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@ State Preparation/Engineering and Detection

Strongly Correlated Electron Physics
@ Spin-Charge Separation, Hidden Order, Incommensurate Magnetism,
Polarons, Strange Metals, Hole Pairing,...

@ Nonequilibrium Dynamics - Counting Atoms one-by-one
Fluctuation Hydrodynamics




Particles: Fermions, Bosons, Mixtures

Spin degree of freedom:
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Introduction

. . t/h ~ 100 Hz — 5 kHz
optical standing wave P
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laser
<>
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Primer on Optical Lattices

Fourier synthesize aribtrary lattices:

* Square

* Hexagonal/Triangular/Brick Wall
e Kagome

* Superlattices

* Spin dependent lattices

* Flux Lattices

Full dynamical control over lattice depth, geometry, dimensionality!
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Introduction

Triangular
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Kagomé o o oge oce eesee

D. Wei et al. arXiv:2301.11869 (2023)

_ related: D. Greif et al. Nature 535 217 (2014), M. Xu et al. arXiv:2212.13983
recently used: Bakr group (Princeton)



Single Atoms ~ Quantum Gas Microscopy

Single atom
detection
BEC Mott
Potential
Engineering
Single Atom '
Adressing T

W. Bakr et al., Science (2010) & J. Sherson et al., Nature (2010)
Addressing: C. Weitenberg et al., Nature (2011)




Potential Shaping

Quantum Ladders with

flexible edge geometries
(SPT Spin-1 Haldane Phase)

06640600600

a DMD shaped potential Tilted-edge ladder
I % 4 = Y
SRR

d it LI

Fully tuneable coupling strengths
+dimensionality +flux +frustration

P. Sompet et al. Nature 606, 484 (2022)
Tweezer SPT: Léséluc et al. Science 365, 6455 (2019)

Large Homogeneous 2D Systems
(2000-5000 atoms, filling 95-98%)

News Cs experiment in
Collaboration with
M. Aidelsburger

Cs Quantum Gas
Microscope

————

Rb Quantum Gas see also: C. Chiu et al. Phys. Rev. Lett. 120, 243201 (2018)
Microscope Idea: J.-S. Bernier et al. Phys. Rev. A 79, 061601 (2009)
T.-L. Ho & Q. Zhou arXiv:0911.5506



FHM Microscope

FuII Spin & Density Resolved Detection
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. Spin up

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) arXiv:2208.05948
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@ State Preparation/Engineering and Detection

Strongly Correlated Electron Physics
@ Spin-Charge Separation, Hidden Order, Incommensurate Magnetism,
Polarons, Strange Metals, Hole Pairing,...

@ Nonequilibrium Dynamics - Counting Atoms one-by-one
Fluctuation Hydrodynamics




Fermi Hubbard Eermi Hubbard Model (FHIM)

B. Keimer et al., Nature 518 2015

Fermi-Hubbard Model
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Strange metal

AFM Heisenberg Model

Half filling & strong interaction
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Hole doping, p

Away from half filling: t-J model

competition between
' hole delocalization '<—>| magnetic order '




Doping in 1D Fermi Hubbard Model

2000800 0000080

Ouantuin PhysiCS
in One Nimension




Fermi Hubbard Dopinginithe 1D Fermi Hubbard Model

@ Ground State Spin-Charge Separation

T. Hilker et al.
0.2 %\ .

51 o= Science 357,
3 g O 484 (2017)
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Holes form topological excitations & g B

u ] n n -5 B
Hidden Antiferromagnetic Correlations 02 O | . ]
- : : - - B B I S
(Non-local string correlations) s Saeon L2 3 stenced ites) .
F. Woynarovich J. Phys. C (1982)
M. Ogata & H. Shiba Phys. Rev. B (1990)
Doping, nOO Polarization, m OO
Incommensurate AFM G. Salomon et al.
m/-\ M Nature 565, 56 (2019)
F.D.M. Haldane J. Phys. C: Solid State Phys. (1981) \/V
<S ,+x> cos(nnx) SZ S,Z+X ~ cos[n(1-2m)x]

@ Dynamical Spin-Charge Fractionalization

77N J. Vijayan et al.
‘e Science 367, 186-189 (2020)

Spin 1/2 Chargon/
Spinon Holon
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S. A. Trugman, Phys. Rev. B 37 (1988)

S. Schmitt-Rink, C. M. Varma & A. E. Ruckenstein PRL 60, 2793 (1988)
J. R. Schrieffer, X. G. Wen & S. C. Zhang, Phys. Rev. B 39 (1989)

C. Kane, P. Lee & N. Read Phys. Rev. B 39 (1989)

B.D. Simons & J.M.F. Gunn, Phys. Rev. B 41 (1990)

P. Lee et al., Rev. Mod. Phys. 78 (2006)
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Spinon-Holon Polaron Formation in 2D

Holes cannot move freely in 2D - holon and spinon are bound
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ves frustrated bonds
ONFINEMENT!

olon form “Parton”

s Phys. Rev. B 42, 4370 (1990)

——e———rweTESOTETEIPRX 8, 011046 (2018)

S. A. Trugman, Phys. Rev. 8 37W

J. R. Schrieffer, X. G. Wen & S. C. Zhang, Phys. Rev. B 39 (1989)
C. Kane, P. Lee & N. Read Phys. Rev. B 39, (1989)

B. D. Simons and J. M. F. Gunn, Phys. Rev. B 41, 7019 (1990)

P. Lee et al., Rev. Mod. Phys. 78 (2006)



AMAGNETIC MOMENT
Ze . Static (Microscopic Picture)

. Polaron Xs Anomalous
o o o Breakdown QL./\ Susceptibility

8/0 Singlet ® .)‘5 Incommen.
(3 O Character @ Spin-Fluct.

5, %30 %

at‘(

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

related: detection of string patterns Ch. Chiu et al. Nature (2019)
attractive U: T. Hartke et al. arXiv:2208.05948

Microscopic Polaron Image & Motion

Dynamical evolution

Q) 00060 606666 66666 66666
00666 66666 66666 660605
ocOoo}ooqao}o&io.}oo(&e
CGO0000 60606606 66666 606¢ . O
O6060606 606666 66666 66666

Adiabatic Quench Polaron Polaron
loading formation spreading

6 |
5 |
CH A b
(O]
O
=
S
o 3F
©
)
£
2 |-
1k
—= Quantum walk -4 U/t=8.72(28) (J/t=0.459(15))
. — Bethe lattice ¥ U/t=17.2(6) (J/t=0.233(8))
B ] ] ] ] ] ] ]
0 1 2 3 4 5 6 7

Time 1 (A/f)

G. Ji et al. PRX 11, 021022 (2021)



High Temperature Hole Pairing
In Fermi Hubbard Ladders

A. Bohrdt, L. Homeier, |.B., E. Demler & F. Grusdt Nat. Phys. 18,651 (2022)
S. Hirthe et al. Nature 613,463—467 (2023)



How to bind with purely repulsive
Interactions?
(non standard binding mechanism)

4

via magnetic correlations!




Strong Pairing Binding Mechanism

O E 29 00000 @
® 6 6 O 0 O
Single holon

Energy penalty ~ 2/,

Second holon
undoes effect

of first hole Pairing effect!




Strong Pairing

2D

Mixed Dimensions - Charge 1D; Spin 2D
J,
(0 ® Ve o ¢

VVhy Mixed-D Helps

z Binding reduced by “Fermi hole-hole repulsion”

? Weak binding energy (fraction of J,) and large pairs

2 low-T required

2 Fermi hole-hole repulsion removed

2 Strong binding energy (as large as f) and rung pairs

2 Much higher-T enabled

|



Binding via Magnetic Correlations
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Strong Pairing
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@ State Preparation/Engineering and Detection

Strongly Correlated Electron Physics
@ Spin-Charge Separation, Hidden Order, Incommensurate Magnetism,
Polarons, Strange Metals, Hole Pairing,...

@ Nonequilibrium Dynamics - Counting Atoms one-by-one
Fluctuation Hydrodynamics




Promising: Double Quantum Advantage
(in Space & Time)

¢ Large System Sizes
¢ Homogeneous Systems
¢ Long Time Evolutions




e—iﬁt/fl ... Time evolution...






Quantum Transport - Atom-by-Atom
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See also: (Endres group) J. Choi et al., Nature 613, 468 (2023)



Non-Equilibrium Dynamics Dynamics for IThermalisation

Stages of Dynamics

Subsystem Local expectation values
Local (e.g. density, magnetization)
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full counting statistics

Eigenstate Thermalisation Hypothesis

J. M. Deutsch, Phys. Rev. A 43, 2046 (1991).

M. Srednicki, Phys. Rev. E 50, 888 (1994).

M. Rigol, V. Dunjko, and M. Olshanii, Nature 452, 854 (2008).

R. Nandkishore, Phys. Rev. B 92, 245141 (2015). Experiments Thermalisation
L. D’Alessio, Y. Kafri, A. Polkovnikov, and M. Rigol Adv. Phys. 65, 239 (2016). A. M. Kaufman et al., Science 353,794 (2016).




Non-Equilibrium Dynamics Dynamics for IThermalisation

Stages of Dynamics

| Subsystem |

¥(t)

) |

|

- Subsystem

density

Quantum

entanglement

» X
driving noise

Microscopic
Macroscopic
Classical

<€

»> X

Classical Systems: Macroscopic Fluctuation Theory

On+0,j=0, j=-Dm)dn+2D(n)x(n)é

Nonlinear stochastic PDE

Bertini, L., De Sole, A., Gabrielli, D., Jona-Lasinio, G. & Landim, C.
Rev. Mod. Phys. 87, 593-636 (2015).




Kardar-Parisi-Zhang Equation

Oh(Z, 1) A }

—, p— Ijvzh —|— — (Vh)z —I_ 77(33, t) Martin Hairer

Ot 2 Fields Medal
(2014)

&y
L
%

Non-linear stochastic differential equation describing temporal change of height field

M. Kardar, G. Parisi & Y.-C. Zhang PRL 56, 889 (1986) _ ﬁ‘{‘
C.A. Tracy & H. Widom Comm. Math. Phys. 159, 151 (1994) : '

C.A. Tracy & H. Widom Comm. Math. Phys. 177, 727 (1994) I
M. Prahofer & H. Spohn PRL 84, 4882 (2000) * gl

M. Ljubotina et al., Nature Comm. (2017
M. Ljubotina et al., Phys. Rev. Lett. (2019

)

)

S. Gopalakrishnan and R. Vasseur, Phys. Rev. Lett. (2019)

_ . . J. De Nardis, Phys. Rev. Lett. (2019)

Quantum Exp: D. Wei et al. Science 376, 716 (2022) S. Gopalakirshnan, R. Vasseur, and B. Ware, PNAS (2019)
see also: A. Scheie et al. Nature PhyS 17, 726 (2021) V. B. Bulchandani, Phys. Rev. B (2020)

Polariton condensate: Q. Fontaine et al. Nature 608, 687 (2022)



Our System

Hardcore bosons
(on a ladder (2x50 sites) with tunable coupling)

1d chains (free fermions)

Coupled ladders (interacting)

@
@
J




Transport ihermalisation: Integrable vs. Chaotic

et Fuolved state |
‘ g‘g‘ ; -—:&(3;

Z ) : | | ‘ Hardcore bosons

|| ‘, | | (tuneable ladder coupling)

Related:
C Full ting statisti A.M. Kaufman et al.

ull counting statistiCs .

06 E [ [ [ | [ 7 [ [ [ [ I . I | [ [ : SCIence 353, 794 (201 6)
N t=00T t=0.8T t=174T and thermalisation
| experiments by D. Weiss (PennState)
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Fluctuation hydrodynamics Local equ llibration
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See also: S. Trotzky et al. Nat. Phys. 8, 325 (2012)



Transport Subsystem Fluctuations

Subsystem fluctuations

1D - ballistic Ladder - chaotic

I
12 16 20

2 Enables quantitative determinatio
of dynamical exponent z and dift sat
2 Global equilibrations takes longer and longer

Determination of
for larger subsystem

dynamical exponent




Hluctuation Hydrodynamics limescales - Integrable to Chaotic

Integrable Crossover Chaotic
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lransieg Density-Density Correlations

Hardcore bosons
(tuneable ladder coupling)

Chaotic

0.02

0.0

-0.02

See also:

M. Cheneay, ..., |. Bloch, S. Kuhr, Nature (2012)

Y.-G. Zheng, ..., Z.-S. Yuan, J.-W. Pan, arXiv:2210.08556

Equilibrium transport theory: Rung Density-Density Correlations

R. Steinigeweg et al., Phys. Rev. B (2014)
T. Rakovszky, C. W. von Keyserlingk & F. Pollmann Phys. Rev. B (2022)




Fluctuation Hydrodynamics

20 ladder systems

2 Full counting statistic / fluctuations powerful
new observables for quantum transport

2 (Nonlinear) Noisy classical dynamics can efficiently describe
charge fluctuation dynamics in chaotic quantum many-body systems

via MFT

2 Test of fluctuation-dissipation theorenJ

Can the Macroscopic Fluctuation Theory be

2 Determination of equilibrium transport Quantized ?

through out-of-equilibrium dynamics Denis BERNARD 41

* Lab i i ’
aboratoire de Physique de 1’Ecole Normale Supérieure, CNRS, ENS & Université PSL, Sorb
, : onne

?When dOeS M FT fal | ? H Ig her Order CU mL Université, Université de Paris, 75005 Paris, France.

Random Unitary Circuits: E. McCulloch, J. De Nardis, S. Gopalakrishnan & R. Vasseur Full arXiv:2302.01355
Quantising MFT: D. Bernard J. Phys. A: Math. Theor. 54, 433001 (2021).



CsQuantum Gas Microscope Team
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