg atoms on each cite i

H= Z h? o — Z hA n; + Z Vi nin;

1<J

Ising-type model:
Fendley, Sengupta, Sachdev PRB 69, 075106 (2004)

Original PQS idea: R. Feynman (1981) Experiment: Hannes Bernien, et al, arXiv 1707.04344, Nature (2017)
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Programmable quantum simulator using atom arrays

TN
A
5P
8
=
For ni=0,] Rydberg atoms on each cite i
hi?
— L = V4 f . '-'I. . s .
H= 5 o E hA n;|4+ E V. onn,
] 2 1<
Detuning (/_VQ)’
Ising-type model:
Fendley, Sengupta, Sachdev PRB 69, 075106 (2004)
Original PQS idea: R. Feynman (1981) Experiment: Hannes Bernien, et al, arXiv 1707.04344, Nature (2017)
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For ni=0,] Rydberg atoms on each cite i

2
H=3 S-oil > BAnf+ > Visnin,

1<j

Ising-type model:
Fendley, Sengupta, Sachdev PRB 69, 075106 (2004)

Original PQS idea: R. Feynman (1981)
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ange”

Interaction

Q000000000000

Programmable quantum simulator using atom arrays

Oll.......l.y
Detuning (A/Q)

Experiment: Hannes Bernien, et al, arXiv 1707.04344, Nature (2017)
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Programmable quantum simulator using atom arrays

Ising-type model:

'I. ¥ - .
1 B E V. n:n,

1<

Fendley, Sengupta, Sachdev PRB 69, 075106 (2004)

Original PQS idea: R. Feynman (1981)

Experiment: Hannes Bernien, et al, arXiv 1707.04344, Nature (2017)
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Programmable quantum simulator using atom arrays

Ising-type model:

'I. L - .
183 E Vi jnin;

1<

Fendley, Sengupta, Sachdev PRB 69, 075106 (2004)

Original PQS idea: R. Feynman (1981)

Experiment: Hannes Bernien, et al, arXiv 1707.04344, Nature (2017)
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Programmable quantum simulator using atom arrays

3
%
9 2
& Z, ordered
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5 1
Q f
= /
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g 9 (\L’
= _’/
5] 2 _— Z, ordered
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13 —— ssssesssssse
9 Detuning (A/Q)
5
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4.0 0.0 4.0 80 mE— |
Detuning (MHz) ; il
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Approach: adiabatic following across phase transition
Original PQS idea: R. Feynman (1981) Experiment: Hannes Bernien, et al, arXiv 1707.04344, Nature (2017)
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Programmable quantum simulator using atom arrays
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Approach: adiabatic following across phase transition

Programmable interactions result in desired symmetry breaking!

Original PQS idea: R. Feynman (1981) Experiment: Hannes Bernien, et al, arXiv 1707.04344, Nature (2017)
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Tweezer arrays for different atoms and molecules

/Strontium array, EndresLab@Caltech \

A. Cooper et al. PRX 8, 041055 (2018)/

@erbium array, ThompsonLab@Princeton \

USRS 1P
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\ S. Saskin et al. arXiv:1810.10517 (2018) /

/ Strontium array, KaufmanLab@JILA \

(b) y

Radius (um)

k M. A. Norcia et al. PRX 8, 041054 (20‘!8)/
@F molecules array, DoyleLab@Harvard \
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\ L. Anderegg et al. arXiv:1902.00497 (2019)/
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Tweezer arrays for different atoms and molecules

/Strontium array, EndresLab@Caltech \ / Strontium array, KaufmanLab@JILA \
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\ A. Cooper et al. PRX 8, 041055 (2018)/ k M. A. Norcia et al. PRX 8, 041054 (201.8)/
@erbium array, ThompsonLab@Princeton \ @F molecules array, DoyleLab@Harvard \
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Exciting frontier: iee
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from many-body dynamics to quantum computing P

and quantum metrology, complimentary to optical lattices
\ . RS e . N ENIEES (2019)/
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Atom Array Generation 2: large scale 2D atom arrays

Square Tilted Square
Triangular
Hexagonal Kagome
S. Ebadi et al arxiv 2012,12281, Nature (2021) see also work on 2d and 3d atom arrays at Orsay, Penn State
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Atom Array Generation 2: large scale 2D atom arrays

Tilted Square
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S. Ebadi et al arxiv 2012.12281, Nature (2021)

Arbitrary patterns:
randomly generated 75%
filling in 20x20

@
000000 000000 00

see also work on 2d and 3d atom arrays at Orsay, Penn State

Page 21/106



Pirsa: 22070012

Atom Array Generation 2: large scale 2D atom arrays
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55-60% filling fraction for 600 traps => 300 sorted atoms, each filled trap >99% probability

S. Ebadi et al arxiv 2012.12281, Nature (2021)

see also work on 2d and 3d atom arrays at Orsay, Penn State
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Atom Array Generation 2: large scale 2D atom arrays

Square Tilted Square
Triangular
Hexagonal Kagome

. -
S BE N [}
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55-60% filling fraction for 600 traps => 300 sorted atoms, each filled trap >99% probability

S. Ebadi et al arxiv 2012.12281, Nature (2021)

see also work on 2d and 3d atom arrays at Orsay, Penn State
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Quantum phase transitions in 2D arrays

* adjust Rydberg blockade to control interaction range

* adiabatic detuning sweep to reach the state
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S. Ebadi et al arxiv 2012.12281, Nature (2021)
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Quantum phase transitions in 2D arrays

* adjust Rydberg blockade to control interaction range

* adiabatic detuning sweep to reach the state
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S. Ebadi et al arxiv 2012.12281, Nature (2021)
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Quantum phase transitions in 2D arrays

Correlations Distribution of microscopic states
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S. Ebadi et al arxiv 2012.12281, Nature (2021)
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Quantum phase transitions in 2D arrays

Correlations Distribution of microscopic states Universal scaling of correlations

2o o across QPT
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S. Ebadi et al arxiv 2012.12281, Nature (2021)
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Quantum phase transitions in 2D arrays

Correlations Distribution of microscopic states Universal scaling of correlations

2¢i i across QPT
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* Correlations spread across entire array

* Substantial probability of “perfect order” in >200 atom arrays
* Benchmarking: total ~3% error probability per atom

* Observation of (2+1) Ising Quantum Phase Transition

-------------

-------------

S. Ebadi et al arxiv 2012.12281, Nature (2021)
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Programmable quantum simulators based on
Rydberg arrays: recent progress

Exploring 2D phase diagrams Probing topological spin liquids

.............
T

..........

S. Ebadi et al arxiv 2012.12281, Nature (2021) G. Semeghini et al, arXiv:2104.041 |9, Science (2021)

L : Accelerating combinatorial optimization
Non-equilibrium dynamics: many-body scars & . P

\'\\ R / 5. Ebadi et al, arXiv 2202.09372
M | Science (2022)

Hhod kation feguen

Time (:8)

D. Bluvstein, et al, arxiv 2012.12276, Science (2021)
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Programmable quantum simulators based on
Rydberg arrays: recent progress

Exploring 2D phase diagrams Probing topological spin liquids
G Al LA A
S. Ebadi et al arxiv 2012.12281, Nature (2021) G. Semeghini et al, arXiv:2104.041 |9, Science (2021)

B : Accelerating combinatorial optimization
Non-equilibrium dynamics: many-body scars & : P

. S. Ebadi et al, arXiv 2202.09372
7IA Science (2022)

Entanglement transport & universal programmability
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D. Bluvstein et al, arXiv:21 I').2.03923, Nature (2022)
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Tackling a Long-Elusive Goal: Topological Spin Liquids

Special form of matter in “frustrated” systems, postulated by P.W.Anderson
Materials Research Bulletin 8 (1973), Science 235 (1987)

Pirsa: 22070012 Page 31/106



Tackling a Long-Elusive Goal: Topological Spin Liquids

Special form of matter in “frustrated” systems, postulated by P.W.Anderson
Materials Research Bulletin 8 (1973), Science 235 (1987)

Phase of matter with exotic properties:

topological order robust against

perturbations, long-range quantum

entanglement, emergent lattice gauge
Q -

theories, anyonic excitations... 3
o~ from Quanta
N A <
>_/‘ > _Magazine

— major effort in condensed matter physics
for the past several decades

Early work: Sachdev, Read, Wen, Kivelson, Moessner, Sondi ...
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Tackling a Long-Elusive Goal: Topological Spin Liquids

Special form of matter in “frustrated” systems, postulated by P.W.Anderson
Materials Research Bulletin 8 (1973), Science 235 (1987)

Phase of matter with exotic properties:

topological order robust against o W

perturbations, long-range quantum - _

entanglement, emergent lattice gauge Lo A
,:_? o —

theories, anyonic excitations...

)/1 P from Quanta
. . . - <

— major effort in condensed matter physics S _Magazine
for the past several decades

Fault-tolerant quantum computation by anyons

AYu. Kitaev'
Application to quantum information

Received 20 May 2002 Processing:

topological qubits robust against
external noise

Early work: Sachdev, Read, Wen, Kivelson, Moessner, Sondi ...
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Tackling a Long-Elusive Goal: Topological Spin Liquids

Special form of matter in “frustrated” systems, postulated by P.W.Anderson
Materials Research Bulletin 8 (1973), Science 235 (1987)

Phase of matter with exotic properties:

topological order robust against oo

perturbations, long-range quantum - :

entanglement, emergent lattice gauge [ -
? .

theories, anyonic excitations...

> )/. » . from Quanta
— major effort in condensed matter physics o _Magazine
for the past several decades

Fault-tolerant quantum computation by anyons

AYu. Kitaev"
x Application to quantum information

L.D. Landau Tastivare fior Theorevical Physis, 117940, Kosygina S1. 2, Germeny

Recewved 20 May 2002 Processing:

topological qubits robust against
external noise

No conclusive experimental evidence
In anv SvStem elson, Moessner, Sondi ...
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Dimer model with Rydberg atoms on links of kagome lattice

Key idea: Rydberg blockade on frustrated lattice results in highly degenerate states

R}

Theory: R. Samajdar, et al S. Sachdev’s group arXiv:2011.12295, PNAS (2020)
R.Verresen, et al A.Vishwanath'’s group arXiv:2011.12310, PRX (2021)
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Dimer model with Rydberg atoms on links of kagome lattice

Key idea: Rydberg blockade on frustrated lattice results in highly degenerate states

Qe (my=1/4

l Rydberg atom =
“dimer” on a link

X

Theory: R. Samajdar, et al S. Sachdev’s group arXiv:2011.12295, PNAS (2020)
R.Verresen, et al A.Vishwanath'’s group arXiv:2011.12310, PRX (2021)
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Dimer model with Rydberg atoms on links of kagome lattice

Key idea: Rydberg blockade on frustrated lattice results in highly degenerate states

Predicted quantum spin liquid state: superposition of all dimer coverings
d
\A >
= & )+
Q
\

%‘—_—" =

&, 0 >+ c:‘)Q E‘D>+
\PAN

7 0 ()Q()

—>»  Z, topological order (Resonating Valence Bonds)

Q

0 y
= () + ... \ >
AN Qo (n) =1/4

l Rydberg atom =
“dimer” on a link

’¢Q5L> >

X

Theory: R. Samajdar, et al S. Sachdev’s group arXiv:2011.12295, PNAS (2020)
R.Verresen, et al A.Vishwanath'’s group arXiv:2011.12310, PRX (2021)
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Dimer model with Rydberg atoms on links of kagome lattice

Key idea: Rydberg blockade on frustrated lattice results in highly degenerate states

Predicted quantum spin liquid state: superposition of all dimer coverings

\ ol AR\ \val 7
’ poSL> > e HY+|o \Vaned + A & )+ a N N+
—>»  Z, topological order (Resonating Valence Bonds) J{ Eifr?‘lzer:goﬁtgr::ni

Experiment: 219 atoms

T i T e e A

.............

Theory: R. Samajdar, et al S. Sachdev’s group arXiv:2011.12295, PNAS (2020)
R.Verresen, et al A.Vishwanath'’s group arXiv:2011.12310, PRX (2021)
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Topological string operators

( topological string i
operators associated with
a Z, quantum spin liquid

.(stabilizers of toric code) .

X

Theory R.Verresen, et al arXiv:2011.12310 (2020) G. Semeghini et al, arXiv:2104.041 19
Science (2021)
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Topological string operators

N

topological string | diagonal string operator z:
operators associated with
a Z, quantum spin liquid

.(stabilizers of toric code) . =i \\ //

a0 "'ﬂ\

parity of dimers along a string
(“Gauss law”)

T i T e

| NP TP W WP W

Theory R.Verresen, et al arXiv:2011.12310 (2020) G. Semeghini et al, arXiv:2104.041 19
Science (2021)
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Topological string operators

diagonal string operator Z: (z) - (=1)
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Theory R.Verresen, et al arXiv:2011.12310 (2020) G. Semeghini et al, arXiv:2104.041 19

Science (2021)
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Probing coherence: off-diagonal string operator

off-diagonal string operator X:

| <| AHH)A
(A —A
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Probing coherence: off-diagonal string operator

off-diagonal string operator X:

| AH“)A M:
A=A m
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Probing coherence: off-diagonal string operator

off-diagonal string operator X:

IAHH)A \SM'Q’! a)‘q \

A\ \ /
| o \ 7 m \3 VA, A4
= \< ; ( ..C\
(/}\ (_)& w J‘\ LL/ JAVTWAN & Qe) \\5_} ,?K\A = i <&—L¢
Qubit analogy: measure o, = |0)(1 | + | 1)(0|
<Uf i W) = (W' 0)(1 |W) +h.c measures coherence between |0) and |1)
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Probing coherence: off-diagonal string operator

off-diagonal string operator X:

| <| A(—)(-ﬂé N - . .\_.‘:};'}Q\ _q\ < /i
o | XX

rotation to measure X: operation on 3-atom states transforms X string into “dual” Z string

I@

QN \> \X

. %‘--‘5"/ \egA

J\\ L?_./ <\._¥_ =/ 1\

U*(r) Z

Theory R.Verresen, et al arXiv:2011.12310 (2020)
Experiment G. Semeghini et al, arXiv:2104.041 19, Science (2021)
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Probing coherence: off-diagonal string operator

off-diagonal string operator X:
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la-a &

rotation to measure X: operation on 3-atom states transforms X string into “dual” Z string

At

QN\ A,
(X X+

“’@3 7 S

A

A \ ﬁw
\"? \-"7

\i '\_- e
J\\ L)—/) \,_xg_ =/ 1\

U’f (r) 74 u )

OQ

‘@0‘ )
1 \/ ;\ h]

= 1.55

Lo~
M’

> Rh/ 1
Ryfa =24 %

0

i |

quenc;h time
time

Theory R.Verresen, et al arXiv:2011.12310 (2020)
Experiment G. Semeghini et al, arXiv:2104.041 19, Science (2021)
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Probing coherence: off-diagonal string operator

off-diagonal string operator X:

. ([x AH(-Hé AV .
la—a A

rotation to measure X: operation on 3-atom states transforms X string into “dual” Z string

N

. AN __.\ /\‘ \'.\
A vy \_‘”

\"?Q\-’?\\ Y ﬁ,‘}
x—w—\/ &_@

B410.0:

\‘—*”"f

4 T(r) z v (1‘) .__.‘-;;'f:: {:} X

...............

lr\Jr

>Rp/a = 155

0 R,/a =24 %
A == gD
qaﬁqn:h time 2 3 a 5 6
A/Q

Theory R.Verresen, et al arXiv:2011.12310 (2020)
Experiment G. Semeghini et al, arXiv:2104.041 19, Science (2021)
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Probing coherence: off-diagonal string operator

off-diagonal string operator X:

( A\ eow e A /A
| i‘: IA ( )é i’f@\ = \(;'? \%’7\\ <&_L
(AA—A v o

rotation to measure X: operation on 3-atom states transforms X string into “dual” Z string

B\ - -
iy Q; )

7 \" \_ o
A 7/

\‘—*’"f

X U’f(r) A (r) pi: XY XX
I@» = E A R
0.15 1
>R, /a = 1.55 < ]
: Ry/a = 2.4 = % 010
Q ﬂ
0.05 1
W_ 4=0 o—0°
) 0.00 -9
qijench time > 3 7 z o
ime AQ
Theory R.Verresen, et al arXiv:201 1.12310 (2020) Signature of coherence between dimer
Experiment G. Semeghini et al, arXiv:2104.041 19, Science (2021) Coverings!
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Topological properties of QSL phase

closed loops vs oper

G. Semeghini et al, arXiv;2104.041 19, Science (2021)
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Topological properties of QSL phase

closed loops vs open strings

G. Semeghini et al, arXiv;2104.041 19, Science (2021)
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’ IJwZL"CSEZ'
[=]
(¥

Topological properties of QSL phase

closed loops vs open strings

closed loops: detect non-
trivial topological correlations

open strings: distinguish QSL
from nearby phases

G. Semeghini et al, arXiv;2104.041 19, Science (2021)
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(Zciosed
(=]
ra

Topological properties of QSL phase

closed loops vs open strings

(Xciosed)

closed loops: detect non-
trivial topological correlations

open strings: distinguish QSL
from nearby phases

l

BFFM string order parameters:

\

Wysern= k) [\[CEE)

!

J. Bricment and ). Frélich, Physics Letters B 122 (1983)
K. Fredenhagen and M. Marcu, Comm. Math. Phys. 92 (1983)

G. Semeghini et al, arXiv;2104.041 19, Science (2021)
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Topological properties of QSL phase

closed loops: detect non-
trivial topological correlations

closed loops vs open strings

open 's: distinguish QSL
from nearby phases

l

BFFM string order parameters:

)2 \
nt, IJ‘Zc'c‘se:‘
o
L%

U 0.1
N
~ 0.07
0.4 1 0.4 1 | |
0.3 QSL . ANV 4l trivial | QsL valence
£ 02 & Y R o2 phase |~ bond
180 Sy | Ei;mm ig \ solid
u.o-g;g?‘;gﬁ 0.0 1 (XD pppng 0|\ 7 Brrm = [z 0
-0.1 -0.1 AIQ : >
30 35 4.0 45 50 55 6.0 25 30 35 40 45 50 55
AQ A/Q J. Bricment and ). Frélich, Physics Letters B 122 (1983)

K. Fredenhagen and M. Marcu, Comm. Math. Phys. 92 (1983)

G. Semeghini et al, arXiv;2104.041 19, Science (2021)
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Topological properties of QSL phase

closed loops: detect non-
trivial topological correlations

closed loops vs open strings

open strings: distinguish QSL
from nearby phases

l

BFFM string order parameters:

\2 \
n’ , IJwZL"CSEZ‘
o
r

c 01
N‘
= 0:07
0.4 0.4 4 i |
- QSL W AACAAAY ] trivial =~ qg_ | Vvalence
E 02 N e als gy v phase | | bond
9 A3 ' A B 0 ;
N ool Tty % 0. : EX)B”M i \ solid
UDgM:’:% 0.0 (X)BIIM % 0 & RFFM_— ) 3 (Z)BFFAI #0
-0.1 -0.1 AIQ : >
3.0 35 4.0 45 50 55 6.0 25 30 35 40 45 5.0 55
AQ A/Q J. Bricment and ). Frélich, Physics Letters B 122 (1983)

K. Fredenhagen and M. Marcu, Comm. Math. Phys. 92 (1983)

Onset of a quantum spin liquid phase!

G. Semeghini et al, arXiv;2104.041 19, Science (2021)
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Towards a topological qubit

non-trivial topology:

array with a hole
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Towards a topological qubit

non-trivial topology:

array with a hole

logical o,
operators/ ..
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Towards a topological qubit

non-trivial topology:

array with a hole

logical o,
operators/ ..

Two-fold degenerate ground state:

|W+> o ‘Or_) +1 1_{_.)
|'.€L) b |OL) =] 1L>
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Towards a topological qubit

non-trivial topology: Experimental results

array with a hole

0.06
. . s . - . ol Y o ws o QSL
logical W W T0.04]
operators/ - >
e 1= 0.02 1
0.00 1

0.10 1

Two-fold degenerate ground state: —_
e dlinadibae L

. AN =+1 xpected in adiabatic |
(|Vf+> |OL> i IL) (o) state preparation =

N i 0.02*_

vy~ oy -1ty (ei)

0.00 1

{gf)=0 (crf1 o) =1

First steps towards topological qubits!

G. Semeghini et al, arXiv:2104.041 19, Science (2021), related work by Google Quantum Al: K.]. Satzinger et al., arXiv:2104.01 180 (2021)
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Probing topological matter: new opportunities

Unprecedented insights into topological matter

New tools complementary to analytical theories

& numerical simulations

New methods to analyze, inspired by QEC

* Simulating Lattice Gauge Theories

* Insights for engineering topological 2D materials

—
7] _— .

E'T/ded ” P _gg— * Platforms for exploring fault tolerant quantum
polbgcdl sdilet

topological stéte€ information processing

can be controlled using

laser beam arrays!

Giulia Semeghini et al, arXiv:2104.04| 19, Science (2021)
see also work by Google group arXiv:2104.01 180
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Programmable quantum simulators based on
Rydberg arrays: recent progress

Probing topological spin liquids

b 4% "
;oA wowy .

Exploring 2D phase diagrams

A
-
X
R PR Tl
Y Y S TR R
w Ay .
P wy ot
» L] 4y Al
.y 4 e
............ - . o
. =
Piou ey ¥
s

G. Semeghini et al, arXiv:2104.041 19, Science (2021)

S. Ebadi et al arxiv 2012.12281, Nature (2021)
Accelerating combinatorial optimization

Non-equilibrium dynamics

S. Ebadi et al, arXiv 2202.09372
Science (2022)

Modation frequency ., (11
5 i

I e L Entanglement transport & universal programmability

Time (:8)

D. Bluvstein, et al, arxiv 2012.12276, Science (2021)

| Gz

;unt\‘ '\_ L IV
D. Bluvstein et al, arXiv:2112.03923
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Quantum Optimization of Maximum Independent Set

We are given a undirected graph G=(V,E) with vertices V and edges E

Independent set Sis a subset of V such that no elements of S are neighboring on G

The MIS problem consists in finding the largest independent set

Example: MIS on unit disk graph - vertices connected if they are within a given distance
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Quantum Optimization of Maximum Independent Set

We are given a undirected graph G=(V,E) with vertices V and edges E

Independent set Sis a subset of V such that no elements of S are neighboring on G

The MIS problem consists in finding the largest independent set

Example: MIS on unit disk graph - vertices connected if they are within a given distance

- Many real world applications, e.g. design of networks, machine learning
- Example of NP-complete problem

- Cost function => Rydberg blockade Hamiltonian

H. Pichler, S. Wang, L. Zhou et al, arXiv:1808.10816,PRX (2020); D. Wild et al arXiv:2005.14059
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Quantum Optimization of Maximum Independent Set

* We are given a undirected graph G=(V,E) with vertices V and edges E
* Independent set Sis a subset of V such that no elements of S are neighboring on G
* The MIS problem consists in finding the largest independent set

e Example: MIS on unit disk graph - vertices connected if they are within a given distance

- Many real world applications, e.g. design of networks, machine learning

- Example of NP-complete problem = 0 T

- Cost function => D+ Akar~ hlaalada Lamilbanian ol i o
Prior work/ideas:
| Adiabatic evolution, annealing (D-VVave)
H=), -An Approximate Quantum Optimization

E. Farhi,A. Harrow et al, C. Laumann et al, recent work by M. Hestings, S. Bravy

focused on “shallow circuits”, several experiments

Uuw > A > Our approach: beyond shallow circuits, b
efficient implementation via co-design XY

H. Pichler, S. Wang, L. Zhou et al, arXiv:1808.10816,PRX (2020); D. Wild et al arXiv:2005.14059
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Hardware-efficient encoding MIS on
unit disk graphs via Rydberg blockade

Idea H. Pichler, S. Wang, L. Zhou et al, arXiv:1808.10816,PRX (2020)
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Hardware-efficient encoding MIS on
unit disk graphs via Rydberg blockade

Graph implementation Quantum evolution e
U(Q(1), (1), D), Viy) | B S

..............

Idea H. Pichler, S. Wang, L. Zhou et al, arXiv:1808.10816,PRX (2020)
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Hardware-efficient encoding MIS on
unit disk graphs via Rydberg blockade

Graph implementation

.........

Quantum evolution

..............

U(2t), p(t), A(t), Vi;) | EFSeeRE @rr@ L

K [Closud Loop A

Variational adiabatic algorithm

| MIS)
QA ; \
/ Time

)"

Optimization —

Maximizes Rydberg atom #
subject to blockade = size of

independent set

Blockade Sy

: (o
radius 2 o
1T 190

Idea H. Pichler, S. Wang, L. Zhou et al, arXiv:1808.10816,PRX (2020)
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Hardware-efficient encoding MIS on
unit disk graphs via Rydberg blockade

Graph implementation  Quantum evolution T
U(Q(E), (), AW, Vi) | KRR e e

aaaaaa

.........

K [Closed Loop A

Optimization —

Variational adiabatic algorithm Maximizes Rydberg atom #
subject to blockade = size of

| MIS) e ' Flgyres o_f merit;
AL A * Approximation ratio

Ti Blockade _ o mean of independent set sizes
ime ‘ Q7= =
/ radius /7 v size of MIS
| N i * MIS probability
g) SN
010
Q

Idea H. Pichler, S. Wang, L. Zhou et al, arXiv:1808.10816,PRX (2020)
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Hardware-efficient encoding MIS on

unit disk graphs via

Results across hundreds of graphs 69-289 qubits

Rydberg blockade

.......

AL g P | ]
" (] @ 4l peam "
" . R TN Y
s . 4 a #pen GQeb

0.08 o I :
H

L]
R L | 2
| 008 p i I 3
B . .
|

0.02

100 150 200 250 300
Size N

0oz 0.04

0.06 0.08 0.1 0.12 14 0.1
Degeneracy density p= 10g(UD|MIS‘ }jN

' wa
oost? ' .-“". 107
[ 1 3 L
' LI |
9. 'l o
; § ri '# 0
008 g

Variational adiabatic algorithm

| MIS)
QA ; b
/ Time

)"

Maximizes Rydberg atom #
subject to blockade = size of
independent set

Blockade 2

: [ovamy:
radius o
T (o

Figures of merit:
Approximation ratio .
mean of independent set sizes

size of MIS
MIS probability

Idea H. Pichler, S. Wang, L. Zhou et al, arXiv:1808.10816,PRX (2020)
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Benchmarking against simulated annealing

Simulated annealing (SA): classically cool
to Hamiltonian ground state by
stochastically flipping spins

Energy Temperature

Aad i
Vol

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022), collaboration with B. Barak, E. Farhi
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Benchmarking against simulated annealing

Simulated annealing (SA): classically cool
to Hamiltonian ground state by
stochastically flipping spins

—@—Experiment
—MIS SA
0.1
wmperature & 008
40,
W
o Different colors=different graphs
iy 10 100 1000

Depth
This work: optimized SA with collective updates

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022), collaboration with B. Barak, E. Farhi
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Benchmarking against simulated annealing

d . : Two regimes emerge
Simulated annealing (SA): classically cool

to Hamiltonian ground state by
stochastically flipping spins

0.1 \\
Energy Temperature B W
/\—/\/\—/\/ - B

U 0.02 -
U Different colors=different[graphs

1 10 100 1000
Depth

—&—Experiment
MIS SA

This work: optimized SA with collective updates

Low energies:
SA trapped in local minima on some instances

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022), collaboration with B. Barak, E. Farhi
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Simulated annealing trapped in local minima

SA randomly walks (edges) between solution
configurations (nodes) until it finds an MIS

¥ _ ' S i I —&—Experiment
e, MIS SA
" _ 0.1 \
@ size |MIS|-1
14 ® size |MIS| = 505 N A
Y O T, ____§'_Z§_MI_S
\ ll
0.02
Different colors=different[graphs
0.01
1 10 100 1000
Depth

Low energies:
SA trapped in local minima on some instances

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022), collaboration with B. Barak, E. Farhi
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Simulated annealing trapped in local minima

SA randomly walks (edges) between solution
configurations (nodes) until it finds an MIS

Y | .. o 0.2 7 SEr—
v i MIS SA
\x 81/ ® size [MIS|-1 - \\i
e\ W/ size [MIS x - Ry _AR
A ama ol N, _size |ms| -
S ll
Ll 0.02
Fundamental limit to SA (PI‘OV&b'E) Different colors=different|graphs
0.01
1 10 100 1000
parameter i Number of edges
leading into MIS Low energies:

SA trapped in local minima on some instances

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022), collaboration with B. Barak, E. Farhi
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Simulated annealing trapped in local minima

SA randomly walks (edges) between solution
configurations (nodes) until it finds an MIS

; \ T - Ul —@—Experiment
% et MIS SA
\x 81/ ® size [MIS|-1 s \\
W (f size [MIS R i N\
Yy ol NEN, size |ms| -
ll
S 0.02
Fundamental limit to SA (PI‘OV&b'E) Different colors=different|graphs
0.01
1 10 100 1000
parameter i Number of edges
leading into MIS Low energies:

_ L | SA trapped in local minima on some instances
Exponential runtime in (system size)!/2

(numerical evidence, worst case)

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022), collaboration with B. Barak, E. Farhi
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Performance comparison on hardest instances

How does performance scale with # %!

Example: top 2% hardest graphs

Instances with similar classical hardness

2]
=
Q03 —&— Experiment
8 Q ——MIS SA
=
E Q
3 '\N.
2z
g
£ Q Y
5 o9
I ] 10 100
1
w/
’t"
0.1 =
0.01
—@— Experiment
—MIS SA
Bon MIS SA

100

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022), collaboration with B. Barak, E. Farhi
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Performance comparison on hardest instances

How does performance scale with # %!

Example: top 2% hardest graphs

Instances with similar classical hardness

Depth

Pirsa: 22070012

) j
s 4
-9 0.3 —&—Experiment Hard graph for quantum 1 ‘ "!h ! ; ;
] Q —MIS SA
8 (o & i e ¢
2 |\ 2 §
£ e £ s LT
o0 i % } Iy ; ? }
= * ~
£ T 2 o4 AA{A &
E o o — .
o !
o 3 10 100 (1)) E H
1 O
Ccﬂ I Il Expsriment I
’x/ s MIS SA
0.1 = o] p. = bexg 0.01! Graph size A
E % ‘1(:3 ® 80
2 y A B5
0.01 6‘3 m 51
% —@— Experiment ¢ 3
0.001 i ST O R 00 “"1000
1 10 100

Hardness parameter 1P

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022), collaboration with B. Barak, E. Farhi
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Performance comparison on hardest instances

How does performance scale with # %!

Example: top 2% hardest graphs

Instances with similar classical hardness

o :
= 3
B 03 R Hard graph for quantum I | *!Q [ i
9 Q ——MIS SA o ot n : $
= o <
S m L
5 s %o = "uj o i H f
o0 ¥ 8. } Iy . ? }
— (] “@
[= T 2 o4 M{A &
E [ 5] — A
m |
T 5 70 700 Q= H
1 QT
Ccﬂ I Il Expsriment I
’// = B MIS SA
0.1 2 o] p. = bexg 0.01! Graph size A
L ‘o ‘g .
’ A 65
0.01 d‘f m 51
% ~@— Experiment ¢ 39
0.001 il TR R 00 SRR R 1110)
1 10 100

Hardness parameter P
Depth

Quantum algorithm is faster on many (but not all) instances:
what controls quantum hardness?

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022), collaboration with B. Barak, E. Farhi
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Quantum hardness controlled by minimum energy gap

Adiabaticity is limited by the minimum energy gap
Example : 65 node graph

A0 ]

ik

o

Energy gap é/27 (MHz)

4 6 8 10
Detuning A /27 (MHz)

Experiment is sensitive to many-body gap

MIS probability increases
when detuning sweep
slowed at gap minimum =02

0.3

0.1

4 6 8 10
Slow-down frequency/2x (MHz)

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022)
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Quantum hardness controlled by minimum energy gap

Adiabaticity is limited by the minimum energy gap
Example : 65 node graph

N
£
f; Probability to find solution for fixed evolution time
'-Q'-l 1 £ s R Ty
g — 1 exp(~1.5(3)0,")
5, Graph size |
D
£ é 80
4 6 8 10 i es
Detuning A /27 (MHz)
g 51
Experiment is sensitive to many-body gap 0.1} #9
f
MIS probability increases .
when detuning sweep
slowed at gap minimum 702
4 0.011
[ e
Slow-down frequency/2x (MHz) 0.001 0.01 0.1 1

Minimum gap .. /27 (MHz)

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022)
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Quantum speedup in deep circuit regime

Hardness controlled by adiabatic gap:
Landau-Zener scaling

Probability to find solution for fixed evolution time

3l ; b -1.2(2)
—_—] F?XP{\*-I-N)("){))miH )
Graph size !
¢ 80
4 65 1
ﬁ 51 6min < T

3 evolve
0.11 $ =
f‘f‘
0.01 ':
|
0.001 0.01 0.1 !

Minimum gap 4., /27 (MHz)

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022)
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Quantum speedup in deep circuit regime

% ! A Hp—l 03(4)
1 ‘\ & 5 2 i —— N P095(15)

Pags)

e
=

bog( 1

errormance

Bl Experiment
Bl MIS SA
0.014 Graph size
® 80

A 65
" 51
& 39

10 100
Hardness paramster M7

Pirsa: 22070012

1000

Hardness controlled by adiabatic gap:
Landau-Zener scaling

Probability to find solution for fixed evolution time

11 ; b =1.2(2)
—_—] EX}'){\*-I-H)("){))min )
Graph size !
¢ 80
4 65 1
§ 51 [OmEs
§ 39 Tevolve
0.11
LE ;
|
I
i
0.01 i
I
|
|
0.001 0.01 0.1 i

Minimum gap 4., /27 (MHz)

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022)
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Quantum speedup in deep circuit regime

 HP-LO3) Hardness controlled by adiabatic gap:
b e A P-09505) Landau-Zener scaling
L, HP 0.63(13)
8 Probability to find solution for fixed evolution time
%._ } it / PR Lo DI
£ o1 deep circuit regime: =1 —expl~1:0(3)00 0 ¢ )
B 1 below speed limit Graph size |
o _g \ § 80
| H Experiment i 65 1
B MIS SA § 51 GRS T
0.01/ Graph size § 39 evolve
i e 80 0.1¢
] & 65 g
| @& 51 & |
| & 39 )
TN . " 100 T SR 000 :
Hardness parameter {7 I
: ; !
Superlinear (nearly quadratic) 0.01 |
2 : : : I
speedup in deep circuit regime! 'a
]
0.001 0.01 0.1 1

Minimum gap 4., /27 (MHz)

S. Ebadi, A Keesling, M. Cain et al, arXiv 2202.09372
Science (2022)

Pirsa: 22070012 Page 82/106



Outlook: reconfigurable quantum architecture

[
. - T, ~ 200 us
|dea: Rydberg interactions to entangle atoms, Q| Rydberg
then store in long=-lived states
e w
T; ~1ms {
6.8 GHz
T2 ls |0> i
Entanglement via CZ gate: Levine, Pichler et al, PRL 2019 D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Outlook: reconfigurable quantum architecture

[l
: : T, ~ 200 ps
Idea: Rydberg interactions to entangle atoms, Q

. Rydber
then store in long=-lived states el

—4— Stationary

Entangle pairs

Two-atom parity

-1.00

00 02 04 06 08 1.0
Phase of final 7/2 pulse (¢/27)

Entanglement via CZ gate: Levine, Pichler et al, PRL 2019 D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Outlook: reconfigurable quantum architecture

[
3 . T, ~ 200 us
Idea: Rydberg interactions to entangle atoms, Q| Rydberg
then store in long=-lived states
... and transport ... i e
T; ~1ms {
6.8 GHz
in ~500 microseconds ... —4— Stationary
1.00
0.754
0.50+
£ 0.25-
Entangle pairs = 5
ERRE : : = EEB st
Q i
S! I-i -0.25
0.501
0.75-
'1-00 L} T T T T T
0.0 02 04 06 08 1.0
Phase of final =/2 pulse (¢/27)
Entanglement via CZ gate: Levine, Pichler et al, PRL 2019 D. Bluvstein et al, arXiv:2112.03923, Nature (2022)

Pirsa: 22070012 Page 85/106



Outlook: reconfigurable quantum architecture

e
: _ T, ~ 200 us
|dea: Rydberg interactions to entangle atoms, Q| Rydberg
then store in long=-lived states
... and transport ... e
T; ~1ms {
6.8 GHz
in ~500 microseconds ... —4— Stationary
Moving
1.00 =
0.75+ ,:"f‘ ':F .'\II
$ 3 [ &
0s0{ [ \ $ |
€o2s{ [ % '
Entangle pairs = 8 r |
(3) :g .-p : =k § 0.00{ ¢ : 1
v ®
8 20251 | 1 ¢
5 -0.50 ‘T \ \.
: ¥ ~
0.75 ,_; \:ﬂ \\
-1.00

0.0 02 04 06 08 1.0
Phase of final 7/2 pulse (¢/2m)

Entanglement and coherence preserved while moving!

Entanglement via CZ gate: Levine, Pichler et al, PRL 2019 D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Outlook: reconfigurable quantum architecture

() ey : : - &;. - © u |r) N I
i.._‘ : © ; di"ciﬁ:'bpﬂv"' .
L R L B T, ~ 200 us
e N R
S Q
\o‘ [ © L] ‘_'j/ol '-'H-"‘“a/‘r:f _a ) S N Rydberg
© <l ‘__‘,é:} . 7 " . ntanglement
Z0NE 2 i ‘p Q Y a p \ 1 _I IH‘,.pm‘;lnrc qublil_ J
© _— R PR, )
ZONE 1 \\L Cepaio Tﬁk ~ 1 ms {6 8 GH
—— f Z
T2 ~ 1 S
oy 4+
in ~500 microseconds ... —4$— Stationary
1.00 Moving
075{ [} Py
| |
e [ &
050{ [ \ $ 1
= I
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Entanglement and coherence preserved while moving!

Entanglement via CZ gate: Levine, Pichler et al, PRL 2019 D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Gate-based quantum evolution: graph states

Example: two copies of cluster states - parallel preparation
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Entanglement via CZ gate: Levine, Pichler et al, PRL 2019

D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Gate-based quantum evolution: graph states

Example: two copies of cluster states - parallel preparation

1st CZ gate

Entanglement via CZ gate: Levine, Pichler et al, PRL 2019 D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Gate-based quantum evolution: graph states

Example: two copies of cluster states - parallel preparation

1st CZ gate

Entanglement via CZ gate: Levine, Pichler et al, PRL 2019 D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Gate-based quantum evolution: graph states

Example: two copies of cluster states - parallel preparation

1st CZ gate 2nd CZ gate

Entanglement via CZ gate: Levine, Pichler et al, PRL 2019 D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Gate-based quantum evolution: graph states

Example: two copies of cluster states - parallel preparation

1st CZ gate 2nd CZ gate Readout in different bases

Entanglement via CZ gate: Levine, Pichler et al, PRL 2019 D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Gate-based quantum evolution: graph states

Example: two copies of cluster states - parallel preparation

1st CZ gate

2nd CZ gate Readout in different bases
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Entanglement via CZ gate: Levine, Pichler et al, PRL 2019 D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Gate-based quantum evolution: graph states

Example: two copies of cluster states - parallel preparation

1st CZ gate

2nd CZ gate Readout in different bases
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Can one prepare more complex states?

Entanglement via CZ gate: Levine, Pichler et al, PRL 2019 D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Towards quantum error correction: toric code ... on the torus???

@ data qubit
. Quantum Error Correction primer
@® ancilla Toric code:

- Grid of physical qubits encodes logical qubit(s)
- Logical qubit: building block of fault-tolerant QC
- Stabilizer measurements detect local errors

D. Bluvstein et al, arXiv:2112.03923, Nature (2022)

Pirsa: 22070012 Page 95/106



Towards quantum error correction: toric code ... on the torus???

@ data qubit
. Quantum Error Correction primer
@® ancilla Toric code:

- Grid of physical qubits encodes logical qubit(s)
- Logical qubit: building block of fault-tolerant QC
- Stabilizer measurements detect local errors

Equivalent to graph state with non-local connectivity

D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Towards quantum error correction: toric code ... on the torus???

@ data qubit Realization via parallel ancilla transport
® ancilla (idea Cirac, Zoller, Nature 2001)
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Equivalent to graph state with non-local connectivity

D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Towards quantum error correction: toric code ...

@ data qubit
® ancilla

Equivalent to graph state with non-local connectivity

on the torus???

Realization via parallel ancilla transport
(idea Cirac, Zoller, Nature 2001)

0 us

D. Bluvstein et al, arXiv:2112.03923, Nature (2022)
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Towards quantum error correction: toric code ... on the torus???

@ data qubit Realization via parallel ancilla transport
® ancilla (idea Cirac, Zoller, Nature 2001)
924 ps

Equivalent to graph state with non-local connectivity

Ao ol D. Bluvstein et al, arXiv:2112.03923, Nature (2022)

Pirsa: 22070012 Page 99/106



Pirsa: 22070012

Towards quantum error correction: toric code ... on the torus???

@ data qubit
® ancilla

(idea Cirac, Zoller; Nature 2001)

82 us

Realization via parallel ancilla transport

ancilla readout
zone

Equivalent to graph state with non-local connectivity

D. Bluvstein et al, arXiv:2112.03923, Nature (2022)

Page 100/106



Towards quantum error correction: toric code ... on the torus???

@ data qubit Realization via parallel ancilla transport
® ancilla (idea Cirac, Zoller, Nature 2001)
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ancilla readout
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Equivalent to graph state with non-local connectivity Encodes two (!) logical qubits
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Towards quantum error correction: toric code ... on the torus???

@ data qubit Realization via parallel ancilla transport
® ancilla (idea Cirac, Zoller, Nature 2001)
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Equivalent to graph state with non-local connectivity Encodes two (!) logical qubits
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Towards quantum error correction: toric code ... on the torus???

@ data qubit Realization via parallel ancilla transport
® ancilla (idea Cirac, Zoller, Nature 2001)
866 15
ancilla readout
one
Equivalent to graph state with non-local connectivity Encodes two (!) logical qubits
1
l Bl Raw
0.8 Error detection

p. expectation value

. I
0.4
x il

New opportunities for fault-tolerant quantum processing (e.g hypergraph, LDPC codes)
Hardware-efficient methods for quantum error correction I. Cong et al, PRX (2022)
Hybrid approaches combining analog and digital quantum dynamics
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Towards quantum error correction: toric code ... on the torus???

@ data qubit Realization via parallel ancilla transport
® ancilla (idea Cirac, Zoller, Nature 2001)
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ancilla readout
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Equivalent to graph state with non-local connectivity Encodes two (!) logical qubits
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New opportunities for fault-tolerant quantum processing (e.g hypergraph, LDPC codes)
Hardware-efficient methods for quantum error correction I. Cong et al, PRX (2022)
Hybrid approaches combining analog and digital quantum dynamics
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Summary

v Atom by atom approach to building quantum matter -
New platform for exploring synthetic quantum matter iiiiiiiiiily

Experiments with strongly interacting atom arrays ShEre il
New generation >200 atom systems in 2D

v" Many-body dynamics on programmable simulator FSEuay b e
Engineering & exploring phase transitions
Realization and probing quantum spin liquid states
Exploring quantum optimization algorithm
New architecture based on entanglement transport: towards QEC
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v'Outlook: exciting scientific frontier
s e era of “quantum discovery”
from quantum many-body physics to new applications
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