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AFM, Polarons, Hole Pairing, Stripe Signatures,… 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State Preparation/Engineering and Detection 
Manipulating the Orbital Bloch Sphere0

Non-Equilibrium Physics 
Lieb-Robinson Bounds, Spin-Carge Factionalization,  
Many-Body Localisation, Anomalous Spin Transport (KPZ)
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Introduction The Challenge of Many-Body Quantum Systems

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

Neutron Stars

Superconductors 
& Superfluids

Topological Materials

Complex Molecules

R. P. Feynman‘s Vision 

A Quantum Simulator to study the  
dynamics of another quantum system.

R.P. Feynman, R. P. Int. J. Theor. Phys. 21, 467–488 (1982).
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Quantum Dynamics Quantum Simulator/ 
Quantum Computer

Scientific opportunity for novel understanding, tests & 

discoveries in Quantum Many-Body Systems



Introduction Quantum Simulations & Quantum Computing

Two approaches
Analog

Implement ruleset Hmodel  
directly

e.g. electrons, magnets,…

Digital

Approximate Hmodel ruleset 

digitally

= “universal” digital  
but resource hungry

e.g. single / 2 qbit operation 

= powerful! 
but non-universal
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20 Years of Quantum Simulation of Strongly Correlated States of Matter

Pre-quantum gases optical lattices: A. Hemmerich & T.W. Hänsch (LMU) / S.L Rolston & W.D. Phillips (NIST)

Bose Hubbard Model: M. P. A. Fisher et al., Phys. Rev. B 40, 546 (1989)

I. Cirac P. Zoller
D. Jaksch et al. Phys. Rev. Lett. 81, 3108 (1998)

Superfluid

Mott Insulator

M. Greiner, O. Mandel, T. Esslinger. T.W. Hänsch & I. Bloch  
Nature 415, 39 (2002)


I. Bloch & M. Greiner Nat. Rev. Phys. (2022)
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Ion Traps 
(Innsbruck,NIST, Quantinuum, 
Duke, ETHZ, Tsinghua, Mainz,  

Rice, Oxford,..)

Superconducting 
Devices 

(Tokyo, UCSB, Yale, Google, 
IBM,  USTC, ETHZ, Princeton, 

Chalmers, Delft, Chicago, 
TUM/WMI, FZ Jülich,…)

Optical Lattices 
(MPQ/LMU, ETHZ, Harvard,  

MIT, USTC, Beijing, Cambridge, 
Cambridge (UK), Chicago, 

Princeton, Virgina, Heidelberg, ENS, 
Hamburg, KAIST, 

UCSB, RIKEN, Stanford…)

Rydberg Tweezers  
(IO, Harvard, 

Wisconsin,JILA, Caltech, 
Princeton, Waterloo, 
Tübingen, Berkeley, 

ETHZ…)

Quantum Simulation major research field across platforms!



Interaction Control

Collisional  
(onsite few kHz)

Dipolar 
Magnetic or Electric 

(several sites Hz to 10 kHz)

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

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

courtesy: T. W. Hänsch

System size: up to few thousands of particles

Particles: Fermions, Bosons, Mixtures

Spin degree of freedom:

Mobility: itinerant or static

1S0

3P0

Hyperfine  
(Microwave)

Clock  
(Optical)

Introduction Primer on Optical Lattices

laser

optical standing wave

<latexit sha1_base64="CNjIX24Njhz4UxPLTUigvTE0DA0="></latexit>

w ⇠ 2p ⇥ (10 kHz � 1MHz)
<latexit sha1_base64="cuwbSb4Euk61RG3my6blOK7HirU="></latexit>

s ⇠ 10 nm � 100 nm

<latexit sha1_base64="wlmbtgHboXYyKxt0imd07Ecam2Q="></latexit>

t/h ⇠ 100 Hz � 5 kHz

<latexit sha1_base64="cpMryL1be4peCIBUcsLmBrTE7nY="></latexit>

a = 250 nm � 1 µm

Full dynamical control over lattice depth, geometry, dimensionality!

Fourier synthesize aribtrary 
lattices:

• Square
• Hexagonal/Triangular/Brick Wall
• Kagomé
• Superlattices
• Spin dependent lattices
• Flux Lattices 

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) K. Kwon et al., Phys. Rev. A (2022)

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

Quantum Gas  
Microscopy



FHM Microscope Full Spin & Density Resolved Detection

3 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) Phys. Rev. Lett. 129, 123201 (2022), MIT (Zwierlein) Science 381, 82 (2023)
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Snapshots where each “electron” is visible
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Snapshots where each “electron” is visible

…. and also current snapshots! A. Impertro et al. Phys. Rev. Lett. (2024) 
B. Du, et al. Phys. Rev. Lett. (2024).  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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.
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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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H = J Â
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Si · Sj
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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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Ĥ = �t Â
hi,ji,s

ĉ
†
i,s ĉj,s + U Â
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n̂i,"n̂i,#

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


FHM 2D Spin Correlations

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).

de
ns

ity

Theory QMC  
Z. Wang, L. Pollet (LMU)
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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) 

T/t ∼ 0.25 T/J ∼ 0.4
U/t = 6.5 t/J ≃ 1.6

Spinon-Holon Polaron Formation in 2D

Holes cannot move freely in 2D - holon and spinon are bound

Moving hole leaves frustrated bonds 
behind - CONFINEMENT! 

Spinon and Holon form “Parton”

Bulaevskii, L. N., Nagaev, E. L. & Khomskii, D. I. Sov. Phys. JETP 27, 836 (1968)
S. A. Trugman, Phys. Rev. B 37, 1579 (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 and J. M. F. Gunn, Phys. Rev. B 41, 7019 (1990)

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

K. K. Nielsen, M. A. Bastarrachea-Magnani, T. Pohl, & G. M. Bruun

Phys. Rev. B 104, 155136 (2021)


J.M.F. Gunn & B.D. Simons Phys. Rev. B 42, 4370 (1990)

F. Grusdt et al., PRX 8, 011046 (2018)

J. Koepsell et al. Nature 572, 358 (2019) & J. Koepsell et al. Science 374, 82 (2021)

See 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)
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Magnetic polaron is formed!



Spinon-Holon Spatial Image of Magnetic Poltroon
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QMC Numerics

Z. Wang & Lode Pollet

Quantitative Match!

Fermi Hubbard QGM Recent Highlights

Attractive Interactions 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)

Hartke et al. Science 381, 82–86 (2023) 
M. Zwierlein group (MIT)
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Large Scale 3D Systems
H.-J. Shao, Y.-A. Chen & J.-W. Pan,  

Nature 632, 267 (2024) 



FHM Square Lattice Hubbard Model - Phases (Low Doping)

What is the physical mechanism for the Pseudogap?

Is the Hubbard model sufficient for Phenomenology  
of Pseudogap?

What is real space manifestation of Pseudogap?

(Pair correlations, spin background,…)

Quantum Gas Microscopes
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H. Xu, H. Shi, E. Vitali, M. Qin, and S. Zhang

Phys. Rev. Research 4, 013239 (2022)


Higher order correlators  
crucial to understand  

the pseudo gap?

0.1

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

Quantities 

Conductivity, Compressibility, 

Magnetization, ….

Microscopic 
Real-Space  
Quantities 

Hidden Order, 

Higher Order Correlations, 

Fluctuations
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Optical Lattices Non-Equilibrium Dynamics

Information Spreading in Many-Body Systems 
Lieb-Robinson Bounds

1

tim
e

d = v t

M. Cheneau et al., Nature (2012)
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Spin-Charge Fractionalization2
Real space, time-resolved observation 

 
Experiment: 
J. Vijayan et al. Science 367, 186 (2020)  
Spectroscopic determination:  
C. Kim, et al. Phys. Rev. Lett. 77, 4054 (1996)

O.M.  Auslaender et al. Science 308, 88 (2005)
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i+1i
<latexit sha1_base64="9z1XS7OX5tdYI8WXCOhcbd2cX6A="></latexit>

X

Optical Lattices Non-Equilibrium Dynamics

Thermalisation in Quantum Many-Body Systems3
How do isolated Quantum Many-Body systems thermalise?

R. Islam et al. Nature 528, 77–83 (2015).

Theory:  
C.M. Alves & D. Jaksch Phys. Rev. Lett. 2004  
A. Daley et al. Phys. Rev. Lett. 2012

SVN = − tr (ρA log ρA) = Sth
Measure entanglement entropy via  

Many-Body Hong-Ou-Mandel:  

A. Kaufmann et al. Science 2016
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Many-Body Localization Many-Body Quantum Scars Hilbert Space Fragmentation
V. Khemani, M. Hermele, and R. Nandkishore


Phys. Rev. B 101, 174204 (2020)

P. Sala, … & F. Pollmann


Phys. Rev. X 10, 011047 (2020) 
exp: 1D S. Scherg et al. Nat. Commun. 12, 4490 (2021) 

2D D. Adler et al., arXiv:2404.14896 

review: 
M. Serbyn, D.A. Abanin & Z. Papić  

Nature Phys. 17, 675 (2021) 
exp: H. Bernien et al. Nature 551, 579 (2017) 

review: 
R. Nandkishore & D. A. Huse


Annu. Rev. Condens. Matter Phys. 6, 15 (2015) 

D.A. Abanin, E. Altman, I. Bloch & M. Serbyn 


Rev. Mod. Phys. 91, 021001 (2019) 
exp: M. Schreiber et al. Science (2015) 

J.Y. Choi et al. Science (2016) 
M. Rispoli, et al. Nature (2019) 
A. Lukin et al. Science (2019) 

GS: Kondov et al. Phys. Rev. Lett. (2015)


Non-Thermalizing Behaviour4

D.M. Long et al. Phys. Rev. Lett. 131, 106301 (2023)
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J.F. Wienand et al. Nature Physics (2024)
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Quantum Transport - Atom-by-Atom

Full counting statistics directly 

accessible in experiments
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Anomalous Spin Transport -  
Kardar-Parisi-Zhang Universality

5

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. Ilievski 

J. Stat. Mech. 084001 (2021)

I. Corwin, Notices of the AMS (2016)

D. Wei et al. Science (2022) 
E. Rosenberg et al. Science (2023) 
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(Hydro) Dynamics of Fluctuations (?)6
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in diffusive systems

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

J.F. Wienand et al. Nature Physics (2024)
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A Joint Look Ahead…

A.J. Daley, I. Bloch, C. Kokail, S. 
Flannigan, N. Pearson, M. Troyer, P. Zoller 

 Nature 607, 667–676 (2022)


X. Chen et al. 
Nature 626,  
283 (2024)

A. Schindewolf et al.  
Nature 607, 677 (2022)


T/TF ≃ 0.3
T ≃ 20 nK

X. Chen, A. Schindewolf, et al., 

Nature 614, 59 (2023)

Enhanced Programmability

Scalable
Entanglement Generation 

(USTC) 
Tweezer sorted Optical Lattice  
(Boulder/JILA)

Polar Molecules
(JILA, MPQ, MIT, Columbia, Chicago,
Durham, Harvard, Princeton, USTC,
Hong-Kong, Florence, Hannover,…)
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>25,000 lattice sites

Continuously Loaded & Sorted Optical Lattice

Continuous Operation !

F. Gyger et al. Phys. Rev. Res. 6, 033104 (2024)
see also: M. Norcia et al. arXiv.2401.16177 (2024).



Continuously operated array for up 
to 1.5h with > 1200 atoms 
Readily scalable to >10,000 atoms

F. Gyger et al. PRR 6, 033104 (2024)

Continuous Loading in Action

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