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Abstract

We present a hybrid plasma modeling pipeline that integrates a differential equation

(DE) solver with a data-driven Fourier Neural Operator (FNO) to accelerate multiscale,

multiphysics simulations across plasma systems. In the conventional fluid formulation, an

electromagnetic (EM) solver for Maxwell’s equations is tightly coupled to a plasma con-

tinuity solver, introducing multiphysics coupling. Here, the FNO learns the EM operator

directly from data generated by our in-house FDTD plasma solver and replaces the costly

EM field update, while the DE-based plasma solver preserves high-fidelity species dynam-

ics. The FNO performs spectral convolutions in the Fourier domain, effectively capturing

long-range interactions and supporting fast inference via FFTs; in practice, this yields ac-

curate, stable EM field surrogates that generalize to unseen incident fields and domains.

As a proof of concept, we validate on 2D microwave streamer simulations, demonstrat-

ing close agreement with full FDTD fluid simulations in streamer morphology, propaga-

tion velocity, and temporal evolution. Such simulations typically takes tens of thousands

of CPU hours, our hybridization delivers large speedups of ∼60× on benchmark problem

sizes while maintaining high-fidelity results. The implementation cleanly bridges C-based

simulation kernels with Python ML frameworks and is extensible to other plasma modal-

ities. Further, we outline a physics-informed, PINN-style regularization of the FNO with

Maxwell/constitutive constraints to enhance out-of-distribution robustness, positioning this

as a general, portable surrogate framework for next-generation plasma modeling. Addi-

tional details and results are provided in our preprint [1].
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