Extracting Plasma Dispersion Relations using a Quantum Algorithm
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Understanding wave propagation and instabilities in plasmas is central to both fundamental
plasma physics and applications such as nuclear fusion. A key quantity is the dispersion relation,
describing how perturbations of frequency and wavenumber @ (k) propagate or grow. Conven-
tional extraction of dispersion branches relies on root-finding, which can become numerically
unstable or costly, especially when many modes are present.

Quantum algorithms have the potential to solve certain classes of eigenvalue problems more
efficiently. While methods such as Quantum Phase Estimation and the Rodeo Algorithm [1] ef-
ficiently recover real spectra of Hermitian Hamiltonians, instabilities require access to complex
eigenvalues. To this end, we explore a variational framework [2] that encodes non-Hermitian
plasma Hamiltonians into measurable Hermitian cost functions, whose minima yield the desired
eigenvalues.

As a proof of concept, we apply both classes of algorithms to simple plasma dispersion prob-
lems. In the cold two-stream instability, the dynamics can be encoded into a 4 X 4 matrix rep-
resenting density and velocity perturbations of the beams, from which the quantum algorithm
recovers the wave frequency and growth rate. This setup is implementable on present-day quan-
tum hardware. We also investigate more complex scenarios, including multibranch relations,
kinetic instabilities [3], and optimizations for Hamiltonian encoding, state preparation, and er-
ror mitigation.

These results highlight the potential of quantum approaches for studying plasma dispersion
relations, suggesting a pathway toward efficient analysis of high-dimensional kinetic instabili-

ties relevant to fusion research.
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Figure 1: Dispersion relation for the cold
fluid two-stream instability, illustrating the

classical root-finding approach.



