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The program

Lecture 1: Many-body problem and quantum simulation
Arrays of atoms & “Rydbergology”
Interactions between atoms



Outline — Lecture 1

1. Many-body physics and quantum simulation



The context: “many-body problem”

Goal: Understand ensembles of strongly interacting quantum particles

superfluidity superconductivity magnetism neutron star

Questions: phase diagram, excitation, dynamics, ...
oV

The equation to solve: iha = H U
AN gy
_ p iqj B. o
Hio = ; - 2m; Vit ;; rij i rd 575 Very, very, very

well known...
Problem: N ~ 103 !l



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

+° +9°

° %. ® o= Observe unexpected effects
o oﬂo %’ : o . . .
3 e o Ex: high-T. superconductivity
E +%9 9°,‘ b . . .
g :g‘ 2 = Microscopic understanding?

| ®
YBaCuO  0° % L

Experiment on simplify

Cook up a model

“real”system
y < @ ] Hmodel = —1 Z CZUCJU + h. C + UannZT
(1,4),0
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 !!



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

+° +9°
° °o. ° 223 Observe unexpected effects
] % Y’ e Ex: high-T_ superconductivity
- 9% .9.’92 B : - :
% o - Microscopic understanding?
® o
YBaCuO 9 @ ke
: simplif
“real”system
Yy < ® | Hoqe1 = —t Z C'LO'C]U + h. C + UanmT
(i,9),0
Too hard to calculate...
Lab...
. . )
: Quantum simulation =
Measure on simulator: ,
Engineered system ruled
Supercond. or not?
\ by Hmodel y




R.P. Feynman

The original idea...

International Journal of Theoretical Physics, Vol. 21, Nos. 6/7, 1982

Simulating Physics with Computers
Richard P. Feynman

4. QUANTUM COMPUTERS—UNIVERSAL QUANTUM
SIMULATORS

with it, with quantum-mechanical rules). For example, the spin waves in a
spin lattice imitating Bose-particles in the field theory. I therefore believe

it’s true that with a suitable class of quantum machines you could imitate

any quantum system, including the physical world. But I don’t know

whether the general theory of this intersimulation of quantum systems has
ever been worked out, and so I present that as another interesting problem:
to work out the classes of different kinds of quantum mechanical systems
which are really intersimulatable—which are equivalent—as has been done
in the case of classical computers. It has been found that there is a kind of
universal computer that can do anything, and it doesn’t make much
difference specifically how it’s designed. The same way we should try to find



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



Analog Quantum Simulation with synthetic systems

PARKING FRETIFICIAL. Georgescu, Rev. Mod. Phys. (2014)
QUANTUM MATTER

Héloise Chochois, Labex PALM

Well-controlled quantum systems implementing many-body Hamiltonians
= quantum simulator

III

Larger tunability than “real” systems (geometry, interactions...)
Separate effects (impurities, role 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)

Vo T
W5 i

Trapped ions Atoms in Atoms in Supercond.
optical lattices tweezer arrays Circuits
\ ) IBM, Google...

Scalable: beyond 100 particles ; potential > 1000
Addressability: local manipulations and measurement
(09), (0805), ...

Programmable: controlled geometry, interactions...



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
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2. Arrays of individual atoms in optical tweezers



A single Rb atom in an optical tweezer

Grangier (2001)
1 mK Sortais (2007)

Dipole force
ELeiwt

o
laser T—» ‘+

k,w

atom



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...



A single Rb atom in an optical tweezer

Grangier (2001)
1 mK Sortais (2007)

Fluorescence
780 nm

Reservoir = laser-cooled Rb atoms
T~ 100 pK



A single Rb atom in an optical tweezer

Grangier (2001)
1 mK Sortais (2007)

Fluorescence
780 nm

Non-deterministic
single-atom source



Lanthanide
Series

Actinide
Series

Single-atom trapping zoo (2024)

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)

310°s930U32UBIDS

273 65
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tweezers INSTITUT i

Spatial phase
modulator

Phase mask

Nogrette, PRX (2014)

, 2
‘FT[ew(w,y)]| ‘




Atoms in arrays of optical tweezers INSTITUT

d'OPTIQUE
27T

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

modulator

Nogrette, PRX (2014)

Beugnon, Nat. Phys. (2007)

Assembled configuration

Initial configuration

Assembling

process >

—~ —~o

GRADUATE ¢

1IN

First demo (1D): Meschede, Nature (2006);



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

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

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

........

~100 pum

L. da Vinci

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



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 pum

¢ !
Lo e - @ - ol
g

Rb,Mn(MoO,),

ile .
L e @, -
. . - »

Kagome: Herbertsmithite
(OH)4Cl,

L. da Vinci

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



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)



Now a popular platform...with many developments
Dual species arrays

Variants &
new species

Lukin Science 2016

Yb, Sr

Endres,
Kaufman,
Thompson...

Combining optical lattices
+ tweezer array

A. Kaufman Science 2022

Trapping molecules

"y K-K Ni
Science 2018,
§ ........... § ence 201
| 58 §§
CaF

1
. ¥ @ 1 ¥
S!Im o

105

- -
i |
- . LE] =

87Rb, 85Rb .

N -

Loading zone Storage zone

arXiv:2402.04994

H. Bernien PRX 2022

Zhan
PRL 2022




Now a popular platform...with many developments

Dual species arrays

Variants &
new species

Lukin Science 2016

Yb, Sr

Endres,
Kaufman,
Thompson...

Combining optical lattices
+ tweezer array

A. Kaufman Science 2022

Trapping molecules

NaCs K-K Ni
Science 2018,
§§ """"" §.  Prx2019
3 § eo..
i .......... i § &\6
& "
CaF \so‘ H. Bernien PRX 2022
& L i o o(\ : ; 3 z; ;
\
\)d\, 3 TE Zhan
(\5\.‘ e S7Rb, 5Rb PRL 2022
© '
S\
N ;
m
YV l |
A= |
//V“ SE
‘l 5\%“‘"\\”1‘1‘ Loading zone Storage zone

arXiv:2402.04994
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Many-body physics and synthetic quantum systems
Arrays of individual atoms: lattices and tweezers
Basics of Rydberg physics

Interaction between Rydberg atoms



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

15225

s .58

3074 61

3000

Alkali: 1 external electron

(n —1)p°ns

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
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
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
Hafnium Tantalum Tungsten Rhenium Osmium Tridium Platinum Gold Mercugry
17849 180948 18385 186.207 19023 19222 195.08 196967 20059
104 Unknown jg5  umknown g unknown 707  unknown 1o uaknown g unknown {7 umknown 177 nknown 195  unknown
Rutherfordium Dubnium Seabogum Bohrium Hassium Meitnerium  Darmstadtium  Roentgénium  Copernicium
1261 1262} 1266] [264] (269 [268] 1269] 2721 2771

367 67

2700 68

288 69

1950 70

ns 71

L=~
|

310°s930U32UBIIS

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)

A =0 1=1 1=2 n,l ~100nm
L e e } n.1) X (ry ~ n?ag
Rydberg
—— =
U n=_ n=71 states
soo "8 p— n=G6 1
p— — n > e core
n==~6
= 600
=] n==6 L J Or,7
)
: 100 For Rb: 0 12 3131
= p— R, n > 30 1 1/2 2654
En —_— — 6 2 4 f) /
(n — nlj) 3/2 2641
200 A > 3/2 1348
/ 5/2 1346
0 - Quantum defects 3 5/2 0016
n = .
(experimental) 7/2  0.016

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



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

1000“,,4,:,,9 ,,,,,,,, l=1 =2 \n, l> ~100nm _ <’I“> N 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
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4. Interaction between Rydberg atoms



Fr=0777

Dipolar Interaction between atoms

~
7

7



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



Dipolar Interaction between atoms

2
2 q 2 2 2 2
= frec g_opo_ e e
2m  r1 2m 1o
- 02 02 o2 02
e/ - + =
rl\,\.\-‘*—\“ ------ ot |R— I‘1‘ ’R—I—I‘Q‘ |R—|—I'2 —I‘ll R
A R - B
— 2
1 1 r-R 72 3/r-R r4
a
Recall: R &' 2w a2 T2 ( R? ) i (R4>
Dipole-dipole interaction: [ Ay dy — 3(d; - w)(d; - w)] R
- . = . — ‘u -u)| , u= —
Ipole-aipole interaction: dd 47T€0R3 1 2 1 2 R

a < R

with dipoles: dio=qfio

2 atom basis:  {|n.l,m) ® |n',I",m")}



Interaction between atoms: A toy model

deg — <€‘CzAz‘g> — <€’de‘g>

>

£

2-atom energy
N
Q
~
Q
Q©
~

_ degk’

A

3TEQ

dd —

. ' N 1 CZAZCZBZ
. - Hiq =
Dipole interaction: Haq imeq I3

0 &, /R® 0 0
BB 2y 00

0 0 hwo — d2,/R®

2 3
0 0 deg/R> o ] oo ey feablged



Interaction between atoms: A toy model

: . 1 da,dp.
2 % dg R Dipole interaction: Hgq = A28

T
wo = kc I' = 4reg  R3
lg) I - ) 3TEQ
< > 0  d2,/R* 0 0
deg = {eldazlg) = (eldp:lg) o |dgy/R® 2w 0 0
A cc) dd = 0 0 hwy — d2,/R®
2 3
2hwog | 0 e 0 0 deg/R o lgg),lee),leg),|ge)
& 2 2
| gy SRR
() €eg ge 2
2
E huwg o 1 deg
& 2hiwy \ R®
of 9T Ar
72 199) 32w (kR)S
eg
73 < hwo Van der Waals



Interaction between atoms: A toy model

) ) 2 o a1 da.dp.
% I o — ke % r_ 369 Dipole interaction: Hgq = e B
9) 9) reo

R
< > 0  d2,/R* 0 0
deg = {eldazlg) = (eldp:lg) o |dgy/R® 2w 0 0
0) lee) e 0 0 fwo dgg/ R’
2 3
2hwog | 0 e 0 0 deg/R huwso lgg),|ee),|eg),|ge)
& 2 2
5 eg) — |ge) AEg) = —AE[)
@ leg) . lge) N
g hWO —\\ /} ~ 1 deg 1 dgg
3 eg) + lge) 2w \ R? B = R’
of 9T Ar _ .3 hr
g2 199) 32w (kR)S 4 (kR)3

€g
73 < hwo Van der Waals Resonant



energy (cm-1)

Long-range interaction between real atoms

30000 ."l I TT l | [ B =% TTT1T TTT1T TTrTT EX pt Th eo ry
A\ 7 systeme | Cg [wa.] | T'/2n [MHz] | A [nm] | Cg approché [u.a.]
b Tsse7s Li-Li 1389 5.87 671 1340 J. Dalibard, Collége de France, 2021
sz il S e Na-Na 1556 9.80 589 1500
i { Ss+6p K-K 3897 6.04 767 3610
i Rb-Rb 4691 6.07 780 4100
‘ Cs-Cs 6870 5.22 852 5629
20000 [\ e m i Mg-Mg 627 80.9 235 630
‘ o i Ca-Ca 2121 34.6 423 1840
- Sr-Sr 3103 32.0 461 2750
i Er-Er 1760 29.7 401 930
i Dy-Dy 2275 322 421 1550 T T T
s P o ss450 Yb-Yb 1929 29 399 860 6.000 L |
< i —_ °
10000 |- - =
il ] 6 by
! Van der Waals: Cs/R 4,000 | {° -
i <
Q. (]
o i ‘% 2,000
< - . 27 ' T R :
= - 6= ———— \
> 55+5s (4
ko) 0| 16 k6 wWo
3 O | | |
(e | ] ] | | . 0 2,000 4,000 6,000
© 5 10 15 2 25 30 35 Ce réel (u.a.)

R (au)

Useful for: scattering length (quantum gases), Rydberg physics...



Interactions between Rydberg atoms

2-atom basis: {|¢nn/) = [n,1,m) @ |n',I',m’)} P e -t e cotaaer N. Sibalic

user's

. compute alkali atom data — alkali atom  =—p— scipy
A . running Py1h functions
. Hydrogen i
Lithium6 AlkaliAtom k| o
QS calculations . Lithium?
1 atom_single Sodium
> Atom calculator Potassium39
o0 — Starkiap (alias Potassium) —  nmatplotlib
L - user web interface LevetPlot ForsssiimaD
2 Potassium41
qJ Rubidium85 — wigner
C (alias Rubidium) (m? ular algebra)
3 user’s calculations Rubidium87 4 &
(] web atom_pairstate Caesium
browser
—————————————————— PairStateInteractions “— arc c extensions
E StarkMapResonances (Numerov in C)
S Ins, ns) EN > >
© higher abstraction level primitives
1
N | qz55 > . .
| ¢ > https://arc-alkali-rydberg-calculator.readthedocs.io/en/latest/
. Docs » Pairinteraction - A Rydberg Interaction Caleulator

S. Weber

Van der Waals regime. Pairinteraction - A Rydberg Interaction

2 Calculator
AE(2) | ‘Hdd‘88>| o 06 C 11
ss E — R6 ’ 6 XN
ss — Ly

@
| > The pairinteraction software calculates properties of Rydberg systems. The software
Res O n a nt regi m e . consists of a C++/Python library and a graphical user interface for pair potential
° calculations. For usage examples visit the tutorials section of the documentation.
Stay tuned by signing up for the newsletter so whenever there are updates to the

1 d software or new publications about pairinteraction we can contact you. If you have a
p 4 question that is related to problems, bugs, or suggests an improvement, consider

n raising an issue on GitHub.
dmeg R3 e . . .
https://pairinteraction.github.io/pairinteraction/sphinx/html/index.html

Ei = £(sp|Hgq|ps) = +——



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



The program

Lecture 2: Rydberg Interactions and spin models
Engineering many-body Hamiltonians
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