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Challenge: ... towards ultimate control and understanding of many-body quantum systems
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Interaction Control

. Dipolar
Collisional Magnetic or Electric
(onsite few kHz) (several sites Hz to 10 kHz)

Rydberg Dipole-Dipole
(several sites 1-500 MHz)

Cavity Mediated
(All-to-All few Hz-kHz)

Introduction

t/h ~100Hz — 5kHz
V2

optical standing wave

a=250nm — 1um

Primer on Optical Lattices

w ~ 271t x (10kHz — 1MHz)
0 ~ 10nm — 100 nm

Fourier synthesize aribtrary

lattices:

e Square

* Hexagonal/Triangular/Brick Wall
* Kagomé

e Superlattices

* Spin dependent lattices

® Flux Lattices

AT

(e X XXX

XXX X

KXo Xe Xe X

XXX X

YoYoXoY,

Full dynamical control over lattice depth, geometry, dimensionality!

D. Wei et al. Phys. Rev. X 13, 021042 (2023), recently used: W. Bakr group Nature 629, 323 (2024) (Princeton)

related: D. Greif et al. Nature 535 217 (2014), M. Xu et al. Nature 620, 971-976 (2023)

Particles: Fermions, Bosons, Mixtures

Spin degree of freedom:

Hyperfine
(Microwave) (Optical)

System size: up to few thousands of particles
Mobility: itinerant or static
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W. Bakr et al., Science (2010)
J. Sherson et al., Nature (2010)
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Density and spin readout: M. Boll et al. Science 353, 1257 (2016), J. Koepsell et al. Phys. Rev. Lett. 125, 010403 (2020),
see also: Harvard (Greiner), Princeton (Bakr) Phys. Rev. Lett. 129, 123201 (2022), MIT (Zwierlein) Science 381, 82 (2023)
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I h \ A. Impertro et al. Phys. Reuv. Lett. (2024)
-... and also current snapshots! g p ot 4/ phys. Rev. Lett. (2024).

Density and spin readout: M. Boll et al. Science 353, 1257 (2016), J. Koepsell et al. Phys. Rev. Lett. 125, 010403 (2020),
see also: Harvard (Greiner), Princeton (Bakr) Phys. Rev. Lett. 129, 123201 (2022), MIT (Zwierlein) Science 381, 82 (2023)
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Density and spin readout: M. Boll et al. Science 353, 1257 (2016), J. Koepsell et al. Phys. Rev. Lett. 125, 010403 (2020),
see also: Harvard (Greiner), Princeton (Bakr) Phys. Rev. Lett. 129, 123201 (2022), MIT (Zwierlein) Science 381, 82 (2023)
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Fermi Hubbard Fermi Hubbard Model (FHM)

B. Keimer et al., Nature 518 2015

Fermi-Hubbard Model [
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AFM Heisenberg Model

Half filling & strong interaction
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Strange metal

Charge
order

P’ Pot Pe Proax
Hole doping, p

Away from half filling: t-J model
competition between

[hole delocalization ) > [magnetic order )

A. Maruzenko et al. Nature (2017), M. Boll et al. Science (2016), T. Hilker et al. Science (2017),
L. Cheuk et al. Science (2016), P. Brown et al. Science (2017)

T. Esslinger, Fermi-Hubbard Physics with Atoms in an Optical Lattice.
Annu. Rev. Cond. Mat. Phys. 1, 129-152 (2010).

Spinon-Holon Polaron Formation in 2D

Holes cannot move freely in 2D - holon and spinon are bound
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Moving hole leaves frustrated bonds
behind - CONFINEMENT!
Spinon and Holon form “Parton”

J.M.F. Gunn & B.D. Simons Phys. Rev. B 42, 4370 (1990)
F. Grusdt et al., PRX 8, 011046 (2018)

Bulaevskii, L. N., Nagaev, E. L. & Khomskii, D. I. Sov. Phys. JETP 27, 836 (1968)
S. A. Trugman, Phys. Rev. B 37, 1579 (1988)
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K. K. Nielsen, M. A. Bastarrachea-Magnani, T. Pohl, & G. M. Bruun

Phys. Rev. B 104, 155136 (2021)

J. Koepsell et al. Nature 572, 358 (2019) & J. Koepsell et al. Science 374, 82 (2021)
also recent results on frustrated systems: Princeton & Harvard

related: imprints of string patterns Ch. Chiu et al. Nature (2019)

attractive U: T. Hartke et al. Science 381, 82 (2023)

FHM r 2D Spin Correlations

Idea:

T.-L. Ho, Q. Zhou, arXiv:0911.5506
J.S. Bernier et al. Phys. Rev. A (2009)
related: B. Yang et al. Science (2020)
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Ult=6.5

T/J ~0.4
t/J ~ 1.6

See also: Harvard: Parsons et al., Science (2016), Mazurenko et al. Nature (2017),
MIT: Cheuk et al., Science (2016), Princeton: Brown et al., Science (2017),
Bonn: Drewes et al., PRL (2017), Rice: A. Hart et al. Nature (2015).
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Spinon-Holon
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J. Koepsell et al. Nature 572, 358 (2019)
J. Koepsell et al. Science 374, 82 (2021)

Three point hole-spin-spin correlator

Fermi Hubbard QGM

(connected & symmetrized)

Kinetic Induced Polarons on Triangular Lattice:
M. Greiner arXiv:2308.12269 (Harvard)
W. Bakr arXiv:2308.12951 (Princeton)
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Hartke et al. Science 381, 82-86 (2023)
M. Zwierlein group (MIT)

Tunable Frustration

Xu, M. et al. Nature 1-6 (2023)
doi:10.1038/s41586-023-06280-5.
Greiner group (Harvard)
see also W. Bakr (Princeton)
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QMC Numerics
Z. Wang & Lode Pollet
Quantitative Match!
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FHM Squaf fattice Hubbard Model - Phases (Low Doping) FHM Squaré Eattice Hubbard Model - Phases (Low Doping)

Decreasing Spin Susceptibility &
Fermi Surface Reconstruction

of Pseudogap?

Higher order correlators What is real space manifestation of Pseudogap?

ic What is -
crucial to understand : : ) Macroscopic o Quantities
= T g (Pair correlations, spin background,...) - Thermod ynamics P or
~ = Quantities Hidden Order,

Charge Ordering
Phase Transition

Quantum Gas Microscopes

H. Xu, H. Shi, E. Vitali, M. Qin, and S. Zhang
Phys. Rev. Research 4, 013239 (2022)

H.J. Schulz Phys. Rev. Lett. 64, 1445 (1990)

What is the physical mechanism for the Pseudogap?

Is the Hubbard model sufficient for Phenomenology

Applications in'Many-Body Physics

@ Non-Equilibrium Physics
Lieb-Robinson Bounds, Spin-Carge Factionalization,
Many-Body Localisation, Anomalous Spin Transport (KPZ)

3 Outlook

Decreasing Spin Susceptibility &
Fermi Surface Reconstruction

Microscopic
Real-Space

Higher Order Correlations,

ductivity, Compressibility, Fluctuations

Con Con
Magnetlzatlon, e

0.1

Quantum Gas Microscopes

0

H. Xu, H. Shi, E. Vitali, M. Qin, and S. Zhang
Phys. Rev. Research 4, 013239 (2022)

H.J. Schulz Phys. Rev. Lett. 64, 1445 (1990)

What is the physical mechanism for the Pseudogap?

Optical Lattices

@ Information Spreading in Many-Body Systems
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Optical Lattices

Non-Equilibrium Dynamics

Optical Lattices

Non-Equilibrium Dynamics
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Optical Lattices

@ Non-Thermalizing Behaviour
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review:
R. Nandkishore & D. A. Huse
Annu. Rev. Condens. Matter Phys. 6, 15 (2015)
D.A. Abanin, E. Altman, |. Bloch & M. Serbyn
Rev. Mod. Phys. 91, 021001 (2019)
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Quantum Transport - Atom-by-Atom Quantum Transport - Atom-by-Atom
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Optical Lattices

Anomalous Spin Transport -
Kardar-Parisi-Zhang Universality

M. Kardar, G. Parisi & Y.-C. Zhang Phys. Rev. Lett. (1986)
M. Ljubotina et al., Phys. Rev. Lett. (2019)

Review: V. Bulchadini, S. Gopalakrishnan, E. llievski

J. Stat. Mech. 084001 (2021)

1. Corwin, Notices of the AMS (2016)
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A Joint Look Ahead [t ‘ Enhanced Programmability nature

(d) @ Entangled pairs @1D entangled chain

Quantum Simulation & Computation Platforms
(Atoms, lons, SC Qubits, Photons, NV Centers...)

2D lattice

A. Schindewolf et al.
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Continuous Loading in Action Continuous Loading in Action

Continuously operated array for up - Continuously operated array for up
to 1.5h with > 1200 atoms " ° 3

to 1.5h with > 1200 atoms
Readily scalable to >10,000 atoms Readily scalable to >10,000 atoms
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F. Gyger et al. PRR 6, 033104 (2024)
see also: M. Norcia et al. arXiv.2401.16177 (2024).

see also: M. Norcia et al. arXiv.2401.16177 (2024).
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