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The Huygens' principle and lacunae can help construct efficient far-field closures for
the numerical simulation of unsteady waves propagating over unbounded regions. Those
closures can be either standalone or combined with other techniques for the treatment
of artificial outer boundaries. A standalone lacunae-based closure can be thought of
as a special artificial boundary condition (ABC) that is provably free from any error
associated with the domain truncation. If combined with a different type of ABC or a
perfectly matched layer (PML), a lacunae-based approach can help remove any long-time
deterioration (e.g., instability) that arises at the outer boundary regardless of why it occurs
in the first place.
A specific difficulty associated with Maxwell’s equations of electromagnetism is that in
general their solutions do not have classical lacunae and rather have quasi-lacunae. Unlike
in the classical case, the field inside the quasi-lacunae is not zero; instead, there is an
electrostatic solution driven by the electric charges that accumulate over time. In our
previous work [23], we have shown that quasi-lacunae can also be used for building the
far-field closures. However, for achieving a provably non-deteriorating performance over
arbitrarily long time intervals, the accumulated charges need to be known ahead of time.
The main contribution of the current paper is that we remove this limitation and
modify the algorithm in such a way that one can rather avoid the accumulation of
charge all together. Accordingly, the field inside the quasi-lacunae becomes equal to
zero, which facilitates obtaining the temporally uniform error estimates as in the case
of classical lacunae. The performance of the modified algorithm is corroborated by a
series of numerical simulations. The range of problems that the new method can address
includes important combined formulations, for which the interior subproblem may be non-
Huygens’, and only the exterior subproblem, i.e., the far field, is Huygens'.
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1. Introduction

In this paper, we develop and test a new algorithm that can furnish an exact artificial boundary condition (ABC) for the
numerical simulation of electromagnetic waves propagating over unbounded regions, and can also stabilize any existing ABC
or PML (perfectly matched layer) on arbitrarily long time intervals. The algorithm applies to a broad range of problems on R3
that may involve some sophisticated physical phenomena in the near field (generation, absorption, reflection, scattering, etc.
of waves inside a bounded region) yet reduce to the propagation of electromagnetic waves in vacuum in the far field. In
practice, only the near-field solution is actually computed, while the far field is truncated off and replaced by an ABC or a
PML at the artificial outer boundary. The overall problem on R3 must be uniquely solvable and well-posed.

It is well known that many existing ABCs/PMLs are prone to error growth/instabilities in long-time simulations [1-18].
These undesirable phenomena may be due to continuous ill-posedness or weak well-posedness, discrete instability of a
well-posed continuous problem, geometric issues such as near-edge or near-corner implementation of an ABC/PML, etc.
Often, specific reasons for the deterioration are not known. This warrants the development of a general approach that can
improve the long-time behavior of various methods.

A key advantage of our proposed algorithm is precisely its universality. It treats any given ABC or PML in the same
manner and eliminates the need of finding out what actually causes the long-time deterioration in every particular case. The
only limitation is that the chosen ABC or PML must be able to maintain its acceptable stable performance over reasonably
long periods of time.! Those intervals of table performance can still be much shorter than the overall simulation time. An
estimate (lower bound) for the interval of stable performance is needed for choosing the parameters of our algorithm. Other
than that, its construction does not require any knowledge of why the performance of the original ABC/PML may deteriorate
as the time elapses.

The algorithm is based on the Huygens’ principle, or, in other words, it exploits the diffusionless propagation of waves
in R3. Specifically, we use the following property of Maxwell’s equations in vacuum: provided that the currents driving the
pure Maxwell system are compactly supported in both space and time, the propagating electromagnetic waves have sharp
aft (i.e., trailing) fronts, and the solution behind those is electrostatic, i.e., it does not evolve in time any longer. In our
work [19], we called the region of space-time occupied by the steady-state solution a quasi-lacuna of Maxwell’s equations.
It generalizes the notion of classical lacunae, for which the solution behind the aft fronts is equal to zero, see [20] and also
[21,22]. Once the outgoing waves have left the bounded computational domain, or, equivalently, once the latter entirely falls
into the quasi-lacuna, there is no need to further update the fields and the simulation can stop. Hence, if the performance
of the given ABC or PML during the corresponding finite time interval is acceptable, no subsequent adverse effects due this
ABC or PML will ever arise.

In our work [23], we applied the lacunae-based algorithm to solving Maxwell’s equations driven by currents that are
compactly supported in space yet operate continuously in time (e.g., radiation of electromagnetic waves by an antenna with
a given feed). The key idea is to partition the problem in time into a sequence of individual subproblems. Each of the
latter appears driven by the currents that are compactly supported in both space and time. This facilitates the application
of quasi-lacunae so that the solution of each subproblem does not need to be advanced in time beyond the point where it
reaches the steady state on the domain of interest. Then, the overall solution is assembled by linear superposition. For every
given moment of time, there are both steady-state and unsteady terms in the superposition sum that yields the solution.
The “lifespan” of each unsteady term on the domain of interest is finite and non-increasing, because the domain size is
finite and the propagation speed is finite. Moreover, the number of unsteady terms in the sum may never exceed a certain
constant for all times, because the waves that leave the domain no longer need to be taken into account. On the other
hand, the number of steady-state terms increases as the time elapses, because the electrostatic components of the solution
stay on the computational domain even after it falls into the quasi-lacuna, i.e., after the unsteady waves leave. However,
as the currents and charges that drive the Maxwell equations are given, the sum of all electrostatic contributions can be
replaced by the electrostatic field at the final moment of time, which needs to be computed only once. Altogether, this
yields a temporally uniform error estimate, which we proved in [23] and also corroborated with a series of 3D numerical
experiments.

To extend the algorithm further, beyond solving the constant coefficient Maxwell equations driven by known currents,
we still use the quasi-lacunae as a core integration tool but supplement them by some additional constructs that make the
class of admissible formulations even wider:

(A) The original problem is decomposed into the interior problem (IP) and auxiliary problem (AP). The interior problem
corresponds to the aforementioned sophisticated physics in the near field. It is formulated on a bounded domain and
may be non-Huygens'. The auxiliary problem is formulated for the pure Maxwell equations on the entire R3 and is
driven by the currents that depend on the solution to the IP. The AP satisfies the Huygens’ principle. Solution of the AP
provides the required closure for the IP at its outer boundary. The task of setting an ABC/PML is rather switched from
the IP to the AP.

1 The proposed methodology will not work in the case of very rapidly developing instabilities due to the treatment of the artificial outer boundaries. For
example, it is not likely to offer a “fix” for the classical GKS-type instabilities.
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