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Problème: croissance exponentielle de

Record de calcul ab-initio (2023) N ~ 50  250 ~ 1015 (1000 To RAM)

 a 2N composantesEx:

Approximations possibles !!

MAIS mal contrôlées ou non valables
quand interactions dominent

= systèmes fortement corrélés
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Hamiltonien modèle
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Calculs trop durs…

superfluidité supraconductivité magnétisme Étoile à neutrons

Labo…

Simulateur quantique =
Ingénierie d’atomes 
gouvernés par Hmodel

Mesure sur simulateur:
état fondamental = 

supra?

Le problème à N-corps par la simulation quantique
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R.P. Feynman

Simulating Physics with Computers, Int. J. Theo. Phys. 21 (1982)

Systèmes quantiques contrôlés réalisant des 
hamiltoniens à N-corps (y compris artificiels…)

= simulateur quantique

Plus grande programmabilité que systèmes réels
(geométrie, paramètres…)
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nouveaux aimants pour moteurs
électriques, stockage information…?

Magnétisme

U

t

modèles de Hubbard

Modèles transport / interactions

Modèles génériques pour étude problèmes à N-corps

Supra. haute Tc : stockage de 
l’électricité?

Conduction : meilleurs matériaux  
conducteurs, batteries…?
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The team (atom-tweezers-io.org)
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Theory: N. Yao (Harvard), A. Laüchli (Lausanne), T. Roscilde (Lyon)



1 mm

1 mK

Grangier (2001)
Sortais (2007)

Un atome dans une pince optique



1 mm

1 mK

Grangier (2001)
Sortais (2007)

Un atome dans une pince optique

laser

atome

+
e-



1 mm

1 mK

Grangier (2001)
Sortais (2007)

laser

atome

+
-

Un atome dans une pince optique

e-



1 mm

1 mK

Grangier (2001)
Sortais (2007)

laser

atome

+
-

Un atome dans une pince optique

e-



1 mm

1 mK

Grangier (2001)
Sortais (2007)

laser

atome Force dipolaire

+
-

Un atome dans une pince optique

e-



Fluorescence 
780 nm

Reservoir = cold atoms 87Rb
T ~100 mK

1 mm

1 mK

Grangier (2001)
Sortais (2007)

Un atome dans une pince optique



Fluorescence 
780 nm

Reservoir = cold atoms 87Rb
T ~100 mK

1 mm

1 mK

Grangier (2001)
Sortais (2007)

Un atome dans une pince optique

~ 100 photons en 10 ms

9.0 9.5 10.0 10.5 11.0 11.58.5

0

20

40

60

80

100

~ 100 photons en 10 ms



Fluorescence 
780 nm

Reservoir = cold atoms 87Rb
T ~100 mK

1 mm

1 mK

Grangier (2001)
Sortais (2007)

Un atome dans une pince optique

~ 100 photons en 10 ms

9.0 9.5 10.0 10.5 11.0 11.58.5

0

20

40

60

80

100

~ 100 photons en 10 ms

0 atom

1 atome



Laser cooled

Single atom

Single-atom trapping zoo (2023)
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Assembled arrays of individual atoms (N ~ 200)

Fluorescence: single shot!!

~100 mm

1D 2D

Barredo, Nature 2016 ; Schymik, PRA 2020
Barredo, Nature (2018)

(averaged)

Atomes dans des matrices de pinces optiques
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First demonstrations 2 atoms

IOGS
Nat. Phys. 2009

+ Univ. Madison 
(USA)

Blockade entanglement and gates!!

Rydberg Blockade & entanglement
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From van der Waals interactions to Ising model…

Experimtt.
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Simulation quantique analogique: 

Emulation d’un système par un autre

Équations similaires conduisent aux 
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Ex of antiferromagnets: 
MnO, FeO, CoO, NiO, FeCl2…

10×10 square array

First implementation of Quantum Ising Model in 2D!!!
(only approximate in real magnetic materials)
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10×10 square array

sweep

n=75s 

10 μm

Preparation of a 2D Ising anti-ferromagnet on a square
Scholl et al. Nature (2021)

bright

dark

Dynamics: push 
numerical methods

?

Frustration

Explore new phases

10x10 MPS: 14 days!!
Spin liquid state

Lukin, Science 2021
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Resonant dipole-dipole interaction between Rydberg atoms
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Mapping on spin ½ system:



Prepare using microwaves + addressing beam

R = 30 μm

Frequency: 
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Prepare using microwaves + addressing beam

R = 30 μm

Frequency: 

Interaction time (μs)

P excitation exchange Particle hopping

A B
A B

Resonant dipole-dipole interaction between Rydberg atoms

Barredo PRL (2015)
de Léséleuc, PRL (2017)
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The Su-Schrieffer-Heeger model

Electronic transport in 
polyacetylene
PRL 42, 1698 (1979)

Now, considered as simplest example of topological model
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Model: tight-binding
dimerization: 

The Su-Schrieffer-Heeger model



Model: tight-binding
dimerization: 

: chiral symmetry symmetric single particle spectrum

The Su-Schrieffer-Heeger model



Model: tight-binding
dimerization: 

: chiral symmetry symmetric single particle spectrum

Implementation of SSH spin chain with Rydberg atoms
Science 365, 775 (2019)

Quantization axis



Spin excitation = “particle”

Spin excitations interact!!



Atom cannot carry 2 excitations  excitations = hard-core bosons
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Atom cannot carry 2 excitations  excitations = hard-core bosons

On-site interaction 

Spin excitation = “particle”

The first symmetry protected topological phase…
Predicted in 2012

Science 365, 775 (2019)

Spin excitations interact!!



Optimization problems

Two smart-charging problems and their 
reduction to graph theory problems
Minimization of total charging time Max-Cut

Minimization of the number of charging stations Max Independent Set

24/09/2019 M Porcheron EDF-R&D 12

Scheduling

• A very (very) large number of conventional algorithms are available 
• Exact in the (pseudo-)polynomial case (e.g. dynamic programming), or for reduced 

instances in strong NP (e.g. Branch&Bound for linear formulations) 
• Approximate : based on linear or semi-definite positive relaxations
• Probabilistic, in general in BPP (Bounded-error Probabilistic Polynomial time) : probability of 

success 2/3, probability of fail 1/3
• Heuristic : greedy algorithms, genetic algorithms, local search, constraint programming…

• What about quantum algorithms?
• Grover : quadratic speedup on any problem in NP with respect to a “brute force” 

exhaustive search …
• Many scheduling problems can be formulated as Binary Quadratic Optimisation Problems 

(QUBO) Quantum annealing/adiabatic computing and QAOA  are good quantum 
candidates 

• Scheduling is often a matter of graphs …

24/09/2019 M Porcheron EDF-R&D 11

Conclusion: Quantum Simulators can do more…!

Quant. sim. = machine to prepare quantum states
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Warning: competitive w.r. heuristic classical algo. N > 2000-5000…! 
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• Factoring
• List search
• …
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