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The program

. Many-body problem and quantum simulation

. Example of synthetic quantum system: arrays of
individual atoms with Rydberg interactions

. Examples of simulations: spin models and magnetism



The context: “many-body problem”

Goal: Understand ensembles of strongly interacting quantum particles

superfluidity superconductivity magnetism neutron star
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The context: “many-body problem”
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One approach: many-body physics with synthetic quantum systems

Quantum simulation

Héloise Chochois, Labex PALM

R.P. Feynman
Georgescu, Rev. Mod. Phys. (2014)

Int. J. Theo. Phys. 21 (1982)

Well-controlled quantum systems implementing many-body Hamiltonians
= quantum simulator
Larger tunability than “real” systems (geometry, interactions...)

+
New types of probe & methods (e.g. out-of-equilibrium)

A new way to look at many-body using quantum information concepts
(entanglement...) >



Engineering with individual quantum systems (examples)

MPQ
A
Trapped ions Atoms in Atoms in Supercond. Photons
optical lattices tweezer arrays Circuits
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Engineering with individual quantum systems (examples)

MPQ
A
Trapped ions Atoms in Atoms in Supercond. Photons
optical lattices \tweezer arrays Circuits

Scalable: beyond 1000 particles

Addressability: local manipulations and measurement
(05", <0'?0'f>,

Programmable: controlled geometry, interactions...
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Our experiments: many-body physics with synthetic qguantum systems

\
Tunable arrays of Light-induced interactions
individual Rydberg atoms in atomic ensembles
——
. Rb
V'
G V.
r ~ 10 pum T~ A

Light-induced interactions
in arrays of Dy atoms

r o~ A\ PRL 2023, PRA 2024, 2025

PRXQ 2025
|. Ferrier-Barbut



The program

2. Example of synthetic quantum system: arrays of
individual atoms with Rydberg interactions
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Assembled arrays of individual 8’Rb atoms in optical tweezers
Diffraction (spatial light modulator)

Laser
-
S\ 1
"11111‘
Camera /

Grangier (2001) 1 mK
Sortais (2007) °
Bergamini (2004)
Nogrette (2014) < >
Barredo (2016-18) 1 pum laser-cooled

Schymik (2021-22) N
Pichard, PR Applied (2024) T~10pK



Assembled arrays of individual 8’Rb atoms in optical tweezers
Diffraction (spatial light modulator)

Laser
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Fluorescence:

o "'4«%1;@ single shot!!

ANV
/ A
Camera

Grangier (2001) 1 mK
Sortais (2007) P

Bergamini (2004)

Nogrette (2014) <>

Barredo (2016-18) 1 um

Schymik (2021-22)
Pichard, PR Applied (2024)



Assembled arrays of individual 8’Rb atoms in optical tweezers
Diffraction (spatial light modulator)

Laser

e
N

Fluorescence:

o "'4«%1;“";:#' single shot!!
§

Camera ~ 1024 atoms

Grangier (2001)

Sortais (2007)

Bergamini (2004)
Nogrette (2014)

Barredo (2016-18)
Schymik (2021-22)
Pichard, PR Applied (2024)



Single-atom trapping zoo (2026)



And now... the interactions

Arrays of 8’Rb atoms Rydberg atoms
A

continuum
Rydberg
states |n, ()
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J. Rydberg % n>> 1
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Lukin, Zoller... 2000
Saffman, RMP 2010
Browaeys, Nat Phys 2020
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And now... the interactions

Rydberg atoms
A
continuum
Rydberg
states |n, [)
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J. Rydberg % n>> 1
1854-1919 § | —m8 —
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And now... the interactions

Arrays of 8’Rb atoms Rydberg atoms
A
continuum
Rydberg
states |n, ()
> —————————
J. Rydberg 2 n>> 1
1854-1919 1§ | — ~ 100 nm
.:i':_:l": """""""
— Lifetime o n° > 100 LS
5 .. :
ol Transition dipole: d,, ,+1 ~ n’eag
= Large dipole-dipole interactions
R =10 i = Vi /o~ 1= 10 Mz e zlr 20

Browaeys, Nat Phys 2020

—> timescales < psec -




And now... the interactions

Arrays of 8’Rb atoms Rydberg atoms
A
continuum
Rydberg
states |n, ()
> —————————
J. Rydberg g n>1
e
.'l' """""""
5um
15t demonstrations of controlled Rydberg interactions between two atoms
Lukin, Zoller... 2000
Nat. Phys. 2009 M. Saffman Saffman, RMP 2010
5o Browaeys, Nat Phys 2020
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And now... the interactions

Arrays of 8’Rb atoms Rydberg atoms
continuum
=—=—= ] Rydberg
/ _ . _ tates|n, )
300+ in construction worldwide...
n>1
. ~ 100 nm
Optical clocks & metrology | -~ _ .
Quantum simulation T
Quantum computing A
— Light-matter interface
5um
15t demonstrations ok . _ ,e#n two atoms
E Lukin, Zoller... 2000
g Nat. Phys. 2009 M. Saffman Saffman, RMP 2010
5o Browaeys, Nat Phys 2020
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The Pasqal adventure: towards industry grade simulators (2019)

Engineering

Explore applications

m—)

Quantum 2022

Phys. Rev. A 2023

Financial Risk Management on a Neutral Atom Quantum Processor

Lucas Leclercb2* Luis Ortiz-Gutiérrez!, Sebastidn Grijalval, Boris Albrecht!, h h
Julia R. K. Cline!, Vincent E. Elfving!, Adrien Signoles', and Loic Henriet'" P ys' ReV. Researc 2023

Phys. Rev. Research 2024



The program

3. Examples of simulations: spin models and magnetism
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Interactions between Rydberg atoms and spin models

AT B .
,,,,,,,,,,,, R
€ > St
- B Browaeys & Lahaye, Nat.Phys. (2020)
van der Waals Resonant dipole
/ /
ns,n n ns
A Ins, ns) Alns,p) V. |n'p, ns)
=] . Y =
: C : C
el AE~— el v~
IS RS S R3
©
~N ~
99) . 99)
Spin 1/2
Ising model 6 Q 6 XY model
i#j Q Q i#]
8 Q 6 C/g\/g\/g\/%\/cl\/c
| | [ |

Lod " 22



Interactions between Rydberg atoms and spin models

A T B
T R T
cFE > E
- B Browaeys & Lahaye, Nat.Phys. (2020)
van der Waals Resonant dipole
A ins, ns) Alns,n'p) n'p, ns)
] L ap @
5 C 5 C
) 6 v 3
AE ~ — Vi~ =
S RS S R3
2 L
° _/ : . \>
Spin models = generic systems
Isin! to study many-body questions: bdel
H = 6, +6;67)
Quantum phase transition, out-of equilibrium,
thermalization, topology, entanglement... .
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From van der Waals interaction to the Ising spin model

A T B T
T R T
cE € > St
d Is: AE ~ 20
van der Waals: AF ~ 76 Ex: N,, H,, O,
) /= -\ |r) °>°\\
§ N—-—N
H\— —/1f) >
g \V\_‘_—l,
k= X ﬁ
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From van der Waals interaction to the Ising spin model

A T B T
e R T
& > E
Cos
van der Waals: AE ~ —5 11 : . .
R Cs o n°" = switchable interaction
r) (8= e |r) Ground state: n=5 11
x 10
£ £ Rydberg: n =50
Ising - like!!
A Ce
. . : . Hiyw = —ning ~ J 665
“Equivalent” to interaction between spins RS ,\ 172

@ 6 6 é Rydberg ng,=1

Uint =J Uint — Ground state n,= 0
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From van der Waals interaction to the Ising spin model

A B
A il >
EA  [nsiye, FLM)
1013 nm
------ 6p3 /2
421 nm

|5$1/2,F = 2,M = 2>
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From van der Waals interaction to the Ising spin model

-
-
- -~
s -
- 4
- -
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From van der Waals interaction to the Ising spin model

Quantum Ising model:
hQ ~1 ~1 06 ~ A
i i i<j = W
Laser: B By spin-spin interactions 28



From van der Waals interaction to the Ising spin model

Quantum simulation:

Emulate a system by another one

Similar equations lead to same solutions!!

Quantum Ising model: Controlled parameters:

) - - Cée From negligible to dominant
H=— o’ + ho ol + — NN g8
2 27,: * 2@: § ; jo o interactions

Laser: B B|| spin-spin interactions 29



An antiferromagnet on a square array

Adiabatic state preparation:

o )
O \ H = )\Hz + HIsing

\ Easy to prepare (H,)
Ground state (Hgp,)

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019;
2D: Lienhard PRX 2018, Bakr PRX 2018; Lukin Nature 2021

Vary A>1—-0

30



H:Z(
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n,

2

7
X

An antiferromagnet on a square array

Adiabatic state preparation:

e H = )\Hz + HIsing

- ha(t)m> +) g—gﬁmj

i<j 4

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019;
2D: Lienhard PRX 2018, Bakr PRX 2018; Lukin Nature 2021

Vary A>1—-0

31



An antiferromagnet on a square array

Anti-ferromagnetic ordering!

Ex: MnO, FeO, CoO, NiO, FeCl,...

Scholl et al. Nature (2021)
1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019; Also: Lukin Nature 2021
2D: Lienhard PRX 2018, Bakr PRX 2018; Lukin Nature 2021 32



An antiferromagnet on a square array

State of-the-art simulation (2021):
MPS limited to 10 x 10
(14 days on super supercomputer!!)

Dynamics: push
numerical methods

Mstag

33



Quantum simulation of a real frustrated material: TmMgGaO,

(

lGa)O5

Theoretical modeling

Tm3+\“\ H —J Az AZ J AZAZ
\ HATMGO =J1 0;0; + J2 0;0;
N \\ <7’7.7> <<27.7>>
\ \ A x A Z
\\\ \\ + E Aw O-'l/ + A z O-Z 9
O \\\ . P ’t/ \ Z

. J2 Ay, A, Liu, PRR 2,043013 (2021)

.
.
.
\
\
CJ1

Simplication >

Understand material |
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Quantum simulation of a real frustrated material: TmMgGaO,

Theoretical modeling
3+\‘\\ A A
m Hryvco =1 Z UZ-ZO'; + Jo Z JZ-Z jz
(i.3) ((i.9))
+) AT + A6,
0 TN i

-]-- 2 Ay, Ay Liu, PRR 2,043013 (2021)
(Vig,Ga)Os -~

?

Frustration
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Quantum simulation of a real frustrated material: TmMgGaO,

Theoretical modeling

Tm3+\\‘\ H —J ~ZAZ J ~NZAZ
TMGO =1 0;05 + J2 0;0;
(i,5) ((3,4))
\ E ~ T ~Z
‘\\ + Amo-,[/ + Aza-z 9
0] /’/]\ v

2 Ay, Ay Liu, PRR 2,043013 (2021)

(g, Ga)os Ch
Macroscopic measurement Simulation on Quantum Processor
UoH ~ 14T 4 N =256
M(T, H) .~ 120pm |
oM
X(T,H) = (8—H) [y S (67
T = N ‘ o,
Az — ,LLOH v
A, =
T~20 mK @ Los Mlames A, =6 36



Quantum simulation of a real frustrated material: TmMgGaO,

Theoretical modeling

Tm3+\‘\ H —J Az AZ J AZAZ
TMGO =1 0;05 + J2 0;0;
(i,5) ((3,4))
\ E ~ T ~Z
‘\“ + Am O-'l/ + Aza-z 9
O \\\\ //’t/ \ ’l

. )2 Ay, A, Liu, PRR 2,043013 (2021)

(g, Ga)os C
Macroscopic measurement Simulation on Quantum Processor
UoH ~ 14T 4 N =256

M(T, H) .~ 120pm |
(T H) = /a—M\ 1
H ~107° x H
TMGO ~ QPU
T~20 mK A, =0 37



T

Quantum simulation of a real frustrated material: TmMgGaO,

nnnnnnnnnnnnnnnnnn
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Quantum simulation of a real frustrated material: TmMgGaO,

uuuuuuuuuuuuuuuu

Adiabatic state preparation on QPU

39



Quantum simulation of a real frustrated material: TmMgGaO,

T =0K Comparison between 3 QPU’s & theory

6 x 6 pbc

Adiabatic state preparation on QPU

TmMgGaO,: 1/J,~ ps

QPU: 1/J; ~ us = slow dynamics

Single-site resolution: magnetic domain

Az = IMQH (T) 40



Resonant interaction between Rydbergs and XY spin model

Browaeys & Lahaye, Nat.Phys. (2020)
Barredo PRL (2015), de Léséleuc PRL (2017)
Emperauger PRA (2025)

Resonant dipole
E 4 Alns,n'p) V |n'p,ns)

— 60}91/2, 1) - e
6081/2, 1) %0
& Cs
1013 nm g Vo~ ﬁ
6p3 /2 &
99)
421 nm
|581/2,F = 2,M = 2>
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Resonant interaction between Rydbergs and XY spin model

Browaeys & Lahaye, Nat.Phys. (2020)

Barredo PRL (2015), de Léséleuc PRL (2017) dgp
Emperauger PRA (2025) R3
1) —@— — "
I W\N\/» I
| |
16.7 GHz ) —Y o 1)
_Z_ 60}91/27 1)
6051 /2, | 1) Non radiative “exchange” of excitation
R =15pum
A C3
_ st a— | a—ost
Hxv ﬁ(ai 6; +6; 0; )
1j
C3 . ore  sya
)
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Dipolar interactions leads to frustration...

3 .
1/R° = frustration!! Hard to calculate

AFM: J <0 N> 100 !!
Preparation of long-range Dynamics following quench: spin waves
order FM phase (10 x 10) 2 e oo e ey P o &
x oo ; ®
0.30 | C* (d) ~ <O-Iq‘:0-f—|—d> Sy(xv t) ~ ez[qm w(9)1]
10F" ‘ ‘ ] 10F" o
0.25 FM //
%o.zo- CR ~ ° AFM ] ~ °) FM ,/’/555’“ go™ ° °
gt L ééﬁ ~ 6| 1 > s /;n':'p 1
g 0.15 | “ P are %E_ﬁgﬁ_'ﬁ_ P D_,%_%_ § al o ,D—’pa iS 4+ //é
ol AFM PR 3 ol ] S/t
. OO’,DD’ ’I
sl °,  Frustration! # oo | E obd . ]
0.00 . @0%mogpc¢é¢&¢¢f&++ ° 2 lq " vam ° " " van
0 2 4 6 8 10
3 . . . . .
d (sites) 1/7° Interaction modifies spin wave dispersion
43

Chen et al., Nature 2023 C. Cheng et al., Science 2025 ; Blichler PRL 2012



Quantum simulators implementing spin models can do more...

Optimization problems ~'~eDF
Cost function = Ising Hamiltonien § S
€ T
H = th n’L+ZJZjnan ) 12071 \\/ _D\
i<i >
(?>>/

Solution optimization = ground state

Warning: competitive w.r. heuristic
classical algorithms
N > 2000 — 5000 & clock rate ~ kHz...

arXiv:2502.04291
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Quantum simulators implementing spin models can do more...

Optimization problems ~'~eDF
Cost function = Ising Hamiltonien @ 7/(?>
H = th—kZanznj, n; = 0,1 _l:l
1<j / \
Solution optimization = ground state D

Quantum metrology
States with quantum

133 — F=4 correlations
S
—_— 3 f —} — o
1 sec =9 192 631 770 cycles Gainx 10-100

Article

Scalable spinsqueezingin adipolar Rydberg
atomarray

https://doi.org/101038/s41586-023-06414-9  Guillaume Bornet"’, Gabriel Empx erau Ch ng Chen’ Bingtial e‘ Maxwell Bl lock

. Marcus Bintz?, Jamie A. Boyd', Da lBa redo” , Fabio *,
Received: 14 March 2023 Roscilde®, Thierry Lahay aye’, Norman Y. Yao?** & Antoine Browaeys' 45
Accepted: 7 July 2023




Quantum simulators implementing spin models can do more...

Optimization problems ~'~eDF
Cost function = Ising Hamiltonien @ 7/(?5
1<J

H = th—kZanmj, n; =0,1 _l:l
/\

Solution optimization = ground state D

Quantum metrology
States with quantum

correlations

133Cs
— =3 \/— ) _O(_

1 sec =9 192 631 770 cycles Gainx 10-100
Universal quantum computer S et * Factoring
(likely long-term...) E Lr * Search algorithm

46
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Quantum simulators implementing spin models can do more...

Optimization problems ~'~eDF
Cost function = Ising Hamiltonien @ 7/(?>
H = th—kZanmj, n; =0,1 _l:l
1<j / \
Solution optimization = ground state D

Quantum metrology
States with quantum

correlations
133Cs

1 sec =9 192 631 770 cycles Gainx 10-100

Universal quantum computer
(likely long-term...)

47



Rydberg based quantum computers today

Zoning architecture Single qubit gates ~ F >99.97%
Two-qubit gates F>99.2%

Proof of principle logical encoding and
quantum error detection/correction (2025)

Harvard, 2023 Harvard, Quera, Atom Computing, Infleqtion, Pasqal...

Today: circuits with ~ 100 gates

Factorization RSA-2048 (Shor): ~ 10%? gates on ~ 10 million gbits ...

Quantum chemistry (Fe;MoSyCo): 100-1000 logical qubits ~ 104 gates

48



How large can a controlled quantum system be?

166T Aepol saisAyd “jainz

??

atom-tweezers-io.org



