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The Heterogeneous Multiscale Method for
dispersive Maxwell systems*

Philip Freesef

Abstract. In this work, we apply the finite element heterogeneous multiscale method to a class of dispersive
first-order time-dependent Maxwell systems. For this purpose, we use an analytic homogenization result, which
shows that the effective system contains additional dispersive effects. We provide a careful study of the (time-
dependent) micro problems, including H? and micro errors estimates. Eventually, we prove a semi-discrete error
estimate for the method.
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1 Introduction

The simulation of electromagnetic wave propagation in heterogeneous structures has been and
continues to be a challenging task. Especially, the class of metamaterials, first constructed in [40],
attracts high interest due to their extraordinary material properties such as negative refraction,
perfect lensing or electromagnetic cloaking [34, 38, 29]. Those artificial materials consist of
so-called unit cells whose size, denoted by § > 0, is significantly smaller than the wavelength
of an incident wave. While the propagation of electromagnetic waves in general is modeled
using Maxwell’s equations, heterogeneous materials enter these equations via rapidly varying
coeflicients. In the simplest case covered by our analysis, this means that the electric permittivity
€%, the magnetic permeability p® and the electric conductivity ¢® are highly oscillatory, which
is indicated by the superscript 6. Therefore, also the electric field E? and the magnetic field H®
depend on the characteristic size of the unit cells. Given the current density J* = ¢?E% + J¢_ |
the goal is to find the electromagnetic field that is the solution of:

()0, E°(t, ) 4+ o (x)E’ (t, ) — curl HO (¢, 2) = —J%, (t,z), (1.1a)
18 (2)0HO (t, ) + curl B (t,2) = 0, (1.1b)

subject to suitable initial and boundary conditions. Even with modern computer technology,
the resolution of the microscopic and macroscopic scale simultaneously is not possible. Thus, a
suitable multiscale method has to be applied to solve the heterogeneous Maxwell system.

The periodicity and scale separation of the materials under consideration suggests to use
analytic homogenization to derive an effective counterpart to the heterogeneous system. This
homogenized set of equations describes a material that reflects the effective behavior that we
are actually interested in. Except from special cases, however, the effective parameters are not
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known analytically. Instead, they are represented as averages over unit cells and include the
solutions of partial differential equations, the so-called micro problems, posed on the unit cells.
An overview of the method of homogenization is found in [27, 14]. More specific for Maxwell’s
equations, we refer to first results in [37] and [41] for the time-domain homogenization of the
system eq. (1.1). The resulting effective Maxwell system consists of parameters £°, u° and o
which are the homogenized variants of the permittivity, permeability and conductivity. Here, the
superscript © indicates that these quantities result from a suitable limit for § — 0. The effective
electric and magnetic field E°, H? are solution of the system:

¢

"OE (t,z) + c"E° (¢, 2) + / X (t — s)E'(s, ) ds — curl HO(t, 2) = =2, (¢, 2),
0

pPoHO(t, ) + curl EY(t,2) = 0.

The additional parameter x° is a non-local material law, which is solely present due to the
damping of the conductivity. Precisely this expression, describing dispersive effects, is associated
with the experimentally observed properties of metamaterials. This is consistent with physically
derived models for metamaterials, such as the Drude [35] or the Lorentz model [39]. The rigorous
derivation of the effective system is based on the concept of two-scale convergence [33, 5]. We
follow the approach from [8] that includes linear dispersive effects and is thus valid for a far
more general class of Maxwell systems. In [9] even time-dependent parameters are considered.
The latter references use the method of periodic unfolding [12, 13], a generalization of two-scale
convergence.

In this work, we aim to approximate the effective solution using the finite element method.
Since no explicit representation of the effective parameters is available, a direct application of
the FEM is not possible. Thus, we also use the finite element scheme to approximate the
effective parameters. This combination of a macroscopic and a microscopic solver fits in the
framework of the Heterogeneous Multiscale Method (HMM) [15, 4, 2, 16] which provides a
general framework for the solution of multiscale problems. The HMM applied to the Maxwell
system in time harmonic formulation is presented in [10, 23]. An application to the time-domain
Maxwell system without any damping is considered in [25]. As alternative methods to cover
the multiscale character, we mention the Multiscale Finite Element Method [26, 17] and the
multiscale hybrid-mixed finite element method from [21]. The latter one has recently been
applied to an instantaneous heterogeneous Maxwell system in [28]. Moreover, multiscale methods
for the Maxwell’s equations with memory effects are presented in [42]. Finally, we mention the
Localized Orthogonal Decomposition [31, 22, 36]. First introduced for the Laplace operator, it
was shown in [20] that this technique is also applicable to the (stationary) Maxwell system. The
aforementioned multiscale methods are especially useful for unstructured heterogeneities. Here,
however, we consider (locally) periodic structures and thus, the HMM is an appropriate choice.

Our main contribution is the semi-discrete error estimate for the application of the HMM to
an effective Maxwell system including dispersive effects. We extend techniques from [25, 24] to
the integro-differential structure of the effective problem. Moreover, we provide new micro error
estimates that are crucial in the analysis of the proposed method. For these estimates, a H?
result for the so-called Sobolev equation is mandatory, which we also prove.

The structure of this paper is as follows. In section 2, we introduce general damped Maxwell
systems and our main assumptions. We recapture a homogenization result in section 3 and
present a reformulation of the effective Maxwell system. Further, in section 4, we investigate the
well-posedness and stability of the microscopic and macroscopic problems that arise from ho-
mogenization and derive the H? estimate. In section 5 we apply the finite element heterogeneous
multiscale method to the effective Maxwell system. Eventually, section 6 is concerned with the
semi-discrete error analysis, including the examination of the micro errors.



1.1 Notation

Throughout, we use a generic constant C' > 0, which can have different values at each appearance.
Let Q C R3, referred to as the macroscopic domain, be open, bounded and simply connected.
Furthermore, T' denotes the final time of interest, and we introduce the (microscopic) unit cell
Y = (0,1)>. We abbreviate the mean as fy-dy = ﬁ [y - dy. Moreover, with e; € R?, for

j€{l1,...,d} we denote the j-th canonical basis vector of R?. A bold 0 represents a vector or a
matrix with all entries equal to 0. By L? (£2) we denote the space of square integrable functions
over 2, which is equipped with the inner product (-, ")p2(qre) = (+,-) and norm ||-[|2qge) =
|I-II. The Sobolev space of L2-functions with k-th weak derivative in L? is denoted by H" (£2).
Additionally, the space HY, (Y') contains all functions in H' (V') that are periodic and have zero
mean value. Furthermore, the space H (curl, Q) consists of the L2-functions whose weak curl is
also in L2 (2). Finally, to incorporate perfectly conducting boundary conditions, we introduce
Hy (curl, ©2), which is the closure of CJ° (Q; R3) with respect to the H (curl, Q)-norm.

2 The heterogeneous Maxwell system

Throughout, we denote by § > 0 the characteristic length scale of microscopic oscillations. The
parameters in the Maxwell system are assumed to be locally periodic.

Definition 2.1 (Locally periodic parameter). Let § > 0, n € N. A tensor o’ : Q — R"*" is
called locally é-periodic if there exists a tensor a : Q x R? — R™*", which is Y-periodic in its
second argument and a®(z) = « (x, %) holds for almost every x € €.

The example (1.1) fits in a rather general class of (damped) Maxwell systems that describe
a broad class of linear dispersive materials. The dispersion, representing frequency dependent
material response, enters Maxwell’s equations via the polarization and magnetization. Here, we
only consider electric effects, and thus assume that no magnetization is present. This is just for
convenience, and we point out that all results below hold true for magnetic effects as well. We
consider the polarization P? to be given as the solution of an Ng-th order ODE, Ny > 0, which
can be written as a system of first order ODE’s. Therefore, introduce the collection of all time
derivatives of P up to order Ng — 1 as

Po(t,x) = (PO(t, )T 8P (t,x)T ... ONPT'P(t,x)T)" e R*NE
The polarizations that fit in our model are given as solutions of
M3 (2)0,P°(t, z) + Rip(x)P°(t, ) + Rip(2)E (t, ) = O3y, , P°(0,2) = O3, ,

where the dimensions of the matrices are M3, Rip € R3VeX3Ne and Ri, € R3VeX3, Examples
that fit in this framework are the Debye model for orientation polarization or the Lorentz model,
see [8, Section 6]. Now, we introduce the abstract solution

E’(t,x
w(t,z) = | P°(t,z) | e R3ZFNE),
H(t, )
and the parameter matrices
e’(z) Rip(r) Ris(@)
M’ (z) = M3 (z) , R’(2)= | Rip(z) Rip(o)
p () 0



Additionally, we denote the Maxwell operator and the right-hand side as

—curl B9 (t, x) —J8 . (t,x)
A (t,z) = 0 , g(t) = 0
curl H (¢, ) 0

The solution space for the Maxwell system is given as
Ve = Hy (curl, Q) x H (curl, Q)™ x H (curl, Q) . (2.1)

Hence, we obtain a family of electromagnetic fields u® : [0, T] — V™2 that solves the heteroge-
neous evolution problem with perfectly conducting boundary condition

MO ()00l (t, ) + RO (z)ud (t,z) + Au’(t, z) = g°(t, z) in (0,7) x Q, (2.2a)
(0, 2) = ud(z) in Q, (2.2b)
n x ul(t,z) =0 on (0,7) x 00 (2.2¢)

We denote the dimension of this abstract Maxwell system by n := 3(2 + Ng). For the well-
posedness of eq. (2.2) we assume that the parameter M? is bounded and positive definite, i.e.,
M? € L% (€; R"*") and there exist constants a, Cny > 0 such that

a|®? < M (2)® - & < Cpp|®> for all & € R™. (2.3)
The damping parameter R’ is assumed to be bounded and positive semi-definite with
Cr = HR”LOC(Q,R"X") : (2.4)

Well-posedness of eq. (2.2) may be shown using semigroup theory [19, Theorem 3.2.23] or the
Faedo—Galerkin approach [9, Proposition 1].

3 Homogenization of Maxwell’s equations in locally periodic
media

As explained, we are interested in the asymptotic behavior of the solution u® as the periodicity
length ¢ tends to zero. For the initial data and source, we assume

u) — ug strongly in V™% g% g strongly in H! (0, T; L? (Q;R")) . (3.1)

We follow the approach of [8] where the periodic unfolding method [12, 13] is used to derive
the effective system. In [9, Theorem 3], and [8, Theorem 5.1] it is shown that the sequence u’
is uniformly bounded and converges weakly-* to a limit u® in L®° (0,7; V™). The following
theorem states that the effective solution solves a global Maxwell problem in (0,7) x €. In
addition, there exists a corrector u that solves local diffusion problems posed in (0,7) x Y for
x e

Theorem 3.1 ([8, Theorem 5.2]). For§ > 0, let M € L™ (Q; R"*™), symmetric and uniformly
positive definite, and R? € L> (Q; R"*™), be two families of locally periodic parameters. Assume
that the initial condition u and the source g° satisfy eq. (3.1). Then there exists a unique
effective field
EO
u’ = | P’ | e Wh> (0,7;L2 (Q;R™)) NL> (0, T; V™) ,
HO



which solves the effective Mazwell system
t
MO (2)0,u’(t, ) + RO (z)u’ (¢, z) + &, / GOt — s,2)u’(s,z) ds + Au’(t, z)
0

=g(t,x) — IO(t, x)up(x) in (0,T) x 2,
o m Q,
=0 on(0,T)x00.

0(0

u
nxu

O ~—r

The parameters MP° and R? only depend on the macroscopic (slow) variable x. The extra source
JO and the parameter GO result from homogenization, the latter representing additional polariza-
tion effects.

Next, we give an equivalent formulation of the homogeneous system from Theorem 3.1. The
central difference is the formulation of the cell-problems as differential, rather than integral,
equations and the evaluation of time derivatives. Moreover, in the spirit of the HMM, we
transform the unit cell to a so-called sampling domain Y (z) = x + 0Y, x € Q. The measure of
these sampling domains is independent of # and thus denoted by |Y5| . In the following result and
throughout, we use the notation for the component wise gradient. For w = (w1 wd ’U)3)T €
RIFNEFL define Vw == (Vw{ Vw] ng)T eR"™.

Corollary 3.2. The solution u® from Theorem 3.1 is also solution of

MO (2)0,u’(t, z) + RO (z)u’(t, 2) + /t GOt — s, 2)u’(s,2) ds + Au(t, z)
0

(3.3a)
=g(t,z) — I, 2)up(z) in (0,T) x Q,
u’(0)=uy inQ, (3.3b)
nxuj(t,z)=0 on (0,T)x 0N, (3.3¢)
where for i,j = 1,...,n the i, j-th component of the effective parameters and the extra source
are given as
(Mo(m))l,j = ]{/5( )M (LU, %) (ej + vﬂwé\ﬁ(aj?y)) . (ei + vywi\/l(‘rﬂlﬂ) dy’ (343)
(R@)i; = . o B (#5) e+ Vel @) - e+ Dyl @) dy, (340)
(GO (tv ’I))l j = ][ R (1’7 %) vy@j (t, x, y) : (ei + vywivl (ZL’, y)) dya (34C)
’ Y (x)
(JO(t7 z))ij = ]{/5( )R (x, %) Vyw?(t, z,y) - (ei + Vyw%v[(x,y)) dy . (3.4d)

Let N == %. The correctors w}'(z,-) € H, (Y2 (2);RY) solves

/Y&( )M (x, %) (ej + Vyw)(z,y)) - Vyo(y)dy =0 for allv e HY (Y (x);RY) . (3.5)

The time-dependent corrector w; € C*> (O,T; H# (Y‘S (x) ;RN)) that arises due to the damping
parameter R? solves for allt € (0,T) and all v € H%E (Y5 (z) ;RN) the initial value problem

/Ys(w) [M (x, %) oV, w;(t,z,y) + R (:v, %) Vyﬁj(t,@y)] V() dy =0, (3.60)



/Yé(m {M (x, %) VvV, w;(0,7,y) + R (x, %) (e; + Vywé\d(%y))} -V, u(y)dy =0. (3.6b)

The cell corrector w? e C™ (O,T;H;& (vo (x);]RN)) solves for all t € (0,T) and all v €

H;& (Y‘5 (z) ;RN) the initial value problem

Aé(m) [M (9:, %) atVyw?(t,x,y) +R (x, %) Vyw?(t,%y)} -Vyo(y)dy =0, (3.72)

/mz) M (. 5) (e = Vyu)(0.2.)) - Vyo(y) dy = 0. (3.7b)

Proof. We start with Theorem 3.1. The reformulation is based on the evaluation of the time
derivative of the convolution and the equivalent formulation of integral- as differential equations.
Eventually, a change of variables yields the formulation using the sampling domains. For the
details, we refer to [19, Section 4.4.4 and Appendix A.2]. In Lemma 4.2 below, we prove the
regularity of the cell correctors. O

4 Well-posedness of microscopic and macroscopic problems

In this section we drop the dependence on the z variable, since it is only a parameter in the cell
problems. Thus, let €  be fixed. Furthermore, we abbreviate the solution space of the cell
problems by V™i¢ .= H;é (Y5 (z); RN ), equipped with the inner product

(o, w)\/mic = (VU¢’ vyw)L2(Y5(x);]RN) for all ¢, € ymic

This is a inner product due to the Poincaré inequality. The induced norm is equivalent to the
L?-norm of the gradient, i.e, ||*||ymec = ||Vy'||L2(Y5(a:))' Additionally, we introduce the weighted

inner product s, : V¢ x V™i¢ 5 R given as

0.0 = [

» )M (g) VoY) - Vyu(y) dy for all ¢, € Ve, (4.1)

0

It is bounded and coercive, since the parameter M’ is assumed to be bounded and positive
definite, cf. eq. (2.3). Thus, the bilinear form is an inner product on V™¢ and we denote its
induced norm by ||-||,; . Hence, we have an equivalent inner product, which satisfies

Vo[ dllyme < 16l < VOMDllyme  for all g € Ve, (4.2)

Lemma 4.1. For every j = 1,...,n the cell problems eq. (3.5), eq. (3.6b) and eq. (3.7b) are
well-posed. Moreover, the solutions are bounded by

C
[l < /OMIYE @i (0)]5 <2 4/Cm Y], [ufO), </CmlYl.

Proof. The three problems egs. (3.5), (3.6b) and (3.7b) can be written as: Find w € V™i¢ such
that

s° (w,v) = b(v) for all v e V™ic,



with a suitable definition of the linear, bounded functional b. Thus, the well-posedness follows

from the Lax-Milgram lemma. For the bound in the s’ -norm on wi! we choose in eq. (3.5)

v = w;v[ Due to eq. (4.2) and the Cauchy—Schwarz inequality we find

Y
oIy, = ooy = = [ M (5) e V') v < O VT

Similarly, we choose v = w;(0) in eq. (3.6b) which yields

R () (e + V,ul (1) - V,,(0.9) dy

w01, = st w,0) =~ [ R (%

Y3 (x)
M — CR S 1=
< O (llesllagys oy + 1) [y ) 1T5(0) e < 22/ Cot [¥9] 505

The bound for w(0) follows like that for w}! by choosing v = w9(0) in eq. (3.7b). O

The two time-dependent cell problems eq. (3.6a) and eq. (3.7a) are so-called Sobolev equations
with respective initial value, which is given in each case in egs. (3.6b) and (3.7b). Results for
those problems are found in [6, 30]. For the following error analysis, we provide two results.
Using ideas from [24], we introduce another bilinear form related to the parameter RO.

o) = [

R (9) V,6(y) - Vy(y) dy for all ¢, € V™. (4.3)
Y (x) 4

In contrast to the bilinear form s, the form s° is only bounded but not coercive, since the

parameter is only positive semi-definite. We consider a general (variational) Sobolev equation
with initial value wg € V™¢

s2 (Dyw(t),v) + s2(w(t),v) =0 for all v € V™€ ¢t € [0,T]. (4.4a)
w(0) =wo in YO () . (4.4b)

Due to Riesz-representation theorem we find an operator S : V™€ — V™i¢ guch that

s2(¢,1) = 85,(S¢,p)  for all ¢,1p € V™e. (4.5)

We thus get the Sobolev equation as
2 (Dpw(t),v) + 82, (Sw(t),v) =0 for all v € V™€, (4.6)

With respect to the inner product s‘fn, the operator S inherits by definition its properties from
the bilinear form s°. From eq. (2.4) and eq. (4.2) we find that S is bounded

Cr
g < 100 19l -

(07

|50,(Sh,0)| = |52, ¥)| < Cr |9

Y]

Vmic
Moreover, since R? is non-negative, the operator —S is dissipative, i.e.,

s0.(=S¢,0) = —s2(4,9) < 0.

In this setting the operator S also satisfies the range condition with respect to V™€, i.e.,
range(id +8) = V™€, This follows by an application of the Lax—Milgram lemma.



Lemma 4.2. For every j = 1,...,n the cell problems eq. (3.6) and eq. (3.7) are well-posed.
Moreover, the solutions have the regularity wj, w? e C® (O,T;Vmic) and satisfy the stability
bounds

i)l < ), 5 ol < [0, -

Proof. Let j = 1,...,N be fixed. Note, that eq. (3.6a) is equivalent to the abstract Cauchy
problem eq. (4.6) with w = @, where the initial value satisfies eq. (3.6b). We just showed that
—S is dissipative and satisfies the range condition. By the Lumer—Phillips theorem [18, Chapter

II, Corollary 3.20] it generates a contraction semigroup (e*St)Do, i.e., in the ||-||,; -norm we get

el <1. (4.7)

85 sd >
Hence, due to [18, Chapter III, 6.2 Proposition] the abstract Cauchy problem is well-posed and
the solution is given by

@, (t) = e~ 5'w;(0) . (4.8)

The initial value @, (0) is given as solution of eq. (3.6b), which is well-posed thanks to Lemma 4.1.
For the regularity of the solution we use the representation of the solution given in eq. (4.8) and
the fact that the operator is bounded. The series representation of the exponential for bounded
operators may be differentiated infinitely often, which yields the regularity in time. In turn,
the stability bound directly follows from the representation of the solution in eq. (4.8) and the
contraction property eq. (4.7).

Exactly the same argumentation is valid for the cell problem eq. (3.7). O

For the error analysis below, the following H2-estimate is essential.

Theorem 4.3. Let M € Wh™ (Y(S (x)) be symmetric and uniformly positive definite, R €
Whiee (Y‘S (x)) be positive semi-definite and assume that the initial value is H?-reqular. For a
solution w(t,) € H? (Y° (2)), t € [0,T] of eq. (4.4) we get the estimate

w2 vs 2y < Cllwollgzysay) -

Proof. Let wy € H? (Y° (2)) be given. We rewrite the Sobolev equation eq. (4.4a) in strong
formulation as: Find w : [0,7] — H? (Y (z)) such that

AnpOyw(t) + Agrw(t) =0 in YO (z) .

The operators Ay = div(M(y)V:) and Ar = div (R(y)V:) are weighted Laplace operators.
Note, that An : H? (Y (z)) — L2 (Y° (2)) is invertible due to the properties of M, cf. eq. (2.3).
The operator S defined in eq. (4.5) as operator on H? (Y (2)) may be written as S = Ay Ag.
Next, we consider the closely related operator AR Ay, : L? (Y9 (z)) — L2 (Y°(2)). We show
that this operator is also monotone and bounded with respect to L2 (Y‘S (a:)) equipped with the
weighted inner product

(D, W) 51 = (@, Ay V) forall @, ¥ € L? (Y (2)) .

Note, that the weighted Laplacian has a negative spectrum, and thus the negative operator
induces an inner product. Integration by parts yields

(ARAY @, @) (ARAY @, —Ay @) =(RV (A @),V (A @)) > 0.

-1 =
AM



Additionally, using again integration by parts, the boundedness of R as well as the positive
definiteness of M and the Cauchy—Schwarz inequality we get

-1
(ArAy @, W),

=RV (Ap @),V (A D))

< TR MV (831 9), V (831 9))] = %Hcﬁv (MY (23 #)) 23/ )|
C;R (@, AT | = CR’

— . . . . . . — —1
Thus, the operator fARAMl is dissipative and generates a contraction semi-group e SRr4m

Both —AR/II Agr and —ARAK,} are bounded operators. We use the series representation for their
generated semi-groups and define for n € N the partial sum

n k
Sn(t) = Zk:o (—ARA_ )k 1]; Apw(0) .

Since Apw(0) € L2 (Y? (2)) and due to the properties of —~ARA,; we just showed, we find the
convergence in L2 (Y‘s ) as

$n(t) = s(t) = e ARAM 2N mw(0) asn — co.
Moreover, for z,(t) ==Y ;_, (—A 1AR) k,w(O) we find Apz,(t) = s, (£), and
2n(t) = w(t) = e AMARLY(0) asn — oo,
This enables us to use the fact that Ay is closed. To be precise, we conclude from
zn(t) > w(t) asn— 00, Anmza(t) =s,(t) = s(t) asn— oo,
that w(t) € D (Am) and
Anm (e‘AKﬂlARtw(O)) = Apqw(t) = s(t) = e 2RAM A (0) .
Eventually, we find

Hw(t)Hm(yé(x)) <C HAMw(t)Hrﬁ(W(;c)) =C Hs(t)||L2(Y6(w))

<c He*ARA{/I ' | AMw (O[5t < Clw(0) g2 oy, -

—1 —1
Ay —AM

4.1 Well-posedness of the integro-differential homogeneous system
Let us give some properties of the effective parameters.

Lemma 4.4. The effective parameter MP is positive definite and bounded with the same constant
a as M?, and RO is positive semi-definite and bounded. The time-dependent parameters satisfy
GY, J% € C> (0, T; L™ (; R™*")).

Proof. The boundedness of M is shown in [27, Chapter 1.4], while the coercivity with the same
constant a as in eq. (2.3) follows as in [7, Chapter 2.3]. The positive semi-definiteness of R’



directly implies the one of R? by its definition in eq. (3.4b). For fixed x € Q the boundedness
follows using the definition in eq. (3.4b) by
Vmic)
CrCwm

C
ROl < a7 (Resllagysy (el + oo
o (ledlacscoy + [0y ) ) <45

+ [} )]

where we used Lemma 4.1 and the coercivity of M?. Next, consider the convolution kernel.
Using eq. (3.4c), Lemmas 4.1 and 4.2 together with eq. (4.7) yields

Cr ,_
GOt @)a] < i 1562, e (lesllzaysy + 103 @l ye)
Cr\/CMm |Y? Cr\’
<9 RQD%I' | H@j(o,x,.)nséﬂ §4<R> Cwm -

Finally for the extra source we get from eq. (3.4d) with the same techniques as above

CrC
’Jo(t,x)m“ S 2 Ra M .

Therefore, we find G°, J¥ € L*° (0, T;L> (;R"*")). As pointed out in Lemma 4.2, the cell
correctors wyj, w? are C* in time. Thus, a direct consequence is the smoothness in time, i.e.,
GO, J0 € C> (0, T;L>® (Q; R"*")). O

For the variational formulation of the effective Maxwell system eq. (3.3) we introduce bilinear
forms m?, r0, @ : V™Ma° x V™a¢ 4 R such that for every &, ¥ € ymac

m’(®,¥) = (M°®, ¥) , (4.9a)
(@, %) =(R°®,¥) , (4.9b)
a(®,0) = (AP, V) . (4.9¢)

Moreover, for ¢ € [0,T] define g* : [0, 7] x V™a¢ x V™ma¢ — R such that
9t ®,¥) :=(G%t)®,¥) for all &, ¥ € V™", (4.9d)

Thanks to the bounds on the parameters, we immediately get the continuity of all bilinear forms,
i.e., for all ®, ¥ € L2 (2;R") and t > 0 we find

|m°(®, ®)| < Om ||| 1],

C
@, )| < a2 g (4.10)
0 Cr)’
e w) <1 () onfe) e (a.11)

Moreover, m°(-,-) and r°(-,-) are bounded from below by
m’(®,®) > a||®|>, °(®,®)>0. (4.12)

With these definitions we search for u®(t) € V™3¢ such that

m® (1), @) + ° (u’(t), ®) +/O 9°(t = 5u’(s), @) ds+a(u’(t), @) (4.13)

=m’(£(t), ®) — (I°(t)up, ®) for all & € V™,
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u’(0) = uy in Q,
where f € L? (0,7;L2 (Q)) is such that
mO(f(t), ®) =(g(t),®) for all & € V<,

Theorem 4.5. Let the assumptions of Theorem 3.1 be satisfied and assume that R? is positive
semi-definite. Then, problem eq. (4.13) has a unique solution satisfying

[w@] < e | Ltllglmqgurman + (14 5 19 unmmoeny ) ol - (429

where the exponential growth is determined by

Cor()= 2 [ 16”0 ey -

Proof. The proof of the well-posedness relies on the Faedo—Galerkin method. The details can be
found in [9, Proposition 1], where also an estimate similar to eq. (4.14) is proved. Our bound
results from these ideas but provides precise constants, in particular the growth due to the
Gronwall estimate. Consider the system eq. (4.13) with test function ® = u°(¢). The product
rule, as well as eq. (4.12) and the skew-adjointness of the Maxwell operator yields

o (55 Il ) [0 < 5 5 (0060 = e @0, w(0)

< (), ()| + (3O (t)up, w0 (1)) | + /O (¢ — s;u®(s),u(r)) ds| -

Applying the Cauchy-Schwarz inequality in the last line, dividing by Huo(t)H and using the
Hoélder inequality yields

d
o [0 < g0+ [[3°0) e ) ]

t
+/o GOt - S)HLW(Q;R"X") dsHuoHLoo(o,t;m(Q;Rn)) :

Next, we integrate over [0, ¢], resulting in
t t
ol[u@)] < a ) + [ gl ds+ [ 190 oy 5ol

t s
+/0 /0 ||GO(S_T)HL°°(Q;R"X") drH“OHLoo(o,s;L2(Q;Rn)) ds.

The final step is to take the supremum over [0,¢] to obtain

Huo||Loo(o,t;L2(Q;Rn)) < Go(t / Ci(s |u ||L°°(08L2(Q iR™)) ds,

I I
Colt) = (14 5 [ 136y ) Il + % [ (o] .

11
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L' o 1 0
Cl(t) = E/O ||G (t - S)HLOO(Q;]R"X") ds = a HG ||L1(0,t;L°°(Q;]R"><")) :
We apply Gronwall’s inequality, which yields

u < el C1 930y (1) = exp (Co (#) Colh) -

0 ||L°°(O,t;L2(Q;R”))

Since the supremum is bounded, we get the same estimate for all s € [0,¢], i.e., eq. (4.14). O

5 The Finite Element Heterogeneous Multiscale Method

For the space discretization we choose the finite element method. The implementation we strive
for uses hexahedral elements. Hence, from now on, assume that we have an adjacent and shape
regular family of triangulations {7 }g>o of the domain Q in parallelepipeds. Other choices of
elements are possible and the analysis transfers directly to those variations. The parameter H
represents the maximum diameter of all elements K € Tg. All quantities that are labeled with
an H are macroscopic expressions, as the triangulation 7g. For microscopic quantities we use h
instead. We define the space of polynomials with maximal degree ¢ in the first, m in the second
and n in the third component on K € Tz as Q“™"(K). On every element K € Ty of the
triangulation we choose a quadrature formula consisting of Qx € N quadrature points z%, € K
and weights 7% € R>o, ¢ = 1,...,Qx. We assume that the quadrature is exact for polynomials
in Q?6:2624(K), £ € N. Hence, for p € Q%%242¢(K) we have

[ paydo = S tat). (5.1)

Note that we use positive weights, e.g. Gaussian rules, to ensure that the resulting bilinear forms
keep, for instance, their positivity.

5.1 Nédélec finite elements

For the macroscopic Maxwell system we use H (curl, Q)-conforming Nédélec elements. For £ € N
we define

Qksaioc(K) = QFVHYK) x QY LHK) x QY% 1(K) forall K € Ty .
Denote the space of Nédélec’s elements of the first type of order £ € N by
VE (ewrl, Ty) = {vy € H(cur, Q) : vy|x € ONeastec(K) for all K € Ty},
and further define
V§ (curl, Tz) == Hy (curl, Q) N V¥ (curl, Tz) .
We obtain the following interpolation error estimate that can be found in [32, Theorem 6.6].

Theorem 5.1. Let v € HF! (Q;RS). There exists a global interpolation operator
Ty - H (4 R®) — V¥ (curl, Ty) for Nédélec elements of the first type, such that

lu = Ty ullueun,o) < CHulges ors) - (5.2)
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5.2 Lagrange finite elements

The cell problems are discretized using standard Lagrangian finite elements. Therefore, as above,
we introduce a triangulation 7;, of the sampling domain Y (x). The space of Lagrangian elements
with periodic boundary conditions is given as

"= {Uh eH! (Ya (x)) VA PP Qk’k’k(K) for all K € ’771} .
We get an interpolation error estimate as in [11, Theorem 3.2.1] or [32, Theorem 6.11].

Theorem 5.2. Let u € H*! (Y? (2);R). For the triangulation Ty, of Y° (2) there exists an
interpolation operator II;, : HF+1 (Y5 (2) ;R) — V" such that the following estimate holds

e = Tnulls s aymy < CR* uligers (v gaym - (5.3)

5.3 The HMM framework and the application to Maxwell’s equations

Consider the effective system given in eq. (4.13). We choose the finite dimensional subspace of
vmae cof. eq. (2.1), as

Vi = V§ (curl, Ty) x V¢ (curl, T )V? x V¢ (curl, Ty) € V&ae, (5.4)

On Vg we use the inner product

(B, Or)y ZKGTH Z VB (2%) Wy(zk) forall @y, Uy € V.
The discrete counterparts to the bilinear forms defined in eq. (4.9a) - eq. (4.9d) are m%, 7%,
apg : Vg X Vg — R such that for every &y, ¥y € Vi
my (®p, Oy) =M@y, ¥y), , r9(Pu, ¥y)=(R'®y, ¥y),, ,
apg(®u, ¥y) =(Aag®a,¥u)y , (5.5)

where Ay is the discretization of A. Moreover, for t € [0, 7] define ¢% : [0,7] x Vg x Vg — R
such that

9yt ®n, ¥y) = (G'(1)®y, ¥y),, forall®y, ¥pyeVy.

The semi-discrete formulation of the effective Maxwell system is to find u%, : [0,7] — Vg such
that

(Ol (1), B 1) + 1 (u%y (1), ) + /Og?q( siudy(s), @) ds

+aH(uH( ) ‘I’H) m?_](fH(t),(I)H)—(Jo(t)uovH,i’H)H for all @y € Vg,

u)(0) =i,

(5.6)

where fg is defined such that for an approximation gy of g we find
my(Fu(t), ®n) = (gu(t), ®u)y forall @y € Vy,

and where up y € Vg is an approximation of the initial value up € V™2¢,

The system eq. (5.6) is semi-discrete since it involves the analytic effective parameters. To be
precise, the information from the microscopic scale is missing. This situation is exactly where the
Heterogeneous Multiscale Method (HMM), introduced in [15] and exposed in [4], is applicable.

Remark 5.3. Note that the subspace property Vg C V™2¢ is one ingredient of a conforming
finite element method. We point out that this is not restrictive and that it is possible to use a
finite dimensional space that is not a subspace of V™2¢_ e.g, a discontinuous Galerkin approach.
See also [25, Remark 4.6].
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5.4 Approximating the effective parameters on the microscale

With the definition of the discrete bilinear form we get for @y, ¥y € Vg

(MO®y, i) momiy (®p, W) =D Zq VMO (@)@ n () - B (a) -

Here we see that the effective parameter has to be known for every macroscopic quadrature
point. Thus, the sampling domains in the HMM are always centered around such a point. For
convenience, in the rest of this section we abbreviate z = z%,.

Remark 5.4 (Knowledge about periodicity). The definition of the parameters involves the
solution of cell problems and unit cells. In this work we make the assumption that we know the
period length § exactly. In a more general setting, without this knowledge, we would introduce
an oversampling parameter. However, the analysis of the resulting modeling errors is the task of
future research.

In the view of Remark 5.4 we introduce a triangulation 7;, of the sampling domain Y? (Z)
and from now on we drop the dependence on the macroscopic variable. As function space, we
choose Lagrange finite elements of degree kK € N with periodic boundary conditions, denoted
as V. Accordingly, we introduce the discrete counterparts of the cell problems and effective
parameters. The discrete corrector w}w’h(fc, ) e V" for j =1,...,n is the solution of

/ M (3?, %) (ej + Vyw?/[’h(i:, y)) Vyo'(y)dy =0 for all v € V. (5.7)
Y
The HMM parameter M (we indicate HMM quantities by a straight H) is given as
_ i _y M,h/~ M,h /-~

(M"(z)); i = ]{/5 M <ac, g> (ej + Vyw; (x,y)) . (ei + Vyw; (x,y)) dy .

Consequently, we define the HMM bilinear form using these discrete quantities as
H _ H _ H _ _
m (@, Oy) = (M@, Oy), ZKeTH Z AMM(2) B (Z) - O (7). (5.8)

For the damping parameter we proceed as before and use the discrete corrector w?/l’h, ji=1...,n
solution of eq. (5.7) and define the HMM damping parameter as

_ _Yy M,h [~ M,h [~
(RM (x))” = ]{/5 R (x, S) (ej + Vyw; (x,y)) . (ei + Vyw; (x,y)) dy.
Thus, the HMM bilinear form related to eq. (4.9b) is given as

H(@y oy): ZKeTHZ FRE (2) @y (z) Oy (Z). (5.9)

For the effective convolution kernel recall the definition in eq. (3.4c). To define the HMM
counterpart of eq. (4.9d) we need to introduce the discrete cell problems. Therefore, we introduce
the corrector w" as the finite element approximation of wj, i.e., it solves: Find w’ (-, z,-) : [0,T] —

V" such that

/W [M (:E, %) atvy@?(tj,y)—&—R( 6)V w; "tz y)} Vo' (y)dy =0,
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and
/Yé [M (53 %) v, @0, 7,y) + R (gz %) (ej + Vyw?/[7h(i‘,y)>] Vot (y) dy =0,

for all v" € V. Eventually, the HMM parameter is defined as

(G (t,2),, = ][

R (m %) v, (1,2, y) - (ei + VM (@,y)) dy, (5.10)

and the HMM bilinear form is given as

Gt @y, Oy : ZKETHZ FGH (1,7) @ (Z) - O (7). (5.11)

The final expression of the system eq. (5.6) that includes an effective parameter is the extra
source. Similar to the previous considerations, we define the HMM extra source

(3% (1.2)),, = ]i R(2 D)Vl ) (et V" @y) dy, (512)

0,h - . . .
where the corrector w;™" is the discrete approximation of wJQ.

Remark 5.5. For the implementation, a different formulation of the HMM bilinear forms should
be used, see [25, Section 3.3], [19, Section 5.2.1] that is suited for parallel assembly of finite
element matrices.

5.4.1 The FE-HMM Maxwell system

Combining the results we get the Finite Element Heterogeneous Multiscale Method for the general
Maxwell system. We search for the HMM solution u™ : [0,7] — Vy such that

m" (0pa (t), @) + (0 (1), ®py) +/0 " (t—s;ul(s), @) ds+ap (0 (t), @)

=m"(£(t), ®r) — (I (t)uo,, ®p),, forall @y € Vy,
uH(O) = uo,H , (514)

(5.13)

where fH is defined such that
mH(fH(t),‘I)H) :(gH(t),‘I’H)H for all ¢H EVH.

The bilinear forms are given in egs. (5.5), (5.8), (5.9) and (5.11). Note that due to the property
Vg C V™€ the discrete Maxwell operator inherits its properties from the continuous one.

Lemma 5.6. The HMM parameters MY, R are bounded. In addition, MY is positive definite
with the same constant o as M® and RY is positive semi-definite. The time-dependent parameters
GH and JU satisfy GH, JH € L> (0, T; L> (;R"*")).

Proof. The proof is as in Lemma 4.4 but uses the discrete cell problems. O

Again a direct consequence is the continuity of the HMM bilinear forms as well as the coercivity
of m™ and the non-negativity of 7. The well-posedness of the FE-HMM system eq. (5.13) follows
along with the same stability estimate.
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Theorem 5.7. Assume that u®, g° and the parameters M°® and R? satisfy the assumptions from
Theorem 3.1. Then the HMM system eq. (5.13) has a unique solution u! € W' (0,T;Vy),
which satisfies the estimate

[0y, < e | Lt llghie o) + (14 2 [T i gy ) Mol | - (5:15)

The growth is determined by

1 t
Canlt) =~ /O 167 s s oy 5 (5.16)

Proof. The proof of unique solvability relies on a reformulation as in [19, Theorem 5.3.11] and
an application of [9, Lemma 1.1]. The estimate eq. (5.15) follows thanks to Vg C V™ and
eq. (5.1) using the same techniques as in the continuous setting in eq. (4.14). O

6 Semi-discrete error analysis

Eventually, we want to estimate the error between the effective solution u® of eq. (4.13) and its
HMM approximation u'l, solution of eq. (5.13). For that purpose we need to analyze the micro
errors, that are the errors between the effective and the HMM parameters. The next result from
[3, Corollary 5.3] or (for k = 1) [1, Lemma 3.3] bounds the micro error for the parameter M?.
Lemma 6.1. Assume that for k € N and every quadrature point x%, we have w%(m%,) €
HE+1 (Y‘s) such that for every j =1,...,n and every quadrature point x4, it holds

]wy(;p‘;{,)\m“(y&) < o5k /|ye|.

Then, we have the following estimate
B 2
sup MO (%) — MH(JC(}()HF <C <5) .
KeTwu,qe{1,....Qk}

A main contribution of this work is to establish similar results for the other parameters arising
in the general Maxwell setting.

Lemma 6.2. Assume for k € N and for every quadrature point x; that w}'(z%., ), w;(0, 2%, ) €
HE+1 (Y‘s) such that for every j =1,...,n and every quadrature point x4, it holds

‘wé\d(ﬂﬂg{’ ')’Hk+1(y5) ) |wj(0a x%@ ')|Hk+1(y5) < C(S_k |Y5| . (61)

Then there exists a constant C > 0 independent of h and § such that we have a bound on the
Frobenius norm

B 2k
sip - [R() ~ R )|, < © (5> '
K€Tu,q€{1,...,.Qx}
Proof. For i =1,..., N we introduce the short notation
Vyeiwy) = (e + Vyuwtl(@,y) . Vgl (e y) = (e + V@) . (62)
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Note that ¢ —p, € V™€, We investigate the difference, suppressing the x}, variable. First, add
and subtract s3(¢",¢;). Next, use the transposed cell problem for w;(0), cf. eq. (3.6b), tested
with ¢ — <p§? and the cell problem for w;(0) tested with ¢ — ¢,, i.e,

s (@;(0), 0} — ;) + 80 (05, 91 — ;) = 0.
This yields

|(R%)i; — (R™), ;]
1

Y°l

2 () — g, 00 — @) + 80, (@;(0), o — ;) — 50, (0, — w?,ﬁi(o))‘ :

Finally, we use the standard cell problems eq. (3.5) and eq. (5.7) for w;\/[, w?/[’h and the transposed
M

ones for w,”, wiv[’h tested with w?(0) and E;-L(O) respectively and add the resulting zeros, i.e.

This leads to

|(R)i; — (RN 4] =

Loy, Mh_ M M _ Mh
W Sy (wj — wj , W — 'LUi )
s (50) = W (0), wh — ) 4 55, (w) = W} W (0) - wi(0) ) .

An application of the Cauchy-Schwarz inequality together with eq. (2.4) yields

M,h
b M

|(R)i; — (RT); 4] < Cﬁ [[@;(0) = 7 (0)| o ||107 i

‘vmic

1
REN

M M,h
Y°] (H“’ — Wi H

+ ([ (0) = w:(0) )

Vmic Vmic

The remaining H'-errors are all estimated using [11, Theorem 3.2.2]. With the assumption on

the regularity of the cell correctors we end up with the asserted estimate. O

6.1 Error estimates for the Sobolev equation and the time-dependent
parameter

For the analysis of the micro error of the time-dependent parameters we need an error estimate
for the Sobolev equation. The following result is similar to [30, Theorem 3.2] but uses a different
technique. Therefore, we are able to avoid the application of Gronwall’s lemma, which prevents
an exponential growth in time.

Theorem 6.3. Let w" : [0,T] — V" be solution of
st (0" (), ") + sk (w"(),v") =0 for all v" € V.

Assume that W, solution of eq. (4.4a), satisfies w € C! (O,T; Hk+L (Y‘s)). Then there exists a
constant C' > 0 independent of h and t such that

t
|w(t) — Wh(t)Hsm < Ch* [0(0)[ggrs1(ysy + W) [ggrsr ysy + /0 [W(8)|grs1(ysy ds
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Proof. The proof is found in [19, Theorem 5.3.6] and follows ideas of [24]. O

With this crucial semi-discrete error estimate we proceed with the analysis of the micro error
of the convolution kernel and extra source.

Lemma 6.4. Assume that for k € N and for every quadrature point x%, we have w}\/[(xg(, ) €
H1 (Y?) and w;(t, 2%, ) € H* 1 (Y?) for allt € [0,T] such that for every j =1,...,n it holds

i (a7

K> ')‘Hm—l(yé) S C(S_k |Y6| I ‘Ej(()?x(}{’ ')‘HkJrl(Yé) S Cé_k |Y6| ’

for constants C > 0. Then, there exists a constant C > 0 independent of t, h and § such that we
have a bound on the Frobenius norm

B\ *
w [ Gk) - Gt < cvn) (5)
KeTwu,q€{1,....Qx }

Under identical assumptions with w; replaced by w? we get

h k
sup ||J0(t7x(]1() - JH(t,xﬁ()HF <C(1+1) <6> ,
KeTu,qe{1,....0K}

with a constant C > 0 independent of t, h and d.

Proof. We only show the case k = 1. With the same notation as in eq (6.2), we investigate the
difference, suppressing the x4, variable. We use the bilinear forms s and s from eq. (4.1) and
q. (4.3). The error can be expressed by eq. (3.4c) and eq. (5.10) as
1 _
[(G2())iy — (G (1)) 5] = %] |s2(w; (1), i) — s2(W!(2), )| -

We add and subtract s9 (Ej (1), apf) and directly use the boundedness of the parameter R’ as well
as the boundedness of the solutions w;(¢) and ¢! from Lemmas 4.1 and 4.2. With a constant
C > 0 this yields

(G ()i; — (GM (1))

c
<y 1@ Ollg, ol =i, |Yﬂwa — w0, o7,
c _
< ‘Y5| - zMJL \/W HwJ w?(t)Hs(jn ’

The final step is to use the finite element error estimate from [11, Theorem 3.2.2] in the first
expression and the error result from Theorem 6.3 in the second one. At this point, for higher
regularity, i.e., kK > 1 we get higher order estimates. This gives

(G(0)i; — (GH(1)) B ey

il < _C
SV

c ¢
+ \/ﬁh <wj(0)H2(Y5) + ‘wj(t)|H2(y5) +/O |wj(8)|H2(Y5) d8> .

With the assumption on the correctors, and Theorem 4.3 we get the final result. The estimate for
the extra source follows with the same ideas using the definitions in egs. (3.4d) and (5.12). O

Remark 6.5. See [19, Section 5.3.2] for an improved estimate in the case ¢t = 0.
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6.2 Semi-discrete a priori error analysis

We analyze the error between the solutions of the effective system eq. (4.13) and the HMM
system eq. (5.13). Recall that we have n = 3(2 + Ng) and assume ¢ > 1. Moreover, we
equip the space Vg, cf. eq. (5.4), with the inner product (¢H,¢H)VH = mH (qu,wH) and
abbreviate X := L? (€;R™) which is equipped with the inner product (-, -)x = m°(-,-). Finally,
let Z == H*! (;R™) and denote its norm as [|¢[l; = [|@llger1(o.pn)-

Due to the properties of M? in eq. (2.3) and the resulting properties for the bilinear forms
m® in Lemma 4.4 and m" in Lemma 5.6 the induced norms are equivalent to the standard

L2 (Q; R™)-norm, i.e., for all ® € X and &5 € Vg we get

Va|®llaqopn < 1Rk < VOMIRlL20irn) - (6.3a)
Val @l ey < 1®nllv, < VOMIIRHlL2qpn - (6.3b)

We extend the interpolation operator for Nédélec elements Ty from eq. (5.2) to higher dimensions
by component-wise application. Additionally, since MY is positive definite, we may introduce
P : X — Vg such that

m(Py® Oy) =m®(®,¥y) forall® € X, Uy € Vy. (6.4)

The following procedure extends the results from [24] and [25] to the more general case considered
in this work. We introduce the remainder operator A. This characterizes either the difference
between the continuous and discrete Maxwell operator, or for ¢ € [0,T] and a parameter S €
{R, G(t),J(t)} the difference of the effective and HMM representations, i.e.,

AA,Ay) =Py(M°)'A - (M") ' ApTy,
A(S?,8") = Py (M) 7180 — (MM)~1SHTy, .
Next, we provide a preliminary error estimate.

Theorem 6.6. Let u® and u® be the solutions of eq. (4.13) and eq. (5.13), respectively, and
assume u® € CL([0,T);Z). With Cgu(t) given as in eq. (5.16) the error of the semi-discrete
HMM:-solution is bounded by

1
[ut(t) —u®(t)]| < ePen® {(1 += HJH||L1(o,t;Loc(Q;Rnxn>>> o,z — Zeruolly,

t t
+ 5 187 = Put + 5 AR R w0l g v,

(0,t;VEr)
t (2 H
3 [ACA A )W g v,y + @ sefo @) ) wolly, (6.5)
_|_£ sup / A(Go(s—r),GH(s—r)) u’(r) dr
& scfo,t] l1Jo Vi

t .
# L = Z0)0] g, + 1T~ 0

Proof. We introduce the discrete error ey (t) :== ufl(t) — Zgu®(t) € Vy. Observe that due to
eq. (6.3), we have
[uf(t) = u°(1)]|x < lea®)x + [|(ZTa —id)u’(#)]||«
< Vom

= Ve

(6.6)

7

lerr®lly,, + [|(Zr —id)u’®)|x -
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We consider the time derivative of the discrete error. For any ® 5 € Vg we get
mH(ateH(t), @H) = mH (6tuH(t) - PHatuO(t), @H) + mH((PH — IH) 8tu0(t), @H) .

A lengthy calculation, where we rewrite the first part on the right-hand side using the effective
and HMM systems eq. (4.13) and eq. (5.13) as well as eq. (6.4), shows that the error ey itself
satisfies the differential equation

m (Orer (t), ®r) + (e (t), ®y) + /OlgH(t —s;en(s),®Py) ds+ap(en(t), ®n)

=—(I"()en(0), @), +m" (£ (t), @) — m°(£(t), ®n)

—|—r0(u0(t),<I>H) — T‘H(IHUO(t),‘I)H) +a(u0(t),¢'H) — aH(IHuO(t),'IJH)

—|—/ go(t—s;uo(s),@H) ds—/ gH(t—s;IHuO(s)ﬁI)H) ds

0 0
m® (M%) 3%(t)ug, @) — m™ (M) 1IN () Zyuo, B 1)

+ mH((PH — IH) Btuo(t), @H)

— —(I"(t)en (0), Br) , + m" (FH(t), q»H) :

for the right-hand side £ given as
mt (fH(t), @H) = mH (£ (t) — Puf(t), ®y) + mP (A(R, R¥) u'(t), 1)

+mT(AA, Ap)u(t), @) +m! (/t A(GY(t—s5),GM(t — 5)) u’(s) ds, <I>H>
0

+mT(AI°®), T @) wo, @) + m" (Pu — Zw) 0,0°(t), ) .

At this point we use the stability estimate eq. (5.15) for this discrete system. Note that we
need f € L (0,t; V), which is the case due to the assumption on u’ and the properties of the
parameters. Along with eq. (6.6) we showed the result. O

We proceed by bounding each expression in eq. (6.5) separately, which yields conformity errors,
that are given as differences in the bilinear forms. Hence, for discrete functions and ¢t € [0,T] we
define

Am(-,-) = mO(.’ N = mH(., 3, Na(- ) =al,-) —ag(--) ,
AT('? ) = TO('a ) - TH('a ) 5 Aj(t; *y ) = (Jo(t)’v ) - (‘]H(t)v .)H ;
Ag(ts--) =gt -) — g™ (t;-, ) (6.7)

In [24, Lemma 2.11, Theorem 3.3] two expressions from eq. (6.5) are already estimated.

Lemma 6.7 ([24, Lemma 2.11, Theorem 3.3]). Let ® € Z. Then there exists a constant C > 0
such that

[P = Zu)®lly,, < Cl(d L) ®|x +maxje ), =1 [ASm(Za®, Uil -
Moreover, there exists another constant C' > 0 such that

IA(A, An) @y, < Cll(id-Zu)®|

ymac + max| g, |, =1 |ANa(Zp®, Py)| .
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Observe that this gives an estimate in terms of an interpolation error and a conformity error.
Following the approach in [24, Theorem 3.3] combined with the boundedness of the parameters
yields the following results with a similar structure.

Lemma 6.8. Let ® € Z. Then there exists a constant C' > 0 such that
AR, RM) @], < Cl(d—Zn)®|x + max| g, |, =1 |57 (Za®, ¥u)ly,, -
Proof. We follow the proof of [24, Theorem 3.3], which yields
HA(R,O7 RH) (I)HVH = maXH\I’HHszl (ro((id —IH) P, ‘I’H) + AT(IH':I)7 ‘I’H)) .
The bound eq. (4.10) yields the result. O

Next, we turn our focus to the time-dependent parameters and the corresponding forms, where
we start with a result concerning the convolution.

Lemma 6.9. For all s € [0,T], ® € C' ([0, s];Z) there exists a constant C > 0 such that

Proof. Following [24, Theorem 3.3] we obtain from egs. (5.11), (6.4) and (4.9d)

/OSA(GO(S —r), GH(S — 1")) P(r)dr

Vg

< C|(d —IH){JHLOQ(O’S;X) + max g, |, -1 / Ag(s —r;Zp®(r), Ty) dr| .
0

/OSA(GO(S —7),GH(s — 7)) ®(r) dr

Vu

= max mH (/0 A(G (s —1),GH(s — 1)) ®(r) dr, xI:H>

1%y, =1

S

= max /go(s—r; (id—Zp)®(r), ¥y) dr—f—/Ag(s—r;IH@(T),\I’H) dr
0

1%y, =1

From the t-independent bound in eq. (4.11) we obtain the result. O
The next lemma gives an estimate for the error that stems from the extra source term.
Lemma 6.10. For all s € [0,T] and ® € Z there is a constant C > 0 such that
[A(I°(s), 3 (s)) @]y, < Cll(id~Zu)®@|Ix + max|jy |, =1 |8(5: Zu®, Cn)| -
Proof. With the boundedness of J°(s) independent of s from Lemma 4.4 and the same techniques

as above we get the proposed estimate. O

Using the inequalities from Lemmas 6.7 to 6.10 in eq. (6.5) yields an estimate that consists of
conformity errors, errors in the data, and interpolation errors. The latter ones can be bounded
using the property of the interpolation Zy from Theorem 5.1, i.e.,

. ¢
[l (id _IH)uHLoo(o,t;vmac) <CH |u|L°°(O,t;Z) )

. (6.8)
1Gid —Ze)Opu| e (g 4 ) < CH [0411] e 0,47 -

Hence, we have to analyze the conformity errors, i.e., the expressions with A. First we recall
[25, Lemma 4.1] where the conformity errors in m and a have been analyzed.
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Lemma 6.11 ([25, Lemma 4.1]). Assume that the corrector w™ satisfies
|wM(E, ')|H,€+1(w) < C6F\/|YI|  for all quadrature points T
for a constant C > 0 and furthermore
M| € WL (KGR ), |[M°

HWHLW(K) <C,

for all K € Ty with a different constant C' > 0 independent of 6 and H. Then, for all ® € Z
and Wi € Vg we get

h

2k
Am(@, )] < O (Hu (5) ) @l [l |da(@s, ®a)] =0,

The bounds on the remaining conformity errors are obtained similarly to Lemma 6.11.
Lemma 6.12. Assume that wM, w(0) and w°(0) satisfy
|w;\/1(j7 ')’Hk+1(y6) s |mj(0’£a ')|Hk+1(y6) ) |w?(05 z, ')|Hk+1(y5) < 05716 |Y6| )
for every quadrature point T and a constant C > 0 and furthermore

MO‘K7RO|K c WZ—Q—l,OO (K,Rnxn> ,

<C,

Iy ey IR e

for all K € Ty with a constant C' > 0 independent of 6 and H. Then, for all ® € Z, ¥y € Vi
and t € [0,T] we get

2k
(@, ) sc(zqu (5) >||<1>||Z||wH||X, (6.9
h k
(1@, %) < O (Hﬁ +a+o(3) ) (@ 1%l (6.10)
h k
2( @, W) < O (Hu a+o(3) ) (@1 1%l (6.11)

Proof. The first bound in eq. (6.9) follows as in [25, Lemma 4.1] using the boundedness of R’
and Lemma 6.2. For the bounds in eq. (6.10) and eq. (6.11) we again use the proof of [25, Lemma
4.1] combined with the uniform estimates from Lemmas 4.4 and 6.4. O

With all preliminary results at hand, we prove the semi-discrete error estimate.

Theorem 6.13. Let u® and u' be the solutions of eqs. (4.13) and (5.13) respectively and assume
that u® € C!([0,T);Z) and ut' € C°(0,T;Vy). Under the assumptions of Lemma 6.12 with
Cgu(t) as in eq. (5.16) the error of the semi-discrete HMM-solution is bounded by

HuH(t) - uo(t)HX < CeCan(®) (1+1)

o, — Zuuolly,, + ||fH — PHfHLoc
; h 2k o .
(' (5) ) [l + 10000

A
+(1+t)<He+t<5) )H“fhwmmm]’
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Proof. The starting point is the estimate eq. (6.5) combined with Lemmas 6.7 to 6.10. As a first
step, we use the interpolation error estimates from eq. (6.8). Hence, we are left with conformity
errors but the arguments Zryu® and Z0;u® are not in the space Z. In order to apply Lemmas 6.11
and 6.12, we follow [25, Theorem 4.5]. The procedure is similar for all the remaining expressions.
Therefore, we only consider Ag, defined in eq. (6.7). For r,s € [0,t] and ¥y € Vg we find
|Ag(s: Zral(r), Orr) | < |9°(s: Zru’(r), @) — g° (550" (r), @) |
+ |go(s;u0(r),\IlH) - gH(s;uO( ), \IIH)|
+ |gH(5'IHuO( ) ‘I’H) — H(S u ( ) ‘I’H)|
< O||(Zu - id)u’( ||X 1l + [Ag(s:u(r), @ )|

+C[|(Zn — i)’y [ ®ally, -

In the last inequality we used the boundedness of the bilinear forms ¢g° and g™ given in eq. (4.11)

and Lemma 5.6. With this, [25, Lemma 4.4] and the properties of the interpolation in eq. (5.2)
we get

/Ags—rzHuwPH ) dr </CHIH—1d> My, dr

1@y =1

c,/%M @) dr s max _1/ Ag(s — ru®(r), B )| dr

S/CHeluO(THZ dr+ max /|Ag s—rul(r), ¥y)| dr.

H Yy HVH =1
Here the result from eq. (6.10) is applicable in the last expression. This yields

max
12 slly, =1

< /0 CH' [u’(r)], dr+/080 <H“+ (1+s—7) (§>k> [u®(r)]|,, dr

/ Ag(s—r;Zgu’(r), ¥y) dr
0

and finally

su max
s€[0,t] H‘I’H”szl

¢ h\*
g/ <CHZ+C(1+t7‘) <5> ) dr ([0’ < 0.4 -
: “

With this bound and similar ones for the other conformity errors we get the final semi-discrete
error estimate. O

/‘ Ag(s—r;Zpu’(r), ¥y) dr
0

7 Conclusions

Within this paper we derived a semi-discrete error estimate for the HMM applied to a general class
of dispersive Maxwell systems. We provide bounds for the micro error and proved a rigorous error
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estimate. Along the examination a crucial H? estimate for the Sobolev equation and the well-
posedness of the microscopic and macroscopic problems has been shown. Numerical experiments,
which shall be provided in the future, suggest that an improvement of the rate in Lemma 6.4
seems to be possible. This has to be addressed by forthcoming research.
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