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Introduction Quantum Computing & Simulation . , ,
Particles: Fermions, Bosons, Mixtures

Two approaches

Spin degree of freedom:
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Introduction

Primer on Optical Lattices

t/h ~100Hz — 5kHz

optical standing wave PN

w ~ 27 x (10kHz — IMHz)

0 ~ 10nm — 100 nm
a=250nm — 1 ym

Fourier synthesize aribtrary lattices:

® Square
* Hexagonal/Triangular/Brick Wall
* Kagomé RORTRIK
* Superlattices Ko X o Xo XX
* Spin dependent lattices ) S B O Bl {
® Flux Lattices

e Xe Xe X

Yo Yo Yo W

Full dynamical control over lattice depth, geometry, dimensionality!

Interaction Control
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Dipolar

Magnetic or Electric
(several sites Hz to 10 kHz)

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

Collisional
(onsite few kHz)

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

Hubbard Regime Tweezer Arrays

Zoe Z. Yan,...,W. Bakr, Phys. Rev. Lett. 129, 123201 (2022)

Collisional Interactions

Flexible Geomtry
Dynamical
Homogeneity
Larger Spacing




Interacting Bosons & Fermions on a Lattice

PO
] { H=—‘]2W’,+2€i",~+502",(ﬂ,—1) } Bose-Hubbard

{ H=—] Y &lpbjo+UY Ay g+ Ve ) i } Fermi-Hubbard
(i) i i

to the Heisenberg spin-1/2 model (half filling, strong interactions)

(i) u

(Or more generally XXZ Hamiltonian)

H=]Y S; S J e

Quantum Gas
Microscopy

Quantum Gas Microscopy

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




The dance of electrons
inside a material!

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

Potential Shaping

Quantum gas microscopes
BOSONS FERMIONS MOLECULES

HEEEEENN

Harvard, 8Rb  Munich,87Rb Tokyo, 174Yb  Kyoto, 174Yb MIT, 40K

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

Res8808 8o

Glasgow, 40K Harvard, 6Li Princeton, NaRb J

a DMD shaped potential Tilted-edge ladder
A= pd YV
y | s
S B LT TY T ) L'X
L dia die dhn 2o

Aarhus, 87Rb  KAIST, 7Li RIKEN, 87Rb  USTC, 87Rb Munich, 6Li  Princeton, 6Li  Toronto, 40K

N

Munich,33Cs Virginia, 6Li

Fully tuneable coupling strengths
+dimensionality +flux +frustration

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

Harvard, 1¢Er  Munich, 133Cs  Chicago,33Cs

Quantum Gas
Microscopy

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

Elexible Geometries and Large Sizes

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

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 Full'Spin & Density Resolved Detection PQS RBrogrammablelOrbital Rotations using Superlattices

Optical superlattices Measurement scheme

le = |asdess

Snapshots where each “electron” is visible

- o uuwI

@ :doublon @ :spinup
A. Impertro et al.
Phys. Rev. Lett. 133, 063401 (2024)
see also SC qubits:
B. Du, R. Suresh, S. Lépez, J. Cadiente, R. Ma,
Phys. Rev. Lett. 133, 060601 (2024).

Orbital currents (earlier work):

M. Atala, ... & I. Bloch, Nat. Phys. 10, 588 (2014).
A. M. Kaufman, ... & M. Greiner, Science 353, 794 (2016).
Spin currents: C. Schweizer, M. Lohse, R. Citro, |. Bloch Phys. Rev. Lett. 117, 170405 (2016) ki

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) Fermions: T. Chalopin, .., I. Bloch, T. Hilker Phys. Rev. Lett. 134, 053402 (2025).

LMU

PQS Programable Orbital Rotations using Superlattices PQS BrogrammablelOrbitalRotations using Superlattices

Evolution under rotation

)

Measurement scheme x-rotation
“Orbital Bloch sphere” Density evolution:

pulse I

z-rotation
Additional rotation

Zip+ Xop I

| .MU

“Orbital Bloch sphere”

MU




PQS ocal Measurement of Currents Gauge Fields Ground State Interacting Flux Plaquette

Single-shot read-out — measure correlations! 140 plaquettes!
U/K ~9.8
e e e s s i e e &
Cument oattorn LRILIE N O
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A. Impertro, et al. Phys. Rev. Lett. 133, 063401 (2024) A. Impertro, S. Huh, S. Karch, J. F. Wienand, |. Bloch, M. Aidelsburger, Nature Physics (2025)

0sL Quantum Dimer Models

Quantum dimer models
historically: study high-T. superconductors — local constraint on nearest-neighbors

Quantum Dimer Models
& Spin Liquids

Novel many-body

phenomena: I Ll

* Topological order <>< o Ql.!antum

+ Emergent gauge fields spin models
?%ﬁ

+ Fractionalized excitations

; ; + Exotic critical points
Melissa Will Clemens Michael Knap ~ Frank Pollmann dimer / singlets P
Kuhlenkamp

Reviews:

Moessner & Raman, arXiv:0809.3051

Savary & Balents, Rep. Prog. Phys. 80 (2016)

Harvard Zhou et al., Rev. Mod. Phys. 89 (2017),... 24

S. Karch et al. (arXiv:2604.24744)




QsL y Quantum Dimer Models QSL Quantum Dimer Models

Quantum dimer models
historically: study high-T superconductors — local constraint on nearest-neighbors

Quantum dimer models
historically: study high-Tc superconductors — local constraint on nearest-neighbors

Novel many-body

Novel many-body

phenomena: Gauss's law: winding phenomena: Gauss's law:

+ Topological order hard constraint on 4’—1 number - Topological order hard constraint on 4’_‘
+ Emergent gauge fields sites of the lattice! + Emergent gauge fields sites of the lattice!

+ Fractionalized excitations — restricts Hilbert space « Fractionalized excitations — restricts Hilbert space

dimer /singlets  * EXotic critical points dimer /singlets  * EXotic critical points

Required * non-trivial local constraints
Reviews: Reviews: ) ingredients: ¢ local quantum dynamics
Moessner & Raman, arXiv:0809.3051 Moessner & Raman, arXiv:0809.3051
Savary & Balents, Rep. Prog. Phys. 80 (2016) Savary & Balents, Rep. Prog. Phys. 80 (2016)
Zhou et al., Rev. Mod. Phys. 89 (2017),... Zhou et al., Rev. Mod. Phys. 89 (2017),...

QsL Rydberg Quantum Simulators QsL k Quantum Link Model in 2D Superlattice

uantum Spin Liquid Dirac Spin Liquid in Liqui .
Q pintiq pintiq U(1) Spin Liquid Lakes 2D superlattice Bose-Hubbard model:
Candidate Candidate
s O U, . A in
H= —J,.Z (u;’aj +h.c.)+72n,-(n,-— 1)+7’Z(—1)tn,-
(i) i i
+ Single-particle tunneling \/\/\@/\/\/
suppressed by A > J
e
+ Resonant correlated \/\Q/\/\/\/
tunneling for A = U/2
— add linear tilt to Py )
Semeghini,..., Lukin Bornet,..., Browaeys, Geim,..., Lukin, rotect local U(1) \/\N\/\/ 5> J7I(24)
Science 374, 1242 (2021) arXiv:2602.14323 arXiv:2602.18555 P
symmetry 1
see also: J. . Osborne et al., Commun. Phys. 8, 273 (2025) 1D: B.Yang et al. Nature 587, 392-396 (2020); Z.-Y. Zhou et al., Science 377, 311 (2022);
String breaking: Gonzélez-Cuadra, et al. (Quera) Nature 642, 321-326 (2025); Cochran, et al. (Google) Nature 642, 315-320 (2025)

i : H.-Y. Wang et al., PRL 131, 050401 (2023); W.-Y. Zhang et al., Nat. Phys. 21, 155 (2025,
Disorder-free localization: Google Quantum Al ariv:2410.06557; Qudit circuit with trapped ions: Meth,... Ringbauer Nat. Phys. 21, 570-576 (2025) Halimeh et al, PRX Quantum (2021); Lang et al., PR8 (2022) & (2023) € 4 @023)



'Monomer Dimer Model with Ultracold Atoms

QsL Monomer Dimer Model with Ultracold Atoms st

Effective Hamiltonian ‘ot —¢ +ot o Effective Hamiltonian teot 0—o t=t 4=

. + Resonant correlated tunneling for A = U/2 .
Bose- e Gauss's law:
—T- —T-
Hubbard: Y \ /Y =—> V \§ ...
| RAVARE A ! D A

0 Mapping: ﬁ —|—.\—|— |

- —O0— monomer dimer -0 Each vertex is either o.ccupled by monomer
or connected to one dimer

— - o mad . . — T - a1
.\ + Mass m is detuning from resonance .\
10) or[2) [0) or 1) 0) or [2) [0) or [1)
see also: . ]. Osborne et al., Commun. Phys. 8, 273 (2025); Halimeh et al., PRX Quantum (2021); Lang et al., PRB (2022) see also: . ). Osborne et al, Commun. Phys. 8, 273 (2025); Halimeh et al., PRX Quantum (2021); Lang et al., PRB (2022)

QsL 4 Gauss Law Conservation QsL 4 Gauss Law Conservation

Gauss's law after Gauss's law after
quench to quench to
resonance: resonance:
- J Overcoming the parity-projection challenge
Initial state: fentar
o 2 5 —
© 5/J~2
© 5J=0
A\ V °
Doublon )
monomer 87% spilling &

dimer ~1%

(Fio1 =99)%; o = 98(1)%




Qst Generating U(1) Spin-Liquid Lakes

Idea: Connect the monomer initial state to the subspace of dimer coverings

Jotr 4 Fot fot

monomer
state

QsL Semi-adiabatic Preparation on Spin-Liquid Lakes

Expectation: Optimal ramp rate generates
U(1) spin-liquid lakes:

€ {ld.)
2 Dimer %
3 manifold A
& N
5 ;
2 :

“m<o Massm m >i0

H ?/'
) = 55} ) 152 )

Rokhsar, Kivelson, PRL (1988)

QsL ‘ Generating U(1) Spin-Liquid Lakes

Idea: Connect the monomer initial state to the subspace of dimer coverings

[Trk) = Zldz‘>

Rokhsar, Kivelson,
? PRL (1988)
H
monomer superposition of
state dimer coverings?
t m
0

Sahay, Vishwanath, Verresen, arXiv:2211.01381
Gjonbalaj, Sahay, Yelin, arXiv:2502.03518

— non-equilibrium preparation of spin-liquid lakes!

st ei-adiabatic Preparation on Spin-Liquid Lakes

Amplitudes of dimer coverings

Dimer-dimer correlations



QsL Connection to Spin Ice st Rud-Trip Protocol

Idea:
ea: Useramp back to learn Observation of

- @ something about the phase
Equivalence to TE . almost perfect
U(1) LGT: © g )Y monomer

. C Observation of {ld:} atches
V-E(r)=0 TQ e ; ; : g Dimer °
] pinch-point correlations! 3 -

Cw 3 manifold A

9 — emergent U(1) gauge 2 g

Em field 3

58< @

ES S

5% w

Sap) = Y € N [(Ea(r)Es(r')) — (Ea(r))(Es(r.
d; |[d|<Tmax

o - |35

fi)-

Rokhsar, Kivelson, PRL (1988)

Hit)-

)

QsL Round-Trip Protocol

Idea: Use ramp back to learn

something about the phase Imprint phase

on vertical dimers
after forward ramp

{la)}

Dimer
manifold ;

Fermi-Hubbard Physics

Energy spectrum

m<0 Massm m>0

|URrk) = ‘@> @> @> @> : ( Many-body coherence ! ]

Rokhsar, Kivelson, PRL (1988)




Topic 2D Spin Correlations

Idea: max
T-L. Ho, Q. Zhou, arXiv:0911.5506
J.S. Bernier et al. Phys. Rev. A (2009)
related: B. Yang et al. Science (2020) 0

Fermi Hubbard E@m HUbb d Model (FHM)

B. Keimer et al., Nature 518 2015

DMD potential

Fermi-Hubbard Model [

u .
A=—t Y e e +UY nn,
t (i) i T

N Strange metal
<
AFM Heisenberg Model = 200 -
Half filling & strong interaction H Tec, onset 03f o >
g - To.onset, ==~ =~ g
£ . N 3
= Charge T, 502
de Y EN
= i+ S = V= /J Ny Ferm
H= ] Z S7 s] J= u Tsow \\ S Af ~ dSC liquid o,
(i) I a A, | o OM
0 ) 1 o1 1 o2
P’ Pet P Prmax 24 [mg 8 10
- Hole doping, p
Away from half filling: t-J model Theory QMC
Z. Wang, L. Pollet (LMU)

(hole delocalization } - (magnetic order } T/t ~0.1-0.25
Ult=65-8 tlJ ~ 1.6 low Temp: T/t=0.1: M. X, ...M. Greiner, Nature 642, 909 (2025)

See also: Harvard: Parsons et al., Science (2016), Mazurenko et al. Nature (2017),
A. Maruzenko et al. Nature (2017), M. Boll et al. Science (2016), T. Hilker et al. Science (2017), MIT: Cheuk et al., Science (2016), Princeton: Brown et al., Science (2017),
L. Cheuk et al. Science (2016), P. Brown et al. Science (2017) Bonn: Drewes et al., PRL (2017), Rice: A. Hart et al. Nature (2015).

competition between

1D Hidden Order in the ".'.'.'.'.‘.‘

Ground State




AFM Charge & Spin Order around Hole AFM r Microscopic Origin of SC —Separation

Minimize Energy — > Two Conditions

Holes want to delocalise +1 > -1
Spins want to align antiferromagnetically

Hole introduce domain wall
“parity” kinks in AFM background!

Hole = Non local topological excitations! J

Ground State Excited State

MU " LMy

AFM AEM around Holes AFM AEM around Holes

=
N

o
o

_CI7 o
Spin-spin correlations

o
Position hole s + d/2

Distance spin-hole s
o
Spin-spin correlations

o

N
=
[N}

5

-5 0
5 0 Distance spin-spin d
Distance spin-spin d

Con(5,d) = (S (DhirsSa(i + d)) Copls,d) = (—1)U(S, ()82 (i + d))

LMU
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Cs,h (d s 2)<§z(i)§z(i + 2) |ﬁi+1>

00000000

Heisenberg AFM in “Squeezed Space”

[T(XL---,XN) = ‘FSF(XL---,XN)‘YHeis(yL-n,yM)]

FEWoynarovich J. Phys. C (1982)
M. Ogata & H. Shiba Phys. Rev. B (1990)

String Correlator

Oty = (§5(0) ()54 8.(a) |

H.V. Kruis, I.P. McCulloch, Z. Nussinov & ). Zaanen EPL (2004)
H.V.Kruis, .P. McCulloch, Z. Nussinov & J. Zaanen Phys. Rev. B (1990)

‘l LMy

AFM AFM order around more holes

String Order i Order Parameters

Typical Order Parameter in Landau Paradigm of Phase Transition

_(AEA) =c

lim
[x—y|—

Order Parameter:

Examples: General classification

scheme for
all phases of matter 22?2

Spins around holes behave much
as if they were direct neighbors!

Order Parameter Chara ound State Correlations
Local ordering!

[LMU




E.g.in 1D gapped systems where <A(X)A(y)> decays exponentially with distance

However, they can show hidden non-local order:

lim (Ax)( [[ B |Ay) =c

X— — 00
[x—y| 2€5(x.y)

We say the order is hidden, because a “‘global view” of the underlying state
is required. (Topological Order: X.-G.Wen)

Allows us to characterize state only via its ground state correlations!

M. den Nijs, K. Rommelse, Phys. Rev. B 40,4709 (1989).

E.Kim, G. Fa’th, . So’lyom, D. Scalapino, Phys. Rev. B 62, 14965 (2000)

E. G. Dalla Torre, E. Berg, E. Altman, Phys. Rev. Lett. 97, 260401 (2006)

F Anfuso, A. Rosch, Phys. Rev. B 75, 144420 (2007)

E.Berg, | E. Dalla Torre, T. Giamarchi, E. Altman, Phys. Rev. B 77,2451 19 (2008)

The Electron

Charge -e f- N

ona\izaﬂon

si-particles
QuastPe’ - icle

Fracti

inement of
ine e clementary

Deconf
th at make up

Charge -e

Quasi-Particle Quasi-Particle

AFM

Spin correlation C(d)

urate Magnetism

Postselection to M, = 0!

[ A o
02 LO(d) = 457571 a) — 4(57)(Sira)
0.1r /\ 4
0.1F %) 4
02} gw 1 J
0.3} 1 1
102
-0.4 + 123456789 4
d (sites)
2 2 6 8 10 12
Distance d

¢(0,T) Largest possible decays length !




The Electron Fractionalization
OO0 000 OROOOOO

Charge -e /' \

e 00000000000

si-particles

. of Qua .
Deconf\nemer;‘te  omentary particle : : : : :

that make up !

Charge -e Spinon Spin 1/2 Chargon +e
<4V (Holon)
Quasi-Particle Quasi-Particle . Ve ——> el U e ntons

J. Vijayan et al. Science 367, 186 (2020) Phys. Rev. Lett. 95, 176401 (2005)

FHM Dynamics Dynamical Spin Charge Separation FHM Dynarmics Spinl& Charge Velocities

Hole Dynamics

N

(hi)

Spin Dynamics
C(l) = <Azz A?ﬂ)

(squeezed space)




SC Separation

Fractionalization - Hole Shedding Spinon

Spin attached to hole
(S7 1hiSi.q) >0

OO0 OO O ROCOOO00

\ ¢

Hole got rid of spin

SC Separation Detection of the Spin-1/2 Spinon SC Separation Eractionalization at Finite Temperatrues

J. Vijayan et al. Science 367, 186 (2020)
A2 A 2
j— T £0(7
$2- (zl.sl. f (z)>
(E) = (Epe = 1/4

Probe Magnetization Fluctuations
in Region ¢

( Holon created with unit efficiency }

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




SSH Measuring Fractional Charge

Probability Density of Eigenstates

Lattice Topoplogy

8
H
Topologically Trivial

Lattice site
8
H
=

Topologically Non-Trivial
Lattice site LMU
Polarons 4 Spatial Image of Magnetic Polaron

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

&J. Dziarmaga
hang, A. Sinha, M. M. Rams
Y Znang. A 2510.04756 (2025). [ (

QMC Numerics
Z. Wang & Lode Pollet
Quantitative Match!

Three point hole-spin-spin correlator
(connected & symmetrized)

Kinetic Induced Polarons on Triangular Lattice:
M. Greiner Nature 629, 317 (2024) (Harvard)
W. Bakr Nature 629, 323 (2024) (Princeton)

Topic Polaron Formation in 2D

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

( X X Ja

000000
000000
00O 000
000000
000000

Magnetic polaron is formed!

Energy (yJ)
o =N WwHs O

4-32-1012 34 ()
Position Hole .

hole leaves frustrated bonds
hind - CONFINEMENT!
1 and Holon form “Parton”

3.D. Simons Phys. Rev. B 42, 4370 (1990)
sdt et al,, PRX 8, 011046 (2018)

Bulaevskii, L. N., Nagaev, E.

S. A Trugman, Phys. Rev. B ¢

J. R. Schrieffer, X. G. Wen & €

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. 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)

Spinon-Holon

y Birth'and Death of Polaron in 2D

iz ) jiz=N ) Wiz ) LAEES
LRV A AN HRN A AN SIS Wiz A il e I ZI AR
SRS\ ZU ] N VS W20l SO WAZH 7,050 2004 <
. N@@EW R RNz B NEEZ Y- Nusiz0Zil B
5% Doping - 20%
~hQz Z \C
[ < Sl‘+lSI'+_]> ]
Three point hole-spin-spin correlator
(connected & symmetrized)
Earlier results, see: J. Koepsell et al. Science 374, 82 (2021) Exp. Data

Equivalent on attractive side: T. Hartke et al. Science 381, 82 (2023)



What is the Pseudogap?

Th e Pseu d oga p The pseudogap metal

and

FL* (a “topological” Fermi liquid)

ITsc, onset
homee

Charge
order

Fermi
Theoretical methods N M. liquid
A. Chubukov 100 years Fermi, Accademia dei Lincei, February 2026

Collaboration with: A. Georges & A. Wietek (METTS), L. Pollet & Z. Wang (QMC), A. Bohrdt & F. Grusdt (Geometric Strings)

Fermi Hubbard FHM
1) Decrease of magnetic susceptibility with T
a Hole-doped & half-filling Doublon-doped === dQMC b 0.02 5 = 0.0%
H. Alloul, T. Ohno, & P.Y. Mendels Phys. Rev. Lett. 63, 1700 (1989) 5| ) f‘ti 0. 25‘8\3\
D.C. Johnston Phys. Rev. Lett. 62, 957 (1989) 01 0.00 —
15% <~-q — damc
P . === METTS
Original detection 2 - 0 exp. data
] 260 400 &G0 Eo 0.01 7.5% é
EMPERATURE  (K) 1 3 5 & 15| =7.5%
A. Wietek et al., Phys. Rev. X 11, 031007 (2021) 0% T omeE
’ ’ Leecrecloiiel — damc
- . . 1 3 5 7 1 3 5 3 5 === METTS
2) Partial suppression of density of states / Distance [d (sites) Distance [d (sites) Distance [d (sites) o exp. data
low-energy excitations in selective regions of the Brillouin zone T/t~0.27 Tii~o0.41 T/i~055 T Distoe d (s?tes)
Violation of Luttinger Theorem!
Magnetic Correlations vs T and doping & Comparison to Theory

(dQMC, METTS)

R. Rossi et al. EPL 132, 11001 (2020)
see also: F. Simkovic,..., A. Georges, M. Ferrero

Science 385 (2024).
T. Chalopin et al. PNAS 123, 2525539123 (2026)

Recent review: M. Qin et al. Annu. Rev. Condens. Matter Phys. 13, 275 (2022)



Doped FHM Magnetic Correlation Length
Staggered Magnetization o

1 LA
s = 3 (DS

|9]

Temperature T/t

>35000 shots
varying T, doping o
Ult ~6.5

o
o

=

0.0
(%)
Replot with
doping dependent
energy scale

Peak spin structure factor S(qagm)

0.4

0.2 ; 0O6) ~OP+0W |5 +...
-03 -0.2 -01 00 01 02 03

Doping k) S. Chakravarty, B. Halperin & D.R. Nelson Collapse under
Physical Review B 39, 2344 (1989) Rescaling!
T. Schéfer et al. Phys. Rev. X 11, 011058 (2021)

Topic S Bseudogap emperature Dependence Topic ) Charge-Spin-Spin Correlations

107G (r, o) i
4 ETNTTE=0.236(2) p \f/réTu'z{sw) /'Tx*;ﬂii? 28(2)
7NN XIS | %&‘%z XIMEIZINIXIRRISIXINY
o 2 | \ INININ) S ININING
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Topic F Higher-Order Correlators

a Conn. ¢ Bare Strings
~--Conn. =-=--Bare METTS
< 0.0 0.3
A 18] ] Conn.
= W] Bare
o
[¢)

1 3 0.0 0.1 0.2 0.3

Rescaled temperature T/©

Doping |3|

Pseudogap

Entanglement at the Pseudogap

Use snapshots to measure entanglement witness: SSR-restricted negativity!

N,, = 0.87(14) x 1072
60> 0

Nearest neighbour
spin entanglement (negativity)

Bippus, Chalopin, Bellomia, Roosz, Franz, @
Georges, Kauch, Bloch, Held (arXiv:2605.31240) 5/ (LMU

Pseudogap  UCMELHS El1) Und'erstanding of Emergent Universal Energy Scale

Theory: self-consistent magnon-hole coupling (Radu Andrei et al. E. Demler group, ETHZ) arXiv:2604.15234

Dashed line (exp):
T. Chalopin et al. PNAS 123, 2525539123 (2026)
(Munich team)

Raman spectra (exp):
L. H. Kendrick, et al. arXiv.2509.18075 (2025)
(Harvard team)

Pseudogap

A Short Range Spin Singlet Dominance

Use snapshots to measure entanglement witness: SSR-restricted negativity!

Nearest Neighbour

Next-nearest neighbour < 0.5
everywhere (but non-zero spin correlations)

Entanglement No Entanglement
Sufficient condition (SU(2) symmetric, following Ding et al 2022): psinglellpnipler >1oN,>0

Bippus, Chalopin, Bellomia, Roosz, Franz,
Georges, Kauch, Bloch, Held (arXiv:2605.31240)




Square Lattice Hubbard Model - Phases (Low Doping)

Low Entropy r ‘ Bl Splitting

0.25 Decreasing Spin Susceptibility & What is the physical mechanism for the Pseudogap?

. Entangled singlets
> ) (Néel) Product states bond spatial map (U/t >20)
Fermi Surface Reconstruction o
i B “logy <ﬁ¢> () (A, 4'(3, f’?o
Microscopic 5 10
0.5
. Real-Space —
iIC s D -
Macroscopic Quantities £ 05 g 00
e Thermodynamics B B
= Quantities Hidden Order, . o5
ssibility Higher Order Correlations, o= 5 2 5 s 0.0 3
Conductivity, Compre ’ Fly ™ X (sites) X (sites)
0.1 Magnetlzatlon, o000 Higher order correlators
crucial to understand
the pseudo gap?
M. Xu, ...M. Greiner,
Nature 642, 909 (2025)
aIctj\:\'/eTemp: T/r=(041 )
0 J. Zaanen & O. Gunnarsson Phys. Rev. B 40, 7391 (1989).

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

Review: T. P. Devereaux & S. A. Kivelson.
Physica C 632, 1354683 (2025)

FermiQP

owrs East Cycle Time Lithium QG Microscopes

T/Tr<0.5 in 1s cycle time
0.1 s imaging with 99% Fidelities
Single site addressing

Spin & charae resolver imanins

Superlattice & bilayer J \I

“owards Sub Second - High Repetition Rate
QG Microscopy

Large and low entropy Mott insulator &
Band insulator

30 s cycle time I>2-3 s cycle time

20k shots per week 200k shots per week




FermiQP

ng Ranged Spin Correlations Speeding up - gives new possibiilities

Half filling (undoped)

Qo
Log Scale Lin Scale Ny
oF . —— . -
— 6F ] 0.2
10
. 4t q
107 04
of 1
-3
&® & of q 0.0
-10
b ]
e -0.1
10 b ] ]
1
-10 6t ] 02
-8L L | . 1
-5 0 5 -5 0 5

Stripes ) Hallmark Features of Stripes Stripes \ Domain Walls in 1D - The Hidden AFM

- - F———‘
Key insights (Ground State Hubbard model t’=0) \ ¢ d) - Hole = Non-local topological

excitations!
r Ground State: Filled Stripes \ )

Doping 6 = 1/8 optimal

Hole introduce antiphase domain wall
i |
Stripes act like antiphase domain walls in AFM background!

Spin domain wavelength A, = 2/6, k, = (& % 6, r)

Charge wavelength 4. = 1/6, k. = 276

AFQMC (Shiwei Zhang)

Position hole s + d/2
o
o

Spin-spin correlations

I 0.1
kAppear below T/t =0.1 j s R .
” 2 02
o 01§
2 K}
£ 4
o o 8 5 o5
8 H Distance spin-spin d
g £
B.-X. Zheng, ..., S. R. White, S. Zhang & G. K.-L. Chan. Science 358, 1155-1160 (2017) 2 il T. A. Hilker,..., |. B. & C. Gross. Science 357, 484 (2017)
B. Xiao, Y.-Y. He, A. Georges & S. Zhang. Phys. Rev. X 13, 011007 (2023) -5
. H.Xu, ..., S.Zhang. Phys. Rev. Research 4, 013239 (2022) | -02
:

-5 0 5
Distance spin-spin d

[LMU




e Probing ground state physics of Fermi-Hubbard model

Ground State: Filled Stripes [ .
L Many, many questions...
Doping 6 = 1/8 optimal 300 |-
-
Stripes act like antiphase domain walls / -7 1 »
Spin domain wavelength A, = 2/6, k, = (r £ 76, r) / %200 =
% TSG, t
Charge wavelength 4. = 1/0, k. = 226 (tbc) 2 TG onst o
Appear below T/t =0.1 RIS il
order H i
Still figuring out what best pins orientation of stripes ? 1Y s Teow Ground state physics regime
-_ o i:ruv‘v! (now accessible !)
Quantum / thermal fluctuations of strips ? . T‘\M T ; | ; |
0.1 0.2
. . . Prnin Pet Pe2 Prnax
Clustering of charges along magnetic domain walls Hole doping. p
"Hole - Attraction
H ow to b | n d Wlth p ure ly re p u lS ive Do two holes in an antiferromagnet form a bound pair?
Intera CthﬂS? Magnetically induced

hole-hole attraction

[non standard binding mechanism])

[ Does this lead to pairing on rungs? ]

Hole motion frustrates spin order

via magnetic correlations!

But kinetic energy
disfavours rung pairs!

Magnetic energy advantages of hole pair: ~ J |

S. Hirthe et al. Nature 613, 463 (2023)



Hole Pairing Mixed-dimensional Ladder

Magnetically induced hole-hole attraction

Hole pairing! Experiment: S. Hirthe et al. Nature 613, 463 (2023)
Hole — hole correlation function

. g . [ Boost pairing energy x15 !! ]
Hole binding energy (mixD)

15 x higher than in ladder system!!

Stripe formation in 2d systems
D. Bourgund et al. Nature 637, 57-62 (2025).

Theory: Bohrdt, A., Homeier, L., Bloch, 1., Demler, E. & Grusdt, F. Nat. Phys. 18, 651-656 (2022). Pairing confirmed in 2D

" Structure formation beyond pairing!
DMRG Calculation

Bilayer Erom Low Entropy Bl to Doped Bilayers

o ofsupercOn
i o n |
- onatures o &
st \ te\mder S
ickeld -
" ,,,m””‘"‘"”i.."fﬂ'-«mw -
= = ey .
m : | Low Entropy BI Bilayer AFM
‘\“f the!
W.W:o“vlu‘u e = “‘:\v& ﬁ:m

o«-ﬂ'w“wwv-\"'"“w_”w s bhswdm“s = = -
atsupeoon e NI 5 0023) ww\::: giscov . “‘ce |

tﬂm\w”ﬂ&m Q:::\;» " ab‘e \a ixed- 3y t 3"

ensionality, m

Theory: A. W. Sandvik & D. J. Scalapino. Phys. Rev. Lett. 72, 2777-2780 (1994)
A. W. Sandvik, A. V. Chubukov & S. Sachdev. Phys. Rev. B 51, 16483 (1995)
S. S. Kancharla & S. Okamoto Phys. Rev. B 75, 193103 (2007)

R H : A : 1 T. A. Maier & D. J. Scalapino. Phys. Rev. B 84, 180513 (2011)
See also: Hanbit Oh and Ya-Hui Zhang Mixed dimensional model explains high Tc!
Phys. Rev. B 108, 174511 Exp: M. Gall, N. Wurz, J. Samland, C. F. Chan & M. Kéhl Nature 589, 40 (2021)



Cuprates From Fermi Hubbard to Cuprates

Quantum Simulation of Three-Band Model £
£y
High-Te superconductivity in Cuprates 4
Described by three-band Emery model Hannah Lange,
Experiment: S. Hirthe et al. Nature 613, 463 (2023) Realized with polarization-tuned folded lattice MU

[ Boost pairing energy x15 !! ]

Stripe formation in 2d systems
D. Bourgund et al. Nature 637, 57 (2025).

Pairing confirmed in 2D

Theory: Bohrdt, A., Homeier, L., Bloch, I., Demler, E. & Grusdt, F. Nat. Phys. 18, 651-656 (2022).
Structure formation beyond pairing!

H. Lange, L. Qiu .... A. Bohrdt, arXiv 2603.11037 (2026)
see also: L. Homeier...., A. Kaufman, A.M. Rey (to be submitted)

Fermi Hubbard QGM Recent Highlights

( A 4 )

From Analog to Digital

ble Frustration
Large Scale 3D Systems bt al. Nature 1-6 (2023)

Hartke et al. Science 381, 824 -023- -
M. Zwierlein group (MIT H.-J. Shao, Y.-A. Chen & J.-W. Pan, 56/541586-023-06260-5.

ner group (Harvard,
Nature 632, 267 (2024) Jso Vﬁ Bair( (Princet)o o

Attractive Interact




FermiQP

J. Argiiello-Luengo, A. Gonzalez-Tudela, T. Shi, P. Zoller, J. I. Cirac,
Analogue quantum chemistry simulation. Nature 574, 215 (2019)

QC

Fundamental Building block:
Double well with spin-1/2 particles

Demonstration Entanglement :  Zhang, ..., Pan, arXiv 2210.02936 (2022)
Collisional gate with tweezers:  Kaufmann, ..., Regal, Nature 527 208 (2015)
Proposal Fast gate in harm. osc.: Nemirovsky, Sagi, PRR 3, 013113 (2021)

Chemistry Analog or. Digital using Fermions

S.B. Bravyi & A. Kitaev
Annals of Physics 298, 210-226 (2002)
D. Gonzalez-Cuadra et al. PNAS 120, e2304294120 (2023)
F. Gkritsis et al. PRX Quantum 6, 010318 (2025),
R. Ott et al. arXiv:2412.16081

Collisional Gates

Early experiments in tweezers:
... Jochim, PRL 114, 080402 (2015).
, Jochim, Nat. Phys. 15, 640

(2019).

99.3(1)% Gate Fidelity on 1250 atom paris
96% microscopically resolved

B. Yang, ..., J.-W. Pan, Science 369 550 (2020)

10 fully entangled qubits

Zhang, ..., Pan, PRL arXiv 2210.02936

J =42 IU

N

o)

Qubit Operations

FermiQP

.. Single Atom Addressing.

Raman Tweezer Collisional Weitenberg, ... Bloch, Nature 471 319 (2011)
Xia, ..., Saffman, PRL 114 100503 (2015)

transitions transport gates Atom Computing, Nature Commurications (2022)

Colisional Gates

Anderiini, .., Porto, Nature 448 452 (2007)
Bloch, Science 319 295 (2008)
, Regal, Nature 527 208 (2015)
, ..., Pan, Science 369 550 (2020)
. ..... Pan, arXiv 221002936

Transport of aloms

Mandel, ..., Bloch, PRL 91 010407 (2003)

Vala, ... Whaley, PRA 71 032324 (2005)

Baredo, ..., Browaeys, Science 354 1021 (2016)

Robens, ..., Aberti, PRL 118 065302 (2017),

PRA9 034016 (2018)

Bluvstein, ..., Lukin, Nature 604, 451 (2022)

, ..., Kaufmann, Science 377 885 (2022)
., Chin, Rev. Sc. Instr. 93 083203 (2022)

Young,
Trisnad, .

Single qubit T. Hartke, ... M. Z!:/IIer;em’
- . Nature 601, 537 (2022)
1), [ty),  Two-qubit

gate

- I

T+l

V2

QcC ’ Spin Exchange

Experimental protocol Spin exchange

State preparation Gate Detection N snllins snflins sullinn
g y
4B, Wi plane 1 % o o
W [T °
O = — ~ [LE
Wl T,4) [L] \9/\0/ \of@/ w
plane 2
} 0 /2 n Time

Long lived oscillations:

90 17.1 17.3

04 86 88
S

Rabi frequency: J/h = 2z % 3.32(3) kHz
Gaussian decay of contrast: 7., = 33(2) ms ool

Population
o
2

£
Population
22 9 =2
° S8 & &
3
e
o
e

Fidelity of z-Pulse >99.9% J"“s’

Limiting factors:
* Tunneling out of double well
« Lattice inhomogeneities — local variations in Rabi frequencies




QcC SWAP Gate Bell State o Entangled State Coherence
SWAP Gate 0p RO e TeREM Singlet-triplet oscillations
_10 - ; z ime
g (1 0 O 0 ML + 99% nuclear spin — Low sensitivity to field gradients >1 Os COherence tm
ed |01 0 0 Py S‘ « Strong magnetic field gradient of 40 G/cm
0.0 . N . .
R a) = 1+ 1-e® _10 — « Singlet-triplet oscillations at 8.72(5) Hz
swinrl e/ (00 2 2 #Piro) §05 Ly o « Coherence time > 13(3) s 7
o lo o l—zelﬂ # Pory ;3-0 ‘ I 114
No additional phase 00 01 02 030 o1 02 0 1 2 . a) 4 AB, >0
Tpulse (MS)
p
i i 1) e o
Avold Doublon population & wiew & | Gate fidelity F=09,8% \o N/
[ e A A
1. Limit U/t > 1 0.90 - ]
« Slow dynamics I

« Remaining error ~ (U/1)?
2. Magic ratio U/t = 4/\/3

« Fast dynamics

« In theory: No gate error

« Sensitive to timing and interaction strength
3. Slow ramps

Pty

F /swap = 99-80(6)%

0.75

* Intermediate time scales ) 4 8 12 16 20
* In theory: No gate error Number of vVSWAP gates L
* Robust to experimental imperfections P Bojovic et al. (MPQ) Nature 652, 602 (2026)

Y. Kiefer, et al. (ETHZ) Nature 652, 609 (2026)

FermiQP Digital QC with Fermions Fermionic Gates

New fools to Reveal Order Parameters

Philipp Preiss

H. Schiémer, H. Lange, T. Franz, T. Chalopin, P. Bojovi¢,

j S. Wang, I. Bloch, T. A. Hilker, F. Grusdt, A. Bohrdt, PRX Quantum (2024)

D. K. Mark, H.-Y. Hu, J. Kwan, C. Kokail, S. Choi, S. F. Yelin, PRL (2025)




Fermionic QC Quantum Phase Estimation

Where Next?

Phase Sensitive Measurements

Programmability
(LDOS, finite T,....)

Enhanced Programmability

A Joint Look Ahead... N AVA 2 AT

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

H J J
<
x
= g
[]) c = [
=3 58 59 NN Nene/ Nend/
Ss = 95
= D = TS 0 T2 T Time
2Dt o9 c =
a3 2 <o
=9 O =~ o . . ..
o S5 = High fidelity collisional
g S = quantum gateswith fermions
< >
I .
A new era of Quantum Many-Body Physics [ Gate fidelity F=99,8% J Hush
(Princ

P. Bojovic et al. (MPQ) Nature 652, 602 (2026)
Y. Kiefer, et al. (ETHZ) Nature 652, 609 (2026)



Continuous Loading in Action

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) Y. Li et al. (Princeton) arXiv.2506.15633 &
see also: M. Norcia et al. PRX Quantum 5, 030316 (2024) Neng-Chun Chiu et al. (Harvard) arXiv:2506.20660

Quantum Universe in a Lab

Particle Physics

Quantum
Materials

Neutron Stars

Our Universe

Platforms Rutting Atoms into Place Superfast!

Chao-Yang Lu Jian-Wei Pan

(Video slowed down)

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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