Towards Quantum Plasma Simulation: Benchmarking

E |
B o o L T g
- 'iﬂ._..l_ Ay ¥ S e
- b 1 S
i ol
e g T e s i
Lk 0 I T e . : b
f b W L= :
| I~ t

Wave Propagation

Variational Quantum Algorithms for Electromagnetic

m Quantum
| " SPAIN

Juan Manuel Sanchez! Mervi Johanna Mantsinen!? Eduardo Cesar Cabrera !

IBarcelona Supercomputing Center, Barcelona, Spain 2ICREA, Barcelona, Spain 3Universitat Auténoma de Barcelona, Barcelona, Spain

1. Introduction & Motivation

Quantum computing offers a promising approach to
solving eigenvalue problems that arise in electromag-
netic waveguide analysis. Variational Quantum Algo-
rithms (VQAs) are hybrid quantum-classical methods
that distribute computational tasks between both archi-
tectures.

Key idea: Any problem formulated as a Hamiltonian
system can be solved via the Variational Quantum
Eigensolver (VQE) algorithm:

Fo(0) = (¥(0)| M |1(0)) > Eo

This work:

1. Reproduce VQE for rectangular waveguide
Tranverse Electric/Magnetices (TE/TM)
modes

2. Extend to cold plasma-filled waveguides
(O-mode)

3. Develop ML warm-start to accelerate convergence

Helmholtz equation via finite differences for a rectan-
gular metallic waveguide:

V2H, = —k?H, (TE modes)
V2E, = —k*E, (TM modes)

Discretisation yields an eigenvalue problem: Mv = \v,

with M in the TM case:
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and with 1 in the first and last element of the diagonal
for the TE case. Pauli decomposition of M enables
quantum evaluation trough the Harware Efficient Ansatz:
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Figure: Hardware Efficient Ansatz Diagram
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3. Results: Vacuum Waveguide

Waveguide: 15mm x 10 mm, various (ny, n,) config-
urations, with the main focus on a NISQ configuration
such as (ny, n,) = 4, 3.

We compare the final frequency we obtain with respects
to the classical eigensolvers and also the theoretical value.
We can see that it converges up to the 4th decimal with
the classical eigensolvers and with an error of 1% with the
theoretical ones.

Mode VQA (GHz) Classical (GHz) Theoretical (GHz)

TEqg 9.9770 9.9770 9.9931
TEo: 14.8935 14.8935 14.9896
TMy; 17.9264 17.9264 18.0153
TMy; 24.8225 24.8225 24.9827

Table 1: VQE matches classical solver precision; both converge to
analytical values as grid refines.
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(a) Ground State field. (b) Excited state field.

Figure: Theoretical results from paper [1].
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Figure: Results obtained from our VQA algorithm.

4. Machine learning warm start model

Due to the random nature of the VQE we have
3 types of solutions: correct solutions, solutions
that converge to a higher mode, incorrect solu-
tions.

» Sweet spot: convergence > 80% when layers ~
total qubits.

» Higher modes require more layers to avoid local
minima and thus making simulating higher modes
more complex and computationally demanding.

Solution: Train an MLP neural network to predict good
initial Oy from problem features.

WarmStart | data | WarmStart | model
Collector Predictor

Feature vector (6D):

WarmStart
VQA

Index Feature

0 n, (x-direction n® of qubits)

n, (y-direction n® of qubits)

Niayers (ansatz depth)

Mode type: 0=TM, 1=TE

Mode state index k

log10(1 + N.) (density of plama profile)

T A W N =

Training data is filtered: only VQE runs with MVQ;:A@' <
5% are kept. The model falls back to random initialisation
If no trained predictor is available. We obtain an average
speedup of 20%. It is not a high speedup, but many vec-
tors have redundant data and varied starting points pre-

venting the model from identifying meaningful patterns.

5. Extension: Cold Plasma Waveguide

As has been suggested [2], we extend our VQE to plasma
formalism. For a single-species cold plasma with
B = Byj, the ordinary (O-mode) wave satisfies a modi-
fied Helmholtz equation:
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O — Oy + =g | Ez = —5E;

where wg(x7 y) = qsNe(x,y)

with a Gaussian plasma den-
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sity profile. This formulation is proposed in [3].

Plasma density Ne(x,y)
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Figure: Plasma density Gaussian profile distribution.

The plasma term adds a diagonal matrix to the Hamil-
tonian, preserving the VQE framework.

We can look now at some physical insight to check the
behaviour of our model. In theory the mode profile is
modified by the central plasma density — field is pushed
toward the waveguide walls when w,, increases. We model
2 cases, 1 in which the plasma frequency is close but
bigger than the wave frequency and another in which the
plasma frequency is similar but smaller.
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Figure: Results in the cold plasma case with 2 cases of different
plasma densities.

We obtain the expected results, when w < w,, the refrac-
tion index is complex meaning that the wave is evanes-
cence and absorption will happen. And when w > w,
there is wave propagation across the plasma waveguide.

J
/. Conclusions & Outlook .
v" VQE reproduces classical eigenvalue results
for rectangular waveguide TE/TM modes with high
fidelity
V" Successfully extended to cold plasma (O-mode):
captures propagation vs. evanescence transition
v" ML warm-start reduces the need for random
restarts
— Future: X-mode (extraordinary wave), larger qubit
counts, real quantum hardware
J

J

[1] Wei-Bin Ewe, Dax Enshan Koh, Siong Thye Goh, Hong-Son Chu, and
Ching Eng Png. Variational quantum-based simulation of waveguide modes.
IEEE Transactions on Microwave Theory and Techniques, 2022.  doi:
10.48550/arXiv.2109.12279. URL https://arxiv.org/abs/2109.12279.
arXiv:2109.12279 [quant-ph].

2] Oscar Amaro and Diogo Cruz. A living review of quantum computing for
plasma physics, 2023. URL https://arxiv.org/abs/2302.00001.

[3] Etienne Peillon. Simulation and analysis of sign-changing Maxwell’s equations
in cold plasma. Theses, Institut Polytechnique de Paris, April 2024. URL
https://theses.hal.science/tel-04669808.

Quantum Spain - 13th International BSC Severo Ochoa Doctoral Symposium 2026 - github. com/JuanManuelsm95/VQE Waveguide

* This work has been carried out partly within the framework of the FUSION CODES III, PID2023-1480380B-100, financed by MICIU/AEI/10.13039/501100011033 and by FEDER, EU

* This work has benn funded by the Ministry for Digital Transformation and the Civil Service of the Spanish Government through the QUANTUM ENIA project call — Quantum Spain project, and by the European Union through the Recovery, Transformation and Resilience Plan —
NextGenerationEU within the framework of the Digital Spain 2026 Agenda.

EXCELENCIA

Barcelona — SEVERO
Supercomputing INISTERIO , ESTATAL DE OCHOA
Center EICIENEL AN NG O INVESTIGACION

UNIVERSIDADES

2023 - 2027

Centro Nacional de Supercomputacion


https://arxiv.org/abs/2109.12279
https://arxiv.org/abs/2302.00001
https://theses.hal.science/tel-04669808

	References

