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W. Bakr et al., Science (2010) 
J. Sherson et al., Nature (2010)

Quantum Gas  
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K. Kwon et al., Phys. Rev. A (2022)
W. Bakr et al., Science (2010) 

J. Sherson et al., Nature (2010)
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Quantum gas microscopes
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Single Atoms
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Quantum Gas Microscopy

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

Single atom  
detection 

Potential  
Engineering

J.Y. Choi (KAIST)  
Phys. Rev. A (2022)

Single Atom  
Adressing

BEC Mott



Potential Shaping Flexible Geometries and Large Sizes

Quantum Ladders with  
flexible edge geometries 
(SPT Spin-1 Haldane Phase) 

Fully tuneable coupling strengths 
+dimensionality +flux +frustration

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

Tweezer SPT: Léséluc et al. Science 365, 6455 (2019) 
see also: C. Chiu et al. Phys. Rev. Lett. 120, 243201 (2018)


Idea: J.-S. Bernier et al. Phys. Rev. A 79, 061601 (2009) 
T.-L. Ho & Q. Zhou arXiv:0911.5506


P. Sompet et al. Nature 606, 484 (2022)

 Cs experiment in 
collaboration with  
M. Aidelsburger

Rb Quantum Gas  
Microscope

Cs Quantum Gas  
Microscope



Imaging Spin & Charge Resolved Imaging
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J. Koepsell et al. Phys. Rev. Lett. 125, 010403 (2020)



FHM Microscope Full Spin & Density Resolved Detection

3 μm

21 μm
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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) arXiv:2203.15023, MIT (Zwierlein) arXiv:2208.05948
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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) arXiv:2203.15023, MIT (Zwierlein) arXiv:2208.05948

<latexit sha1_base64="jfDOjEuReuveHUw8ICg6DVrd+qQ="></latexit>

|Yi += + +

Snapshots where each “electron” is visible



Fermi Hubbard Fermi Hubbard Model (FHM)

be the most important open problem in the understanding of quantum
materials, and it is here that radically new ideas, including those derived
from recently developed non-perturbative studies in string theory, may
be useful.

More unique to the copper oxides is the behaviour observed in a range
of temperatures immediately above Tc in what is referred to as the
‘pseudogap’ regime. It is characterized by a substantial suppression of the
electronic density of states at low energies that cannot be simply related to
the occurrence of any form of broken symmetry. Although much about
this regime is still unclear, convincing experimental evidence has recently
emerged that there are strong and ubiquitous tendencies towards several
sorts of order or incipient order, including various forms of charge-
density-wave, spin-density-wave, and electron-nematic order. There is
also suggestive, but far from definitive, evidence of several sorts of novel
order—that is, never before documented patterns of broken symmetry—
including orbital loop current order and a spatially modulated super-
conducting phase referred to as a ‘pair-density wave’. There are many
fascinating aspects of these ‘intertwined orders’ that remain to be under-
stood, but their existence and many aspects of their general structure were
anticipated by theory7. Superconducting fluctuations also have an important
role in part of this regime, although to an extent that is still much debated.

The high-temperature superconducting phase itself has a pattern of
broken symmetry that is distinct from that of conventional superconduc-
tors. Unlike in conventional s-wave superconductors, the superconduct-
ing wavefunction in the copper oxides has d-wave symmetry8,9, that is, it
changes sign upon rotation by 90u. Associated with this ‘unconventional
pairing’ is the existence of zero energy (gapless) quasiparticle excitations
at the lowest temperatures, which make even the thermodynamic prop-
erties entirely distinct from those of conventional superconductors (which
are fully gapped). The reasons for this, and its relation to a proximate anti-
ferromagnetic phase, are now well understood, and indeed were also anti-
cipated early on by some theories10–12. However, while various attempts

to obtain a semiquantitative estimate of Tc have had some success13, there
are important reasons to consider this problem still substantially unsolved.

Highly correlated electrons in the copper oxides
The chemistry of the copper oxides amplifies the Coulomb repulsions
between electrons. The two-dimensional copper oxide layers (Fig. 3) are
separated by ionic, electronically inert, buffer layers. The stoichiometric
‘parent’ compound (Fig. 2, zero doping) has an odd-integer number of
electrons per CuO2 unit cell (Fig. 3). The states formed in the CuO2 unit
cells are sufficiently well localized that, as would be the case in a collec-
tion of well-separated atoms, it takes a large energy (the Hubbard U) to
remove an electron from one site and add it to another. This effect pro-
duces a ‘traffic jam’ of electrons14. An insulator produced by this classical
jamming effect is referred to as a ‘‘Mott insulator’’15. However, even a
localized electron has a spin whose orientation remains a dynamical degree
of freedom. Virtual hopping of these electrons produces, via the Pauli
exclusion principle, an antiferromagnetic interaction between neighbour-
ing spins. This, in turn, leads to a simple (Néel) ordered phase below room
temperature, in which there are static magnetic moments on the Cu sites
with a direction that reverses from one Cu to the next16,17.

The Cu-O planes are ‘doped’ by changing the chemical makeup of
interleaved ‘charge-reservoir’ layers so that electrons are removed (hole-
doped) or added (electron-doped) to the copper oxide planes (see the
horizontal axis of Fig. 2). In the interest of brevity, we will confine our
discussion to hole-doped systems. Hole doping rapidly suppresses the
antiferromagnetic order. At a critical doping of pmin, superconductivity
sets in, with a transition temperature that grows to a maximum at popt,
then declines for higher dopings and vanishes for pmax (Fig. 2). Materials
with p , popt are referred to as underdoped and those with popt , p are
referred to as overdoped.

It is important to recognize that the strong electron repulsions that
cause the undoped system to be an insulator (with an energy gap of 2 eV)
are still the dominant microscopic interactions, even in optimally doped
copper oxide superconductors. This has several general consequences. The
resulting electron fluid is ‘highly correlated’, in the sense that for an elec-
tron to move through the crystal, other electrons must shift to get out of
its way. In contrast, in the Fermi liquid description of simple metals, the
quasiparticles (which can be thought of as ‘dressed’ electrons) propagate
freely through an effective medium defined by the rest of the electrons.
The failure of the quasiparticle paradigm is most acute in the ‘strange metal’
regime, that is, the ‘normal’ state out of which the pseudogap and the
superconducting phases emerge when the temperature is lowered. None-
theless, in some cases, despite the strong correlations, an emergent Fermi
liquid arises at low temperatures. This is especially clear in the overdoped
regime (Fig. 2). But recently it has been shown that even in underdoped
materials, at temperatures low enough to quench superconductivity by
the application of a high magnetic field, emergent Fermi liquid behaviour
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Figure 2 | Phase diagram. Temperature versus hole doping level for the
copper oxides, indicating where various phases occur. The subscript ‘onset’
marks the temperature at which the precursor order or fluctuations become
apparent. TS, onset (dotted green line), TC, onset and TSC, onset (dotted red line for
both) refer to the onset temperatures of spin-, charge and superconducting
fluctuations, while T* indicates the temperature where the crossover to the
pseudogap regime occurs. The blue and green regions indicate fully developed
antiferromagnetic order (AF) and d-wave superconducting order (d-SC)
setting in at the Néel and superconducting transition temperatures TN and Tc,
respectively. The red striped area indicates the presence of fully developed
charge order setting in at TCDW. TSDW represents the same for incommensurate
spin density wave order. Quantum critical points for superconductivity and
charge order are indicated by the arrows.

O 

Cu 

Ba/Ca

Cu 3dx2 – y2

O 2py

O 2px

Figure 3 | Crystal structure. Layered copper oxides are composed of CuO2

planes, typically separated by insulating spacer layers. The electronic structure
of these planes primarily involves hybridization of a 3dx2 { y2 hole on the
copper sites with planar-coordinated 2px and 2py oxygen orbitals.
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Fermi-Hubbard Model  
 
 
 

AFM Heisenberg Model 
Half filling & strong interaction  
 
 
 
 
 
 
 
 

B. Keimer et al., Nature 518 2015

J =
4t2

U
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hole delocalization magnetic order

Away from half filling: t-J model 
competition between

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)
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2D Spin Correlations

exp

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)
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Preliminary results

Theory QMC  
Zhenjiu Wang, Lode Pollet

T/t ∼ 0.2 − 0.25
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Doping in 1D Fermi Hubbard Model



J. Vijayan et al. Science 367, 186 (2020)



The Electron

Charge -e Spin 1/2

Spin 1/2Charge -e

Quasi-Particle Quasi-Particle

Fractionalization

Deconfinement of Quasi-particles 

that make up the elementary particle



AFM Incommensurate Magnetism
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The Electron

Charge -e Spin 1/2

Spin 1/2Charge -e

Quasi-Particle Quasi-Particle

Fractionalization

Deconfinement of Quasi-particles 

that make up the elementary particle



Fractionalization
X

Spinon Spin 1/2 Chargon +e
(Holon)Vs

Vc DMRG Simulation:
C. Kollath, U. Schollwöck, W. Zwerger 

Phys. Rev. Lett. 95, 176401 (2005)
1.


J. Vijayan et al. Science 367, 186 (2020)




FHM Dynamics Dynamical Spin Charge Separation

Hole Dynamics
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Spin Dynamics

(squeezed space)



FHM Dynamics Spin & Charge Velocities



Fractionalization - Hole Shedding Spinon

X
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Spin attached to hole

hŜz
i�1 ĥi Ŝz

i+1i < 0
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Hole got rid of spin



SC Separation Spin-Hole-Spin Correlations
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Spin structure independent of  

hole position!

Connected to hidden AFM correlations in bulk!



SC Separation Detection of the Spin-1/2 Spinon

Σ̂2
j = (Σi

̂Sz
i fσ

j (i))
2

⟨Σ̂2
j ⟩ − ⟨Σ̂2

j ⟩BG = 1/4

Probe Magnetization Fluctuations  
in Region σ

See also: Kivelson, S. & Schrieffer, J. R.  
Fractional charge, a sharp quantum observable. 
Physical Review B 25, 6447–6451 (1982).

J. Vijayan et al. Science 367, 186 (2020)




SC Separation Fractionalization at Finite Temperatrues

Holon created with unit efficiency
Spinon created with 50-60% efficiency



Probing Thermalization 
in a QMB System



Thermalization Thermalization in an Isolated QMB System

A. Kaufmann et al. Science 2016

ρA =
1
ZA

e−βEnETH assumes that locally:

SVN = − tr (ρA log ρA) = Sth

Entanglement Entropy is Thermal Entropy in a QMB System

Remaining System acts as “Thermal Reservoir” for 
smaller subsystem.



To Show:

1) Global State Remains Pure
2) Locally, system looks thermal

3) Probe local vN Entanglement Entropy  
(or related quantity)

A. Kaufmann et al. Science 2016



Thermalization Probing Renyi Entropy

Probing State Purity via Many-Body Quantum Interference (here for bosons)

tr (ρ2)

see C.M. Alves & D. Jaksch PRL 2004
A. Daley et al. PRL 2012

Purity

Renyi-2 Entropy S2(ρ) = − log (tr (ρ2))
Bounds von Neumann Entropy

SvN ≥ S2(ρ)



Thermalization Measure Renyi-2 Entropy

tr(ρ2) = ⟨ ̂P⟩ = ⟨Πip(k)
i ⟩



Thermalization Thermalization in an Isolated QMB System



Thermalization Thermalization in an Isolated QMB System



Thermalization Thermalization in an Isolated QMB System



Promising: Double Quantum Advantage  
(in Space & Time)

But also challenging for experiments!

Large System Sizes

Homogeneous Systems

Long Time Evolutions



Quantum Transport - Atom-by-Atom

e−iĤt/ℏ …Time evolution…



Quantum Transport - Atom-by-Atom



Quantum Transport - Atom-by-Atom

̂ni ̂nj

Full counting statistics directly 

accessible in experiments

#1

#2

#3

#4

#5

#6

See also: (Endres group) J. Choi et al., Nature 613, 468 (2023)
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Non-Equilibrium Dynamics Dynamics for Thermalisation

Stages of Dynamics

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).

L. D’Alessio, Y. Kafri, A. Polkovnikov, and M. Rigol Adv. Phys. 65, 239 (2016).


Experiments Thermalisation 
A. M. Kaufman et al., Science 353,794 (2016).

⟨Ô
L⟩

Local expectation values 
(e.g. density, magnetization)

t

ETH

?
Subsytem fluctuations, 
full counting statistics
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Non-Equilibrium Dynamics Dynamics for Thermalisation

Stages of Dynamics

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

Classical Systems: Macroscopic Fluctuation Theory
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Nonlinear stochastic PDE

Can this work for quantum systems as well ??? is there an emergent hydrodynamics of fluctuations
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Our System

Coupled ladders (interacting)

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

1d chains (free fermions)

Ti
m

e

J ⊥

J



Thermalisation: Integrable vs. Chaotic 

Hardcore bosons  
(tuneable ladder coupling)

Full counting statistics on 
different subsystem sizes

Related: 
A.M. Kaufman et al.  

Science 353, 794 (2016) 
 and thermalisation  

experiments by D. Weiss (PennState) 



Fluctuation hydrodynamics Local equilibration

See also: S. Trotzky et al. Nat. Phys. 8, 325 (2012) 



Subsystem Fluctuations

Enables quantitative determination  
of dynamical exponent z and diffusion constant  

Global equilibrations takes longer and longer  
for larger subsystem

1D - ballistic Ladder - chaotic

Determination of  
dynamical exponent

L ∝ t1/z
sat

Subsystem fluctuations

VarL(t) ≈
2Dt
πa2

MFT prediction



Fluctuation Hydrodynamics Timescales - Integrable to Chaotic

Integrable Crossover Chaotic



Density-Density Correlations
L

Hardcore bosons  
(tuneable ladder coupling)

Integrable (free fermions) Chaotic

M. Cheneau, ..., I. Bloch, S. Kuhr, Nature (2012)
Y.-G. Zheng, ..., Z.-S. Yuan, J.-W. Pan, arXiv:2210.08556

See also:

Rung Density-Density Correlations

<latexit sha1_base64="r699N4thwdCR/5rc1YnyShDLXhM="></latexit>���� = 0.88(5) <latexit sha1_base64="hn2eKqoYkLzo3N0fVp3igRfZaxc="></latexit>��� = 0.95, 0.97Experiment Equilibrium theory

Test for fluctuating hydrodynamics in chaotic quantum systems

C(i − j) = ⟨N̂iN̂j⟩ − ⟨N̂i⟩⟨N̂j⟩

Equilibrium transport theory: 
R. Steinigeweg et al., Phys. Rev. B (2014)

T. Rakovszky, C. W. von Keyserlingk & F. Pollmann Phys. Rev. B (2022)



Fluctuation Hydrodynamics Summary Slide - Fluctuation Hydrodynamics

Full counting statistic / fluctuations powerful  
new observables for quantum transport 

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

Test of fluctuation-dissipation theorem out-of-equilibrium 

Determination of equilibrium transport coefficients  
through out-of-equilibrium dynamics 

When does MFT fail? Higher order cumulants? Can we make MFT more quantum ?

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).



KPZ Spin Transport in  
Heisenberg Quantum Magnets

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


Review: see V. Bulchadini, S. Gopalakrishnan, E. Ilievski J. Stat. Mech. 084001 (2021)


Experiment & Theory
Experiment: D. Wei, A. Rubio-Abadal, K. Srakaew, C. Gross, J. Zeiher, I.B.

Theory: B. Ye , F. Machado, J. Kemp. N. Yao & S. Gopalakrishnan 
Science 376, 716–720 (2022) 


See also: E. Rosenberg et al arXiv:2306.11457 (Google)



Growth of Interfaces

Fluff Fire, Forest FiresBacterial/Tumor Growth 
(Eden Growth Process)

Coffee Stains Funker  
Yunker et al. Nature 2021

Liquid Crystals  
Takeuchi PRL 2020

Burning Paper

Snow Surfaces

KPZ Universality!

Traffic flow 
de Gier et al. PRE 2019



Growth of Interfaces

Random Deposition 
(non-sticky Tetris)

Random Depoistion 
(non-sticky Tetris)

Ballistic Deposition 
(sticky Tetris)

Ballistic Depoistion 
(sticky Tetris)



KPZ KPZ Universality Class (1D)

I. Corwin, Notices of the AMS 63, 230 (2016)

h(x, t) ≃ v∞t + At1/3χ(X, t)

 height fluctuation with  
GOE/GUE Tracy-Widom Limit

 transv. spatial correlations

t1/3

t2/3

KPZ Universality Class

δh ∝ tβ

ξ ∝ t1/z
β = 1/3
z = 3/2

h̄(
x,

t)
δh

(x
,t

)

C(x, t)

K. Takeuchi Physica A 504, 77 (2018)



I. Corwin, Notices of the AMS 63, 230 (2016)

Growth of interfaces/surface growth

Kardar-Parisi-Zhang Equation

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

M. Kardar, G. Parisi & Y.-C. Zhang PRL 56, 889 (1986)

M. Prähofer & H. Spohn PRL 84, 4882 (2000)

C.A. Tracy & H. Widom Comm. Math. Phys. 159, 151 (1994)
C.A. Tracy & H. Widom Comm. Math. Phys. 177, 727 (1994)

Martin Hairer 
Fields Medal  

(2014)

̂Sz(x, t) ∼ ∂xh(x, t)



Tomanaga-Luttinger  
Liquid

KPZ Universality High (Infinite) T 
Low-q, Long Times

Low T 
High-q (Spinons)

Crossover

M. Dupont, N.E. Sherman & 

J.E. Moore PRL 2021



σ(t) ∼ t1/z ∼ t1/2

⟨ ̂Sz(x, t) ̂Sz(0,0)⟩ ∼ fGauss (x/t1/2)

Educated Guess !

Infinite T Heisenberg Dynamics 
How does a single spin spread in this environment?



Numerical Evidence - Infinite T Heisenberg Dynamics

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

Review: see V. Bulchadini, S. Gopalakrishnan, E. Ilievski  
J. Stat. Mech. 084001 (2021)


⟨ ̂Sz(x, t) ̂Sz(0,0)⟩ ∼ fKPZ (x/t1/z) ∼ fKPZ (x/t2/3)

Tomaž Prosen 
Ljublijana 



Numerical Evidence - Infinite T Heisenberg Dynamics

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

Review: see V. Bulchadini, S. Gopalakrishnan, E. Ilievski  
J. Stat. Mech. 084001 (2021)


⟨ ̂Sz(x, t) ̂Sz(0,0)⟩ ∼ fKPZ (x/t1/z) = fKPZ (x/t2/3)

⟨ ̂Sz(x, t) ̂Sz(0,0)⟩ ∼ ∂x⟨ ̂Sz(x, t)⟩DW

η → 0

Anomalous Transport!



⟨ ̂Sz(x, t) ̂Sz(0,0)⟩ ∼ fKPZ (x/t1/z)

Connecting Spin Transport Hydrodynamics to KPZ Equation

Quantum Numerics

Solutions of KPZ Equation

⟨∂xh(x, t) ∂xh(0,0)⟩ ∼ ∂2
xC(x, t) ∼ fKPZ (x/t1/z)

C(x, t) = ⟨[h(x, t) − h(0,0) − t⟨∂th⟩]2⟩
Spatio-Temporal Correlations of Height Field

Slope Correlations of Height Field



Conjecture
⟨ ̂Sz(x, t) ̂Sz(0,0)⟩ ∼ fKPZ (x/t1/z) ⟨∂xh(x, t) ∂xh(0,0)⟩ ∼ fKPZ (x/t1/z)

̂Sz(x, t) ∼ ∂xh(x, t)

̂P(t) ∼ h(0,t)

Magnetization Profile

Polarization Transfer



Consequences / Predictions

δP(t) = δh = At1/3χ(0,t) = A tβ χ(0,t)

Magnetisation Profile

Polarisation Transfer (Domain Wall)

KPZ scaling function

⟨ ̂P(t)⟩ ∝ t1/z = t2/3

fKPZ(x/t2/3)

Fluctations (Time)

z = 3/2

β = 1/3

Tracy-Widom Distribution function

Dynamical exponent

Fluctuations



Superdiffusive Transport in Spin Chains - Neutron Scattering

A. Scheie et al.  
Nature Phys. 17,  
726–730 (2021)

S(Q, ω → 0) ≈ Q−z

Dynamical Structure Factor

@ 300K

 z = 1.35(5)

Alan Tennant,  
Oak Ridge National Lab



Anomalous Transport Heisenberg Model Revisited

Numerical Evidence:
M. Ljubotina et al., Nature Comm. (2017) 
M. Ljubotina et al., Phys. Rev. Lett. (2019)


Understanding (generalied GHD, SU(2) & Integrability,…) 

Space time scaling

S. Gopalakrishnan and R. Vasseur, Phys. Rev. Lett. (2019)
J. De Nardis, Phys. Rev. Lett. (2019)
S. Gopalakirshnan, R. Vasseur, and B. Ware, PNAS (2019) 
V. B. Bulchandani, Phys. Rev. B (2020)
Reviews:  
B. Bertini at el. Rev. Mod. Phys. (2020) 
V. B. Bulchandani, S. Gopalakrishnan, and E. Ilievski, arXiv:2103.01976

z=1         ballistic
1<z<2     superdiffusive
z=2         diffusive

Subtle interplay of integrability (stable quasiparticles)  
&  Non-abelian SU(2) symmetry in Heisenberg model.

Exp.: A. Scheie et al. Nature Physics (2021)

Related: Transport via Spin-Spirals 
S. Hild et al. Phys. Rev. Lett. (2014)

P.N. Jepsen et al. Nature (2020)
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D = 1Here:



KPZ Our System - 1000 Spin Heisenberg System

87Rb Ĥ = − J∑ ( ̂Sx
i

̂Sx
i+1 + ̂Sy

i
̂Sy
i+1 + Sz

i
̂Sz
i+1)

50 spins

20
 ro

w
s

Tunable 1D to 2D!



KPZ State Preparation

Mott insulator Spin DW Local dephasing, Spin DW 𝑻 → ∞1 2 3

D. Wei et al., Science 376, 716 (2022)



Anomalous Transport Spin Dynamics in Heisenberg Domain Wall

atoms

Single shot images

atoms

atoms

48 sites

14
 x

t = 0

t = 0

t/τ= 36

Spin domain wall t = 0

t/τ= 36

t/τ= 36

Single shot image of       atoms

Reconstructed       occupation

Box potential!  
No harmonic confinement.



Anomalous Transport Experimental Measurement  - 1000 Spin Heisenberg System

atoms

Single shot images

atoms

atoms

48 sites

14
 x

t = 0

t = 0

t/τ= 36

Averaged density
(η = 0.94)

t = 0

t = 0

t/τ= 36

n

n

n

Averaged density
(η = 0.22)

t = 0

t = 0

t/τ= 36

n

n

n

High Purity Low Purity



Anomalous Transport Polarisation Transfer

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

Exp. Spin Chains: A. Scheie et al.  
Nat. Phys. (2021)
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Anomalous Transport Breaking Superdiffusion - Breaking Integrability



Breaking Superdiffusion - Breaking Non-Abelian Symmetry

Magnetizing System
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Anomalous Transport Ballistic-Superdiffusion-Diffusion
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KPZ (Temporal Correlations) Tracy-Widom Distribution Functions

Polarization transfer                   height field (at origin) of KPZ equation

δh = At1/3χ(0,t) = A tβ χ(0,t)
Scale of 
fluctuations Tracy-Widom Distribution  

(non vanishing skewness)

Mean

Standard Deviation

z = 1.49(2)

β = 0.31(1)

Test!

KPZ 
Universality 

β = 1/3



Quantum Dynamics Full Counting Statistics & Anomalous Transport

Full Counting Statistics  
in equilibrium (m=0)

see also: Ž. Krajnik et al., Phys. Rev. Lett. 128, 160601 (2022).

S. Gopalakrishnan, A. Morningstar, R. Vasseur & V. Khemani arXiv.2203.09526

Anomalous Transport in XXZ  
(easy axis)

<latexit sha1_base64="2OtyVa0oohUSRZErCGls82jkCLc="></latexit>

D > 1

Full Counting Statistics  
out-of-equilibrium (m>0)

Can we discover new transport regimes also in 2D? 

Quantum Simulators offer powerful new tools to probe this!


Good quantum advantage (double exponential) regime!!



Experimental Evidence for KPZ

Superdiffusive transport (z=3/2) can arise from linear model!1

Polarisation fluctuation scale (   =1/3)2

Skewness of Polarisation fluctuation distribution constant 
(and compatible with Tracy-Widom GOE/GUE)

3

D. Wei et al. Science 376, 716–720 (2022) 
see also: A. Scheie et al. Nature Phys. 17, 726–730 (2021)

β

Breaking SU(2) symmetry OR breaking integrability destroys KPZ behaviour4



Open Question 

Superdiffusive transport (z=3/2) transient for finite domain wall ?1

Higher moments need longer times to build up for low domain wall visibility 2

Maybe a new universality class??3

see also: E. Rosenberg et al arXiv:2306.11457 (exploring low domain wall visibilities)

Derivation of model for magnetisation transport from Heisenberg model?4



Briefly: Probing MBL



MBL Eigenstate Thermalisation Hypothesis

L

A

⇢A =
1

ZA

e��HA

Anderson)localization)is
an)example)where)ETH)fails:)

L

SA / Ld�1
“Area)law”)entropy)even)in)
high)energy)eigenstates

SA ⌘ tr [⇢A ln ⇢A] / Ld

Deutsch (91), Srednicki (94,98), Rigol, Dunjko & Olshanii (2009), 
D’Alessio, Kafri, Polkovnikov, Rigol, Adv. Phys. 65, 239 (2016)

Are there scenarios when this fails?

System fails to act as its own heat bath!

Nandkishore et al., Annu. Rev. Cond. Mat. 2015; Altman et al. Annu. Rev. Cond. Mat. 2015,



MBL Phase Diagram - D. Huse Lecture (?)



Important Points

Very little theoretically known about MBL in d>1

(stability of MBL unclear)


Calls for particularly precise characterization of the experiments

(validation through a quantum simulator)


Experiments (almost) isolated from environment  
but small residual coupling limits observation time (>1000 t)



Probing MBL on Different Length 
and Timescales

C C



MBL System Summary

1. Prepare Domain Wall
(no tunneling dynamics)

2. Turn on disorder potential

3. Lower the lattice depth
(near critical point)
 

4. Measure atomic distribution

* Tunneling time is 6.4 ms.
* Disorder is changed for each image.
* Take 100 picture for averaging.

U = 24J
D = 0�20J
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MBL with a small bath Dynamics without mixture

A. Rubio-Abadal, J-y. Choi et al., PRX 2019

   Band width          8 J 

  Interactions      U = 25 J

    Disorder         Δ = 28 J



MBL Probing MBL Instabilities

disordered

disordered
non-

?

Engineered disorder with controlled non-disordered (ergodic) grains!

Avalanches?
Stability?
Range?

Timescales of Instability?



Where Next?



Enhanced Programmability

Hubbard Tweezer Array  
(Princeton) Tweezer sorted Optical Lattice  

(Boulder/JILA)
Optical cavity 
lattices  
(Stanford,  
Berkeley)



Optical Lattices Outlook

Opportunities 
(Precision) Many-body physics, New detection methods, Novel quantum 
phases, Non-equilibrium dynamics 
Materials science, High-energy physics, Quantum chemistry, Coherent 
Quantum annealing, Optimization, Metrology ….

Challenges 
Programmability, scalability, reducing calibration errors

Certification and verification; demonstration of practical quantum advantage.

Developing applications relevant to industry and other fields of science, and 
connections to an end-user base (e.g. spin models / optimization)

Entropy management (cooling)

Cycle times
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