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The many-body problem: the art of modelling...

- D° +9°
0% O Observe unexpected effects
© o;‘;ﬂ"g' . . . . .
2 O Ex: high-T, superconductivity
= 9% ,‘f " o Cu ' ' .
i | 0% o Microscopic understanding?
YBaCuo  L0° % L:
simplify

Experiment on

Cook up a model

o ” I
real SyStem < @ | Hyodel = —1 <iJZ>U(CIaCjU + hC) +U ; T3 Ty
Too hard to calculate...
a
Problem: exponential complexity 2 d. of freedom (spin...) i = <b>

Many-body wavefunction: ¥ = ¥(1,2,...,N) = ¥ requires 2N numbers

Record ab-initio calculation (2025) N ~50 = 2°0~ 10> = 1000 Tbh RAM !!



The many-body problem: the art of modelling...

Observe unexpected effects
Ex: high-T. superconductivity

wikipedia

Approximations possible!!
mean-field, perturbation theory, Monte-Carlo,
variational methods: DFT, MPS, Neural Quantum States...

But... can be poorly controlled or not valid
when interactions dominate

Problem

= Strongly correlated systems
Many

Record ab-initio calculation (2025) N ~50 = 2°0~ 10> = 1000 Tbh RAM !!



One approach: build a synthetic many-body quantum systems

N 3 +9°

0% 0= Observe unexpected effects
o o;‘;ﬂ"d’ . - . . .
K ‘1M  8F Ex: high-T, superconductivity
E % 200 o

0% o Microscopic understanding?
YBaCuO 9 9 L.

Experiment on i simplity Cook up a model
“real”system Hinodel = —t Z (CIO.CJ'O- + h.c.)+ UZ Ny Mg
(i,9),0 ¢
@ Lab...
4 ™
Measure on system: Engineer a system
Supercond. or not? < ruled by H, o gei
. J 4




Many-body physics with synthetic quantum systems

MAKING ARTIFICIAL
QUANTUM MATTER

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

II)

systems (geometry, interactions...)

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

Larger tunability than “rea

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



Analog versus digital guantum simulation
Analog Digital

The platform implements Hnodel SYNthesized digitally

dil"ECt'Y Humodel N
Hmod — Z Hn
n=1

e.g. single & 2-gbit operations

00) = exp (—1 [ Hual®)at') [6(0)

o~ iHmoat

—iHit/n _—iHst/n —iHst/n "
e.g.: Fermi Hubbard, spin models, (6 € e )

electrons in B-fields... = “universal” quantum simulation
Ex:

Non-universal

/1 MmN ﬁ AN
D—B— ¢ iAo oo

AR
N

Georgescu, Rev. Mod. Phys. (2014) Hood = 0 ® 0% ® oF
mod — Y1 2 3



Engineering with individual quantum systems (examples)

Vo 1
L T

Trapped ions

Atoms in
optical lattices

Atoms in

\ tweezer arrays )

Scalable: beyond 100 particles ; potential > 1000

Addressability: local manipulations and measurement

(0“},(0?0?),...

1

Programmable: controlled geometry, interactions...

Supercond.

Circuits
IBM, Google...



These lectures: combining arrays of atoms and Rydberg interactions

Rydberg interactions

5um l' ........ A - > :B """"" Py
SR g S e + <€ >
R
LR Van der Waals resonant
i il e Dt Ce C3
Addressable!! RS R3

Quantum simulation (mainly spin models)

Quantum information processing



The program

Lecture 1: Arrays of atoms & “Rydbergology”
Rydberg Interactions and spin models
Engineering many-body Hamiltonians



Outline — Lecture 1

1. Arrays of individual atoms in optical tweezers

2. Basics of Rydberg physics and their interaction

3. Interaction between Rydberg atoms and spin models
 “Natural”: Ising and XY Hamiltonians

 Hard-core bosons and t —J model
 Floquet engineering of XYZ models



Outline — Lecture 1

1. Arrays of individual atoms in optical tweezers



A single Rb atom in an optical tweezer

1 mK

Dipole force
ELeiwt

o
laser T—» ‘+

k,w

atom

Grangier (2001)
Sortais (2007)

12



A single Rb atom in an optical tweezer

Grangier (2001)
Sortais (2007)

Dipole force a(w)

E twt d= OéEL 1 |
LE
U=——(d-E
T e 2< L> 0 wo >
laser l—ow + 1 5 w
. — _§Q<EL> f

k,w
w < wp = high-intensity seeker

atom

Ex: 1 mW on 1 um = Trap depth = 1 mK = Laser cooled atoms... 13



A single Rb atom in an optical tweezer

1 mK

Fluorescence
780 nm

Reservoir = laser-cooled Rb atoms
T~ 100 uK

Grangier (2001)
Sortais (2007)

14



A single Rb atom in an optical tweezer

Grangier (2001)
1 mK Sortais (2007)

Fluorescence
780 nm

Non-deterministic
single-atom source

15



Lanthanide
Series

Actinide
Series

Single-atom trapping zoo (2025)

O Laser cooled

104 unknown g unknown  jgg  unknown 17 unknown g unknown jng  unknown

Rig Dol _Soll Bl sl i

Rutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium
1261 1266] [264] (269 [268]
464 58 074 6] 3000 62 1794

O Single atom in tweezer

8 9 10
o VII —
8
1 27 2927 28 2913
G Ni
Cobalt Nickel
58933 58693
42 4639 43 4265 44 4150 45 3695 46 2963
i it Rhodium Palladium
9595 98907 10107 102906 106.42
74 5555 75 5596 76 5012 77 4428 78 3825 79
Hafnium Tantalum Tungsten Rhenium Osmium Tridium Platinum Gold
17849 180948 18385 186.207 19023 19222 195.08 196967

110 umknown 77 unknown

Dsw R

Darmstadtium  Roentgénium
1269) 272)

273 65

310°s930U32UBIDS

16
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tweezers INSTITUT i

Spatial phase

modulator
Nogrette, PRX (2014)

, 2
‘FT[ew(w,y)]| ‘

17



al tweezers INSTITUT i
) ) d'OPTIQUE

Spatial phase
modulator

Phase mask

Nogrette, PRX (2014)

, 2
‘FT[ew(w,y)]| ‘

Fluorescence (729 traps)

18




N

Atoms in arrays of optical tweezers INSTITUT

d'OPTIQUE
27T

. p(z,y)
Spatial phase an Phase mask

modulator

Nogrette, PRX (2014)

First demo (1D): Meschede, Nature (2006);
Beugnon, Nat. Phys. (2007)

Assembled configuration

Initial configuration

Assembling

process >

—~ —~o

19

GRADUATE SCHOOL



Atoms in arrays of optical tweezers (single-shot images)

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

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

........

~100 um

L. da Vinci

Barredo, Nature 2016 ; Schymik, PRA 2020, 2022; PRAppl. 2021 20



Atoms in arrays of optical tweezers (single-shot images)

2D
VY Y B
rs ¥ . W e R
we ¢  Triangular |::: o000
.\';,.T ..;..é. / ............
f & b Ivln2+ ::: .................

~100 um

¢ !
Lo e - @ - ol
|

Rb,Mn(MoO,),

ile .
L e @, -
. . ¥

Kagome: Herbertsmithite
(OH)4Cl,

L. da Vinci

Barredo, Nature 2016 ; Schymik, PRA 2020, 2022; PRAppl. 2021 21



Atoms in arrays of optical tweezers (single-shot images)

3D Barredo, Nature (2018)

Hyperboloid Mébius strip

Eiffel tower

L. da Vinci

Barredo, Nature 2016 ; Schymik, PRA 2020, 2022; PRAppl. 2021 arXiv:2412.14647 Also: Weiss, Nature (2018); Ahn, Opt. Exp (2016)



Outline — Lecture 1

2. Basics of Rydberg physics and their interaction



Rydberg atoms: the discovery

1814  Joseph von Fraunhofer

Ppar 2 A% Damaile BrdesOont

observation of dark lines in spectrum of the sun

1888
ey L g (1.1
Wil Frmon Wz /}144 )\nm n2 m?2
%-—(?n/ :q)f,—(};/;@z = |Idea of an infinite series

L= = highly excited states

Johannes Rydberg
1854-1919



Examples: alkali atoms

Alkali: 1 external electron

15°2s%...(n — 1)p°ns

18
VIIA
8A
3 4 5 6 7 8 9 10 11 12
B VB VB VIB VIiB o VI — 1B 1B
3B 48 5B 6B 78 8 1B 2B
21 2% ) 3287 53 U079 711 55 061 5 261 57 927 g 213 59 32 39 907 8
Sl _Ji M _Goll Mol _Gell _GColl Nl _Cull _Z; ‘
Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc
44956 47.88 50942 5199 54938 55933 58933 58693 63546 6539
39 3345 40 4409 41 78 gy 4639 43 4265 44 4150 45 3695 46 2963 47 262 48 767 1
Yttrium i Niobit i i Rhodium Palladium Silvegr Cadmium
91224 92906 9595 98907 10107 102906 106.42 107.868 112411
72 4603 73 sas8 74 5555 75 5% 76 s012 77 2% 7g /5 79 256 g 35662 g 617
[
G _Jall e _Rell Ose _lu _Bil _Aull _Lg 8
Hafnium Tantalum Tungsten Rhenium Osmium Tridium Platinum Gold Mercury g
17849 180948 18385 186.207 19023 19222 195.08 196967 20059 a
104 unknown jog  unknown jgg  unknown 17 unknown jgg  unknown g unknown 17 unknown 777 umknown 77p  unknown v ‘3"
1 o
Rid D gl _B Hs t S n g
Rutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium  Darmstadtium  Roentgénium  Copernicium o
1261 1262} 1266] [264] (269 [268] 1269] 2721 2771 o]
464 58 074 6] 3000 257 67 270 68 288 69 195 70 u% 71

Lanthanide
Series
Actinide | | -
Series




“Rydberg atom” = a highly excited atom (e.g. Rb)

A _ _ ~
1000 =0 l=1 =2 ”n') l> 100 nm <7“> ~ TL26L0
— Rydberg €
n=79 n =28 _n=r_ states
sof "=°%  ——=— "n=6 |
n= “n=5 n > e” core
n==~6
N 6004 — 10 ‘
E n = 6 = A Ieggogyte'_
g = Y | Coooyis d blood
£ 400 7 = eells
n=>5 E - Yy Eé 6 7
(n—0n15)* | %
200 A £
3 4 " |
/ § v: - typical
a } bacteria
ol — — Quantum defects 8 ol A7 ]
n=>5 ) blustongue virus oylort
(experimental)
0 ‘ | | | | | | | viruses

20 40 60 80 100 120 140 160 180 200 220
Browaeys, Barredo, Lahaye, J. Phys. B 2016 principal quantum number n

SIS9U1 Qyd ‘Dsmaleg '



“Rydberg atom” = a highly excited atom (e.g. Rb)

1000“,,4,:,,9 ,,,,,,,, l=1 =2 \n, l> ~100nm _ <’I“> ~ n2a0
——— ]» Rydberg e
Z — 5 n— n= 2 states
800 B P n=
n="1 — n>1 e core
n=6 ep ue 3
= 600 - Long lifetime: 7 ~ n
n =
% = n>60,Tt>100 us
o0
5 400 . R, Large transition dipole:
n =
E — — ; ~J 2
n (n _ 6nlj)2 <’I’L, l]D|n, [ £+ 1> n eao
200 A e 7
/ Large polarizability: @« ~ n
04— Quantum defects —> Exaggerated properties:
(experimental) e strong interaction

* strong coupling to fields (DC, MW)

Browaeys, Barredo, Lahaye, J. Phys. B 2016



Fr=0777

Dipolar Interaction between atoms

~
7

7

28



Dipolar Interaction between atoms

2
2 q 2 2 2 2
= frec gt _e p e
2m  r1 2m 71y
- 2 2 2 2
CWeszzzzzoooooooiizzzEEEEetL) ¢ __ ¢ ¢ €
I'1‘\'-“""__—:—_-: _____________ J 12 |R — I‘1‘ ’R—l— I‘Q‘ + |R + T — I‘1| R
A R - B
o e b 1 rR 2 3(rR ? Lo
@l R R orR2 ~ 2Rz " 2 \ R R

Dipole-dipole interaction:  Hag
a<< R

1 R
= 47T€0R3 [dl . dg — 3((11 . 11)((12 : U)] , U= E

with dipoles:  di2 =¢qri2

29



Dipolar Interaction between atoms

2
2 q 2 2 2 2
2m  r1 2m 71y
- 2 2 2 2
CWeszzzzzoooooooiizzzEEEEetL) ¢ __ ¢ ¢ €
I'1‘\'-“""__—:—_-: _____________ J 2 |R — I‘1‘ ’R—l— I‘Q‘ + |R + T — I‘1| R
A R - B
— 2
1 1 rr-R 2 3/r-R r4
a
Recall: 'R—7 " ®|' 2 2w T2 ( R ) " (R4>

A

Dipole-dipole interaction:  Haq
a<< R

= 47‘(‘60R3 [dl : d2 — 3((11 : U)(dg . U)} , U=

with dipoles: dio=qfio

2 atom basis:  {|n.l,m) ® |n',I",m")}

| &

30



Interactions between Rydberg atoms (simplifigd...)
A

A B s & np)
R 2 1 dAz de
< > Haq = ey RS Ins)

van der Waals regime

gn [np, (n—1)p) _.. Resonant regime

: 2 [ps) — |sp)

g NN‘\ % %D —_—

B Ins, ns) S——' 6 g AE

A 2 Ins, np) | Inp, ns)

AEQ) ~ 12, (0 = DplHaalns, ns) ) ps) + |sp)

ss Ess . Epp

d, 1 C . d?
o = ° Cyxn'l AE o (sp|Hyq|ps) = =2 « n*

E. — E,, RS RS 73

31



Interactions between “real” Rydberg atoms

100

] |525np,ﬁ1ﬂ5‘.-3)

T |52.anz,mﬂaifg:l
= |ﬁ'ﬂF5'fg, ﬁ4P1I|f:g}
1 160F7 3, 64 1)

50

(MHz)

62055, 62D 3}

: |60D; 2, 6651 p2)

Energy shift

|
N
=]

=100

5 8 i0 12
Interatomic distance R (pm)

R =10 pm = Viy;/h ~1—10 MHz = timescales < psec

32



A fruitful idea: the Rydberg blockade

D. Jaksch, PRL 85, 2208 (2000)
M. D. Lukin, PRL 87, 037901 (2001)

0«0 E
A B
)
EA
) lg7), |rg)
0 QO
9) | >|99)
R

If h{) < V(R) : no excitation of |rr) = blockage

33



A fruitful idea: the Rydberg blockade

D. Jaksch, PRL 85, 2208 (2000)
M. D. Lukin, PRL 87, 037901 (2001)

O « = >0 F
A B
rr)

EA

) %ugw T Irg))

0 9
9) | > 99)
R

Blockade = entanglement and gates!!

34



A fruitful idea: the Rydberg blockade

D. Jaksch, PRL 85, 2208 (2000)
M. D. Lukin, PRL 87, 037901 (2001)

0 — >g E
[rr)
1
) —=(lgr) +1rg))
0 0 v2
9) | > [99)
R

15t demonstrations of controlled Rydberg interactions

_/ a
isTinuT == N A ) wisconsiv
K 0.6 % !
Nat. Phys. 2009 04! I’
. I x*}\\\ ////
aed 7 oeammam s
0 80 120 160 200 240 280 320 o b
ttttttttttttttttttttttt (ns) t(us)



And now (2025)...
QIP enta nglement and gates

7-qubit Steane code graph

B} = e e
2 Rz J T 4 * [iH ) e @) N {r]
o (| 3;W-T )| A Y g i\
{vHu"Hu .0

- U = (1059 12,55 G
l Q, @ O
=

3 - —- - f
05
)

a __l_ ] ___I ,,_ii--.ii

Saffman, Nature 2022

RRRRR)

I=
= |1

P
+ Dynamical decoupling

Lukin, Nature 2022-25

Saffman, RMP 82, 2313 (2010)
Henriet, Quantum (2020)

Whitlock, AVS Quantum Science (2021)

Non-linear classical &
qguantum optics

A .
A A A A A
A A A

nonclassical
coherent
. output
input pulse

Firstenberg, J Phys. B (2016)

a few examples

Many-body physics
Quantum simulation

5 P /‘#/
ﬁ?f’# [ £
o QT% 2 §

TS

Schauss Quantum Sci. Techno 2018
Browaeys, Lahaye Nat. Phys. 2020

Exotic long-range molecules

Pfau, Nature 2009 36



Outline — Lecture 1

3. Interaction between Rydberg atoms and spin models

 “Natural”: Ising and XY Hamiltonians



Interactions between Rydberg atoms and spin models

A B
R
<€ >
Browaeys & Lahaye, Nat.Phys. (2020)

van der Waals Resonant dipole
/ V /
A s, ns) A|ns,np> p— In'p, ns)
>| ---- I "" AFE >
60 8o
g C g C
o 6 [} 3
AE ~ — V~—
5 R6 g R3
~ ~
99) _ 99)
Spin 1/2
Ising model ‘ Q ‘ XY model
H=>Y Jjhi, H=Y J;(66; +6767)
U ‘ v\ 7y v )

H H H H H
c C C. (o c
Q cj \cfc\c \C/i\':/ \c/ ; "
Lo
e 38




2-atom energy

From van der Waals interaction to spin models...

e— - &

van der Waals

11 . . .
Cs o< n~~ = switchable interaction

Ground state: n=>5

1011
Rydberg: n=>50 <10

Ising - like!!

Rydberg n;,=1

39



2-atom energy

From van der Waals interaction to spin models...

1013 nm

6p3 /2

421 nm

‘581/2,F = 2,M = 2>

40



2-atom energy

From van der Waals interaction to spin models...

41



From van der Waals interaction to spin models...

2-atom energy

G

H= ?Z&;—I—héz&i%—zg—gﬁiﬁj

i<j 4

42



From van der Waals interaction to spin models...

~ uB0o, + /LB”a‘Z
Transverse Field Ising model:
hQ ~1 ~1 06 ~ A~

i<j
Laser: B BII spin-spin interactions 43



From van der Waals interaction to spin models...

~ uB0o, + /LBH&Z

e v Controlled parameters:

y p 5 .. .

H — - Z &'+ hé Z G+ Z —8 fin,; From negligible to dominant
(] (]

Transverse Field Ising model:

i v interactions

Laser: B BII spin-spin interactions A4



From van der Waals interaction to spin models...

Quantum simulation:

Emulate a system by another one

Similar equations lead to same solutions!!

Transverse Field Ising model: Controlled parameters:

Y S 4 ' Cs F ligible to dominant
H = — 6" + ho &l + 0 o A rom negligible to dominan
2 EZ: ZL: ;R?j o interactions

Laser: B BII spin-spin interactions 45



Resonant interaction between Rydbergs and XY spin model

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

E

e G0p1 /2, |{)
6031/27 1)

1013 nm

6p3/2
421 nm

|581/2,F = 2,M = 2>

Resonant dipole
Alns,n'p) V. |n'p,ns)
=)

&
()
S C3
£ V~—=
g RS
©
(@]
l99)

46



Resonant interaction between Rydbergs and XY spin model

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

16.7 GHz
.)) 60101/2a 1))
| 6081/2, |T>

1.0 &

Py os

0.0

0.0 0.5 1.0 15 2.0 25
Time (ys)

47



Resonant interaction between Rydbergs and XY spin model

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

16.7 GHz

60p1 /2, |4)
I 6081/2, |T>

2
dg,

—0— 1)

Non radiative “exchange” of excitation

1.0

Probability

o
=)

o
»

¢ |1
¢ D

0 1 2 3 4 5 6 7
time (ps)
-y Cﬂ'::
_ W At s — s — a4
Hxy = R;_.;_'iﬂra- G; +0;0;5)
ij
Cs
— b e oty |



Resonant interaction between Rydbergs and XY spin model

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

16.7 GHz

60p1 /2, |4)
I 6081/2, |T>

Quantization 0°
axis (B)
Ao
N
»" d2
AR 90°

d;
C3(0) o< 1 — 3cos® 0

2
dg,

—0— 1)

Non radiative “exchange” of excitation

1.0

¢ |1
¢ D

o
=)

o
»

Probability

OOD 1 2 3 4 5 6 7
time (ps)
. O,
B I S n"— 2t
H}:?_RH I::JE i +Eft ,.i']
)
Cy
- el i .ﬁ.u.ﬁ.u
3 (6767 + 6V5Y)
oR3 \1TI T

49



XY spin model and transport of excitations

1.0
: ¢ It
08} b D
20.4 A ] LY }.-,\, b & ‘!
. | DR :
0.0% 1 2 3 4 5 6 7
time (us)
C3/R3 B J
- —> A @uum=Q) B

Particle hopping

J|A) (B

50



Outline — Lecture 1

3. Interaction between Rydberg atoms and spin models

e Hard-core bosons and t —J model



The Su-Schrieffer-Heeger model

e

()
H H H H H . .
| | I I I . Electronic transport in
& \T"‘f \1:/ \?’f E\T/ \?”/// polyacetylene
H H Hoo1 M H PRL 42, 1698 (1979)

Now, considered as simplest example of topological model

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



=T

The Su-Schrieffer-Heeger model

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



The Su-Schrieffer-Heeger model

Pant
T\ .J \ Model: tight-binding

3 dimerization: J > J’
w_v

J"” =0 : chiral symmetry = symmetric single particle spectrum

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



Implementation of SSH spin chain with Rydberg atoms

- Déléseleuc, Science 365, 775 (2019)
o A

AR TR 7 N Model: tight-binding
B ; dimerization: J > J’
w._v
J" =0 : chiral symmetry = symmetric single particle spectrum

Quantization axis

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



Spin excitations interact: hard core bosons

gt = b, bi0) = [1)

o . . _ H ' ‘T> * |P> A~
Spin excitation = “particle \ 6~ — b, bj1)=10)

/
A alild [87:,8;]:(51'3'

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

_._(><\_._ On-site interaction U — oo

— — Hg =) Jy(blb; +b:bl), b =0

2]

$ 8 -8 0000

—=The first symmetry protected topological phase...
Predicted in 2012 Déléseleuc, Science 365, 775 (2019)

56



The program

Lecture 2: Examples of quantum simulations in
and out-of-equilibrium: guantum magnetism
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