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HP A-PRIORI ERROR ESTIMATES FOR A NON-DISSIPATIVE
SPECTRAL DISCONTINUOUS GALERKIN METHOD TO SOLVE
THE MAXWELL EQUATIONS IN THE TIME DOMAIN

S. PERNET AND X. FERRIERES

ABSTRACT. In this paper, we present the hp-convergence analysis of a non-
dissipative high-order discontinuous Galerkin method on unstructured hexa-
hedral meshes using a mass-lumping technique to solve the time-dependent
Maxwell equations. In particular, we underline the spectral convergence of the
method (in the sense that when the solutions and the data are very smooth,
the discretization is of unlimited order). Moreover, we see that the choice
of a non-standard approximate space (for a discontinuous formulation) with
the absence of dissipation can imply a loss of spatial convergence. Finally we
present a numerical result which seems to confirm this property.

1. INTRODUCTION

The most widely used time domain method for solving Maxwell equations is
the Finite Difference Time Domain method (FD-TD) based on the well known Yee
scheme [5], [6]. This method uses an orthogonal Cartesian grid and is based on a
centered difference approximation in space and a leap-frog approximation in time.
That provides a second order accurate scheme. However the FD-TD method suffers
from a certain number of drawbacks. For example, to treat curved objects, the
staircase approximation of the boundary generates parasitic diffraction phenomena
which can seriously damage the accuracy of the solution [7].

Scientists and engineers have tried to develop several efficient methods which
make it possible to take into account the complex shapes of the objects [25], [9].
Moreover, the growing need to solve accurately propagating electromagnetic waves
over many wavelengths has forced them to develop high-order or spectral methods
27, [8).

Their first choice has naturally turned to the Finite Element Method (FEM)
which is a powerful tool to develop new numerical techniques [26]. One of the
difficulties in using an FEM in the Maxwell types of problems is the construction of a
finite dimension subspace of the continuous space H (curl, §2). Indeed, the tangential
components of a function belonging to H (curl, ) are continuous across any surface,
but the normal components of the same function may be discontinuous. It is well
know that the use of classical Lagrange finite elements of the space [H'(€2)]® leads to
spurious solutions. The appropriate finite element space was introduced by Nedelec
in the 1980s [21], [22]. Unfortunately, the classical version of the edge finite elements
leads to a high computational cost since a matrix inversion is needed at each time

Received by the editor June 20, 2005 and, in revised form, June 4, 2006.
2000 Mathematics Subject Classification. Primary 35B45; Secondary 65M12.

(©2007 American Mathematical Society
Reverts to public domain 28 years from publication

1801



1802 S. PERNET AND X. FERRIERES

step. This drawback becomes more and more important when the order of the
approximation increases. The mass-lumping technique is used in order to use this
type of method in transient problems. One of the most efficient methods for solving
the Maxwell equations was developed by Cohen and Monk in [23]. In this method,
the use of the Gauss-Lobatto quadrature formulae yields a block diagonal mass
matrix which allows one to obtain an explicit scheme for all polynomial orders of
approximation.

The second choice is the use of Discontinuous Galerkin Methods (DGM). These
methods were born in the first half of the Seventies throughout the work of Reed
and Hill [I8] on the scalar neutron transport equation. The first mathematical
analysis was carried out by Lesaint and Raviart in 1974 [19]. One of the basic ideas
came from certain authors who weakly imposed the Dirichlet boundary condition
in the FEMs instead of taking it into account directly in functional spaces. Then
they decided to use this technique not only on the boundary of the computational
domain but directly on the boundary of each element of the mesh in order to
restore certain continuities of the solution of the studied problem (for example
tangential, normal continuity, etc.). Following these first studies, many DGMs
were developed and analyzed by many scientists in order to solve a large variety
of problems (hyperbolic, parabolic, elliptic, etc.). An exhaustive review of these
methods since their beginning is presented in [14]. However, one will note that few
papers deal with the resolution of the Maxwell equations. In fact the use of this
type of method to solve electromagnetism problems is relatively recent. For the
frequency domain, one can quote the works of [I7], [16] and for the time domain,
one can quote the works of [24] (space-time discontinuous approximation), [12]
(efficient local divergence-free basis functions), [I5] (refinements on cartesian grid),
[8] (very efficient spectral discontinuous spatial approximation with low storage
Runge-Kutta scheme for time approximation : high order RKDG scheme). One
can notice that before the use of these high-order methods, Finite Volume methods
(that can be viewed as low order DG schemes) were used to solve the Maxwell
equations. These methods suffer from the too important presence of dissipation
[10] or dispersion [11] which makes their use inaccurate in problems of big size in
terms of wavelength.

The DGM have the following advantages:

e arbitrary order which is chosen according to the precision on the desired
exact solution.

e methods easily parallelisable: discontinuous elements, mass matrices which
are diagonal per blocks (= number of degrees of freedom in the cell).

e to treat complicated geometries and simple ways to treat the boundary
conditions.

e adaptive strategies: space refinements natural (without taking account of
the continuities as in finite elements), order of approximation different from
one cell to the others.

Moreover, there are two approaches in implementing the DGMs, namely, the h-
version and the p-version. The h-version allows the mesh size to be decreased to
achieve convergence at a rate of the employed polynomial basis. The alternative p-
version allows the order of polynomials to be increased with the sizes of the elements
kept at an initial triangulation. A hybrid hp-version can also be considered. This
paper is devoted to the study of the convergence study of this type of method.
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The outline of the paper is as follows. In section 2, we describe the discontinuous
Galerkin formulation that we have chosen to solve the Maxwell equations. In section
3, we justify the choice of an H'-type projector to carry out our analysis and we
derive some hp-projection errors for this one. In section 4, first we determine the
a-priori error estimates of the DGM for the spatial semi-discrete approximation
without numerical integration; second, we study the effect of the use of the Gauss
quadrature rule to compute the integrals on the previous error estimates. Finally,
in section 5, a numerical example which confirms the theoretical analysis is given.

2. PRESENTATION OF THE DISCONTINUOUS (GALERKIN METHOD

2.1. Time-dependent Maxwell’s equations. Let 2 be a bounded open subset
of R? whose boundary is dQ and n denotes the unit outward normal to . Let
g(x) , p(z) and g(x) denote, respectively, the permittivity, the permeability and
the conductivity tensors of the medium.

We consider the problem described by the Maxwell equations: Find (E, H) : Qx
10, T[— R? x R3 such that:

E
g%—t—VxH—i—gE—FJS:O in Q,
OH
(2.1) HE_‘_VXE:O in Q,

E xn(z) =0 on 09,
E(z,0) = Eg(z) and H(z,0) = Ho(x) in £,

where E, H denote the electric and magnetic field intensities, J specifies the ap-
plied current and Eq, Hy are the initial conditions.
We assume that g, p, ¢ € [L™(Q)]>*? are symmetric definite positive matrices

and 3C7, Cs > 0 such that:
VEERY : Cilef? < 6.8 < Golel, Crlel® < pe.€ < Calel?, Culel” < gg.€ < Calél”.

Moreover if we assume J, € C°(0,T;[L*(Q)]®), we have the existence and the
uniqueness of the solution (E,H) € [C*(0,T;[L*(Q)]?) N C°(0,T; Ho(curl, Q))]?
3]

2.2. Discontinuous formulation. We assume that the computational domain,
Q, is split into a set of cells, 7}, such that = Ui\[:el K;, where K; € 9, K; ﬂKj =
0, Vi # j and K is a hexahedron. We denote the set of faces of 7, by F), = FLUF}
where #; (I € Z}, T = K'NK) and .Z} (I € Z}, T = KNK) are the sets of the
interior and boundary faces. To each element K € .7, we associate the outward
unit normal ng.

For a real s > 0, we define the classical broken space:

(2.2) H¥ () ={v e L*Q) : VK € F,, vx € H*(K)}.
H?*(%,) is equipped with the natural norm: Let v € H*(.%,),

(2.3 follea = (3 Iol2).

Key,
where ||.||s,x is the usual Sobolev norm of H® on K.
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For s > 1, we define the jump of a function v € H*(%,):

2.4 VT € Fjsuch thatT = K’ N K, []{ = (vjx)r — (vjx)ir
2.4
VI € Zpsuch thatT C 0K, [v]{ = —(vjx)r-

We denote H*(.7},) as the vectorial broken space [H*(.7,)]® and its norm is defined

by
%
)
where v = (v1,v2,v3) € H*(%,).
We rewrite the problem (2I) under the following discontinuous form:
Find (E(-,t),H(-,t)) € HY(Z,) x HY(%,) such that, VK € .7, and V¢, ¢, €
H'(T),

3

(2:5) ells = (3l

i=1

d

— §EK~¢1de—/ V x Hg - ¢ gdx
dt Kﬁ K

+/ gEK'¢1de+/ JS'(ﬁle.T
K K

(2.6) = /az( afng x (E x ng)]5¢ - ¢ xdo + /{M BH x ng]fy - ¢1xdo

d
— MHK~¢2KdQZ+/ VXEK~¢2Kd$
dt K= K

= / V[E x ng]5y - poxdo +/ S[ng x (H x ng)]5x - Poxdo
oK oK

where Ex = E, Hx = Hi, ¢, = ¢}k, do is the surface measurement associ-
ated with 0K and «, (3, v, § are four reals that could be different from one face to
another.

We get a non-dissipative formulation. For that we choose the parameters :

eV eZ a,d=03=—1andy=1,
eV € F), a,6=0,=0andy=1.

Indeed, by using this choice, the classical electromagnetic energy & (t) = / eE(t) -
Q

E(t)dx —|—/ pH(t) - H(t)dx is time-conserved, i.e. &(t) = &(0), Vt.
o=

2.3. Spatial approximation. Given a non-negative integer r and E C R¢, Q,.(E)
is the space of polynomials of degree at most equal to r in each variable on E. Let
us introduce the standard unit cube K = [0,1*. VK € 2, Fx : K — K denotes
the trilinear mapping which associates the vertices of each element. (&1, &2, Z3) are
the coordinates on the reference element and (z1,x9,23) the coordinates on the
elements of the mesh. DFg and Jx are the Jacobian matrix and its determinant
associated with the map Flk.
We use the discontinuous finite element space:

(2.7) Up = {vi, € L3(Q) : VK € i, DFjvy goFk € [Q-(K)]*}

where r € N.
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In 7)), the Jacobian matrix is the essential ingredient to build a conform Hing-
curl approximation [2I]. In our case, it allows us to reduce the storage of the
stiffness and the jump matrices [34]. We do not detail this point here because the
aim of this paper is only the study of the convergence of this approximation. For
more details on this point, we can see [34] or [4].

The first step to define the basis functions of U}, is to construct a vector valued
polynomial basis of [Q,]%, VK € ,. We denote by (&, @)t the Gauss quadrature
rule on [0, 1] where (§;)7F! are the quadrature points and (;)]+} are the associated
quadrature weights. The quadrature points and weights of the corresponding rules
on K are the cartesian product of 1D points {él,m,n = (él,fm,én) VI<Ilm,n<
r+1} and the set {Wmn = G@0mwy, : V1 <Il,m,n <r+1} respectively. Let
(¢1);72] be the set of Lagrange polynomials associated with the set of points (él)}jll

We have ¢;(£;) = 6;; and ()2 is a set of basis functions of P,([0,1]) =
Q- ([0,1]).

Now, we define the basis functions of [Qr(k )]? in the following way:

(2.8) Bl (@1, 82, 83) = Gr(81)Pm (22) P (23)e;

where ¢ = 1,2 or 3 and (e;);=1,2,3 is the canonical basis of R3.

We have <pf)m)n(£y7mf,n/) = 01,170m,m 01,17 €s. The choice of the basis functions at
the quadrature points allows us to mass-lump the mass matrix [4].

Let %, be a set of basis functions of Uy. We define an element v, € %, in the
following way: ), € By, < supp(),) = K € T, 3¢}, ,, such that

¢hOFK = DFI*(_lso;‘,m,n'
Let vy, € Uy. So, we have the decomposition:

3 r+1
(29) VK € ,7.}“ Vh‘KOFK = Z Z ’U}(’l)m)nDF;;il(P;)m’n

i=1l,mmn=1

where vy ; .., are the degrees of freedom of vy,.

Finally, we obtain the following semi-discrete discontinuous Galerkin problem:
find (Ep(-,t),Hp(-,t)) € Up x Uy, such that, VK € F5, and V,1, ¢y € B,

d (¢ ¢
p gEthz)thda:—/ V x Hyi - ¢pqcde
K K
G G
+/ 0EhK - @pigdr +/ Js - dpigde
K K
(2.10) = | AL x i[5 - dpixdo,

d [© ¢
E HHhK . d)hZde + / V x EhK ' d)h2K'daj
K — K

G
= / V[E, x nK]]gK “Ppordo
oK

where [ E and |, aG - denote the integrals computed with the quadrature rule G after
a change of variables on the unit cube K.
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Remark 2.1. Recall that the orders of the Gauss quadrature rule is 2r + 1, i.e.
exact for [Q,(K)]>.

3. STUDY OF A PROJECTOR ON THE APPROXIMATE SPACE

In this part, we choose a projector on Uy and we carry out its hp-convergence
analysis. In particular, we prove some error estimates for this projector on a hexa-
hedral mesh.

3.1. Definitions and properties of meshes. We assume that all hexahedrons K
are convex in order to ensure the existence of the diffeomorphism Fx € [Q(K)]?.
Now let us give some definitions and properties on the quadrilateral finite elements
(for more details see [I], [2]) and on the transformation Fx: To characterize an
element K € .7}, we define:

hx = diameter of K,

(3.1) B
oxg = — = regularity parameter

PK
1
where pr = ||J pot 5.5 With J pot as the determinant of the Jacobian matrix of
-1
Fe.
Remark 3.1. In two dimensions, we can give a geometric characterization of px
(see [33]). Indeed, in this case, px is the minimum of the diameters of the inscribed

circles in the four triangles being able to be built with the nodes of the quadrangle
K.

We note that

IFk 00,2 = sUp [D™ Fk (%) 2, 2 r2),
XeEK
(3.2)

|Fi oo, ic = sup |[D™Fie' (%)|| 2, (r3 R2)
xeK

where %, (R? R?) is the set of the m-linear applications of R?® in R®, D™ Fg (%)
and DmFlgl(x) are respectively the mth derivatives of Fx and Fgl at the points
% and x. We will use the following estimates given in [2]:

Ficly oo, < Chic, Ikl i < Chi,

_ h? _
(3.3) |FK1|1,<>O7K < Cé7 ”JFIjHOO,K = pKS’

|Frly oo @ < Chi, |Fily o # < Ch¥ if K is almost a parallelepiped
where C' > 0 is independent of K and r.

Remark 3.2. By the expression “almost a parallelepiped”, one wants to say a small
deformation of a parallelepipedic cell. In this case, the second derivatives of F are
ZEero.
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Remark 3.3. We have by definition
D(F") () = (DFx(F~'(x)) ",
(3.4) 1
J Pt oFx = E
where D(Fy') is the Jacobian matrix of Fj'.
Using the properties ([B3)), it is easy to deduce the following proposition:

Proposition 1. We have the following estimates: V& € K,
M(DFxDF})(#)) < Ch,

3.5
> 0
P
where A(A) belongs to the spectrum of A and C > 0 is independent of K and r.

Proof. Let & € K. As (DFxDF})(2) and (DF'DF;71)(2) are symmetrical ma-
trices, we can write:

M(DF ' DF)(#)) < C

(DFxDF)@) = sup WPTEDER@NE _y pp ppeyay)

(36) veER*3 HVH

< IDF) @) N(DF) @) < [Fielf s

p(A) is the spectral radius of A. Using (B.3), we immediately obtain the first
inequality of (B). A similar reasoning allows us to prove the second estimate of

B3, 0
Finally, we define the regularity of a mesh:

Definition 3.4. A family .9}, of triangulation of € is known as regular when h
tends toward 0, if there exists a number o > 0, independent of h, such that:

(3.7) ok <o, VK € 9.

3.2. Choice of a projector. When deriving error estimates, an important point is
the choice of a “good” projector on the approximate space used for discretization.
Indeed, the use of an inappropriate projector can lead to sub-optimal estimates
which give any interesting information about the numerical scheme. This part
aims at justifying our choice.

For our DG scheme, the first idea is to use an L? projector. In particular, one
can use the projector defined in the following way:

First, we can split the approximate space Uy in the following way:

(3.8) Uy = @ Uk
KE%L
where U = {v € L*(K) : DFjvoFk € [Q.(K)*}.
Then, in the first step, we define the L? projector #° on [Q,.(K)]:
Definition 3.5 (Projector L?). Let v € L?(K) and 7 > 0. We define the projector
L%, 7%, of ¥ on [Q,(K)]® by : V¢ € [Q,(K)]?, we have
(3.9) / 7#0% - pdk = / V- pdx.
K

K
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In the second step, we come back to Ug by defining the projector 7%.

Definition 3.6 (Projector on Ug). Let v € L?(K). We define the projection 75%v
of v on Uk by
(3.10) (m%v)oFx = DF;'#0%
where v = DFjvo Fi.
Finally we define the projection operator on Uy,.

Definition 3.7 (Projector on Uy,). Let v € L*(Q). We define the projection 7hv
of v on Uy, by: For K € 9,

(3.11) (Thv) = Tk VK-

When examining the DG scheme in more detail, one sees that it is necessary to
know error estimates of the first order derivatives of the projector used (because
of the presence of the rational terms). So, an H! type projector on U, can be a
possibility for this study. In particular, we have considered the projector defined
as:

2.

First, we define the H' projector 7 on [QT(K
Definition 3.8 (Projector H'). Let v € H(K) and r > 0. We define the H'
projection, #1v, of ¥ on [Q,.(K)]® by Y% € [Q,(K)]?, we have

~—_

3
0 0
3.12 / Ao = V) - pdk + > / — (7% —¥) - ——@pd%x = 0.
(3.12) K< ) ? = f(axk.( ) 8xk(p
w Ow; Ows Ows\*
Rema?”k 39 In m, aijjk means (Ti‘k, Tjk’ Ti‘k) .

Then, we come back to Uk. Let K € 9}, and v € H*(K) with s > 1. We define
the projector 7l on Uk by

(3.13) (mkv)oFx = DF; ' (719)

where v = DF}(voFk).
Finally we define the projection operator on Uy,.

Definition 3.10 (Projector on Uy,). Let v € L?(Q). We define the projection 7} v
of v on Uy, by: For K € 9,

(3.14) (w,llv)‘K = ThV|K-

We must be able to discriminate against these two projectors. The following sub-
section (“hp-projection errors”) shows that the study identically applies to the two
projectors and consequently gives the same interpolation error estimates. Moreover,
section 4 shows that the two projectors lead to the same h convergence rate. How-
ever, the study of the spectral or of the hp convergence shows that these projectors
do not give the same result:

Using theorem 57 of [31] as well as a tensorisation argument (i.e. 7

or?

v, ), we obtain the projection errors for 70

Theorem 3.11. Va € HP(K), it exists a constant C' such that

(3.15) [ — 74, ;< 7@

p.K
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where

3

Eq - D, 0 S q S ]-7
(3.16) o(p,q) = 1

29—p— 3% q=>1,
and 0 < q <p.

As already mentioned, we need the H' projection error to estimate the error of
the GD scheme. The previous theorem gives us:

. 3
(3.17) ||u—7TSU||1Jg <Cr2 pHquﬁ'

BI10) shows that we do not have the optimality for the H! norm.
However, for 7TT, we can find in [30] the following estimate: V¢, s € R verifying

0 <t <1< s, then for ¥ € H*(K), there exists a constant C' > 0 independent of 7
such that:

(3.18) IV =¥l i < Cr oVl &
In particular, we will use the two estimates: (¢t =0,1 in (BI])).

Proposition 2. For v € H*(K), s > 1,

NPT c.
IV =7¥llo 5 < SV &,
(3.19)

v =79l g < =91l &

where C' > 0 is a constant independent of r.

In this case, we obtain the optimal projection errors (1/7° and 1/r*~! for the L?
and the H! norms respectively). In conclusion, we have decided to use the projector
7} to analyze the convergence properties of the DG scheme in the hp-version.

3.3. hp-projection errors. To study the projection error introduced by 7}
use the bracket semi-norm: Let uw € WP (K ),

ry WE

(3.20)

mpK

and the Bramble-Hilbert lemma adapted to @ (see [33], [, [2]):

Lemma 3.12 (Bramble-Hilbert). Let p,q be two numbers such that 1 < p, ¢ < oo
and let r, m be two integers such thatr >0 and m <r+1,

(3.21) WP (K) — W™9(K).

Let Tl € L(W™HP(K); W™9(K)) be an operator which verifies
(3.22) Vp € Q,, IIp = p.

Then there exists C' dependent on K and r such that

(3.23) Yo € WP (K), v —TTv], 0k SOy p i
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In B23), |- 1,, , & is the semi-norm defined by: Let v € wma(K),

e~ (Z L)

The Bramble-Hilbert lemma applied to the operator 7}, immediately leads to:

Proposition 3. Forr > 0 and m < r + 1, there exists C dependent on K and r
such that:

(3.24) Vo e HPPY(R), [0 - 9, 5 < OV,

In order to derive the hp-projection error estimates for 71',11, we must specify the
exact r-dependence of the constant C' of ([3:24). To do so, we come back to the
proof of the Bramble-Hilbert lemma but directly considering 7;. The first step, to
prove this type of result, is to write [1]: V¥ € H™ "1 (K),

(3.25) Vv — 7, mic < — 7Ti||,<£(Hr+1(f(),lqm(f()) ﬁe[é?(ff()]S IV +pll, 11, %
< CillI = 7ol g (i), mrm (R Vs &

where C1 is independent of r.
By using (BI8), (3:20) we immediately get:

K
(3.26) Vv — 73], g < Ca(K)

V& < T Ve 0 ms T4 L

In order to determine the projector errors, we will need the following estimate :

Lemma 3.13. Let K € 9}, and v € Wm’p(K). We have the estimate:

(3.27) [vo Fk] <tk Ivlm,p,K

m p,K —
PK

If F, belongs to a reqular family of triangulation, we give:

(3.28) [vo Fk] < Corhy |v|m,p,K

m.p, K
where C' > 0 independent of K and r.
Proof. Note Fx = (F}(, FIZ(, F[S() To prove this lemma, we use the property:
(3.29) 0% Fie = 0 for i = 1,2,3,
because Fj € Ql(f(). O
Let v e H(K), r > 0.
Lemma 3.14. There exists C' independent of K and r such that:
h2
v —mgvlox <C r+1[ lrs1io

(3.30)
1 ¢
v -7k < V], &

2 paT
hir
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Proof. We prove only the second inequality. It suffices to use the same process to
obtain the first. Write w = v — 75V = (wy, w2, w3)* (% reads for the transposition

operator). We have

3 3
2 =3 % /K Tl (Dr i) F i [2d5%

1=1 =1

(3.31) |w

0 .
where the notation d,, means ——. By definition, we have w = DFy 'oF ' WoF !

&vl

where W = Vv — #1¥ and DF}. writes:

03,21 03,72 Oz, T3
(332) DF]*( = 8@2.’1}1 8@21}2 8@21}3
O0z,21 03,02 Oz, 3

where z; = Fi(%) for i = 1,2, 3.
Inverting this matrix with the help of the co-factors formula, we obtain:

1
DFy = —
K
Jr
Oy 200,03 — 0, 300, %2 — 0, 100,23 + O, 302,01 Oy £10a5, T2 — Oy, X200 1
—0p, 205,03 + O, ©30x3 T2 O T102383 — O, 305,81 —Oxp, 1032 + Oy T205, X1

az} x2azA2 r3— 81‘"1 $3az"2 ) _81] xlafg T3 + az} $3aj2 T 81] x1 852 T2 — 81] 372815 x1

mi,joFgl

3
1
Note that DFI*(_1 = —(my )i j=1, 3, S0 we have w; = Z TnoFl
K

JK =
Now, we derive the last expression with respect to z;:
(3.33)

A -1
wjoF .

Onwi =Y [‘911 (mij0F ") JicoFyct — mijoFy 0w, (JicoF )

WioFR!
(JicoFy ") 100K

Jj=1

—1
mi,joFK

Oy, (j0F "
JKoFgl 2 (Wj0F ™)

B Z [23: (8jkmi,j)oFg181likJKoFgl — mi,joFgl(aijK)oFglazlikvaFq
= ol (JKOFI;I)Q J K
mi joF . _ .
+#(&ekw]‘)OFKlaﬁl’k}
K
Note that
‘k,‘l _ (@fckmi,j)axli‘kOFKJK — mi7j(3¢kJK)axlﬂA}k0FK
%,7 (JK)2
(3.34)
- me -
ThE = 0 g, #roF

2Y) JK
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SO we can write:

3

(3.35) (O wi)oF = Y [T’“ b+ T, 07 .
Jok=1
The mesh regularity leads to:
C
k.l
T 51 < g,
(3.36)
~1 C
151 < 5
»J h%(

where C' > 0 independent of K and r. Indeed, the definition of m, ; gives us
Im; j| < Ch3 and |0z, m; ;| < Ch3 (keep in mind that x; = Fj(x) for i € [1,3]).
Moreover, the estimates ([B3) imply |0, #10Fk| < C/hk, |Jx| < Ch3, 02, Jk| <
Ch3; and |Jk| > C'h3.. That allows us to obtain:

C - .
(3.37) (8, wi)oFx[* < T 3 [|wj|2+|a@kwj|z}.

] k=1
Return to our semi-norm: Using [B.37), (B3] leads to

Wit < o1 K”“ZZ [ [l + 00,1,

(338) i=1 1=1 j,k=1

C
< —||W||
Finally ([3:26]) gives the lemma. d

The following step is to increase [V]  » by a power of hg and ||v||m, k-

Lemma 3.15. Let v € H™(K). We have the following estimate:

1

(339) [{’]Tmf( S CZ |FK‘Z+17OO,K[VOFK]m7l,K
=0

where C' > 0 independent of K and r.
~—712d¢. We can write

Proof. We have v = DFjvoFk and [ff]fn 5= Z Z/ |

0 = Z J; kvgoF where DF}y = (Jj 1) j k=1, 3. The Leibniz formula leads to:
k=1

(3.40) _ ii ( ) . i) amax(;:ﬁ?F)

i k=1 1=0
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! ; A P
For [ > 2, we have 9 g{J[k) =0 (indeed Fg € [Q1(K)]?). That implies:
7t
"0, om-! 'UkOF R
/\ ]2d <CZZ|FK|1+100K/| e ‘d

k=1 1=0
(3.41)

SCZZ|FK|H1 UkOFK]m LK
k=1 1=0

So, we obtain the following result:

3 3 3 1
Q]fn,f( < CZ Z Z Z ‘FK|l+1 o, K UkOFK]m I.K

(3.42) i=1 j=1 k=1 1=0

<CZ\FK|l+1 wlVoFkl?_ o O
=0

Finally, by grouping (3.30), (B8.28) and (339]) together, we obtain the following
error estimates:

Proposition 4. Let v € HT“(K), Then there exists C' independent of the cell K
and r such that:
h%,
v — 7TKV||0 Kk <C Tffl (\V|r,K + hK\V|r+1,K),
(3.43)

r—1
K

v — 7 v]iK < C (IVlr i + hi|V]rs1,x).-

Now, by using the interpolation Theorem 1.4 of [33], we extend the result to the
real exponents.

Proposition 5. Letv € HS'H(K), for 0 < s <7 real and assume that 0 < hx < 1.
Then there exists C' independent of the cell K and r and such that:

hS
v —meviox < CTS%HVHHMO
(3.44)
sfl
|v — va\l Kk <C
s

[Vllss1.x-
Proof. Let r1 < 72 be two positive integers and § € [0,1]. Assume that 7% €
LMHMYEK), H™(K)) N ZLH™?TY(K), H™(K)) for m = 0,1. Then we have:

1T — mge || rori+a-orrasr gy rm (i)

<C|I - ﬂ}(”?%(H“'H(K),HM(K))”I - W}(||3§&17~2+1(K)7Hm(;())~
The inequalities [3:43]) lead to:
rl—m

1= micll 2oy iy < C g

r2—m

||[ — 77}(||$(H1-2+1(K)7H7,L(K)) < Cirr;fklfm'
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So we obtain:
h9rl+(170)r27m
1 K
1 = micll g @aorva-orno) mmu0) < Cgimmgmrizm:

Finally, take r1 =0, r2 =7 and s = (1 — 6). We can write the inequality:

||V — W}(VHm,K < ||I — W}(llg(Hs+1(K)7Hrr7L(K)) ||VHS+1,K
e
< CmHVHsH,K- g

Now, if we take v € H*(K) with s > r + 1, we prove easily the error estimates:

h?"
v =mkvlon < OVl ke,
(3.45)

r—1
v — 7 v]iK < CT£1 [vls,x-

Finally, (343 and (343) lead to the global result: Let v € H*"(K) with s > 0:
) Ilréin(s,r)
IV =mivlox < O = IIvlistix,
(3.46)

min(s—1,r—1)

v = mhvle < OV

where C' is independent of the cell K and r.

4. A-PRIORI ERROR ESTIMATES FOR THE SPATIAL
SEMI-DISCRETE APPROXIMATION

In this part, we consider that all the integrals are computed in an exact way.
Let (E,H) and (Ej, Hy) be respectively the solutions of (Z1]) and 2I0). Our goal
is to estimate |E — Ey|lo,o and |[H — Hy|lo,o. For that, we introduce the energy
norm:

(4.1) 1B, H)Z = [1BIIF o + [1H]

2
0,Q,p°

The norm (1)) is more adapted to our estimations because it appears naturally in
the Maxwell equations. So, we prefer to estimate:

(4.2) |(B~ By H-H)|. =\ /|E-E,

|(2J,Q7§ + ||H - HhH%,(L&'

Introduce the projection of the exact solution (E,H) i.e. (7 E, 7+ H) (we assume
that E and H have the regularity necessary for the definition of projections in ([2])):

[(E - By, H - Hy)|?

— |E - B+ mhE ~ Byl + [H - miH + riH — Hy[3,,
(4.3)

<2&l5 0 T IALIG 0. + 218800145

|0,Q7§

HIAGG 0,0 + 12u5.0, + 21 Afllo.0.u | Akl

0,Q,p
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where AL = E — 71 E (projection error) and AL = E;, — 71 E (interpolation error).
We have the same thing for H. Using the inequality 2ab < a? + b, #3) becomes:

(4.4) (B — By, H = Hy) |12 < 2([[(Af, A2 + 1A%, AR [12)-

To estimate the error introduced by the spatial approximation, we have to evaluate
(AL, Af) ||« and || (AL, Af)|ls. The estimation of the first term does not pose any
problem, it is sufficient to use the projection errors of the previous section; on the
other hand, the second term requires more work. This will be done in three steps:
first we will set up the equations which will make it possible to evaluate this error,
then we will present two trace lemmas which will be used to estimate the surface
integrals and finally we will consecutively evaluate the interpolation error for the
study in h and r.

4.1. Orthogonal property. Introducing (F}LE, F}LH) in the semi-discrete DG sys-
tem (without numerical integration) and taking ¢,;, = AL, we obtain:

0
(BB AR) = —(5,mE AR),

5 + (VX A, AR) )

I

(4.5) +H(V x mH, AR o — (A8, AR)y o, — (ME,AR),

Ko

IS}

_(J57 AIIE)O’K + (ﬂ[[A{-I X nK]]gKu A{E\K)O’SK + (ﬁ[[ﬂ';le X nK]]gKuA{E\K)O’aK-

It is easy to see that the exact solution verifies:

0 0

(EA]{]: A]IE)O,K,g + (&W}LE? A{E)O,K,g - (v X AII—DIa A{E)O,K

(4.6) —(V x 1 H, AL Yok + (AR, AL)o ko
+(7Tf1LEa A}IE)O,K,g + (Jw A11*3)0 x =0

Combine ([@H) and [@.6):

1d,. ;1 ;1 I AT J  p Al

5& (AE, AE)OvKE = —(AE, AE)O,K,% + (&AEN AE)O,K,;
(4.7) +(V x Al AL) o — (VX AR AR)ox + (AR, AR)o ko

Jr(ﬂ[[A{—I X nK]]gKa A]Ii‘,\K)QaK + (ﬂﬂﬂ}zH X nKﬂgK’ A]IE)\K)073K'
Applying the same reasoning for the H equation, we have:

1d 0
5 (Oh A e, = (580 Mo — (V< A Ay,

(4.8) +(v X AgvA{—I)O,K + (VHAIIE X nK]]éI)(KaA{—I\K)O,QK

+(7[[7T}11E X nK]]gKa A{-I|K)07{)K'
The Green formula gives:

(4.9) (V x Afp, Ag)o.x = (Mg, V X Aok + (Adgjre, Afgjx X DK )00k
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Adding (@) and ([£38), we obtain:

1d
5 gt [(BE: BB i, + (B Ay e ]
+(V x AL Aok

AL AL "
(4.10) + (Ag: Ag)o.K,o

+(ﬁ[[A{-I X nK]]gKa A]IE:\K)oyaK + (ﬁ[[ﬂ}llH X nKﬂaKvAEU()o K
(AH|K7A{E\K X D)ook — ( [AL X nK]]aKaAH\K)o oK

+(v[mhE x nk] 5k, A%—IIK)o,aK'

We know that Vt € (0,7), (E,H)(t) € Ho(rot,Q) x H(rot,Q), so we have VI' =
(KNK') e F}, [[E x ni & ou x — 0 and [H x ng]& ©*K" = 0. Moreover, keep in
mind that VI' € fh, 8 =0.

By summing (I0) over all the cells of the mesh and using the previous proper-
ties, we can write:

QB AL =50 D (Al Aw)g o, + (Ai A ]

Kegy,

&.‘&
l\.’)\»—t
&l

N =

0
< Z [|(6tAE’AE 0,K,e ‘+| AH7AH 7K7M’+|(VXA£7A{—I)O,K|
KeTy, £

(4.11)
HI(V x A1, AR | + (AR, Ao ko] + [(BIAT X nk], Ak k) o]
(VAR x k], A i) o]
To obtain (@II), we have used the fact that (Ag, Ag), . > 0 and to eliminate

surface terms in AL and AL, we have used the identity:

Z ((ﬂ[[A{-I X nK]]gK’A]IE\K)O)aK - (VHA}IE X nKﬂgKvA{{\K)Q7aK
KeIy,

+ (A{—HK’ A{E\K X N )o,oK) = 0.

4.2. Trace lemmas. To estimate the surface integrals, we will need several inter-
mediate results:

Lemma 4.1. Let u, € Uy, and K € .9,; then there exists a constant C > 0 inde-
pendent of K and r such that:

2
T
(4.12) (Ui, up K )o,ox < CU}(lpr(uh’ o,k -
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Moreover, if T, belongs to a regular family of meshes, we have:

2
T
(4.13) (up) x> W K )o,0K < Cﬁ(uh;uh)o,K-

Proof. We have:

/SK lw i |*do /BK Ik ||| DFy 'al|(DF ' Dy M) - g do
(4.14) =
/ lwpx |2da / |Jk|(DF ' DFy k) - agd
K K

The estimations (3.3)) lead to:

(4.15)

In [29], we can find the estimation:

/ g -ugdo
/ Ug - UgdT
K
So, we obtain the wanted result. ([

We will need the trace inequality also:

Lemma 4.2. Let K € 9. There exists C > 0 independent of K and r such that
Yo € HY(K),

(4.17) [lv]

sox < C(lv

o, IV 0llo,r + it o 0113 5)-

Moreover, if 9, belongs to a reqular family of meshes, we have:

(4.18) I3 ox < CUlvllo,x IVollox + R V113 k)-

Proof. Let K € 2, and v € HY(K). Pose © = voFk. So, we have the trace
inequality:

(4.19) 19115 55 < €l

0 |0,KHV€1H0,K + Hf)lng)

See for example the annexes of [28] to obtain a proof of this result.
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Now, we are going to return to the cell K. We have the estimations:

1
o0|? :/ on&:/ ——%do
00K Jok or |Jk|| D0

1

= - [allF
1kl i e e 0

(4.20)

O'
> 0l o by vsing @3
R 9 1
(1.21) ool z = /K §ds = /K 0t < T s ol = 0 0l e

.||w||g’k:/f<w Viodk = / |JK|DFKW DF}Vudx

(4.22)
2
< CZE | 9|2 by using B3).
PK ’
([@20)) becomes:
o3
(4.23) ||UH0 oxc < C(C2 7 o 15.5)-
PK
We obtain the wanted result. O

4.3. Error estimates. The use of ({I2]) allows us to establish the following esti-
mations of the surface terms:

Z [l(ﬁ[[AI[:)I X nK]]vAIIE\K)o,al(l + |(7[[A§ X nK]]vA{—I|K)073KH
Keo,

< Y UBIITAT x ng]lloox||AL

KeT,

(4.24) +AIITAS x nxllloox | Aty xllo.ox]

ur
<C Y o UBIIAG x nxlloox Ak
Keg,, P

+lI[Ag x nk]

4

where C' is a constant independent of K and 7, but dependent on materials in the
event here of By defined in the first section.
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[EI7) gives:

1A x X nkllgox < CUAE ok ALK + 0% P AR &),
(4.25)

1Atk x nxcll§ o < CUATNox | All1x + 05 i I AT )

where C is a constant independent of K and r.
Indeed, note that v = AE‘K = (v1,v2,v3)* and ng = (n1, na,n3)*. We can then
write:

P *
(426) AE|K XN =V XN = (U27’L3 — VU3Ng, V3N — VN3, V1N — ’UQ’I’Ll) .
Now, developing HAglK x ngllg o5, We get:

HAEK X nKH(2),8K

/ ((’1)277,3 — 1)377,2)2 —+ (’1)3711 — ’1)1713)2 —+ (’1)1712 — ’1)2711)2)(10

OK

(4.27)

< 2/ (vgng + v%n% + vgn% + vfn% + vfng + v%n%)do’
OK

<4 /a (0 +f ) = (o o+ ol o + sl o)

To obtain the last inequality, we have used the fact that n? +n3+n% = 1. Applying
[@EIR) to v; € HY(K) (for 1 <i < 3), one deduces the inequalities:

(4.28) lvillg o < Cllvi

o,k IV0illo.re + 0 P vill3 1c)-
Finally, introducing (£28) into (£217), we have:

3
1Rk X 0§ ox < 40D (lvillo, I Voillo,x + o7 o5 vl )
i=1

(4.29) S -
<40 (Ivllo,x vl e + ot o Iv]

i=1

6,K)
< 12C(Ivllo.x IVl + ok o IVIE -

We obtain the wanted result. For HAII_JIl x Xnk|§ o5 it is obviously the same thing.
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For the other terms of (£I1]), we have the following estimates:

i Z U(V X AgaA{—I)O,K‘ + |(V X AII-DIvA{E)o’KH
KeIy,

<0 Y [lag

KeI,

1| Al

0.k + 18Tk Ak lo.x.c].

P P
(4.30) © X (G728 8%) k.| + (500 Ak i
Keo,

3

<C Y (IAg, okl Agllo.xe + 1A%, lo.x | Afllo.x.c)
Keoy,

P I P I
o > (AL AR)okel <C D 1AL loxlAkllo.xe
KeJy, KeT,

where C'is a constant independent of K and r but dependent on the dielectric values
of the medium and u; = % .

Remark 4.3. To obtain the second inequality of ([@30]), we have used the property:

9
(4.31) aAg = A%E =Ag,.

We have the same thing for Af.

Now, we are going to recombine the established estimates and use the projection
errors of the previous section. Keep in mind that we use a regular family, (.73 )r>0,
of meshes. We assume that E, H € H*t'(.7;,) N H(rot,Q), E,, H, € H* (%)
and J, € HSHH(%) with 0 < s,5,s" <rand 0 < hg <1, VK € 7.

Using (3.40), (£25)) becomes:

hmin(Zs—l,Zr—l)
1AL % X nkllg ox < CKTTHEHHLK,
(4.32)
hmin(Zs—l,Zr—l)
”AIF—)I\K X ngll§ o < CKTT”HHS—H,K-

Thus, the boundary terms are bounded by:

S7 U(AIAR X nil, Ak ) ol + [(VIAE X mic], A ) o]

Kegy,
(433) hmin(s—l,r—l)
I I
<0 3 T Bl A o + IF | A sl )
KeTy, r 2

Here C depends on 7.
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We also have the estimates of ([@30):

i Z [|(V X A£7A{-1)O,K| + |(V X AII:—,DAIIE)Q,KH
Key,

mln(s 1,r—1)

<C Y e [IElr1x | Afxllosr + 1H]
Key,

el

(4.34) Z ’ AE’AI)OK5|+‘( AHvAH)

H‘:

Ke 9}1
gln(s ,r)
=C Z s [IIE e+ [ Hells1 k|| uls
Kegy,
, , hmm(a r)
o > (AR ARokel <C Y — Bl
Ke KeT,
A% llo,x . 1A% o,k
Now, by using the fact that ————>+=— <land ————+—=— <1, ([@II) leads
(AL, Al (AL, ALl
to:
d S mln(s 1,r—1)
SR AR <0 3 [P (Bl + [Hx)
KE%L
4.35
( ) hmin(s’7r)

7 (Bl + [Hello.x) |

Finally, the Gronwall lemma on the interval (0,7") gives the following theorem:

Theorem 4.4. Let r be a positive integer. Assume that the exact solu-
tion verifies (E,H) € H*"'(%,) and (E, H;) € H* T1(%,) fors,s' > 0
real and 0 < hix <1, VK € J;,. Then,we have the global estimate of the
interpolation error:

(AL, ALp)[1(T) < [[(AE, Adp)ll«(0)

hmin(s—l.s' r—1)

(4.36) +CT———————— max (|\E|\a+1 n(t), IH||s51,1 (),

T.mln(s—— s'+1) te(0,T
Eellsr 1,0 (2), HHtHs +1,4(t))

where C' > 0 is a constant independent of K and r and h = ma;g hi.
Ke,
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Return to the error of the scheme: According to (£4]), we have

I(E — En, H — Hy)[|(T) < V2(I(Ag, Al + 1Ak, Afy) [1)(T)

<V2[(AL, AR)[1(0) + CV2[h® max (| Blsg1,4(T), [|Hs41,,(T))
hmin(sts',rfl)

+Tmtg(lél§)(”]3”s+l,h(t)a IH | oq 1,0 (8); 1Bellsr1,n(8), [[Hellsr1,0(2))]-

We see that the error seems to be sub-optimal and it increases at most linearly in
time. Moreover, for r = 1, the previous estimate does not prove the consistence of
the scheme. In the last section of this paper, we will see with a simple numerical
example that it is not clear that this scheme is consistent for a certain type of mesh.

Remark 4.5. If the mesh used is orthogonal or almost parallelepipedic, we find
an exponent h®. Indeed, we are respectively in an affine case and with second
derivatives of Fx bounded by Ch?.

4.4. Error due to the numerical integration. In this sub-section, we assume
that the dielectric tensors are constant by cells and that we have conformal meshes.
This last assumption allows us to have all discrete jump integrals (i.e. computed
by using the Gauss rule) which are exact [34] i.e. Yuy, vi, € U, we have:

G
(437) / [[uh X IIK]] -VhdU = / [[uh X IIK]] 'VhdU.
OK 0K

For technical reasons due to the use of a quadrature formula, we will need the
interpolation operator Ij, on Uy defined by: Let v € [C°(Z;,)]3 (i.e. v € L2(Q2) be
such that VK € .7}, we have v|x € [C°(K)]?); then VK € F,

(4.38) Ik voFk (&) = voF(&;)

V1€ {1, --,r+1}3. We can easily transpose the error estimates of the operator 7},
1 3
to I, and we obtain, in particular: Let v € H*TH(K), s > = (s > 5 to ensure the

2
inclusion of H*(K) in [C°(K)]?); then there exists C independent of the element

K and r such that:

min(s,r)

(4.39) v = Inivlox < C%HVHWLK-

To prove the r-dependence of [@39), we have used the result in [31],
, 1 . .
veHTHK), s> 3 then there exists a constant C' independent of r such that:

C
(4.40) Iv = Dyvloe < — ¥l
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Now, let us rewrite equation ([@I0) by taking into account the Gauss quadrature
rule:

1d

G
W/ EAF-A}E+MA?-A?]dx:/ ELN SNSRI JUN L PN
2dt /. £ K= Eot

ot

0 E @ 0 E 0 H
+[/Kga7rhE-A,dx—/K gﬁﬁhE'AI}"F[/KgaﬁhH'AldX

G

G
—/ MgmHAﬂ +[/ gﬂhE-A}de—/ omiE - AT]
=0t K K

G
+[/ JS~A}de—/ JS-A}E]+/ BIAT x nk] - AT
(4.41) K ® oK

+ BlmnH X nk] ~A]IE +/ Y[mnE X nk] - A}{
oK oK

+/ 'y[[A]IEan]]~A}{+/VXA}{~A]Ide—/VXA]IE~A?CZX
OK K K
f/VXAI[;LA}deJr/VXAE-A?dx
K K

G
- [ oaF-aF+ [ oak-afax
JK T K~

To obtain (£41I]), we have used the fact that the stiffness and the jump integrals
are exact for all the elements belonging to the approximate space Up. Indeed, for
the stiffness terms we have the classical result: Let uy, vy, € Up; we have VK € 7},

G G
DFg ~
/ Vth.vh:/ |JK‘—KvXﬁhDFI*<71{’h
K K Jx
G A
(4.42) = sign(JK)/ V Xy -vp
K

= sign(JK)/ @ X ﬁh \Afhd)’\( = / V x up -Vth.
K K

To write the last line of (@42) we use the fact that the Gauss formula used is exact
for all the polynomials in Q2T+1(k ). This is why we have omitted the symbol G
(for “Gauss”) in these integrals.

As regards the discrete energy norm of the first line, one shows easily that it is
equivalent to the energy norm without numerical integration. Indeed, let u, € Uy;
then we have:

G G
(4.43) / uy, - updx = / |Jk|DF'DF; My, - ay,di.
K K

By using the estimates (33) and [3.3]), we can write immediately these two inequal-
ities:

p3 G G h7 G
(4.44) (SRS / ay, - Gpdd < / uy, - updx < Co—K / 0y, - 0ydd
hi Jk K Pr JK
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where C1, Cy > 0 are independent of K and r.
Now, as the Gauss formula is exact to the order 2r + 1 when we use (r + 1)3
quadrature points, we have:

G
(4.45) / 0y, - upds = / uy, - updz.
K K

Returning to the cell K of the mesh:

/A ay, - uhdx—/ DFjupoFk - DFgun0Fkd:

(4.46)
DFgDF},
/ |JK| ‘I; | K hoFK-uhoFdec.
Again using (33) and (BX), one obtains the following inequalities:
6 2
PK / - 0y di Ik
4.47 —= uy - updx < / uy - apdz < - / uy - updx.
(4.47) Cohfe Ji K Cipi Ji
Combining (£44) and (@47), we get the wanted result i.e.,
a
(4.48) ﬁa?(/ uy - updx < / uy, - updx < g 9 / uy, - updx.
Co K K Ol K

From this equivalence, one deduces the following result: The assumption of regu-
larity of the mesh gives:

G
(4.49) 009/ [gA]IE CAF HA? : Af-{]dx < / [gAIIS AR 4 HA? . A?]dx
K = K =

where C' > 0 is independent of K and 7.
Now, we are going to estimate the first integration error of the second line of

(EDE

/ TR AFdx — / 5—7rhE AF _/ emE; - APdx
e
—/ §7ThEt AI —/ _(7ThEt Et) A]IEdX—F/ §EtA]IEdX
K K K

G G
—/ eE, - AT ‘|'/ c(InEy — mpEy) AP
K - K

G
+’/§Et-AIde—/ §Et~AIIE‘
K~ K =

+C||m Ey — IhEt”O,K,g”A][E”O,K,g

(4.50)
< ||7ThEt -

S (1 + C)Hﬂ-hEt — Et

G
K~ K

where C' is independent of K and r.

e+ CILE: — Eilo kel AT o5
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We obtain the previous inequalities by combining the Schwarz discrete inequality

and the previous equivalence property. To estimate the last line of (£350]), only for
the last term, additional work is necessary. First, we develop this term:

(4.51)
G
‘/ gEyA?dxf/ gEt-A]IE‘
K K

G
= ‘/ |Jk|DFy'coFk DFy "By - AFdx — / |Jk|DFy'coFk DFy ' Ey - AT
K K
where E, = DFj:E;0Fk and AP = E;, — #1E € [Q,(K)]?.
Let 0 = |JK|DFI;1QOFKDF;{1Et. Introduce the interpolation polynomial Iw

in (@5]) and using the fact that the Gauss quadrature rule is exact for the poly-
nomial space Q2,41 when we take (r + 1)3 quadrature points, we get:
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where C' depends on Cj.
Using the Bramble-Hilbert lemma and the theory of the spectral methods [31],
we can write the two following estimates for the interpolation operator I":

177%) el < S5 1
(4.53)
7 () = Wl e < Il
First, we are going to estimate the term [W] 41,k The definition of W leads to:
(4.54) W], g = [Jk|DF coFkEtoF k], i = [MkeoFKEwFK], 1 &

where Mg = (m/f;) € .#(3,3), the cofactor matrix of DFx. Developing [#54), we
get:
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(4.55)
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(because ¢ is constant within a cell).
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Ch?. That implies the following estimate:

It is easy to see that Vm > 3, i

—(mf;) = 0and that 0 < m < 2, ’W(mK)‘ <

[MKEOFKEtOFK]
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Finally, we have:

(4.57) [W]? < Chi([EioFk]?

LR [EtoFK]i + [EoFk]?

r+1,K r— lK)'

Now, using [B28), we deduce the following three estimates:

r—1
[EtOFK}r+1,K < Chy ® ‘Et|r+1,Ka
.3
(4.58) [EoFk], x < Chy * Bk,

r3
[EoFk], 1 g < Chy *[Etlr—1k.
Injecting (£58)) in ([@5T), we obtain:
1
(4.59) W1 < C(MG ? [Belrrnsc + W 2 [Belroie + B ? [Belro1c)-

Moreover, we have:

A c
(4.60) 1A7 o, < —TI1AFlo.c.c-
hi

Combining (£59) and ([@60), we have the following error estimate for the interpo-
lation operator:

| / E, - APdx - / By - APdx| < O (0 Bl + Hic Bl
(4.61)

AR B 1 k) AT o,k e
Finally, using (@61 and (@39), (@50) gives: For 0 < hx <1,

(4.62)
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Proceeding in the same way, we prove:

r—1
hK
rr+1
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From (£62) and ([E63]), we deduce that it suffices to add the error (after the tem-
poral integration from 0 to T):

hmin(stslfl,s”fl,rfl)

pmin(s+1,s'+1,57 1) (tgﬁij] (IBellsr 1, [ Hellsr+1,m,

(4.64)

HEHS+1,}L3 ||Js||s”+1,h))T

1 . .
from 5 < s,8',8" <r (one had s,s’,s” > 0 when the numerical integration was not

used) for the space error estimate using the mass-lumping technique. Here C' is a
positive constant independent of K and r.

We conclude that the use of the Gauss quadrature formula can generate a de-
terioration of the spatial convergence (s’ — 1, s” — 1) when the exact solution of
the problem is not very regular inside at least a cell. Nevertheless, if the data of
the treated problem are regular, then the mass-lumping does not generate a de-
terioration of the h convergence (i.e. h}’(_l). Moreover, this reinforces the risk of
inconsistency of the scheme using r = 1. Lastly, the behavior remains linear in
time.

5. NUMERICAL RESULTS

The aim of this part is to numerically verify whether the h-convergence rates
obtained in the previous sections are optimal or not. To carry out this purpose, we
study the propagation of a mode inside a perfectly metallic cubic cavity (Exn =0
on the wall of the cavity) with an edge of @ = 0.25m. The propagative mode that
we study is a mode (m,n,0) given by:

E,=0; E,=0; H, =0,

E, = sin(mwg) sin(mrg) cos(wt),
a a

™m . T Y, .
H, = sin(mm—) cos(nm=) sin(wt
o= o sin(mr) cos(nr?) sin(wt)
™M T, . Yy, .
H,= = COS(TTL?TE) sm(mra) sin(wt),
where w = 3 - 108 (m)2+(n—ﬂ)2.
a a

By imposing this mode as an initial condition (i.e. for ¢ = 0), the DG scheme
gives an approached solution of (B.I]). Hence, one knows the exact solution of our
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problem. We can then compute the errors due to the DG scheme for some appro-
priated norms. More precisely, we have used two norms. The first is the classical
L2 norm (|| - [|o.o) and the second is the norm

bot Y IVxulfc+ > lluxn]lir

Key, res,

[l = u|

which gives the classical H(curl, Q) norm when p is curl-conforming.

Moreover, we have chosen to take a sufficiently small time step in order to have
a negligible time error.

Finally, we have used two types of mesh. The first is a “slightly deformed” carte-
sian type and the second is obtained by cutting each tetrahedron of a tetrahedrique
mesh in four hexahedrons.

Remark 5.1. The simulations are carried out for the approximation @); and Q.
For highers orders, the computational cost rapidly becomes too important when
one wants to obtain the asymptotic behaviour.

a- “slightly deformed” Cartesian grids:
The meshes are composed of N x N x N cells, N being the number of subdivisions
in each direction. For the (Q; and Q)3 approximations, we have respectively taken

m =mn=1and m = n = 3. We have determined both the projection errors (i.e. for
t = 0) and the DG errors obtained after having covered one period (i.e. t = 2i)
7r

Tables [ and [ contain the results obtained for the L? projection of the initial
condition. We find the theoretical rates, i.e., h" for the L? norm and h"~! for
the norm || - ||n. Indeed, the slight deformation has been made in order to obtain
the estimation |Fi|, ., z < Chk (and not h2.). Moreover, under this hypothesis,
the theoretical results predicate that the L? error of the DG scheme is bounded
by O(h"~1). However, the results contained in Tables 2 and [l show that the h-
convergence rates are h” for the norm | - [lo.o and A"~! for the norm | - ||5. To
conclude, for this type of mesh, the theoretical convergence rates obtained seem to
be sub-optimals.

TABLE 1. Projection errors on “slightly deformed” Cartesian grids for Q.

| Q1 | 8x8x8 [16x16x16[32x32x32]64x064x64|
L2 error |1.2812-1072] 5.775-107° [ 2.835-102 | 1.439- 103
L2 order X 1.14 1.026 0.98
|| - lln error 0.1938 0.1754 0.172 0.1736
I - ||, order X ~0 ~ 0 ~0

TABLE 2. Error after one period on “slightly deformed” Cartesian
grids for Q.

| Q1 | 8x8x8 [16x16x16][32x32x32]64x064x64 |
L? error | 2.794-107 2] 1.611-10° 2 | 8.342-10° | 4.189-10°
L? order X 0.7 0.95 0.993
| - [ error 0.25 0.263 0.267 0.268
I - ||n order X ~0 ~0 ~0




TABLE 3. Projection errors on “slightly deformed” Cartesian grids for Qs.
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\ Q- [ 16 x 16 x 16 | 32 x 32 x 32 [ 64 x 64 x 64 |
LZerror | 1.708-1073 | 3.658 - 10~* [ 8.772-107°
L2 order X 2.22 2.06

|- []n error | 8.2951-10~2 | 3.513-10-2 | 1.675 102
Il - ||, order X 1.24 1.06
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TABLE 4. Error after one period on “slightly deformed” Cartesian
grids for Q5.

| Q> | 16 x 16 x 16 | 32 x 32 x 32 | 64 x 64 x 64 |
L? error | 5.721-1072 [ 1.206-10"2 | 3.12-10 1%
L2 order X 2.24 1.95
|- [ error 0.16 5.947-1072 | 2.607 - 102
[ - [ order X 1.42 1.18

b- General unstructured hexahedral meshes:

For this numerical experiment, we have used meshes obtained by cutting each
tetrahedron of a tetrahedrique mesh in four hexahedrons. We have taken an initial
mesh that we have successively refined. As for the previous example, we have the
estimation |FK|27007[< < Chg. For the Q1 and Q> approximations, we have taken
m=mn=1.

Tables and [0f§] contain the results obtained for the projection and the DG
errors respectively. The first line of each table corresponds to the maximal spatial
step (h). For the projection, the convergence rates conform to the theoretical results
i.e. h" for |- |jo.q and A"t for || - ||5. With regard to the DG errors, the Q1 and Q2
approximations seem to have convergence rates for the L?- norm equal to h° and
h' respectively i.e. h"~!. This result seems to be confirmed by the errors obtained
for || - ||n. Indeed for this norm, the convergence rates are h=® for @, and h® for
@2, a and [ seemingly tending respectively towards 1 and 0. For this type of mesh,
the theoretical convergence rates seem to be optimal.

TABLE 5. Projection errors on general unstructured hexahedral
meshes for Q1.

| Q@ | 0039 [ 0021 | 0011 |
L2 error | 8.4622-1073]4.3179-103 | 2.1568 - 103
1.2 order X 1.08 1.07
| - ||n error 0.3575 0.3567 0.3544
|| . ”h order X ~ 0 ~0
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TABLE 6. Projection errors on general unstructured hexahedral
meshes for Q.

| Q2 | 0.078 | 0.039 | 0.021 |
L% error | 8.0761-10-* | 1.8373-10~* | 4.9105-10~°
L? order X 2.13 2.13
|- [|n error | 2.4309-10=2 | 1.136-10~2 | 5.8978 - 103
I |5 order X 1.09 1.05

TABLE 7. Error after one period on general unstructured hexahe-
dral meshes for Q1.

| Q1 | 0039 | 0.021 | 0.011 |
L2 error | 6.2637-1072 [ 3.6486 - 10~2 | 2.8541 - 102
L2 order X 0.87 0.37
| - ||n error 1.168 1.326 2.04
|| - l|ln order X —0.208 —0.67

TABLE 8. Error after one period on general unstructured hexahe-
dral meshes for Q5.

| Q> | 0078 | 0039 | 0.021 |
L2 error [6.6374-1073 [ 2.6737-1073 [ 1.1924- 1073
L% order X 1.31 1.3
| - |5 error 0.1568 0.1152 9.8245 - 102
|| - [|n order X 0.44 0.25
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