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Simulate Quantum Matter on Quantum Processors TI-ITI

Quantum algorithms to generate entangled quantum many-body states
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»  “NISQ” devices: Limited circurt depth and connectivity, readout errors, ...

» |dentify problems that are hard on classical computers
but doable on near term NISQ devices: Potential exponential speedup!
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Toric code model
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Ground state: All terms in H commute — Eigenvalue +1 on all plaguettes
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“Quantum Spin Liquid (QSL)™: No symmetry breaking!
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Hidden structure: Topological order and non-local entanglement!  wen o



Realizing a QSL on a Quantum Processor TUm

Generate the Toric code ground state using a quantum circurt

X parity, (B)

» Linear depth to generate |y)

[Satzinger, Liu, Smith et al,, Knap, FE Roushan Science 374, 1237 (2021)]



Realizing a QSL on a Quantum Processor TI.ITI

Toric code ground state: Topological entanglement entropy Stopo = — In2
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3| qubits, average stabilizer fidelity 0.92 +0.06

[Satzinger, Liu, Smith et al,, Knap, FE Roushan Science 374, 1237 (2021)]



Anyonic Statistics on a Quantum Processor T“Tl
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[Satzinger, Liu, Smith et al,, Knap, FF Roushan Science 374, 1237 (2021)]




Anyonic Statistics on a Quantum Processor T“Tl
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[Satzinger, Liu, Smith et al,, Knap, FF Roushan Science 374, 1237 (2021)]
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Beyond the fixed point: Confinement transition

Toric code in a field
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» Condensation of magnetic fluxes and confinement of electric charges



Beyond the fixed point: Confinement transition TI.ITI

Weight Adjustable Loop Ansatz (WALA): ¥ =]] (COS(%) 1+ sin(

[Dusuel andVidal "I 5, Sun et. al "23]
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» Variational WALA state is simple to prepare and has low energy density

[Cochran, Jobst, et al,, Smith, FB Knap, Roushan, Nature 642, 315 (2025)]



Suzuki-Trotter evolution circuit TI.ITI

Trotter cycle: Uryot

—Field terms: Urieigg = —s Pl QUETTE tErMS: UPIaquettes

» Efficient Suzuki- Trotter using ancilla qubits 2 Gauge qub
(116 CZ gates per time step for the grid of 35 qubits) B =2

0 ARz(—2hyat)

» Post-select the measured data on the o i et

ancilla |0) state to mitigate decoherence 0 Az(~2Jych)

[Cochran, Jobst, et al,, Smith, FB Knap, Roushan, Nature 642, 315 (2025)]
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Confinement dynamics of electric charges Tum
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» Qualitatively distinct dynamical signatures
as the magnetic field is tuned

[Cochran, Jobst, et al,, Smith, FB Knap, Roushan, Nature 642, 315 (2025)]



String Dynamics of two localized electric charges

Excitation String dynamics
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deconfined phase

[see also Xu, Knap, FB PRL [35,036503 (2025) ]
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[Cochran, Jobst, et al,, Smith, FB Knap, Roushan, Nature 642, 315 (2025)]
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Digital quantum magnets

Periodic dynamics of 2D transverse-field Ising model

Digitized dynamics (one Trotter step)
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~ffective

amiltonian governs the evolution of one cycle

U(T) = e Hzze=Hx = e~ iHr

[Haghshenas, Chertkov, Mills, Kadow, ... FE Knap, Dreyer, Foss-Felg, arXiv:2503.20870]
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Floquet Pre-thermalization TI.ITI

For high drive frequencies stable intermediate regime appears

[Bukov, Gopalakrishnan, MK, Demler; PRL "I 5, Kuwahara, et al.’ | 6,
Abanin et al. "I 6, Weidinger, MK '| 7/, Heyl et al. "1 9,Yang et al. 23]
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How to control the pre-thermal state! TI_ITI

Tune “simple’initial state: |¥(@)) = ®(cos(9j/2) 0); + sin(6;/2) | 1))
J

Deviations from mean field solution «9] = 0+ AO

» Large A@: Hight-T (numerically hard)

: : dt=0.25/
» Large AB: Low-T (numerically simpler) 0.4 4
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[Haghshenas, Chertkov, Mills, Kadow, ... FE Knap, Dreyer, Foss-Felg, arXiv:2503.20870]
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Low temperature quench

Intermediate temperature quench

Pre-thermalization dynamics: 56 qubit square lattice

Intermediate temperature quench
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[Haghshenas, Chertkov, Mills, Kadow, ...
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Pre-thermalization dynamics: 56 qubit square lattice TI_ITI
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[Haghshenas, Chertkov, Mills, Kadow, ... FE Knap, Dreyer, Foss-Felg, arXiv:2503.20870]
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Prethermalization dynamics: 48 qubit triangular lattice

Gauss’s Law
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Realization of topological ordered ground states

lopological entanglement

Anyonic quasi-particles
[Satzinger, Liu, Smith et al., Knap, FE Roushan Science 374, 1237 (2021)]

Dynamics of the confinement transition
Tuning away from the fixed point

Dynamics of quasl particles
'Cochran, Jobst, et al., Smith, FP Knap, Roushan, Nature 642, 315 (2025)]

Digital quantum magnets

SImple realization of thermal magnetic states
[Haghshenas, Chertkov, Mills, Kadow, ... FE Knap, Dreyer, Foss-Felg, arXiv:2503.2087/0]
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