N
N

N

HAL

open science

The multiscale hybrid-mixed method for the maxwell
equations in heterogeneous media

Stéphane Lanteri, Diego Paredes, Claire Scheid, Frédéric Valentin

» To cite this version:

Stéphane Lanteri, Diego Paredes, Claire Scheid, Frédéric Valentin. The multiscale hybrid-mixed
method for the maxwell equations in heterogeneous media. 2016. hal-01393011v1

HAL Id: hal-01393011
https://inria.hal.science/hal-01393011v1

Preprint submitted on 5 Nov 2016 (v1), last revised 2 Mar 2019 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inria.hal.science/hal-01393011v1
https://hal.archives-ouvertes.fr

THE MULTISCALE HYBRID-MIXED METHOD FOR THE MAXWELL
EQUATIONS IN HETEROGENEOUS MEDIA

STEPHANE LANTERI, DIEGO PAREDES, CLAIRE SCHEID, AND FREDERIC VALENTIN

ABSTRACT. In this work, we address time dependent wave propagation problems with
strong multiscale features (in space and time). Our goal is to design a family of innovative
high performance numerical methods suitable to the simulation of such multiscale problems.
Particularly, we extend the Multiscale Hybrid-Mixed finite element method (MHM for short)
for the two- and three-dimensional time-dependent Maxwell equations with heterogeneous
coefficients. The MHM method arises from the decomposition of the exact electric and
magnetic fields in terms of the solutions of locally independent Maxwell problems tied to-
gether with a one-field formulation on top of a coarse-mesh skeleton. The multiscale basis
functions, which are responsible for upscaling, are driven by local Maxwell problems with
tangential component of the magnetic field prescribed on faces. A high-order discontinuous
Galerkin method in space combined with a second-order explicit leap-frog scheme in time
discretizes the local problems. This makes the MHM method effective and yields a staggered
algorithm within a “divide-and-conquer” framework. Several numerical tests assess the op-
timal convergence of the MHM method and its capacity to preserve the energy principle, as

well as its accuracy to solving heterogeneous media problems on coarse meshes.

1. INTRODUCTION

Partial differential equations embedding multiscale features occur in a wide range of scien-
tific and technological applications involving wave propagation in heterogenous media. We
consider here the case of electromagnetic wave propagation, more precisely light propaga-
tion (e.g. optical wave) in interaction with nanometer scale structures, i.e., nanophotonics.
Nanophotonics is the field of science and technology aiming at establishing and using the pe-
culiar properties of light and light-matter interaction in various nanostructures. Nanostruc-
tured photonic crystals are very attractive as these structures serve as excellent waveguides.
In fact, light paths are created inside these structures, removing background electromag-
netic modes and keeping only the desired band of frequencies. Generally the medium is a
periodic structure, but interesting phenomena arise when band gaps are included to increase

(or decrease) local dielectric function for a certain frequency range. Such a gap breaks the
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periodicity and creates simple cavity modes. These modes can be combined to generate
more complex structures where the fields deviate even further from symmetry, pushing them
towards the photonic band gap. Overall, photonic-crystal waveguiding structures have led
to the design of optical components such as sensors or/and logic gates that are orders of
magnitude smaller than currently available devices (see [11] for an interesting review).
Such a scenario represents a big challenge for numerical methods in view of computational
simulations. In a broad sense, very fine meshes must be adopted to approximate the high-
frequency field distributions as they are greatly impacted by the multiscale structures of
the medium and the anisotropic nature of the cavity regions. The idea of using high-order
polynomial interpolations on coarse meshes, as proposed in [28] for instance, is not a feasi-
ble option since interfaces between different material media and faces of the partition must
coincide to avoid spurious numerical modes. Consequently, effective numerical methods for
long-time simulations require a fine mesh to fit the complex geometry with high-order ap-
proximation to minimize dispersion. This leads to cost-prohibitive large-scale computations,
placing realistic three-dimensional problems out of reach. In the quest of overcoming such a
shortcoming, high-order numerical methods have been devised on building-block structures
so as to better match massive parallel facilities. Indeed, it is natural to strive for alternatives
to standard techniques such as the finite difference FDTD scheme [I7] or the finite volume
methods for which parallelization was not a goal-driven feature. An interesting alternative
is the Discontinuous Galerkin method for time domain (DGTD) (see [12, 19, 32]) which
encompass some of these requirements at the price to increase the total number of degrees
of freedoms. A bias is that the DGTD method still relies on (global) fine meshes so as to
incorporate the influence of the heterogeneous geometries into numerical solutions.
Multiscale finite element methods have attracted great attention with their capacity to
be accurate on coarse meshes (see [0 [l [7, 20] just to cite a few). Beginning with the
seminal work by Babuska et al. [§], the multiscale methods were further extended to higher
dimensions in [29]. The approach carries the concept of multiscale basis functions, which
upscale to the coarse mesh. They are driven by independent local problems which make the
multiscale methods particularly attractive to implement in parallel environments. Recently,
the classical hybridization procedure [39] has been used to devise a new family of high-
order multiscale finite element method called MHM method. Particularly adapted to handle
multiscale and/or high contrast coefficients on coarse meshes, the MHM method permits
face-crossing interfaces endowed in local boundary conditions. Originally proposed for the
Laplace problem in [25], the MHM method has been analyzed in [4], and further extended
to other elliptic problems in [24] [26] and mixed problems in [B, 37]. Also, its robustness with
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respect to (small) physical parameters has been established in [36], and an abstract general

setting to develop and analyze MHM methods has been proposed in [27].

This work extends the MHM method to the first-order Maxwell system in time domain,
with the upshot that the physical coefficients may be highly heterogeneous as found in wave
propagation in nano-structured problems. Within the vast literature on numerical meth-
ods for wave propagation models, some methods share similarities (and/or the same goals)
with the MHM methods. One is the DG method in [16] proposed for the two-dimensional
first-order Maxwell equation with constant coefficients. Others include the Hybrid Discontin-
uous Galerkin (HDG) method first presented in [15], and extended to the frequency domain
Maxwell equation in homogeneous media in [35], B3], the Heterogenous Multiscale method
(HMM) for the wave equation [2], the Discontinuous Petrov-Galerkin method (DPG) [23],
the Localizable Orthogonal Decomposition (LOD) method [38] for the Helmholtz equation
with constant coefficient, and numerical methods built using asymptotic expansions such as
the one presented in [22] for the Helmholtz equation with multiscale coefficients. However,
the primal hybridization of the Maxwell model selected as the starting point in this work as
well as the nature of the solution decomposition leads to a different global-local family of nu-
merical methods when compared to those proposed in the aforementioned papers. Thereby,
the proposed method is, to the best of our knowledge, the first in the literature of multiscale
finite element method to be devised for the first-order Maxwell equations in time domain

with heterogeneous coefficients.

To highlight the main points involved in the construction of the MHM method, let 2 C R3
be an open bounded simply-connected domain with Lipschitz boundary 02, where 0 is a
perfect electrically conducting boundary and (0,7") is the time interval, with 7" > 0 fixed.
We consider the Maxwell problem to find the electric field e : (0,7) x Q — R? and the
magnetic field b : (0,7) x Q — R? such that

ede—Vxh=Ff in(0,T)xQ,

woth+Vxe=0 in (0,7) x Q,
V-(ce)=p in(0,T) %,
V-(uh)=0 in(0,T) x Q,
exn=0 on(0,7)x 00,

e=¢ey, h=hy att=0 on (2,
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where m is the unit outward normal vector on 0f2, f is the electric current density, p is the

charge density. They verify the compatibility relation
(2) V-f=0p=0 in (0,7) x Q,

and eq and hy are given regular functions with values in R®. Here p and € denote the magnetic
permeability and the electric permittivity, respectively, which are in general third-order
symmetric tensors possibly depending on x := (11,22, 73)7 € Q and embedding multiple

geometrical scales. They are both measurable, uniformly positive definite and bounded, i.e.,

there exist positive constants ¢, and ¢, ¢¢. and ¢, such that
(3) CunlC* < ¢ < ¢ forall ¢ € RY,
and

(4) ConlC1* < ¢Te ¢ < [C)? forall ¢ € R?,

where |.| stands for the Euclidean norm. We recall that, for a given vector function v :=
(v1,v9,v3)T with values in R3, V x v is a vector function with values in R? defined by
V X 0 = (0p,v3 — OpyVa, OpyV1 — Oy V3, 0,09 — Opyv1)T and V - is a scalar function with
value in R defined by V - v := 0,,v; + 0,02 + 0, V3.

The MHM approach is constructive. It starts from a hybrid formulation of the Maxwell
model defined on a (coarse) partition Ty of €2, formed by elements K € Ty, and on
a partition Ta; of the time interval [0,7] decomposed in elements I, := [t,_1,t,] € Tas,
where n € {1,...,N}, N € N*. Next, the continuity of the variables is relaxed on the set
of boundaries 0K for all K € Ty, hereafter denoted by 07y. A weak continuity of the
tangential component of the electric field e is imposed on the boundary elements in 07y,
whereas the continuity in time is imposed strongly on each time-step t¢,,. More specifically,
we propose the following hybrid weak formulation: For each I, € Tas, find (e”; A", A") €
CO(I,; V) x C°(I,; V) x C°(I,; A) such that

3 /gate"-v—/h"~V><v+<A”,v>aK: 3 /f~'v forallv € V,
K K K

KeTy KeTy
> [ noktws Y [ Vxew=0 forallweV,
(5) KeTy 'K KeTy 7K
> (m,e")ox =0 forall peA,
KeTy

e”(tn_l, ) = e”_l(tn_l, ) and hn(tn_l, ) = hn_l(tn_l, ) s
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with
(6) €’(0,-) =€y and h°0,")=hy in Q.

Here, we denote by (., .)ox the pairing product between H~Y2(9K) and HY?*(0K), for all
K € Ty, and the space V stands for the broken H' space, i.e.,

(7) Vi={veL*Q): v|x € H(K) for all K € Ty} ,

and A the space of the restriction of the tangential component of functions in H (curl; 2) to
the boundaries 0K, i.e,

(8) A= {vxn" g € H'?OK) forall K € Ty : v € H(cwl;Q)}

with n® being the outward normal vector on K. The spaces have their usual meaning, and
they will be detailed in the next sections. The global solution in time (e, h,A) is defined
such that (e, h,A)|;, = (e",h", A"), for all I, € Ta;. Hereafter, it is said that (e, h, A)
satisfy the hybrid formulation —@. Importantly, the solution of the classical weak form
of (1) and the solution (e, h, X) of (B)-(6]) coincides. This result will be precisely addressed

in the next section.

Next, before going discrete, formulation is reduced to the statement of a system of
locally- and globally-defined problems. To this end, we use the linearity of the Maxwell

equations and decompose
9) e"=e"+e" and h"=h"*+h",

where, from the two-first equations in ([5)), the functions (e™™, h")‘) are defined as the solution

of the following local Maxwell problem (in a distributional sense)

e —Vxh™=0 inl, x K,
PO +V xe™ =0 inl, x K,
(10) n® x k" = - X" on I, x 0K ,

e Mtp_1,) =0 and h"*t, 1,-)=0,
=0 and R**=0 ImKatt=0,
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and (e™f, h™7) solves

coet —Vxh=f inl,xK,

poh™ +Vxe =0 inl, x K,

(11) n x h"™f =0 on I, x 0K,

e (th_1,:) =€ Htp_1,-) and h™F(t,_1,") =h""(t,_1,"),

e"f =e, and ho’f:ho in Katt=0.

Owing to characterization @D, the third equation in becomes a global one-field face
formulation for the Lagrange multiplier, i.e., for all t € I,, € Tay, find A"(¢t) € A such that
(12) Yo (e Mo == > (e forall pe A

KeTy KeTy

The MHM method is a byproduct of the discretization of the coupled problems —.
The one-level MHM arises from the choice of a finite dimensional space of C°(0,T;A)
(possibly non-conforming) and looking for the approximate solution Ay (t) of A(t) in such
a space satisfying at discrete times. In this work, the Lagrange multipliers Ay (t) are
assumed to be constant in each I,, € Ta; and polynomial of high degree on 07y. Interestingly,

we verify that such a simple choice leads to a second-order time scheme. Also, by going
discrete, problems — may be decoupled as follows:

e the local problem ([10)) is responsible for computing the multiscale basis, with its
boundary condition A" replaced by the space-time basis of Ay;

e the global problem is responsible for the calculation of the degrees of freedom of
Ax, which depend on I,, € Ta;.

As a result, the one-level approximation (ey, hy) of (e, h) stems from the combination of
the multiscale basis functions, the degrees of freedom of Ay and the solution of . A
detailed description of (eg, hy) is the subject of Section [4]

The aforementioned one-level MHM method relies on closed formulas for the multiscale
basis functions and for the solution of which are not available in general. As such,
one has to resort to a second level of discretization to make the method effective.
Interestingly, such choices can be quite general in the sense that any numerical method with
approximate properties could be locally adopted. However, in this setting, the global problem
is naturally impacted by the choice made at the second level. We propose to associate the
discontinuous Galerkin method proposed in [21] to discretize the local problems in space with
the explicit second-order leap frog scheme for the time marching process. These options are

particularly attractive in practice as they lead to a fully explicit scheme (see [21] for details)
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which fulfills the discrete energy principle. Also, the discontinuous interpolation at the local
level turns out to be of paramount importance to preserve the quality of the numerical
solution in the case of interface crossing faces. A detailed description of the two-level MHM
method and its properties will be presented in Section [5

The theoretical foundations of the MHM strategy for the Maxwell equations is one of the
main contribution of this work. Particularly, we demonstrate the equivalence between the
hybrid formulation (j5)) and the original weak form of the Maxwell equations and we establish
the well-posedness of local problems and . In regard to the numerical aspects of the
one- and two-level methods, we prove that they preserve the energy conservation properties
under a certain CFL condition, for the latter. We also dedicate this work to a complete
numerical validation of the new MHM method. Specifically, we verify that the method
yields optimal convergence for all variables, with super-convergence for the electric field,
in their natural norms, and it out-performs standard methods. Also, a wave propagation
problem defined on a heterogeneous nano-scale device shows that the method is accurate on
coarse meshes when the faces are not aligned with interfaces. In view of such novelties, the
error analysis of the semi- and fully-discrete MHM methods are left to be addressed in a
future work.

The paper is organized as follows: The next section states the problem and addresses
some preliminary theoretical results. The characterization of the exact fields in terms of
global-local problems is the subject of Section [3] Section [ is devoted to the one-level MHM
method. The fully discrete two-level MHM method is presented in Section [5] and Section [0]
is dedicated to the numerical validation of the MHM method. Appendix A details the proofs
of the theoretical result anticipated in the previous sections, and Appendix B presents the
MHM method for the Transverse Magnetic (TM) two-dimensional model. Conclusions follow
in Section

2. STATEMENT AND PRELIMINARIES

As usual, we assume that the initial electric and magnetic fields eq and hg satisfy
(13) V-(cey) =p(0,:) and V:(uhg)=0 in .

Hence, problem simplifies observing that the third equation (Gauss law) and the fourth
equation (absence of magnetic monopoles) in (I) stem from the first (Faraday law) and

second (Ampere law) equations in . As a result, problem can be rewritten in an
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equivalent way as follows: Find e : (0,7) x Q@ — R* and h : (0,7) x Q — R? such that
ede—Vxh=§f in(0,T)xQ,

poth+Vxe=0 in(0,7) xQ,

(14)
exn=0 on(0,7)x 090,

e=ey, h=hy att=0o0nQ,

constrained by equation (2)). The following spaces will be used in the sequel

H(cur; Q) := {v e L*(Q) : Vxv e L*Q)},
H(curl; Q) := {v € H(cur; Q) : v X n|spq =0} ,
H(div;Q) = {ve L*Q) : V-v e L*(V)} ,
H(div, Q) = {v € LXQ) : V- (uv) € L)} .
H(div, ;) := {v € H(div,;Q) : v-n|sg =0} ,
H(div,&;Q) == {v € L*(Q) : V- (cv) € L*(Q)} ,
equipped with their usual inner-product and induced norms. The standard weak formulation

of problem ([14) consists of finding (e, h) € C°(0,T; Hy(curl;Q)) x C°(0, T; H (curl; ©2)) such
that

(15)

(e0re,v)g — (V X h,v)g = (f, v)q forallve H(curl;Q),
(L0 h,w)g+ (e,V xw)g =0 forall we H(curl;Q),

where (-, -)p stands for the usual L*(D) inner-product, and D is an open set. We recall that
problem is well-posed (c.f. [14]) as follows.

Theorem 1. Assume that Q) is an open, bounded, simply-connected domain with Lipschitz
boundary such that the neighborhood of each point of 0S) is located in one side of 0S2. If the

following reqularity conditions hold

(i) pe C'(0,T; IX(Q)), f € CO0.T: H(div: ) and 8,f € L*(0,T; L*(%),
(ii) ey € Hy(curl; Q) N H(div,e;Q) and hy € H(curl; Q) N Ho(div, p; Q)

then there exists a unique solution (e, h) to such that
(e,0,e) € C°(0,T; Hy(curl; Q) N H(div,s;Q)) x C°(0,T; L*(Q)),
(h,0:h) € C°(0,T; H(curl; Q) N Ho(div, i;Q)) x C°(0,T; L*()) .
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Remark 2. In the case € and p are smooth functions in €2, and € is of class C*! or convex, the
solution (e, h) of belongs to the more regular space C°(0, T; H'()) x C°(0,T; H'(2))
(c.f. [3]). When these coefficients are piecewise smooth functions (piecewise constant, for
instance) the fields turn out to be piecewise H' in the subdomains where the coefficients are
smooth (see e.g. [18]). Hereafter, we suppose the solutions of are H'(Q) regular. To
be complete, we shall raise some comments on what one should change if this assumption is

relaxed every time it is used. [J

Now, instead of working directly with problem , we adopt the following perspective: we
seek (e, h) as the solution of the Maxwell model in a weaker, broken space which relaxes
continuity and localizes computations. Ultimately, we find that the approach allows for the
construction of e and h using local problems. From this perspective, we first partition
the space-time domain © x [0,7]. We discretize the time interval [0,7] in N + 1 points
0=ty <ty..<tn_y <ty =T, with N € N*, (not necessarily) equally distributed, define
I, := [tn—1,t,] and collect them in the set Ta;, where At := max,— _n |[,|. The partition
of the space domain (2 can be general (as the partitions used in the Virtual Finite Element
method (VEM) [41], for instance). However, we focus here on partitions based on a family of
regular meshes {7y} g0, where H is the characteristic length of Ty. The mesh can be very
general, composed of heterogeneous element geometries. Each element K has a boundary
OK consisting of faces F', and we collect in 07y the boundaries 0K, and in £y the faces
associated with 7z. We denote by & the set of faces on 02, and & := Ex \ &y the set of
internal faces. To each F' € £y, we associate a normal n, taking care to ensure this is facing
outward on 052 for each F' € &. For each K € Ty, we further denote by n the outward
normal on K, and let n%k := n® | for each F C 0K.

We recall that the broken space V given in and the space
W= {ve L*Q) : v|x € H(cwl; K) for all K € Ty} |
are Hilbert spaces with the following respective scalar products

(w,v)v =Y (w,v)k+ > (Vu,Vou)g,

KeTy KeTy
(w,v)w = Y (w,v)xk+ > (Vxu,Vxv)g,
KeTy KeTy
and we denote their induced norms by || - ||v and || - ||w, respectively. Also, the space A

given in is a Banach space when equipped with the following quotient norm

= inf .
lola =gt ol

vxn® |gg=p VKeTy
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We denote by (-, -)7,, and (-, -)a7;, the summation of the respective inner (or dual) products

over the sets K and 0K, respectively, given by

(w,v)7, = >, /Kw~vdw and (@, v)ory, = >, (W V)ox,

KeTy KeTy

where w, v € V and p € A. Here, (-, )5k is uniquely defined via the dual product involving
H '?(0K) and H'?(0K) through

<,u,v>3K::/ V x w~vdw—/ w-V xvde,
K K

where w x n® = p on 9K, and we denote it by (-,-)ar if u € L*(OK). Owing to these
notations and setting
(16) D, = (C°(1n; V) NCH(L,; L*(Q))) x (C°(In; V) N C (In; L*(Q))) x C°(In; A)
we propose the following hybrid version of problem (15): For all I, € Ta,, find (e”, h", A") €
D,, such that
(core™,v)r, — (R",V xv)7, + (A", v)a7;, = (f, v)7,, forallveV,
(Lo h",w)r, + (Vxe',w)r, =0 foralweV,
(17) (p,€")or, =0 forall peA,
€ (tn_1,") =€ Ht,_1,) and h"(t,_1,-) =h" (t,_1,-) on Q,
€’(0,-) =ey, and h°(0,-)=hy att=0on Q.

We emphasize that the first three equations in should be read as being valid for all
t € I, (fixed although arbitrary), and the global solution (e,h,\) is defined such that
(e,h,A) |1, = (e",h",X"), for all I, € Tas, and hereafter we will say that (e, h,A) is a

solution of .

Remark 3. When the V-regularity assumption for solutions is relaxed, the hybrid formulation
(17) still makes sense by replacing the space V by W and interpreting the operator (-, -)ar;,
as the unique density extension to A x W of (-, -)s7;, defined on A x V (see Appendix A
for details). O

Observe that the variables in belong a priori to a larger space than the solution of
the original problem . However, the space of Lagrange multipliers imposes H (curl; 2)-
conformity on the solution and respects the boundary condition e X n |gq = 0. Also, problem
has a unique solution (in the sense of Remark[3)) where (e, k) coincides with the solution
of problem ([15]). These results are summarized next and the proof detailed in Appendix A.
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Lemma 4. The function (e, h, X) is the solution of if and only if (e, h) solves in
the sense of Theorem [l Furthermore, it holds

(18) A=-n"xh on(0,T)x0K.
Remark 5. Absorbing boundary conditions can be prescribed in (14]). They are taken into

account as a natural condition within the hybrid formulation . Indeed, assume that the

following boundary condition is set on a subset 024 of the boundary 0f2
(19) nxe—nx(ahxn)=nxg on (0,T)x 00y,
where the given right-hand side g is defined by

g:=e€,—ah; xn and a? = &flu.

The functions (e;, h;) are the incident electric and magnetic fields, respectively. Hence, using
equivalence ([18]), condition ((19) is prescribed by replacing the third equation in by

(1, €)om; = (1, 9)oa, — (B, aX)on, forallpeA.
O

We are ready to propose an equivalent global-local formulation to which turns out to

be more convenient to build “divide and conquer” numerical algorithms.

3. A GLOBAL-LOCAL FORMULATION

Rather than selecting a pair of finite subspaces of V X V x A at this point, we rewrite ((17)
in an equivalent form which is suitable to reduce the statement to a system of locally- and
globally-defined problems. Such an approach guides the definition of stable finite subspaces
composed of functions which incorporate multiple scales into the basis functions.

First, observe that problem is equivalent, for all I,, € T, to find (e, h",A") € D,
such that

(20) (, €M), =0 forall pe A,
(e0e",v)k — (", V xv)g = (f,v)xk — (A", v)ox ,
(21) (4 Ooh™ w) + (V x " w)x =0,

e”(tn_l, ) = e"_l(tn_l, ) and hn(tn_l, ) = hn_l(tn_l, ) on K,

for all (v,w) € V(K) x V(K), where (€°(0,-), h°(0,-)) = (eo, ho) and V(K stands for the
space of functions in V restricted to K. The corresponding electric and magnetic fields in
— respect the classical energy principle. This is the subject of the next lemma.
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Lemma 6. Let € : (0,7) — R be defined as follows

(22) E(t) := ;(5 e.e)r, + ;(,u h.h)r, .

where (e, k) solve (20)-(21). Then, it holds
t

(23) () = €(0) + / (f.e)7, forallte (0,T).
0

Proof. Let I,, € Ta;, and choose e™ and h" as test functions in the first and second equations
of , respectively. This leads us to

(coe™ e")x — (h",V xe")kg = (f,e")x — (A", "ok,
(24) (,U, 8th”, hn)K + (V X e", hn)K = 0,
€ (th1,") =€ t,_1,-) and h"(t,_1,-)=h""'(t,_1,) on K.

Summing up the resulting equations over all the elements K of Ty, we arrive at
(25) (eoe™, e")r, + (noh™ R )7, = (f,e")7, — (A", €")or, -
Next, using equation in , we get
(o™, e") gy + (LOh"  h") 7y, = (f,€")7 ,
and from the regularity of e”, we conclude that
(26) i€ = (f.€)7 -
The result follows by integrating in the interval [0, t], with t € (0,7). O

Notice that implies that e and h can be computed in each element K € Ty from
f and X once the latter is known. Owing to this property, we can use the linearity of the

Maxwell operator to decompose the fields as follows
(27) e"=e"+e"f and h"=h"*+h"" forallne{l,. N},
where (e™*, h") satisfies

(0™ V) — (W™ V x v)g = —(A", v)gx  for all v € V(K),
(28) (O™ w) g + (V x €™ w) =0 for all w € V(K),
e”)‘(tn_l, ) =0 and hn)‘(tn_l, ) =0,
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with (e, h"*)(0,-) = 0, and (e™f, h™¥) solves
(c0,e™F V) — (W™, V x v)x = (f,v)x forallve V(K),
(29) (Loh™ W) + (V x e™f w)e =0 forall we V(K),
en“f(tnfl; ) = enil(tTLfl? ) and h’n’f(tnflv ) = hn_1<tn717 ) )

with (€%, h%%)(0,-) = (e, ho). The corresponding strong versions of and (meant
in a distributional sense) were anticipated in and , respectively. Also, the initial
boundary value problems and are well-posed as proved in Lemma (see Appendix
A).

Owing to characterization and replacing it in (20]), we can rewrite the global problem

in an equivalent form in which the Lagrange multipliers are the leading variable, i.e.,
for each I,, € Tay and t € I,,, we look for A" (¢) € A such that

(30) (1, €"Nor, = —(1, € )oy, forallpe A

Remark 7. If an absorbing boundary condition is prescribed on 924 C 052, then from
Remark [5, equation becomes

(1, €"N)ory + (1, @ X)a0, = — (1, €™ )ary, + (11, 9)o0, forallpe A

4. SPACE-TIME DISCRETIZATION: THE FIRST LEVEL

Since A uniquely determines e*, it is enough to select a finite dimensional space Q%' of
C°(0,T; A) (possibly non conform) in order to discretize problem in space and time.
To this end, we define Py(I,,) the space of piecewise constant functions in the time intervals

I, € Ta¢, and set Ay C A as the following polynomial space
(31) Ay = A" = {py €A : pylp €ePP(F)? foral F ey} .

Here, the space P*(F) is the space of discontinuous polynomial functions on F' of degree
less than or equal to [ > 0 and defined on an equally spaced partition of F', composed of m
elements (m > 1). In what follows, the space A; stands for A;.
Owing to these choices, we set
(32) 7= P Po(l,) ® Ay,
In€TA¢

where Ay is given in , and observe that such a space is nonconforming in C°(0,T, A)

with respect to the time variable. This corresponds to the simplest space-time element.
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More involved time interpolation choices may be used with the upside that the conformity is
recovered. It is worth mentioning that the simplicity of associated with its second-order
accuracy in time (see Section @ makes the space the best compromise between precision
and computational cost.

Next, mimicking , the one-level approximated fields are decomposed as follows
(33) el = e +e™f and R} =AM 4+ R

and the one-level MHM method results from the standard Galerkin method applied to (30]),
i.e., for all I, € Tas, find A}, € Ap such that

(34> (H’HJ envAH)aTH = _<H’H7 emf)aTH for all Ky € AH;

where Ay |, = A%. The function (e™f, h™7) solves and, using (28)), the function
(™A B satisfies

(coe™™ v)  — (A" V xv) = —(A},v)ox  forallv e V(K),
(35) (LOh™ M w), + (V x e w), =0 foralwe V(K),

"M (ty_1,-) =0 and R (t,1,-) =0 onQ,

where €®*7(0,-) = 0 and h"*(0,-) = 0. Well-posedness of follows from Lemma
(see Appendix A) and the corresponding strong problem associated to is given in ({10
(with A" replaced by AY})).

We analogously define the one-level global electric and magnetic fields ey and hy such
that their restrictions to I,, € Ta; coincide with e}, and h%;, respectively. Hence, the local
conservation property of their exact counterpart (under the same assumption (13[)) holds

following the proof in Lemma [6] Specifically, the discrete energy €y given by

1 1
(36) Eu(t) = 5(5 e, en)ry + 5(# hu, i),

is preserved as follows
t
(37) €ult) = €ul0) + | (F.en)r,.

It is instructive to consider (e™*# h™*!) in more detail as it plays a central role in
(34). Let {,}, with i € {1,...,dim Ay}, be a basis for Ay and set {¢;1;,}, with (i,n) €
{1,...,dim Ay} x {1,..., N} a basis for Q%', where 1;_ stands for the characteristic function

of I, € Tar. If B € R are the corresponding degrees of freedom associated to the basis of
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Q45 then we write

dim Ay

(38) Ay = > B, forallne{l,.,N}.
=1

Now, define the set (7%, n/"") € Dp,xD,, withi € {1,...,dim Ay}, such that (9]¢, n7"™) |k x1,
satisfies the following Maxwell problem, for all K x I, € Tg X Tay,

(5 om; e, 'v)K — (n?’h, V x 'v)K = —(¢,;,v)sx forallv e V(K),

39
(39) 7 8m?’h,w)K +(V x n?’e,w)K =0 forallw e V(K),

where (97(tp_1,-), 07" (t._1,-)) = (0,0). Here 1), changes its sign according to the sign of
nk . n, for each F C K, as a consequence of Ay in . As a result of and , we
can write (€™, h™*) the solution of in the following form

dim Ay dim Ay

e — Z Brne and h™M = Z Bral on I, € Tar,
i=1

i1
and then from (33)), on each I,, € Ta; we get

dim A dim A
(40) el = > Bimic e and hi = 3 Pt +h
i=1 i=1
The one-level approach assumes that closed formulas are available for (n;"¢
(em, ! ). As such, to compute effectively, it remains to obtain the degrees of freedom
Br. To this end, we use the face-based global formulation evaluated on N discrete
time-steps (one per time slab I,,). Indeed, replacing in it follows that (3}, for
ie{l,..,dim(Ay)} and n € {1, ..., N}, satisfy the following discrete system

,ni"™) and

dim Ay
> 6;"‘/ P, ds = — Z/ @, el ds forall j € {1,..,dim(Ay)},
i=1 KeTy oK KeTy VoK

where ;"¢ and e™¥ are evaluated at one time per interval I,, € Ta, (for instance at ¢, /2=

tn— 12+tn ) .

Remark 8. Observe that problem is equivalent (in a distributional sense) to the following

strong problem

edm; ¢ —V x n?”h =0 inl,x K,
pOm"+Vxne=0 inl, x K,
) n® xnl =, on I, x 0K,

N (ty1,) =0 and nP"(t, 1) =0 in K.
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Thereby, the functions (n;", n?’h) are in one-to-one correspondence with the basis 1, and are
responsible for the upscaling since they are designed to naturally incorporate the influence of
physical coefficients and geometry. This multiscale basis spans a conforming local subspace
of D, x D,,. As usual, the global basis functions (¢, n?) and (ef, h') are defined such that
their restrictions coincide with (¢, n/"") and (e™¥, h™¥) on I,, € Th,, respectively, and we
notice that the support of the multiscale basis functions is restricted to two elements K € Ty

with clear (positive) impact on the sparsity of the underlying matrices. [J

Remark 9. The one level MHM method is non-conforming in H'(Q2) as the normal compo-
nent of the variables may be discontinuous across faces, for all t € (0,7"). On the other hand,
it is a H (curl; Q)-conforming method for the magnetic field since its tangential component
is continuous across faces (see (10]) O

As mentioned, the one level MHM method assumes that the basis functions (n¢, n®) and
(ef, h') are known exactly. However, this is generally not feasible, meaning a second level
of discretization is necessary to make the method practical. This is the subject of the next

section.

5. THE TWO-LEVEL MHM METHOD

5.1. The semi-discrete MHM method. We discretize local problems (or (41))) and
(29) with respect to the space variable by selecting a local finite dimensional space V,(K)
whose functions are defined over a regular partition of K, denoted by {7;LK } 10" Such a
partition may differ in each K € Ty and h denotes the characteristic length of T,X. Also,
let EF be the set of faces on 7,7, and EX be the set of internal faces. To each face v € EX
we associate a normal vector n, taking care to ensure this is facing outward on J7, for all

7 € T,X. The global finite dimensional space is then given by

(42) V= P VilK),
KeTy
and on top of a second level numerical method is proposed. First observe that the
MHM algorithm is quite general, and standard face-based elements [34] or nodal continuous
stabilized methods [9], for instance, can be incorporated into the MHM algorithm at this
point.
In this work, we focus on a simple nodal, non-conforming finite element space defined as

a piecewise discontinuous polynomial space in each element K € Ty, i.e., V,(K) ¢ V(K) is
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given by
(43) Vi(K) = {v, € L*(K) : vy|, € P*(7)]® forall 7€ K},

where P*(7) is the space of polynomial functions on 7 of degree less than or equal to k > 1.
Notice that, whatever choice of numerical method we make at the second level, the format
of the global problem remains unchanged and reads: For all I,, € Ta,, find A}, € Ay such
that

(44> (H’HJ eZ’AH)aTH = _<H’H7 er)aTH for all My € Am,

Ag

where e]"*" and e}"¥ belong to V), (as well as the corresponding b} and h}"7). They
correspond to the second level approximation of €»*# and e™¥. As a result, the semi-discrete

approximation of the exact solution is given by
(45) (e.h) = (emn harn) = (€ +ef . hy +hf),

where, as usual, the global functions in time (e)”, hj*) and (ef, h{) are defined through
their local (in time) counterpart (e}, hj"*) and (e}"?, hj"T).

Now, we detail the non-conforming method [21] to compute the semi-discrete basis func-
tions of (ep”, ") and (ef, ef) needed to solve (@4)). Seen as an alternative to the standard
Galerkin method on continuous polynomial interpolations, the discontinuous Galerkin (DG)
method (within the MHM framework) consists of relaxing the continuity of the interpolator
on the faces v of a sub-mesh 7, for all K € Ty. Such an option can be particularly at-
tractive when high-contrast heterogeneities still persist within local problems, making their
resolution computationally expensive. In these cases a second level of parallelization may be
needed. Another important application of the DG method lies when material interfaces are
not aligned with faces. In such a case, the space A" in with m > 1 must be adopted,
and then, it is important to take into account such discontinuities with precision within the
second level approximations. This attractive feature of the MHM method will be explored
in the numerical section (see Section @

To introduce the DG method proposed in [2I] in the context of the MHM methodology,

1
we need first some extra notations. Let us denote by {v,} := 5 ((vn) |+ + (vp) |+) the mean
value of a vector function v, on faces v € EF (with 7 and 7/ being the two elements sharing
the face ), which coincides with the value of v, if v C 9K. We define the jump on a face

v € EF as follows

(46) [vi] :==n] x vy |, +n] x v |y onyCIrNIT where 7, 7 € T,X,
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with [v,] = nl x vy, |; if ¥ C 9K, and the inner-products on the sub-mesh TK are given by

(" )7'hK = Z ('7 ')T and ('7 )S}{{ = Z ('7 ')7'

K K
TET, VEE},

Owing to these definitions, and for each K € Ty, the DG method applied to (35)) consists
of finding (e}, hj*) € CO(I,, Vi(K)) x CO(I,, Vi(K)), for all I, € Tas, such that

(e Orep ™ ’Uh>ThK — (R, V x vh>7-K + ({P ) Tonl)ex = —(Ah,vn)ox
(47) <M ach’AH>wh)TK + (eh ",V X wh>TK - ({eZ’AH} ) [[wh]])sK =0,
h h
ez AH (tnfl, ) =0 and hZ)\H (tnfl, ) =0 y

for all (v, wy) € Vi(K) x Vi (K), with e (0,-) = 0 and hY?(0,-) = 0. When applied
to (29), it becomes to find (e}, k') € V},(K) x V,(K) such that

= ({Ri} TorD)ere = (Foon) 7
(48) (,u 8ch’f,wh)T - - (eh ,V X wh>7_hK + ({eh } [wx]) e = 0,

ez’f<tn717 >_ eh 1(tn717') and hh (n 1 ) hZ 1( n717'>>

(5 dept vh)TK (hzf, V x vh)

for all (v, wy) € Vi(K) x V,(K), with €27(0,-) = ey and h¥(0,-) = hy. Here ey and
hy must be understood as well-chosen projections of the exact initial conditions in the sense

that such approximations do not undermine convergence rates.

Remark 10. The second level discrete energy given by

1

H,h =z 8ef‘[,hael'f,h T % H,hs "YH,h)TH >
Eunlt) = 5 i+ i B )

5
where (eyp, hpgy) are given in (45)), fulfills the following energy principle

Ealt) = €xn0) + [ (f eni),

The proof of this result follows closely the one in Lemma [0} using the central flux formulation
presented in the DG method [31], and the global problem ({44). We refer to [3I] for the further
details. [J

5.2. The fully discrete MHM method. In this section, we devise the fully discrete two-
level MHM method by setting up a time-marching scheme for the local problems and
. An explicit local finite difference time scheme is proposed which yields an effective
MHM method. It turns out that, after some manipulations, the scheme is equivalent to the

second-order leap-frog time scheme.
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First, we need some additional notations associated to the (local) time discretization. We
decompose I,, in a (non necessary) uniform partition, i.e., t, = 10 <tl < ... < thr =4,
with N, € N* and AtF = t5*1 —¢* and k = 0,..., N, — 1, and set At, = B AtF.
Observe that such a partition can be set differently in each element K € 7Tj,, which naturally
induces a local time stepping scheme. For sake of clarity, we drop such a dependency in the
notation. Next, we explore the intrinsic local time stepping of the MHM method within a

simple framework by assuming that Ta, is uniform with characteristic length At :=t,,,1 —t,.

Moreover, for each I, € Ta;, we consider a three point subdivision 2 = ¢, t} = Tﬂ
and t2 = t,,1 (observe that t} =t ) for the electric field and a two point subdivision

t9 =t, and t} =t,,, for the magnetlc ﬁeld.

We denote e@fh (resp. h"HZh) the approximated field of €}, (resp. Rl ;) at the discrete
local time t;,7 € {n—1,n— ;, n} (resp. i € {n—1,n}). On each I,,, we propose the following
scheme to approximate (€}, by ;) at time ¢;, adopting the DG method in space presented

in the last section:

geHh A_teH,h Lo, (hnn 1 VX’Uh) {hnn 1} [[vh]]

_<)\nH_17 vh)aK + (fn_lu /Uh)ThK )

hnn ! n,n—= nn—x
,uHh—,wh —i—(eh}h 2 wah) —({eH’JL 2}, [['wh]]> =

(49) h
en,n en n—%
h h , ,
st | = (B Y ) o)+ (R Toader =
2 ThK
- ()‘nHv vh)aK + (fna Uh)’TK ’
67;{7; 1 e'r[zijhl,n—l and hnn 1 hn 1,n— 1’

with the initial conditions e(}{’?h = ey and h?{’?h = hy. Interestingly, by rearranging the
contribution terms from each I,, € Ta;, we recognize the explicit second-order leap-frog time

1 1
. . n+sz n,n+zx
scheme. In what follows, we lighten the notation and use ey ,> and h% , to mean e, 2

and hj;',. As a result, the fully discrete MHM method reads: For all n € {1,..., N}, find
(8?;12, Fh Af) € Vi X Vi X Ay such that

(50) (st €5y o, =0 for all py € A,
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n o hn—l
(p R ) = (e} .V x wh)x + ({eini} [[wh]])
(51) e s
( %,w)ﬁ = (f" on)rx + (R}, V % 'vh> — ({ny,), [['vh]])
- ()\H>Ivh)8K7

1
for all (vy,wy,) € Vi (K) x Vi, (K). Here we set e}, = g + e AtV x hg and h};, = hg
and £ = f(t,).

Remark 11. The DG method naturally increases the number of degrees of freedom needed
to approximate the basis functions. However, we recall that this is an attractive alternative
since the two-level MHM method would now enjoy the flexibility to be implemented using a

multi-level parallel strategy. [

It is important to verify the conditions under which the discrete energy principle associated
with the solution of the fully discrete MHM method — is preserved. Such a stability

result is closely related to a CFL condition as shown next.

il
Lemma 12. Let QEHThQ be defined as follows

n 1, » n 1
(52> @ +2 = 2(56H+h 7eH+h) (Mh’Hh7hn+1) fOTTL: 17"')N7

n+i n+i | .
where (eHThQ, 7.n) s the solution of (BO)-(B1). Then, QEHT,LQ is a quadratic form under the
CFL condition At < C h (where C is a generic constant, that is independant of At and H,
and h), and it holds

n n+2

1
(53) ¢y +2 = @Hh + At(f € +6Hh)TH forn=1,...,N.

Proof. Take eHh + eHh as a test function in the first equation of (51) and hj, in the
second equation of (51]) evaluated at time-steps n and n + 1, to get

(54)
eZJJrh% - eH_hl n+j n—3 n n+l n—1i " n+l nl
(gTveHﬁQ + eH,h2)7—hK = (f 7eHh2 + eH,hZ)ThK + ( H7h,V X (eH,h2 + eH,h2>)7'hK
n n n—1
({h h} [[eHh +6Hh2]]) — ( HveHh2+eHh)3Ka
O
(MM’ ) e = — (€50 ¥ % i)+ ({ein | Il
At T gk
hn+1_ ?Ih n+
(“T h?Ih)T (eH,f,V X hHh)TK + ({eHh } [RY h]])
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Now, summing up the above equations over K € Ty, and using the properties of fluxes (see
[31, 21] for these standard arguments), we arrive at
1

+ +3 L
S e et — (eint el + (nhf B — (bl By e
KeTy

"
=At ) {(f eHh +6Hh) — At( H?eHh +€Hh)84-
KeTy

From (50) and using definition , it holds

n—1

nt+i 1 n n+% n—%
(55) Cpyp — €y = iAt(f et ey )Ty -

1
Furthermore, under the CFL condition At < C'h (see [21]) the fully discrete energy QSZT}LQ

1
is a quadratic form in terms of the unknowns. Indeed, the term i(u Ry s hHh)TH can be

1 1
rewritten as §(u Ry W) + (u R}, R — R )7, Using the third equation in (54)),
and integrating it by parts, it holds

1 n n At n+i n
(56) (MhHhah +1 kg = > Z {(V X ey, Hh)TK +< ]] {h h}> }
KeTy
The result follows using inverse inequalities for both of the terms on the right-hand side of
(56), and absorbing the negative contributions of the L*-norm of R, and eanhﬁ into the

corresponding positive terms that define the energy function (under the CFL condition). O

Now, in preparation for the practical algorithm induced by the MHM method —,
we remark that the system — may be decoupled once we bring out their dependency
on the solutions from the previous time-step. Indeed, owing to the linearity of problem ,

ntld
the electric field e Hfh“’ decomposes as

(57) e?;rhi = /\n+2 +e fn+2 ;
1

where the functions (e;}’ h+2 : e{’n+2) satisfy

1 )\nJr n

At<6eHh 2vn) e = —(Af,vn)ox s
(58) (el ), = (f Ry, V

At (6 =7 7vh)K - (f 7vh)K + ( H,h> X vh)ThK

n 1 n—%
- ({hH,h} ) [[’Uh]])ggf + Kt(g 6H7h2avh)K
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A3 fi . . : :
and we chose (e7? Hh» €h 2) as a (convergent) approximation of their continuous counterpart.

Regarding h7;,, it appears (again) from using the following post-processing

1 1 n3
(59) Kt(ﬂ h?[,hvwh)K At< h’Hhvwh)K — (€’ V x wh)”fhK

1 1 o1

At (5 el awh>K + ({eH,h2} ; [[’wh]])g,{f ;

where hOHﬁ = hy. Finally, substituting in yields the following global problem
formulation: Find A}, € Ay, for n € {1, ..., N}, such that

An+3 fnts
(60) (:U’Ha €un )BTH (N’Ha € " Q)BTH for all py € Ap.
6. NUMERICAL RESULTS

This section starts with a description of the algorithm underlying the two-level MHM
method presented in Section [l Then, an extensive validation of the MHM method through
two numerical tests in two-dimensional domains (see the Transverse Magnetic model in
Appendix B for details) is presented. Theoretical aspects of the MHM method are highlighted
in the first test, for which an analytical solution is available. We focus on convergence aspects
of the MHM method, conservation properties, and comparison with the standard DG method
proposed in [3I]. The second test assesses the capacity of the MHM method to deal with
heterogenous media on coarse meshes, and with interfaces which are not-aligned with the

faces of the partition.

6.1. The staggered MHM algorithm. We outline the steps involved in the practical al-
gorithm behind the MHM method —. To this end, we need some additional notations.

Define the integer numbers

my :=dimAy and mj = dim V,(K).
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Let {1, ¥y, ..., ¥, } and {@, ¢y, ..., qﬁm}zf} be a basis for Ay and V(K), respec-
tively. There exist real numbers 57, 83, ..., 8, and cK ek, el and V?H/Q’K, 7§+1/2’K
’ ’ h

’ Ti,m

.. ,'y:;}l/z’K, with n € {1,..., N} and i € {1, ...,mg}, such that
h

)

mpyg mhK mhK

K K fin+1/2 +1/2,K | K

An = Z B, and ny, K= Zci,l ¢ and e / |k = Z%ﬂ / @ -
i=1 =1 =1

As a result of (58), the functions N5y | satisfy
(61) (emfn o1 ) = —At(h;, b7 )ox for all ¢y € Vi (K).

The problem (60 is equivalent to the following positive-definite linear system
(62) AB" = Frei2,

for alln € {1,..., N}, where (8 )T = (87, 82,..., 7)€ R™#. Note that A is a my X my-

matrix with entries given by
A = (a;;) € Rmixma with  ay; = — (¥, n5,)om,, 1<%, <my,

and F"11/2 is a mpy-vector whose entries are

FrHi2 = (f;) e R™ with  f; == (¢, €[ )or,, 1 <i<mp.
- - S R | -
In what follows, we denote by C, x, Hy ', Ej 2, Ef( "2 and F7. the local vectors com-

— n—1i fn+i
posed by the degrees of freedom of 0%, [, Ry bk, ens i, €, 2|k, and f}|x, respec-

tively. The three first vectors are unknowns and computed using the following MHM algo-

rithm:
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Algorithm 1 The MHM algorithm

1
: Set ey, and h?{,h from the initial conditions ey and hg

1
2: forn=1to N do
3: for K € Ty do
4: Compute the local matrices, with k,1 € {1, ...,mhK} and j € {1,...
Mﬁ( = (m{,ﬁ), mf,g = (5¢ZK’¢’§)EK’ o=1,¢,pu
and
Ky o= (ki) k= (80 V x @) e = ({0 [ Dege
and
Sjk = (sh), s = (1, of ox
5: Compute éﬂ( = {CJKI} from
M, C,x = —AtS, i
6: Compute Hf. = {d?K} from
— — —"nfl
My HY = M Hy ' — AtKg Ejp 2
and update hj;,
mh
n n, K
Hh |K = Z dl ¢1K
=1
—fn 1 n
7: Compute Eﬁ = {’yl H/Q’K} from
P oL S -
Me, EL"7 = Me B 2 + At Ky HY + At ML F.
— = f n 1 . —
8: Assemble M5, C, k. S;x and EX""% into M, C, S and E/n+3
9: end for
10: Solve the global system
ST (ME)—I S Bn — _i ST Ef,n—i—%
C
n+i
11: Update ey’
mH my m
nl " n+1/2,K
S SN DI DI\ T U DI SE ARG
j=1 KeTu =1 KeTy 1=1

12: end for
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Remark 13. Since Step 5 in the algorithm is independent of the time-step n, the vector éj, K
can be computed once and for all at n = 1. Thanks to the structure of the DG method, the
matrices involved in steps 5-7 are block diagonal. As such, they can be factored ahead of time
resulting in explicit local solvers. Also interesting is that the local matrices used to build up
the global system in Step 10 have already been obtained in the previous steps. Thereby, the
global matrices involved in Step 10 can be assembled “on the fly”. Particularly, the “action”
of the inverse of the block diagonal matrix M has already been taken in account in Step
5 through completely independent local problems. This feature makes the MHM method
suitable to be implemented in parallel architectures. Finally, we observe that the left-hand
side of the linear system in Step 10 (Schur complement) corresponds to a symmetric positive

definite matrix.

6.2. An analytical solution. We now asses the theoretical aspects of the MHM method
presented in the previous sections for the two-dimensional Maxwell equations (see Appendix

B). To this end, we consider the analytical solution given by
2
he(t,x,y) = —\g_ sin(2v27t) sin(2 7 x) cos(2my)

hY(t,x,y) = ? sin(2v27t) cos(2m x) sin(2my)

e*(t, x,y) = cos(2v2mt) sin(2 7 z) sin(27y) .

From this choice, we prescribe the dielectric boundary condition e*(¢, z,y) = 0 on 0f2, initial
conditions h*(0,z,y) = h¥(0,z,y) = 0 and €*(0,z,y) = sin(27x)sin(27y) in Q, and the
right-hand side j, (¢, z,y) = 0 in 2. The MHM method is solved with linear (Ay = A;)
and quadratic (Ay = Ay) polynomial interpolation on faces. Regarding the second level, we
adopt a one-element sub-mesh with a P*2(K) interpolation. The convergence is measured

using the following discrete norms:

1/2
[(h—hue—en)l = _max (105" = W3fhl2 g + 1107 = IR G+ e — cifhla)
1
[(h— e = en)amoe = _max (10" = B3y + 50" = B By + e = i)
First, we look at the linear interpolation case on faces (Ay = A;). In Figures [1] and

2, we verify that the MHM method achieves error optimality with respect to H and At.
Specifically, we find that the numerical solutions converge as O(H?) and O(At#?) in the

| - ||co-norm and O(H) in the || - ||curl,co-nOrm.
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FIGURE 1. Optimal convergence history with respect to H (left) and At
(right) in ||[(h — hy,e — ey)|lo norm. Here Ay = A;.
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FIGURE 2. Optimal convergence history with respect to H in the |[(h —

hy,e — ep)|lcul,co norm. Here Ay = A;.

We perform the same analysis with Ay = Ay. The expected optimal convergence rates
are again recovered (e.g. O(H?®) and O(A#?), and O(H?) in the || - [Joo and || - ||curl,co,
respectively). This is depicted in Figures |3/ and [4] (on the left). Interestingly, we found that

the error associated to the electric field is super-convergent (see Figure [4] on the right).
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FIGURE 3. Optimal convergence history with respect to H (left) and At
(right) in the ||(h — hy,e — eg)||c norm. Here Ay = As.
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FIGURE 4. Optimal convergence history with respect to H in the ||[(h—hy, e—
en)|lcurl,co norm with Ay = Ay (left). Super-convergence with respect to H

for the ||e — eg||curco nOrm (right) using Ay = Ay and Ay = As.

Next, we compare the MHM method using linear interpolation on faces (Ay = A;) with
the DG method [31] using quadratic interpolation. To this end, we measure the error in the
| - [|oo and the || - ||curl,co norms. We observe in Figure [5| that the MHM method outperforms
the DG method. Indeed, the MHM method is optimally convergent in both norms whereas
the DG method is sub-optimal (e.g. non convergent) in the || - ||o norm (e.g. || -||curl,co nOTM)
in some cases. It is worth of recalling that the MHM method achieves such an efficiency
despite using the DG method as a second level solver, which validates the robustness of the

approach.
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FiGURE 5. Comparison between the MHM method and the DG method with
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norms.

Also, we verify in Figure @ (left) that the discrete energy is fully preserved in accordance
with the theory. The local magnetic field conservation is investigated in Figure @ (right)
although the method has not imposed such a constraint. Surprisingly, we observe that

maxgery, | [ V - by dx| stays bounded and close to zero as time increases.
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FIGURE 6. History of the discrete energy conservation (left) and history of

the local magnetic field conservation (right). Here Ay = A;.

6.3. A nano-waveguide problem. This is a prototype problem of a photonic crystal struc-
ture in the emerging nano-photonics area [30]. The idea here is to simulate an idealized
waveguide device before it has undertaken an optimization procedure to maximize perfor-
mance of directional transmission (see [40] for an example). The photonic-crystal-type rep-
resents a nano-structuring device encapsulated in a 10 x 10 square which is composed of 15

cylindrical holes of radius 0.3125 apart 0.005 and enclosed inside a unit square domain (see
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Figure @ Here ;4 = 1 and the value of the permittivity ¢ corresponds to silicium within
the holes (e = 3.14), silica (¢ = 1.5) in the device enclosing the holes, and surrounding air
(¢ = 1). We use absorbing boundary conditions with an incident plane wave of frequency
0.5 (see Remark [f]).

We solve the problem for a time period equal T' = 5/ V2 and set At = 1072, First, we
adopt the DG method [31] on top of a quadrilateral mesh composed of 65, 536 elements using
quadratic interpolations to compute a reference solution. This leads to 589,824 degrees of
freedom. We set a first coarse mesh with 256 quadrilateral elements (see Figure [7] on the
right). On top of this mesh, we use the MHM method with Ay = A}, and arrive at 8,704
degrees of freedom total. Sub-meshes account for 64 elements with quadratic interpolation.
As such, the total number of degrees of freedom associated with the approximation of the
basis functions is 147, 456. We recall that such a basis computation is completely independent
to one another. A comparison between the reference electric field computed on the fine mesh
and the one obtained from the MHM method with its overlying mesh is depicted in Figure
B Observe that both electric fields coincide and that the MHM method is able to precisely

account for the impact of crossing-face interfaces on the solutions.

FIGURE 7. Coarse meshes.

Next, using a much coarser mesh of 64 elements (see Figure [8 on the left) with Ay = A{°,
we observe in Figure [J] that the solution remains fairly close to the reference. Although,
this corresponds to only 4, 608 degrees of freedom, the approximate electric field shows good
agreement with the reference solution (see Figure [J] on right). Also on Figure [9] (left), we
present the approximate electric field using the DG method [31] on a mesh of 1024 elements
with quadratic interpolation (corresponding to 9,216 degrees of freedom). As expected, the

solution from the DG method is less precise since the mesh is not-aligned with the material
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interfaces. As a conclusion, the MHM method provides an accurate framework to simulate
wave propagation phenomena on coarse meshes when faces are non-aligned with interfaces.

The upshot is that the shortcomings found in standard finite element methods are overcome

]

when they are used as two-level solvers within the MHM method.

LA

]

FIGURE 8. The electric field using the DG method with 589,824 d.o.f. (left)

and using the MHM method with 156, 160 d.o.f. (right) at time ¢ = 5.

FiGure 9. Comparison between the electric field on a mesh of 9,216 d.o.f.
from the DG method (left) and on a mesh of 4,608 d.o.f. from the MHM
method (right). Here t = 7

7. CONCLUSION

This work introduced the foundation of the MHM method for the Maxwell equations in

the time-domain with heterogeneous coefficients. It relied on independent local Maxwell



THE MHM METHOD FOR THE MAXWELL EQUATIONS IN HETEROGENEOUS MEDIA 31

problems to devise basis functions which are brought together by a one-field face-based
global problem. As a result, the approximate electric and magnetic fields are driven by
face-based degrees of freedom as they are obtained from a simple processing of the Lagrange
multipliers. A discontinuous Galerkin method combined with a leap-frog scheme was used
as a second-level solver to approximate the local Maxwell problems, which made the MHM
method practical. With such a choice, the present method is shown to be optimally conver-
gent and achieve high-order accuracy in space (and second-order in time), with the upshot of
preserving a discrete energy principle. In addition, the approximated electric field was found
to be superconvergent. The MHM method naturally embeds an upscaling procedure which
turns out to be suitable to simulate wave propagation problems in highly heterogenous media
on coarse meshes. We conclude that the MHM method, which is particularly adapted to
parallel computing environments, emerges as a realistic option to handle three-dimensional
wave propagation problems in highly heterogeneous media as found in the nano-photonic
field. Nevertheless, some open questions still remain, such as the cost-effectiveness of the
MHM method on modern parallel environments when compared to other domain decompo-
sition approaches, and its numerical analysis. These important subjects will be addressed in

forthcoming works.

8. APPENDIX A

This section outlines the proof of the main lemma used throughout the manuscript.

Lemma 14. Let L be a linear continuous form on W. Hence, L vanishes on H(curl; Q) if

and only if there exists a unique p € A such that
L(v) = b(p,v) forallveV,
where b is the continuous bilinear form on A x V defined by
b(p, v) = (1, v)ory, -
Furthermore, b can be uniquely extended to continuous bilinear form b on A x W such that
L(v) = b(p,v) forallveW.
Moreover,

(63) Hy(cwl; Q) = {ve W : b(p,v) =0 for all p € A}
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Proof. Denote by W* the space of continuous linear forms on W for the norm induced by
the scalar product (-, -)w. Since L belongs to W*, then from the Riesz-Fréchet Theorem, it
holds that there exists f € W such that L(v) = (f,v)w. This can be rewritten as
(64) Lv)= > (fiv)x+ > 0,V xv)k

KeTy KeTy

with f € L*(Q), and p = V x f € L*(K) for all K € Ty. Since L vanishes on H(curl; ),
we get

> (fiv)k+ D (P, Vxv)g = 0 foralwve Ho(cur;Q),

KeTw KeTy

and then, it holds
(f,v)a+ (p,Vxv)g = 0 forall ve Hy(curl; Q).

As a result, we have f = —V x p which implies that V x p € L*(Q) (in a distributional
sense) and then p € H (curl; 2). Also, from and the characterization of f, it holds
(65) Liv)=—- > (Vxpv)x+ > (p.Vxv)x,

KeTy KeTy
and then using Green formula, and p € H (curl; ), we arrive at
(66) Liv)= > (pxnf v)sx forallveV.

KeTua

We conclude there exists u € A (e.g. p:=p x nf on K, for all K € Ty), such that
(67) L(v) = (p,v)s7, forallveV.

Let us prove that p is unique. Suppose that

(68) (n,v)or; =0 forallveV.

From the surjectivity of the trace application from H'(K) to H %(8[( ), we deduce that
p=0in H *%(8.}( ), for all K € Ty, and then uniqueness follows.

Now, since V is dense in W and b(, -) is uniformly continuous on V with respect to the
norm || - ||w, b(u, -) can be extended in a unique manner to W by density. Let us denote by
b(p, -) such an extension, for all given € A. By the uniqueness of this extension, b(-,-) is
also a bilinear form, which is also continuous on A x W as it is an extension (by density) of
a continuous bilinear form. Furthermore, since L and b are continuous on W and coincide

on a dense subspace, we get

L(v) = b(p,v) forall (p,v) € A x W.
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Let B € L(W,A’) be the linear operator associated to b, and B’ € L(A, W') its adjoint.
We recall that the polar space of a set X C W is defined by

(69) X:={leW :l(v)=0 foralwveX}.

We proved above that B is an isomorphism from A onto Hg(curl; Q)°, and then the range
of B’ coincides with H(curl; Q)°. Denoting by K er(é) the null-space of operator B, and

using that B is a continuous operator between Banach spaces, we get (see [I3] for instance)

(70) Ker(B) = (Hy(curl;2)°)° = Hy(curl; Q) = Hy(curl; Q)

where we used that H(curl; Q) is closed in W with respect to || - ||w, and then follows.
O

We are ready to prove Lemma [4]

Lemma 15. The function (e, h, ) is the solution of if and only if (e, h) solves ([L5))
in the sense of Theorem [l Furthermore, it holds

A=-n"xh on(0,T)x0K.

Proof. Assume that (e, h,X) € C°0,T; W) x C°0,T; W) x C°0,T;A) solves (L7), and
take I, € Ta;. Using Lemma and the third equation in , the electric field e €
CO(1,; Ho(curl; Q). Next, we choose v and w in Ho(curl; Q) in (7)), and integrate the
second equation in by parts. Using e" € C%(I,; Hy(curl; Q)), the second equation in
holds. Now, integrating the first equation in by parts yields

(71) (A", v)ory, = — Z (n® x ", v)sx

KeTy
and, thus, the first equation in is satisfied in the L? sense in each K € Ty and for
all t € I,,. Observe that equation implies that A" = —n® x h" |5 for all K in Ty
and I,, € Ta¢, and then h" € C°(I,,; H(curl;Q2)). Now, collecting the previous results, we
conclude problem holds for all I,, € Ta;, and

(72) (e",0,e") € C'(1,,; Hy(curl; Q)) x C°(1,; L*(Q2)),
and
(73) (R",0,h™) € C°(I,,; Hy(curl; Q)) x C°(I,; L*()).

Since the fourth equation in imposes continuity at t,, € [0,7], n € {1,..., N — 1}, we get

(74) e € C°0,T; Hy(curl;©2)) and h € C°(0,T; Hy(curl;2)).
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The fields also belong to C*(0, T; L*(£2)) from and the regularity result in (74)), namely,
(75) e € C°0,T; L*(Q)) and 0,h € C°(0,T; L*()).

We next verify that the divergence constraints in are satisfied in [0,7]. We begin
proving the result in the time interval Iy := [to, ;] by testing problem with V3, Vn,
where (3,n) are infinitely differentiable functions with compact support in 2. As a result,
for all t € I, it holds

(76)

(6 at 617Vﬂ)TH + (A17V6)OTH - <f7 VB)TH 5
(:u at hl,V??)TH + (V X elavn)TH =0.

Using that V3 € Hy(curl; Q), it turns out that (A", V3)a7,, = 0 since A(t) € A forall t € I;.

It results that (in a distributional sense)

(77) OV -(ce)=V-f and OV-(uh')=0 inl; xQ,
and then from and , we get
(78) V-(ce')=p and V-(uh')=0 onl.

Following the same reasoning, we prove that if

(79) V- (c€)(tn1) = p(tna) and V- (uh")(tn1) =0,
for all n € {1,..., N}, then it holds

(80) V-(ee")=p and V-(uh")=0 onl,,

and the result follows.
Now, assume that (e,d,e) € C°(0,T; Hy(curl; Q) N H(div,&;Q)) x C°(0,T; L*(2)) and
(h,0;h) € C°(0,T; H (curl; ) N Ho(div, u; Q) x C°(0,T; L*(2)) solves (15). We define for

each t € (0,7, the following continuous linear form
(81) L : W3v— (e0re,v)r, — (h,V xv)r, — (f, v)7, -

Noticing that L; vanishes on H(curl; ), from Lemma [14] there exists a unique A(t) € A
such that

(82) Li(v) = —(A(t),v)sr;, forallveW.

Here (-, )o7;, stands for the unique density extension to A x W of (-, -)g7, defined on
A x V (corresponding to the operator b(-,-) in Lemma . Thereby, (e, h, A) satisfies the
first equation in on each I, € Tx; and respect the continuity condition at ¢, for each
n € {0, N — 1}. Also, owing to the characterization of Hy(curl;€2) in , the function e
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satisfies the third equation in . Also, the second equation in implies immediately
that the second equation in holds. Next, from the definition of L; in (81]), we arrive at

(83) Li(v) = (ede,v)r,, — (h,V xv)7,, — (f,v)7, forallve W,

and then, we get

Liv)= > (n" xh,v)px forallveW,

KeTy

where (-, -)sx is the extension to A x W of the natural scalar product on 0K defined on
A x V. On the other hand, we have that holds, and then

> A+n" xhv)og =0 forallveV,

KeTy

which leads to A = —n x h on 0K, for all K € Ty. As a result, the assumed regularity
for h implies the claimed regularity for A (and thus for A"). O

Next, we address the well-posedness of the local Maxwell problems.

Lemma 16. Assume, for all K € Ty, that
(i) f €C'(I,; L*(K)), hy € L*(K), ey € H(curl; K);
(i) For any A € A, there exists n; € C*(1,,; L*(K)) such that Vxn, € C°(I,; H(curl; K))
and n® x N = —A" on 0K.

Hence, for all I, € Tay, the problems to find (€™ h™) such that
e —Vxh" =0 inl,x K,
poh" +Vxer=0 inl,x K,
(84) n x k™ = - X" on I, x 0K,

e ty1,-) = 0, K"ty 1,-) =0,
=0 and R =0 in K att=0,

and find (e, h™F) such that

coe™f —Vxh=f inl,xK,

pohf +Vxef =0 inl,x K,

(85) n xh™f =0 onlI, x 0K,

e (th1,)) =€ Htp_1,-), K" (ta_y,") = B (tp_1, "),

e’ =e, and R =h, m K att=0,

are well-posed.
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Proof. We follow closely the strategy proposed in [14, Theorem 2.4.4. page 56]. For the sake
of clarity, we skip the upper-scripts in the proof, and we consider the local problems in I,
with given initial conditions (e,_1, h,_1). First, we write problem in its second-order

formulation with respect to h, i.e.,

(86) p*h +Vxe'Vxh=—f inl,x K,

with the boundary condition

(87) n* xh=0 onl, x 0K,

and the initial conditions

(88) h(tn_1,") =h,_1 and Oh(t,_1,) = - 'V xe,, inK.

The existence and uniqueness for (86)-(88) is proved in [14], provided that f € C°(0,T’; L*(K)),
h,—1 € L*(K) and e,_; € H(curl; K). As for problem (10), take n, € H(curl; () such
that the hypothesis (i) holds. Define h := h — 4, and observe that it verifies

ede—Vxh=Vxng in(0,T)xK,
pdh+V xe=—-0m, in(0,T)x K,
n® xh=0 on (0,T)x 0K .

The proof for problem uses a strategy which is analogous to that used for problem ({85).

That is, we rewrite the system above in terms of a second-order formulation for h, and use

the regularity hypotheses on 1, to further apply the result from [14]. O

Remark 17. Condition (ii) appears to be a restrictive assumption, and a regularization
strategy can be adopt to weaken it. Nevertheless, such a technique brings complexity to the
proofs, and then, we decide not to present such a refinement in this work. Also, hypothesis
(#7) in Lemma [16| can be replaced by the following
(ii) There exists gy € C?(I,,; H(curl; K)) such that 9,n, € H*(I,,; H(curl; K)),
V x (0mg) =0 and n® x ngp = A" on 0K,

and the proof in Lemma [16] follows from the strategy proposed in [10].

9. APPENDIX B

For sake of completeness, the MHM method is presented for the two-dimensional Maxwell

equations (the TM model) in this section. First, we recall that the TM problem consists of
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finding the electric field e, : (0,7) x 2 — R and the magnetic fields h, : (0,7) x Q@ — R and
hy : (0,7) x © — R such that

e e, — Ophy + Oyhy, = j, in (0,7) x €2,
wothy +0ye, =0 in (0,7) x Q,

(89) p0hy — Oye, =0 in (0,T) x 0,

e,=0 on (0,7)x 00,

e.=¢€, hy="hi, h,=h§ att=0, onQ,

where j, is the electric current density, and e, hf and h{ are given regular functions with

values in R2.

Here, the space for the Lagrange multipliers reduces to
(90) A={v- sl € HY20K) foral K€ Ty : v € H(cwl; Q)}

where s stands for the tangential unit vector on 0K. Next, denote by V the space of
functions in L?*() such that their restriction to K belong to H'(K), for all K € Ty. We
skip the intermediate steps leading to the fully discrete version of the MHM method as they
follow closely the three-dimensional case. The notations adopted below are those used in
the three-dimensional case, if not mentioned otherwise. We select Ay C A as the following

polynomial space
(91) Ag = A" ={pg €N : py|r e P]'(F) forall Feé&y},

where we recall that P}*(F') is the space of discontinuous polynomial functions on F of degree
less than or equal to [ > 0, and defined on an equally spaced partition of F' composed of m
elements (m > 1). The two-dimensional version the MHM method using the leap-frog time
scheme and the DG method proposed in [31] adopts the non-conforming finite dimensional

spaces Vi, = @ker, Va(K) ¢ V where

Vi(K) = {ve L*(K) : v|, €eP¥(r) forallTe TN} .
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1
The fully discrete MHM method reads: Find (eHh R D Nl) € Vi x Vi X Vi X Ay,
for all n € {1, ..., N}, such that

nal
(92) (i, €502 oy =0 for all uy € Ay,

1 1
n+3 n—j

e — €
(e =5 on) e + (Bl Ovon) o = (5 Oyon )« = ({ad s [onDee =

(j:, Uh)K - ()\Tf{, Uh)aK )
(93)

_ha:n 1 n—l 1
(“T’wh)K+ (eHh ; Oy wh>K+({6Hh} [[wh]])sK =0,

hyy hy,n 1 n_7
(MHT’Zh)K (et s Oon) i + ({eHh } [2n])ex =0,

for all (vh,wh,zh) € Vi(K)x V,(K)x V3, (K). Here eHh = eg+e At (0.h§—0yhY), hHh =h
and A% #n = ho - The exact electric and magnetic fields obtained from and evaluated at

time-steps n + 1/2 and n, respectively, are approximated as follows:
eltys) e, BE(t) m b and RY(t,) ~ R,

The system . . may now be decoupled in view of its 1mplementat10n To this end,

we first decompose the discrete electric field e}, H No= e?{TQ + f’% and use it in (92) to
get

An+i =ty
(94) (s €4in oty = —(uirse™ *omy, for all i € Ay

ol
Observe that implies that the functions (e}\; h+ ,eZ:ZJrQ) satisfy, in each K € Ty, the

following local problems, respectively,

1 n

At (8 62 h—i_1 ) vh)K = _()\Tllfa Uh)aK )

1 245 . n x,mn
(95) E<€ e +;7Uh)K = (Jzy vn) i — (Wi, Oavn) o + (R, Oyon) .

1 n—1
- ({hnH,h} ) [[Uh]])é'}{{ - E<€ eH,h27vh)K7
and
1 B . 1 B n—1 n—1 P { nf%}

(96) At ('u Hpo W >K N Kt<'u Hh ’wh)K - <6H,h ’ ywh)K +( €Hh >[[wh]])€fa

1 1 _ no1 1l
At (M R hs 2 )K = E(N hiin g Zh);( + (eH,h27axzh)K + ({GH,h2} ; [[Zh]])ggf )



THE MHM METHOD FOR THE MAXWELL EQUATIONS IN HETEROGENEOUS MEDIA 39

A,

PR
with (€3, €,72) = (0,e9 + e AL (9,hY — 9yhY)), hiy), = he and hY, = hf. The two-
dimensional version of the MHM method corresponds to —. The staggered algorithm
associated with — follows similarly to the one presented in Section .

[1]

[9]

[10]

[11]

[16]

[17]

[18]

REFERENCES

A. ABpuLLE, W. E, B. ENGQUIST, AND E. VANDEN-ELINDEN, The heterogeneous multiscale method,
Numer. Math., 21 (2012), pp. 1-87.

A. ABDULLE, M. J. GROTE, AND C. STOHRER, Finite element heterogeneous multiscale method for
the wave equation: Long time effects, Multiscale Model. Simul., 12 (2014), pp. 1230-1257.

C. AMROUCCHE, C. BERNADI, M. DAUGE, AND GIRAULT V., Vector Potential in Three Dimensional
Nonsmooth Domains, Math. Meth. Appl. Sci., 21 (1998), pp. 823-864.

R. ArAyA, C. HARDER, D. PAREDES, AND F. VALENTIN, Multiscale hybrid-mized methods, SIAM J.
Numer. Anal., 51 (2013), pp. 3505-3531.

R. ArAaYvA, C. HARDER, A. PozaA, AND F. VALENTIN, Multiscale hybrid-mized method for the Stokes
and Brinkman equations — the method, HAL 01347517, 2016.

T. ARBOGAST, Analysis of a two-scale locally conservative subgrid upscaling for elliptic problems, STAM
J. Numer. Anal., 42 (2004), pp. 576-598.

T. ARBOGAST, G. PENCHEvVA, M. F. WHEELER, AND 1. YoTOVv, A multiscale mortar mized finite
element method, SIAM Multiscale Modeling and Simulation, 6 (2007), pp. 319-346.

1. BABUSKA AND E. OSBORN, Generalized finite element methods: Their performance and their relation
to mized methods, STAM J. Num. Anal., 20 (1983), pp. 510-536.

S. BADIA AND R. CODINA, A nodal-based finite element approximation of the Maxwell problem suitable
for singular solutions, STAM J. Numer. Anal., 55 (2012), pp. 398-417.

F. BEN BELGACEM AND C. BERNARDI, Spectral element discretization of the Maxwell equations, Math-
ematics of Computations, 68 (1999), pp. 1497-1520.

K. BuscHA, S. FREYMANNB, G. LINDENB, S. F. MINGALEEVA, L. TKESHELASHVILIA, AND M. WE-
GENERD, Periodic nanostructures for photonics, 444 (2007), pp. 101-202.

A. CATELLA, V. DOLEAN, AND S. LANTERI, An implicit dgtd method for solving the twodimensional
Mazwell equations on unstructured triangular meshes, IEEE Trans. Magn., 44 (2008), pp. 1250-1253.
P. CIARLET, Linear and Nonlinear Functional Analysis with Applications, STAM Publication, 2013.
P. CIARLET AND F. Assous, Modéles et méthodes pour les équations de Mazwell (in french). 2003.
B. COCKBURN AND J. GOPALAKRISHNAN, A characterization of hybridized mized methods for second
order elliptic problems, STAM J. Numer. Anal., 42 (2004), pp. 283-301.

B. CockBURN, F. L1, AND C. W. SHU, Locally divergence-free discontinuous galerkin methods for the
Mazwell equations, J. Comput. Phys., 194 (2004), pp. 588-610.

F. CoLuino, T. FOUuQUET, AND P. Jovry, Conservative space-time mesh refinement methods for the
fdtd solution of Mazwells equations, Journal of Computational Physics, 211 (2006), pp. 9-35.

M. COSTABEL, M. DAUGE, AND S. NICAISE, Singularities of Maxwell interface problems, RAIRO
Model. Math. Anal. Numer., 33 (1999), pp. 627-649.



40

[19]

[22]

23]

[24]

[25]

[26]

[27]

S. LANTERI, D. PAREDES, C. SCHEID, AND F. VALENTIN

S. DeEscoMmBESs, C. DUROCHAT, S. LANTERI, L. Mova, C. SCHEID, AND J. VIQUERAT, Recent
advances on a dgtd method for time-domain electromagnetics, Photonics and Nanostructures - Funda-
mentals and Applications, 11 (2013).

Y. EFENDIEV AND X. H. Wu, Multiscale finite element problems with highly oscillatory coefficients,
Numer. Math., 90 (2002), pp. 459-486.

L. Fezoul, S. LANTERI, S. LOHRENGEL, AND S. PIPERNO, Convergence and stability of a discontinu-
ous galerkin time-domain method for the 3d heterogeneous Mazwell equations on unstructured meshes,
ESAIM: Math. Model. Num. Anal., 39 (2005), pp. 1149-1176.

J. GOPALAKRISHNAN, S. MOSKOW, AND F. SANTOSA, Asymptotic and numerical techniques for reso-
nances of thin photonic structures, SIAM J. Appl. Math., 69 (2014), pp. 37-63.

J. GOPALAKRISHNAN, I. MUGA, AND N. OLIVARES, Dispersive and dissipative errors in the dpg method
with scaled norms for helmholtz equation, SIAM J. Sci. Comput., 36 (2014), pp. 20-39.

C. HARDER, A.LL. MADUREIRA, AND F. VALENTIN, A hybrid-mized method for elasticity, ESAIM:
Math. Model. Num. Anal., 50 (2016), pp. 311-336.

C. HARDER, D. PAREDES, AND F. VALENTIN, A family of multiscale hybrid-mized finite element
methods for the Darcy equation with rough coefficients, J. Comput. Phys., 245 (2013), pp. 107-130.
——, On a multiscale hybrid-mized method for advective-reactive dominated problems with heterogenous
coefficients, STAM Multiscale Model. and Simul., 13 (2015), pp. 491-518.

C. HARDER AND F. VALENTIN, Foundations of the MHM method, in Building Bridges: Connections
and Challenges in Modern Approaches to Numerical Partial Differential Equations, G. R. Barrenechea,
F. Brezzi, A. Cangiani, and E. H. Georgoulis, eds., Lecture Notes in Computational Science and Engi-
neering, Springer, 2016.

J. S. HESTHAVEN, High-order accurate methods in time-domain computational electromagnetics, Ad-
vances in Imaging and Electron Physics, 127 (2003), pp. 59-123.

T. Y. Hou AND X. WU, A multiscale finite element method for elliptic problems in composite materials
and porous media., J. Comput. Phys., 134 (1997), pp. 169-189.

J. D. JoanNOPOULOS, S. G. JOHNSON, AND R. D. MEADE, Photonics crystals: Molding the flow of
lught, Princenton University Press, 2008.

S. LANTERI AND C. SCHEID, Convergence of a discontinuous Galerkin scheme for the mized time
domain Mazwell’s equations in dispersive media, IMA Journal of Numerical Analysis, 33 (2013), pp. 432—
459.

R. LEGER, J. VIQUERAT, C. DUROCHAT, C. SCHEID, AND S. LANTERI, A parallel non-conforming
multi-element dgtd method for the simulation of electromagnetic wave interaction with metallic nanopar-
ticles, J. Comput. Appl. Math., 270 (2014), pp. 330-342.

L. L1, S. LANTERI, AND R. PERRUSSEL, Numerical investigation of a high order hybridizable dis-
continuous galerkin method for 2d time-harmonic Mazwell’s equations, The International Journal for
Computation and Mathematics in Electrical and Electronic Engineering, 32 (2013), pp. 1112-1138.
J.C. NEDELEC, Mized finite elements in R3, Numer. Math., 35 (1980).

N. C. NGUYEN, J. PERAIRE, AND B. COCKBURN, Hybridizable discontinuous galerkin methods for the
time-harmonic Mazwell’s equations, J. Comput. Phys., 230 (2011), pp. 7151-7175.



THE MHM METHOD FOR THE MAXWELL EQUATIONS IN HETEROGENEOUS MEDIA 41

[36] D. PAREDES, F. VALENTIN, AND H. M. VERSIEUX, On the robusteness of multiscale hybrid-mized
methods. To appear in Math. Comp. (DOI: dx.doi.org/10.1090/mcom/3108), 2016.

[37) W. PEREIRA AND F. VALENTIN, A locking-free mhm method for elasticity, in Proceeding Series of the
Brazilian Society of Computational and Applied Mathematics, 2016.

[38] D. PETERSEIM, Eliminating the pollution effect in Helmholtz problems by local subscale correction. to
appear in Math. Comp. (DOI: 10.1090/mcom/3156), 2016.

[39] P.A. RAVIART AND J.M. THOMAS, Primal hybrid finite element methods for 2nd order elliptic equa-
tions, Math. Comp., 31 (1977), pp. 391-413.

[40] C.H.S. SANTOS AND H.E. HERNANDEZ-FIGUEROA, Designing novel photonic devices by bio-inspired
computing, IEEE Photonics Technology Letters, 22 (2010), pp. 1177-1178.

[41] L. B. VEIGA, F. BREZZI, A. CANGIANI, G. MANzINI, L.D. MARINI, AND A. RUSSO, Basic principles

of virtual element methods. 2013.

NACHOS PROJECT-TEAM, INRIA SoPHIA ANTIPOLIS - MEDITERRANEE, FRANCE

E-mail address: stephane.lanteri@inria.fr

INSTITUTO DE MATEMATICAS, PONTIFICIA UNIVERSIDAD CATOLICA DE VALPARAfSO - IMA/PUCV,
CHILE

E-mail address: diego.paredes@pucv.cl

NACHOS ProJECT-TEAM, INRIA SOPHIA ANTIPOLIS - MEDITERRANEE, FRANCE & LJAD, UNI-
VERSITY OF NICE SOPHIA ANTIPOLIS, FRANCE

FE-mail address: claire.scheid@inria.fr

COMPUTATIONAL AND APPLIED MATHEMATICS DEPARTMENT, NATIONAL LABORATORY FOR SCIEN-
TIFIC COMPUTING - LNCC, Av. GETULIO VARGAS, 333, 25651-070 PETROPOLIS - RJ, BRAZIL

FE-mail address: valentin@lncc.br



	1. Introduction
	2. Statement and preliminaries
	3. A global-local formulation
	4. Space-time discretization: The first level
	5. The two-level MHM method
	5.1. The semi-discrete MHM method
	5.2. The fully discrete MHM method

	6. Numerical results
	6.1. The staggered MHM algorithm
	6.2. An analytical solution
	6.3. A nano-waveguide problem

	7. Conclusion
	8. Appendix A
	9. Appendix B
	References

