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Abstract:
| will discuss our recent work on simulating and compressing the out-of-equilibrium d
systems using Pauli propagation techniques. In particular, | will discuss compression

learning that offer significant reduction in gate count, as well as a strategy to sil
Majorana-string propagation in two dimensions. Our methodologies achieve high acc!
state-of-the-art variational techniques and experiments that demonstrate that contro
practical tool for simulating two-dimensional fermionic dynamics.
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Simulating real-time dynamics of large quantum systems

» Stands at the crossroads of our understanding of complex quantum
phenomena and the realization of quantum advantage.

Analog and digital quantum dynamics on superconducting qubits Trapped ions Analog Rydberg atom arrays
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Simulating real-time dynamics of large quantum systems

» Stands at the crossroads of our understanding of complex quantum
phenomena and the realization of quantum advantage.

Simulation of dynamics of spin glasses

Beyond-classical computation in quantum simulation

ANDREW . KING, ALBERTO NOCERA, MAREK M RAMS, JACEK DZIARMAGA, ROELAND WIERSEMA, WILLIAM BERNOUDY, JACK RAYMOND, NITIN KAUSHAL, NICLAS HEINSDORE

[..], AND MOHAMMAD H AMIN  +53 atthors Authors Info & Affiliations
SCIENCE - 12 Mar 2025 - Vol 388, Issue 6743 - pp.190204 - DOL 10.1126/science ado6285
Thermalization

Thermalization and criticality on an analogue-digital
quantum simulator

T. 1. Andersen B9, N. Astrakhantsev, A. H. Karamlou, J. Berndtsson, J. Motruk, A. Szasz, J. A. Gross, A.

Schuckert, T. Westerhout, Y. Zhang, E. Forati, D. Rossi, B. Kobrin, A. Di Paolo, A. R. Klots, |. Drozdov, V.

Kurilovich, A. Petukhov, L. B. loffe, A. Elben, A. Rath, V. Vitale, B. Vermersch, R. Acharya, ... X. Mi

+ Show authors

Nature 638, 79-85 (2025) | Cite this article
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Simulation of dynamics of gauge theories

Visualizing dynamics of charges and stringsin (2+1)D
lattice gauge theories

T. A. Cochran, B. Jobst, E. Rosenberg, Y. D. Lensky, G. Gyawali, N. Eassa, M. Will, A. Szasz, D. Abanin, R.

Acharya, L. Aghababaie Beni, T. |. Andersen, M. Ansmann, F. Arute, K. Arya, A. Asfaw, J. Atalaya, R.

Babbush, B. Ballard, J. C. Bardin, A. Bengtsson, A. Bilmes, A. Bourassa, J. Bovaird, ... P. Roushan &4

+ Show authors

Nature 642, 315-320 (2025) | Cite this article

Simulation of non-Hermitian dynamics

Observation of a non-Hermitian supersonicmodeona
trapped-ion quantum computer

Yuxuan Zhang &, Juan Carrasquilla & Yong Baek Kim

Nature Communications 16, Article number: 3286 (2025) | Cite this article
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Why is quantum simulation believed to be important?

Classical simulations are difficult

* Numerically exact solutions do not scale to large systems.
* Formulation of the problem as a Monte Carlo integration — sign problem.

» Compression of the quantum state: Tensor networks (entanglement), neural
networks (7).
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Despite challenges, there is exciting progress

» EXxciting recent progress in classical simulation of dynamics:

Dynamics of disordered quantum systems with two-
and three-dimensional tensor networks

JOSEPH TINDALL ,ANTONIO FRANCESCO MELLO, MATTHEW FISHMAN , E. MILES STOUDENMIRE, AND DRIES SELS Authors Info & Affiliations

SCIENCE - 21 May 2026 - Vol 392, Issue 6800 - pp.868-872 - DOl 10.1126/science.adx2728

Fast and converged classical simulations of evidence
for the utility of quantum computing before fault
tolerance

TOMISLAV BEGUSIC , JOHNNIE GRAY , AND GARNET KIN-LIC CHAN Authors Info & Affiliations

SCIENCE ADVANCES - 17 Jan 2024 - Vol 10, 1ssue3 - DOL10.1126/sciadv.adk4321
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Make them work together

Use advances in the classical simulation to enhance
hardware execution
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Compress classically simulable short-time dynamics

e
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Compress classically simulable short-time dynamics

* This can be accomplished with any classical numerical simulation that can
simulate short-time dynamics.

» Scalable quantum dynamics compilation via quantum machine learningY
Zhang, R Wiersema, J Carrasquilla, L Cincio, YB Kim. Physical Review
Research 8 (2), 023128 (2016) — 1d and ladders via MPS

» Circuit compression for 2D quantum dynamics M D'Anna, Y Zhang, R

Wiersema, MS Rudolph, J Carrasquilla arXiv:2507.01883 — Pauli propagation
techniques.
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Pauli propagation

Observable back-propagation on Pauli paths (OBPPP)
Low-weight efficient simulation algorithm (LOWESA)
Clifford pertubation theory (CPT)

Sparse Pauli dynamics (SPD)

Rall, Patrick, et al. "Simulation of qubit quantum circuits via Pauli propagation.” Physical Review A 99.6 (2019): 062337

Shao, Yuguo, et al. "Simulating noisy variational quantum algorithms: A polynomial approach." Physical Review Letters 133.12 (2024): 120603.
Rudolph, Manuel S., et al. "Classical surrogate simulation of quantum systems with LOWESA." arXiv preprint arXiv:2308.09109 (2023).
Fontana, Enrico, et al. "Classical simulations of noisy variational quantum circuits." npj Quantum Information 11.1 (2025): 84.

Begusic, Tomislav, Kasra Hejazi, and Garnet Kin Chan. "Simulating quantum circuit expectation values by Clifford perturbation theory." The Journal of
Chemical Physics 162.15 (2025).
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Schroedinger vs Heisenberg pictures

+ A time-independent Hamiltonian H drives the dynamics of the system.

» Schroedinger picture: Observables remain time-independent, quantum state
evolves in time

. | @) = e ™| P(0)), observable O is constant.

* Heisenberg picture: Observables evolve in time, initial quantum state stays
constant

e O(F) = e™Oe™ initial state | ¥(0)) is constant

- Expectation values: (0), = (¥(1)| O | ¥(0) = (¥(0) | e™0e~ ™ | P(0))
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Pauli basis
Qubits

* Any operator can be written down in a basis that spans the Hilbert space

1
O:ZCﬂa}ll@”.@O—ﬂN: Zcﬂpﬂ, Cﬂ:ﬁTr[PI‘O] ﬂ:(ﬂlgﬂ29...,ﬂN):
- , 4 =0,1,2,3

(1 0), _(01 (0 =i) . _(1 O
~\o0 1/ " \1 0/ 2 \i o) T \o -1

= ¥ =(0p 01 0y 03)
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When is the Pauli basis useful?

* Pauli basis is local — good for local initial operators and dynamic of

local Hamiltonians. Local operator ¢, is non-zero for very few u

« Dynamics of a Clifford circuit + local operator, very few ¢, become

non-zero. Clifford gates map Pauli strings to Pauli strings:
UPU-==xP,.

A single-qubit non-Clifford operation turns a Pauli string containing
into a linear combination of Pauli strings, Cy branches—non-zero

elements grow fast. U;[CP‘“UNC = Z al,.

4

irsa: 26050034 Page 14/27



Pauli propagation

Picture

« Instead of evolving the full 2V x 2V matrix O(¢), store the Pauli coefficients
cﬂ(t) as they grow as a function of time.

 Clifford operations does not grow the number of non-zero coefficients.

* Non-Clifford operations grow them fast.

« Once it is impossible to keep track of all the non-zero coefficients cﬂ(t) in a

computer, truncate the ones anticipated to contribute little to the expectation
value.
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Pauli propagation

» Expressed the circuit as a sequence of single-and two-qubit Pauli rotations.

* Push each Pauli string in the observable backward through every rotation.
Each rotation either leaves a string alone, or splits it into two

* Branching rule:
¢iOPI2 p_,—ibP/2 _ PJ' if [P, Pj] =0
J cos(0) P; + isin(0) PP, if {P;,P;} =0
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2 qubits, O =21

« Evolve O = ZI under U = RX,(0.3)RX,(x/3)RZZ(—0.8)
« RX,(0.3)[0] =0.96Z1+ 0.3Y1 = O,

« RX,(n/3)[0,] = O, (There is only identity on qubit 2)

« RZZ(-0.8)[0,] =0.96Z1+0.21YI-0.21XZ = O,
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Truncation strategies

* Small coefficient truncation: The most straightforward truncation strategy is
to discard Pauli strings whose current absolute coefficients Cy fall below some
threshold.

* Errors may still accumulate to result in large errors. Currently the most
effective strategy.

* Pauli Weight truncation: drop Pauli strings with many non-identity Pauli

strings—likely to have a small overlap with the initial state, eg |0){0|on X or
Y gives zero. Used in a lot of the theoretical work. Noise/averaging reduces
the coefficient of high weight strings fast.
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Truncation strategies

@ © °%.

Weight Coefficient

truncation 5 4
‘ truncation 0.01

CNOT,, RXX2(0.5) CNOTy3 RZZ5(—0.8) RX,(0.3)
| | | |

. 1 . .
O(t) RX»(0.05) RXz(g)

Pauli Propagation: A Computational Framework for Simulating Quantum Systems

Manuel S. Rudolph, Tyson Jones, Yanting Teng, Armando Angrisani, Zoé Holmes
arXiv:2505.21606
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Compression strategy

2

|deally we want to minimize CHST(g) =1- e tr (UTV(é)) :

U = e " is our target unitary dynamics, V(6) is our ansatz.

Computing C with Pauli propagation/tensor networks is difficult.

We need to find an alternative cost function that guarantees that upon

optimization the optimized V() is valid (i.e. it can act on any input state and
act as close as possible to U)
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