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Quantum Simulation with Tensor Networks and Belief Propagation



A compressed format for high-dimensional tensors

𝐿-dimensional array/ tensor of coefficients 

Memory cost:

Network of 𝐿 interconnected tensors

Memory cost:

𝜒 : Maximum dimension of shared indices
z: Maximum co-ordination number in the network

Compress

Tensor Networks



Matrix Product State (MPS)

Finite temperature solutions of quasi-2D interacting electrons: 
Wietek et al, PRX 11 031007 (2021)
  

• Finding ground states of 1D/ Quasi-1D 
systems

• Short-depth circuit simulation in 1D

• Finite temperature states in 1D

The Matrix Product State



• Can extract properties efficiently from it (norm, entanglement, observables)

• Provably an efficient ansatz for certain problems 

• Relatively easy to implement in code

• Long history with stable, well-designed algorithms and codebases

• Can’t represent states on large non-1D topologies

The Matrix Product State



• Area law states (those generated by 
shallow circuits, short time dynamics, 
ground states of 2D problems)

• MPS bond dimension (classical 
resources) must go exponentially in 
system size to capture this 

The Problem with Matrix Product States



Optical LatticesRydberg Arrays

Solid-State Materials Superconducting Quantum ProcessorsQuantum Annealers

• Ultrafast quantum processes 
       in real materials

• Scalable, universal quantum simulators• Dynamical phase transitions

• Quantum spin quenches • Fermionic and bosonic models

Trapped Ions

• Long-range interactions

Quantum Devices



Willow Tensor Network State

x

We are embracing loopy, higher-dimensional tensor networks in order to understand the quantum wavefunction in higher 
dimensions and synergize with experimental quantum devices

Higher Dimensional Tensor Networks

Google’s latest Willow processor

Matrix Product State

x

Ansatz for the many-body 
wavefunction𝝍 :



When Tensor Networks have loops we can’t efficiently contract them.

Contraction is #P hard and partial contraction is PostBQP.

Higher Dimensional Tensor Networks



There has been significant work on two-dimensional tensor networks

• Square lattices tensor networks are one of the hardest tensor networks to contract (high tree-width)

• Too many algorithms and software libraries are lattice-based and inflexible

• Many contraction schemes are very computationally expensive due to their focus on precision above all: we must accept 
approximations

Higher Dimensional Tensor Networks



Single tensor 
or collection of tensors

• Accept approximations in contraction to avoid prohibitive polynomial scaling

• Graph-based software and algorithms to avoid being “pigeon-holed” into specific geometries and algorithm 

choices 

Tensor Networks: A Graphical Perspective



(1982) Performing statistical inference on graphical models (1934) Calculating the partition function

(2017-) Contracting tensor networks with Belief Propagation

• Cao and Vontobel, Double-Edge Factor Graphs: Definitions, Properties and Examples, IEEE ITW (2017)

• Alkabetz and Arad, Tensor Network Contraction and the Belief Propagation Algorithm, Phys. Rev. Research 3 023073 
(2021)  

• Tindall and Fishman, Gauging Tensor Networks with Belief Propagation, SciPost Phys. 15 (6) 222 (2023) 

Belief Propagation



Factor Graphs and Tensor Networks



Marginals of 𝑝(𝑥) are directly related to the partial contraction / derivatives of the tensor network (TN) so we 
can immediately leverage the Judea Pearl BP Algorithm to approximate partial contractions of a TN

Factor Graphs and Tensor Networks



Message tensors Self-consistent update ruleTensor network (representing a scalar 𝜆)

Single tensor 
or collection of tensors

Belief Propagation for Tensor Network Contraction



Approximating the full contraction of the tensor network via the Bethe free energy

• Efficiently computable

• Applicable to a tensor network of any structure

• Exact on tree tensor networks

BP Error

Belief Propagation for Tensor Network Contraction



Can be understood as a mean-field approximation on the environment of subregions of the tensor network

Belief Propagation for Tensor Network Contraction



BP + Tensor Networks = “Quantum Belief Propagation”

Applications

➢ Quantum circuit simulation and benchmarking
➢ Equilibriums states of matter (finite and zero temperature)
➢ Continuous dynamics of quantum systems

Rapidly growing body of research

• A. Alkabetz and I. Arad Phys. Rev. Research 3, 023073 (2021)
• S. Sahu and B. Swingle, arXiv:2206.04701 (2022)
• J. Tindall and M. Fishman, SciPost Physics 15 222 (2023)
• J. Tindall et al, PRX Quantum 5 01038 (2024)
• G. Evenbly, et al, Phys. Rev. Research 8 1 (2026)
• J. Tindall, et al Science 392 6800 (2026)
• S. Midha and Y. F. Zhang, arXiv: 2510.02290 (2025)
• J. Gray et al, arXiv: 2510.05647 (2025),
• G. Evenbly et al, arXiv:2512.10910 (2025)
• S. Midha et al, arXiv:2604.03228 (2026)
• J. Tindall et al, arXiv:2604.24760 (2026)



N Trotter Steps

[1] Y. Kim et al, evidence for the quantum utility of quantum computing before fault tolerance, Nature 618 500-505 (2023)

Quantum Circuit Simulation



Quantum Circuit Simulation



Verifiable Regime “Unverifiable” Regime

Quantum BP gets state-of-the-art results over both the quantum computer and other classical methods

Quantum Circuit Simulation



These results agreed with the ground truth where it can be found

MPS 

Other methods

Quantum Circuit Simulation



G. Evenbly, et al, Phys. Rev. Research 8 1 (2026)Siddhant Midha and Yifan F. Zhang, arXiv: 2510.02290 (2025)J. Gray et al, arXiv: 2510.05647 (2025)

Draw inspiration from cluster and loop expansions in Statistical Mechanics to correct around the BP fixed point  

Non-zero terms

Correcting Belief Propagation – Loop and Cluster Expansions



Disordered quantum dynamics in two and three dimensions

Quantum advantage experiment:A. D. King et al, Beyond-classical computation in quantum simulation, Science 10.1126 (2025)



Classical simulation: J. Tindall, A. Mello, M. Fishman, M. Stoudenmire and D. Sels, Science 392 6800 (2026)

Disordered quantum dynamics in two and three dimensions



Significant improvement compared to evolution + measurement protocols adopted in the original paper

[19] A. D. King et al, Beyond-classical computation in quantum simulation, Science 10.1126 (2025)

Disordered quantum dynamics in two and three dimensions



Disordered quantum dynamics in two and three dimensions



Emerging 
convergence of 
correlations

192 qubit diamond lattice, annealing time of 7ns

Disordered quantum dynamics in two and three dimensions



Correlation length 

Annealing time / inverse velocity

Kibble Zurek exponent

J. Tindall , A. Mello, M. Fishman, M. Stoudenmire and D. Sels, Dynamics of Disordered Quantum Systems, Science 392 6800 (2026)

Exposing the Universal Physics



• Julia package built on top of  ITensors.jl  and NamedGraphs.jl for quantum simulation: 
https://github.com/JoeyT1994/TensorNetworkQuantumSimulator 

• Full GPU Support via CUDA.jl

• Qiskit  Wrapper Available: https://github.com/qiskit-community/qiskit-tnqs

Software

Software – TNQS.jl

https://github.com/JoeyT1994/TensorNetworkQuantumSimulator
https://github.com/qiskit-community/qiskit-tnqs
https://github.com/qiskit-community/qiskit-tnqs
https://github.com/qiskit-community/qiskit-tnqs
https://github.com/qiskit-community/qiskit-tnqs
https://github.com/qiskit-community/qiskit-tnqs
https://github.com/qiskit-community/qiskit-tnqs
https://github.com/qiskit-community/qiskit-tnqs
https://github.com/qiskit-community/qiskit-tnqs
https://github.com/qiskit-community/qiskit-tnqs


Quantum computing companies + TNQS.jl

Quantum Computing Companies using 
TensorNetworkQuantumSimulator.jl

• (Pasqal) Vovrosh et al, Physical Review Research 8 023311 (2026)

• (Google) Bermejo et al, arXiv: 2604.15427 (2026)

• (IBM) Jaderberg et al, arXiv:2606.15983 (2026)

• (Pasqal + Flatiron) Forthcoming : “Exploring the relaxation 
landscape of a 2D Quantum magnet on a 256 qubit quantum 
processor” (2026)



Inference methods on 2/3D Tensor Networks gain massive benefits from GPU hardware

Manuel S. Rudolph and J. Tindall, Simulating and Sampling from Quantum Circuits with 2D Tensor Networks, arXiv:2507.11424 

GPU Acceleration



Loop Corrected BP Results for Quantum Critical Dynamics:

J. Tindall, A. Mello, M. Fishman, M. Stoudenmire and D. Sels, Dynamics of Disordered Quantum Systems, Science 392 6800 (2026)

GPU Acceleration



Can formulate a more general region-based approximation to the  
free energy of a tensor network based on the `Kikuchi` free energy 

J. Tindall et al, Contracting tensor networks with generalized belief propagation, arXiv:2604.24760 (2026)

Generalized Belief Propagation



Impressive results on frustrated models

J. Tindall et al, Contracting tensor networks with generalized belief propagation, arXiv:2604.24760 (2026)

Correcting Belief Propagation – Generalized Belief Propagation



And on exotic quantum states… 

J. Tindall et al, Contracting tensor networks with generalized belief propagation, arXiv:2604.24760 (2026)

AKLT State

Correcting Belief Propagation – Generalized Belief Propagation



arXiv:2512. 14173v1

arXiv:2512. 14173v1

arXiv:2512. 14173v1

A. Mello, M. Stoudenmire, J. Tindall, Finite temperature formation of magnetic plateaus and simplex liquid states on the Ruby latticearXiv:2606.076.09

Frustrated Magnetism

Antonio Mello
(CCQ Grad Scholar)

• Form the square root density matrix by using gate-based imaginary 
time evolution to cool down an initial identity matrix

• Take measurements via derivatives of the BP / loop corrected free 

energy
• Use GPUs to reach unprecedented bond dimensions 

Ruby Lattice Structure

iTNS  Ansatz



arXiv:2512. 14173v1

arXiv:2512. 14173v1

arXiv:2512. 14173v1

Frustrated Magnetism

A. Mello, M. Stoudenmire, J. Tindall, Finite temperature formation of magnetic plateaus and simplex liquid states on the Ruby latticearXiv:2606.076.09

Ghosh, Mila, 
Ground State simulation 
Arxiv.org:2512.14173

BP handshakes with other methods at high and low temperatures

High temperature series expansion



arXiv:2512. 14173v1

arXiv:2512. 14173v1

arXiv:2512. 14173v1

Frustrated Magnetism

A. Mello, M. Stoudenmire, J. Tindall, Finite temperature formation of magnetic plateaus and simplex liquid states on the Ruby latticearXiv:2606.076.09

Reveals an exotic, exponentially degenerate low energy manifold



arXiv:2512. 14173v1

arXiv:2512. 14173v1

arXiv:2512. 14173v1

Frustrated Magnetism

A. Mello, M. Stoudenmire, J. Tindall, Finite temperature formation of magnetic plateaus and simplex liquid states on the Ruby latticearXiv:2606.076.09

Finite field reveals a low temperature phase diagram of magnetic plateaus hosting liquid states



The Future

➢ (Software): Continue to develop out our state-of-the-art tensor network software built around BP

➢ (Software + Algorithms): Exploit parallelism latent in these methods to push the simulation boundary

➢ (Algorithms): Develop new algorithms to correct BP and contract tensor networks

➢ (Algorithms): Utilize adaptive time stepping and complex time to push BP-based quantum dynamics
 further, see arXiv:2606.02930 (2026) and PRB 109 235110 (2025)

➢ (Physics): Work with experimentalists and quantum computing companies on benchmarking quantum simulators

➢ (Physics): Explore doped fermionic models at zero and finite temperature with fermionic tensor networks + BP

➢ (Physics): Study three-dimensional frustrated magnetic systems, see arXiv: 2606.07609



Thank you

Dries SelsMiles Stoudenmire Antonio MelloMatt Fishman

Collaborators

Manuel Rudolph Hilbert Kappen

Grace Sommers

IBM, Pasqal, Algorithmiq quantum teams

Lukas Devos Jack Dunham
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