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Why do we need thencold?

- Necessary to trap them

- Reduces Doppler effects
(broadens electronic transitions)

- For their motion to enter the
guantum regime

Group of AntoineBrowaeys X
(Institute R Q h LIY A lj dzS
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Why do we need thencold?

High
ol I e Temperature T:
f \ thermal velocity v
density d-3
Nt Y e
Low
. Necessary to trap them St 2 7 | Temperature T:
VAYS De Broglie wavelength
ZZ v j\P/ 2 AdB=h/mv o T-1/2

"Wave packets"

- Reduces Doppler effects L= = ° |  "Wavepackets"

(broadens electronic transitions) TB=;8:
. ' Aag~d
- For their motion to enter the "Matter wave overlap”

guantum regime  Te0:
Pure Bose
condensate

"Giant matter wave"

1zS
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The neutralatom toolbox

- Available quantum degrees of freedom: 1 |€>
Spin statesmotional, el ectroni c st @ esé
@

- Quantum statistics of each isotope |g >

Bosons, fermions {Li vs’Li)

- Wider range of electronic transitions

Broad/ narr ow, RF/ optical, ndence
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/ Optical atomic clocks \
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Quantum computing with Rydberg Resolving the gravitational
atoms (>6,000 qubits) redshift across a millimeter
Manetschet al., Nature647, 60¢67 (2025) Bothwell et al., Natur®02, 420;424 (2022)

This talk: Quantum simulation with ultracold atoms



Challenge: Simulate a guantum manyody system

Minimize energy of a spin model: . ‘

A manybody problem

W) -|ss) 4e8) o) [82) =
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Challenge: Simulate a guantum manyody system

(digital) (digital) Analog
Classical computer Quantum computer guantum simulator

Operations

Qubit

Fault-tolerant digital
quantum simulator
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Quantum
degenerate regime

Optical dipole trap
(High power, far detuned)



1D optical lattice
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Hubbard models
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.
Hubbard models
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Cold Bosonic Atoms in Optical Lattices

1.2 C.W. Gardiner,** and p. Zoller'”
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Quantumgas microscopy



A. R., PhD Thesis, MPQ (2020)
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K. Kworet al. Phys. Rev. A05033323 (2022)
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FermiHubbard model (spin %)




FermiHubbard model (spin %)

Temperature
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Quantummagnetism
o

: spin 4
: spin ¥

: hole

@ : doublon e
J.Koepsell S Hirthe, et al. Phys. Rev. Leti25010403 (2020)



Quantum Heisenberg model

A

H=-JY (8755 + V8%, + A5:55,)
J

J
|

Domainwall melting

B4 43338883 et r ety

P(t) X tl/z What spin transport properties do we expect?
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Domainwall melting

Single image Average density Average density
n=0.95

ATATATATATATATATA ATV IATATATY IATVIATALY VIV IATA ALY IVIA LV IVIVIVIATVIVIVIALVIATVIVIAIVIVIVIVIVIVIVIA

D. Weli, A. Ret al.,Science8766594 (2022)
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Observation ofsuperdiffusion

Site j

™20 0 20 ' ' !
Q_ 20 . -
2 1/2
2 1.5 . P(t) o<t /
=
-(% 1.0 —
N
E z = 1.54(7)
5 0.5 _
(al

0.0 _
0 10 20 30 40
Time t/t

D. Weli, A. Ret al.,Science8766594 (2022)
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Transport properties

0=0.0 6=0.8 6=0.0

z=1 z
ballistic @] 2
’
o @4 () - [ —0 3/2
L | e I
0 1 A E T 1
Easyplane Easyaxis ﬁ
- z=3/2
S KPZ
P(t) 0.4 tl/z ;‘g} superdiffusive
z=2
l diffusive
Ingredients involved: 0
Ol_ 2D coupling J,/J —'1

Integrability (1D) SU(2) symmetry



Followup experiment from Google
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10
Cycle number, t

Probability, P(A1)

0.5

0.0

u=o
I I |
t=1
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— =20
JJj]%—L'h
0 10 20

Transferred magnetization, M |

Google Al

Quantum Rosenberg et al.,

A. Rubio Abadal

Sciendg4, 4853 (2024)
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SUN) Hubbardmodels
5 @ . U o
HFH = — Z (Cj,O'Cl=G + hC) + 5 Z NjoMNyj o

<j,l>,0:T,J, v s = s
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SUN) Hubbardmodels
3 @, U o
Hpyg = —t Z (Cj,acl=<7 g hC) I ? Z NjoMNyj o

<‘7*l>ax\l/ j,O’#O’/

oc=12%2 .% [ X 5X

A. Rubio Abadal 33



SUN) Hubbardmodels
5 @ . U o
HFH = — Z (Cj,O'Cl=G + hC) + 5 Z NjoMNyj o

e <! joto!

oc=12%2 .% [ X 5X

For strontium87, number of spins
can be as high ad= 10

Nuclear spiri = 9/2
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SUN) Hubbardmodels
5 @ . U o
HFH = ~—§ Z (ijacl,a + hC) + 3 Z NjoMNyj o

e <! joto!

oc=12%2 .% [ X 5X

For strontium87, number of spins
can be as high ad= 10

Nuclear spiri = 9/2
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SUN) OQuantummagnetism

Tothet al. (2010) Corboz et al.(2011) Nataf Mila (2014)
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