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SPECTRAL ELEMENT DISCRETIZATION
OF THE MAXWELL EQUATIONS

F. BEN BELGACEM AND C. BERNARDI

ABSTRACT. We consider a variational problem which is equivalent to the elec-
tromagnetism system with absorbing conditions on a part of the boundary,
and we prove that it is well-posed. Next we propose a discretization relying
on a finite difference scheme for the time variable and on spectral elements
for the space variables, and we derive error estimates between the exact and
discrete solutions.

RiESUME. On considére un probléme variationnel équivalent aux équations de
I’électromagnétisme avec conditions aux limites absorbantes sur une partie de
la frontiére, qu’on prouve étre bien posé. Puis on propose une discrétisation
de ce probléeme par schéma aux différences finies en temps et éléments spec-
traux en espace, et on établit des estimations d’erreur entre solutions exacte
et approchée.

1. INTRODUCTION

The aim of this paper is to analyze a spectral element discretization of the
time-dependent Maxwell equations in a two- or three-dimensional bounded domain,
when the boundary is made of two connected parts: the first one is absorbing, the
second one is conducting. Indeed, much work has been done for the finite element
discretization of such a problem, both in the standard version (see for instance
[ADHRS], [Bo], [H] and the references therein) and in the p and h — p versions (see
[M1] and [M2]). But it seems that the spectral discretization has less been studied
in this framework (see [ABG], [BG]).

In contrast to the finite element method, spectral techniques are known for their
infinite accuracy, in the sense that the order of convergence is only limited by the
regularity of the exact solution: this results from the approximation by high degree
polynomials. And solving the Maxwell system with spectral accuracy is important
in a number of applications, especially when it is coupled with other equations
(Vlasov, Schrédinger, ...), in order to ensure that a poor approximation of the
electromagnetic field does not pollute the other unknowns.

The drawback of the pure spectral method is that it allows one to work only
in tensorized domains, i.e. rectangles and rectangular parallelepipeds. But the
spectral element method allows one to handle more general geometries, more pre-
cisely, domains that admit a decomposition into disjoint tensorized subdomains.
The extension to completely general types of geometry is currently used; it relies
on transformations of these subdomains and will not be considered here, since it
just adds too many technicalities to the proofs for similar results.
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1498 F. BEN BELGACEM AND C. BERNARDI

In this paper, we first write the Maxwell equations in a decoupled second or-
der travelling wave form. Indeed, a large number of forms and models exist for
the Maxwell system, see [RS]; we choose this one for its generality. We present
the variational formulation of this problem that we intend to discretize. Such a
formulation involves a nontrivial subspace of functions with square-integrable curl,
and its equivalence with the initial partial differential equations relies on a density
result which is established in [BBCD].

The space discretization is obtained by applying a Galerkin method with numer-
ical integration to the variational formulation. The time discretization is performed
thanks to the Newmark and leap-frog schemes, as is standard for Maxwell’s equa-
tions. Then, we prove that, if a Courant—Friedrichs-Lévy condition is satisfied, the
full discrete problem has a unique solution, and it is stable in the sense that an
appropriate norm of the discrete solution is bounded by quantities depending only
on the data.

Thanks to this stability property and to the consistency of the time scheme,
deriving error estimates only requires polynomial approximation properties in the
variational space. We prove them by extending the finite element arguments of
Nédélec [N1] to the spectral case. The final estimates are of spectral type with re-
spect to the space discretization. So the method provides an accurate discretization
of the Maxwell equations, which could still be improved by combining the spectral
element discretization with a higher order time scheme.

An outline of the paper is as follows. In Section 2, we recall the Maxwell system,
we write the equivalent variational formulation and we study its well-posedness. In
Section 3, we present the space-discrete problem and the full discrete problem, and
we prove the stability of the latter. Section 4 is devoted to polynomial approxima-
tion results, first in a cube, and second with domain decomposition. In Section 5,
we prove the error estimates between the exact and the discrete solution.

2. THE CONTINUOUS PROBLEM

Let © denote a bounded domain in R? d = 2 or 3, such that its boundary is
made of two connected parts (see Figure 1):

e the exterior one I', (a stands for absorbing) is rectangular,

e the interior one I'. (¢ stands for conducting) is Lipschitz-continuous.

We denote by n the unit outward normal vector to 2 on I'y UT..

The problem and its variational formulation. First, for the three-dimensional
case, we consider the Maxwell-Ampeére system in the domain 2

1
(2.1) —e0ie + —curlb = j,
w

(2.2) divb =0,
the Faraday equation

(2.3) Otb + curle =0,
and the Gauss law

(2.4) edive = p,
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FIGURE 1

where the unknowns are the electric field e and the magnetic field b. The dielectric
permittivity € and the magnetic permeability p are assumed to be positive con-
stants. The data are the current density vector 3 and the charge density p. These
equations are provided with the perfectly conducting boundary conditions on I,

(2.5) exn=0,

and with the Silver-Miiller boundary conditions on I',

1
(2.6) (e~

In this paper, we are interested in solving the Cauchy problem, so we consider the
following initial conditions in 2:

(27) 6|t:0 = € and b|t:0 = bo.

bxn)xn=0.

The equations are the same in the two-dimensional case if all derivatives with
respect to the third variable are taken equal to zero and with the convention

b1 0
b= b2 s e=10
0 e

By differentiating equation (2.3) with respect to the time ¢ and combining with
the curl of equation (2.1), we derive

1
£9?b + — curl (curl b) = curl 5.
w

Similar transformations on boundary and initial conditions lead to the system

£02b + icurl (curld) = curlj in Q,
(2.8) (curlb) x n=pu(j xn) on T,

(—/1E (04b x n) 4 curlb) x n = p (j x n) on Iy,

bji—o =bo and (0;b);;—o = —curleg in Q,

where the only unknown is now the function b.
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1500 F. BEN BELGACEM AND C. BERNARDI

Conversely, let b be any solution of (2.8). Then, if b is smooth enough (i.e. if its
curl belongs to L?()?3), the function e is uniquely defined by (2.1) and the initial
condition:

aate:%curlb—j in Q,
€10 = € in Q.
So, it is also readily checked that equation (2.3) holds. Next, with the assumption
divby =0 inQ,

taking the divergence of (2.3) yields (2.2). Also, (2.4) is a consequence of the
conservation law for the charge density

Op+divy =0 in €,
plt—o = € diveg in Q.

Finally, from the two assumptions

eoxn=0 onl,, (eo—\/%boxn)xnzo onT,
we recover the boundary conditions (2.5) and (2.6). So, all the equations (2.1)—(2.7)
are satisfied.

Consequently, from now on, we only consider the system (2.8). Its analysis is
well-known, see for instance [RS, §3]; however we prefer to recall it in view of the
analogous arguments that will be needed for the discrete problem.

Let us recall that the space H(curl, Q) is the space of functions in L?(Q2)? whose
curls belong to L*(Q)3. Tt is provided with the norm

1
2
vl (curt,0) = (||v||2L2(Q)3 + HCUTIU||2L2(Q)3) :

We introduce its subspace V(Q) of all functions in H(curl, Q) whose tangential
traces on I'y, belong to L?(I',)?, provided with the norm

(M

[vllv = (H”||12H(cur1,ﬂ) + v x nH%z(rm)

The density of D(2) in H(curl,Q) is well-known, see [GR, Chap. I, Thm. 2.4].
However it does not yield the density of D(Q) in V(Q). We refer to [BBCD] for
this last result.

We are now in a position to write the equivalent variational formulation of system

(2.8). It reads: find b in V() such that

1
(2.9) Yo € V(9Q), E/(afb).vda:—k—/curlb.curlvdw
Q K Ja

—|—\/E/Fa((@tb)xn).(vxn)dT:/Qj.curlvdw.

Of course, the initial conditions must be added:

(2.10) bji—o = by and (0;b);;—o = —curley in Q.

Proposition 2.1. Let T be a positive real number. Assume that the function j
belongs to L2(0,T;L*(Q)3) and that the initial data by and ey belong to V(Q)

and H(curl,Q), respectively. Then, any solution b of (2.8) in C°(0,T;V(Q)) N
CH0,T; L*(Q)3) is a solution of (2.9) in the distribution sense on (0,T), and of
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(2.10). Conversely, any solution of (2.9) satisfies the first line of (2.8) in a distri-
bution sense, the second line in H=2(T'.)2 and the third line in L2(T',)2.

Proof. The first part of the proposition follows from the already quoted density
result. The second part is derived by letting v in (2.9) run first through D(Q)3,
second through the subspace of functions in H'(2)? vanishing on ', and third
through the subspace of functions in V' (€2) vanishing on T'.. |

We now intend to prove that problem (2.9)(2.10) is well-posed. However, the
arguments are quite technical.

A priori estimate. This key estimate requires some regularity of the data.

Proposition 2.2. Let T be a positive real number. Assume that the data by and
eo belong to H(curl,Q), and that the function j belongs to H(0,T; L?(2)3). We
set

t
@11 k) = 16u(t [ 10D e ds + sup 56)Exqae).
0 0<s<t

Then, any sufficiently smooth solution of problem (2.9)(2.10) satisfies for all t,
0<t<T,

(2.12)
1 e [!
e [1(3:b) (1)1 72qys + " [[(curld)(t)[72 ) + 2 \/; /0 [1(0eb x 1)(3)[|72r, )2 ds
. 3
< k(j)+ 2(; lcurl bo||72(q)s + 2¢ [lcurleg||72(q)s)-

Proof. Taking v = ;b in (2.9) and integrating with respect to ¢ yield
€ 1 e [t
SIOBOlEx 0 + 5 NeurlB) Ol +/= [ 1@ %)) e

t
. 1
< /0 /QJ - curl (0;b) dx ds + % |curl eOH%g(Q)g + M lcurl bOH%z(Q)3.

Next, we integrate by parts with respect to t the first term in the right-hand side:
for any positive constant -y,

t
/ /j - curl (O;b) d ds
0o Jo
t

1 tq )
< @ o ’Y”(Curlb)(S)H%?(Qﬁ dS—"ﬂ[) ;”(&53)(5)”%2(9)3 ds

1 .
+ @II(Cur1 b)) 72 (s + 113D 20)
1 .
+ @chrl boll72q)s + 1lld e=oll T2 (02
Inserting this in the previous inequality leads to

t t
1 .
(curlb)(£)[2 s < / Al (curl b)(5)[2 s ds + 414 / @) ()0

+ 42 G072 ()0 + 410 ll72 ()0
+ 2ep ||curl eOH%z(Q)s + 3||curl b0||2L2(Q)3.
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1502 F. BEN BELGACEM AND C. BERNARDI

So, denoting by D(t*) the maximum of ||(curl b)(s)H%z(Q)3 for 0 < s < ¢* and
taking v = 1/2t* yields
t

L " o
5D <8t [ (@) (5) oy

0
8 sup [l5(s)lI72(a + 2eplleurleolzz oy + Blleurlbollia ).
<s<t*

This gives the estimate for D(¢*), and the other ones follow. |

Existence and uniqueness results. Problem (2.9)(2.10) is very similar to one of
the problems in Lions and Magenes [LM, Chap. III, (8.3)(8.4)]. However, the proof
of [LM, Chap. III, Th. 8.1] would only be valid in our case if fQj .curlv dx were
replaced by [, curlj.vdx. So we now adapt this proof to problem (2.9)(2.10).

Theorem 2.3. Let T be a positive real number. Assume that the data by and. eg
belong to V(Q) and that the function j belongs to H(0,T; L?(2)3). Then, problem
(2.9)(2.10) has a unique solution b satisfying

(2.13)

be L?(0,T; H(curl,Q)), 8;be L*(0,T;L*Q)®), 8:bxmn e L*0,T;L*T,)%).
Moreover, this solution is such that

(2.14) b€ C°(0,T; H(curl,Q)), drb € C°(0,T; L2(0)?),

and satisfies (2.12).

Proof. Since V() is a subspace of L2(£2)3, it is separable. So we can introduce an
ordered basis (W, )m, of V() (in the sense that the linear combinations of the w,p,
are dense in V(Q2)). We denote by V,,, the subspace spanned by wy, ... and w,.
Then, we look for a solution b,, in L?(0,T’; V,,,) of the problem:

1
(2.15) Yo, € Vi, 5/(8t2bm).vmd:c+—/curlbm.curlvmdm
Q moJa

+\/§/ ((atbm)X")-(”mXn)dTZ/j.curlvmd:n,
wr, o

with the initial conditions
(2.16) b [t—0 = Tmbo and  (9;by,)|t—o = —curl (1,,€0) in Q

(mm denotes the orthogonal projection operator from V() onto V,,). Writing
b (t) = >y o Be(t)we and denoting by B the vector with components (;, we
observe that the previous problem (2.15)(2.16) is equivalent to a linear system of
ordinary differential equations of the type

B"+ AB+CB' = J,
B‘t:() = BQ and B\/t:O = Bl.
So it has a unique solution b,,. By the same arguments as in the proof of the

previous Proposition 2.2, this function b, also satisfies (2.12) and, in particular,
there is a constant ¢, depending only on the data, such that

||bm||L2(O,T;H(curl,Q)) + ||atbmHL2(01T;L2(Q)3) + ”atbm X nHL2(OaT§L2(Fa)2) <ec

Consequently, there exists a subsequence, still denoted by (b, )m, converging to a
function b weakly in L?(0,T; H(curl,2)) such that (9;b,,)m also converges to 9;b
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SPECTRAL ELEMENT DISCRETIZATION OF THE MAXWELL EQUATIONS 1503

weakly in L2(0,T; L*(Q)3) and (9;b,, x m),, also converges to 9;b x n weakly in
L?(0,T; L?(T',)?). Passing to the limit in (2.15)(2.16) now yields that b is a solution
of (2.9)(2.10). Its uniqueness and further regularity easily follow from (2.12). O

The regularity properties of problem (2.9)(2.10) can be derived from Costabel
and Dauge [Co][CD] (see also Moussaoui [Mo] for two-dimensional results). They
are closely linked to the regularity of the Laplace, Dirichlet and Neumann equations
in the same domain.

3. THE DISCRETE PROBLEM

We first make precise the geometry in which we work, and present the space
discretization that relies on the standard spectral element method. Next we write
the full discrete problem, we check that it is well-posed, and we give a stability
estimate.

In what follows, we assume that ) is a polyhedral domain in R3 such that there
exists a finite number of (open) rectangular parallelepipeds Q, 1 < k < K, with
edges parallel to the coordinate axes, satisfying

K
(3.1) Q= J% and QN =0, 1<k<k <K
k=1

As is well-known in the spectral element technique, this is fairly representative for
general geometry since transforming rectangular parallelepipeds onto more general
subdomains by a regular mapping adds only technical, not theoretical difficulties
to the analysis. We make the following assumption on this decomposition.

Assumption 3.1. The intersection of Qi and Qp, 1 < k < k' < K, if not empty,
is either a corner or an edge or a face of both Qi and Q.

Space discretization. Now, for any nonnegative integer n, we introduce the space
P, () of polynomials with degree < n with respect to each variable. Then we fix
a positive integer N and we define the discrete space

(3.2)  Vn(Q) = {vN € H(curl, Q); vy o, € Pn(%)* 1<k < K}.

It is readily checked that this is a subspace of V(Q), so the discretization is con-
forming (we recall that such a discrete space is proposed by Nédélec [N2, Def. 6] in
the finite element framework).

We start from the Gauss—Lobatto formula on | — 1,1[: if {§g = —1 and &n = 1,
there exist N —1nodes §;, 1 <j < N-1 (which are the zeros of the first derivative
of the Legendre polynomial of degree N) and N + 1 weights p;, 0 < j < N, such
that the following equality holds for all polynomials ® of degree < 2N — 1:

1 N
(3.3) | 20dc=Y o),
1 =0

By translation and homothety, these nodes are mapped onto € in each direction;
we denote them by x;’?, y;“ and zf, and the corresponding weights by p?’k, pg’k

and pjk This allows us to define the discrete product on all functions v and v
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1504 F. BEN BELGACEM AND C. BERNARDI

continuous on each €:

K N N N
(3.4) (o)=Y ZZZ“ ok b ) (@l b 2f) pi el ot
=

k=1 =0 5=0
Similarly, let T'),, 1 < m < M, be the faces of the j that are contained in I',.
Denoting by 0" and 77", 1 < m < M, the tangential coordinates of the nodes
that belong to I',,, and by p{""™ and p;™ the corresponding weights, we define the
discrete product on functions continuous on each face I',
M N N

(35  (@o)vr, =D DD ulel el ) 5

We also define the associated seminorms

(3.6) lully = ((w )z lullyr, = ((w,u)) % p, -

We denote by Z%, the Lagrange interpolation operator (with values in Py (£2;)) on
the grid

(3.7) =k = {(@hyf. o), 0<i g e < N

D=

and by Zx the Lagrange interpolation operator on Ule =k;.

This allows us to write the semidiscrete problem, for a.e. t in |0,T]: find by in
VN (Q) such that

1
(3.8) Yoy € Vn(Q), e ((0?bn,vN))N + m ((curlby, curlvy))y

+ \/E((&bN xn, oy xn))nr, = ((4,curloy))n.

We must also enforce the initial conditions:
(3.9) by jt—o = bony and (9ibn)j—o = —curlegny in Q,

where boy and egy are approximations of by and ey in Vi (£2).
Let us recall [BM, (13.20)] the positivity property, which holds for any polyno-
mial g with degree < N:
N

(3.10) ||SDN||2L2(— Z (&) pi <3 ||SON||L2( 1,1)"
j=0

By the same arguments as in the proof of Proposition 2.2 combined with the pre-
vious positivity property of the discrete product, it is readily checked that there
exists a constant ¢ independent of N such that the solution by of (3.8)(3.9) satisfies

1
e[|(@:bn) ()1 720)s + m [(curlby)(t)][72(0ys

t
g
(3.11) o ﬁ / 1@ibx x )($) 2,2 ds

. 3
e (wZN3) + - lewelbon [Faays + 22 lleweleon [Foys )

So, problem (3.8)(3.9) has a unique solution in C*(0,T; Vv (2)).
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The fully discrete problem. Let 6t denote the time step (we assume that dt < 1
and that T = Pdt). The idea is to define a sequence (b )o<p<p such that bY
approximates the solution b of problem (2.9)(2.10) at times pdt. We first take as
initial conditions

(3.12) b?v =bgy and b}v = bgny — dtcurlegy in Q.

Next, we use a Newmark scheme to discretize the second derivative with respect
to time, and a leap-frog scheme to discretize the first derivative. This leads to the
problem, for 1 <p < P —1: find bﬁj\,ﬂ in VN (Q) such that

bt — 2b 4 b
(6t)?

e BT —by!
+ \/E((W XN, VN X N))NT, = ((j(pét),curl’vN))N.

This last equation can equivalently be written as

5((b§’v+l,vN))N + (;t \/;((bpﬂ xn, oy X n))nr, = (R v8))N,

V’UN EVN(Q), 8((

N))N + 1 ((curl by, curlvy))n
(3.13) H

where f%; is known by the induction hypothesis. So, b’])\;rl is the solution of a
finite dimensional square linear system, and, from the positivity property (3.10),
equations (3.12)(3.13) uniquely define the sequence (b )o<p<p for any function j
in C°([0,T] x Q).

The scheme that we use is explicit with respect to the term ((curl b, curlvy))
so a Courant—Friedrichs-Lévy condition is necessary to ensure the stability of the
problem. However, working with the Maxwell equations most often requires very
small time steps, so that this condition is not restrictive in practical situations.

A priori estimates. The arguments for proving the stability estimate are the
discrete analogues of those in the continuous case — see the proof of Proposition
2.2. They make use of polynomial inverse inequalities that are well-known [BM,
§5], but we choose to give a fine version of them in order to optimize the Courant—
Friedrichs—Lévy condition.

Lemma 3.2. Any polynomial vy in Vi (Q) satisfies the following inverse inequal-
1y
(3.14) [eurloy|[y < pn(Q) [[on]lw,
where pn () is given by
N(N +1

(3.15) on(@ = (YEED LY o,

T 4/ 1<p<ik
and o(k) is the ratio of the area of the boundary of Qy to its volume.
Proof. First, on each €y, it is proved in [BG, §5] that any polynomial vy in Py (Q4)?

satisfies
N

N N
"5 S (eurlun ek =) o 2 i

=0 5=0 ¢=0
N N N
2 z,k y,k zk
C 'U zvyjazé)pz p] pé ’

1=0 j=0 £=0
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1506 F. BEN BELGACEM AND C. BERNARDI

where ¢y is the smallest possible constant in the inverse inequlity

Von € Pn(—1,1), [lenllz-1,1) < en llenllez1,1)-

Equivalently, it is the largest eigenvalue A of the discrete Neumann problem: find
©N in PN(—I, 1) such that

1

Vi € Pa(=1,1), / O (e = a2 / o (O () de.

Such a constant is evaluated in [AB, Remark 4.3]:

v N(N+1) =
BNy TN s+

|

Proposition 3.3. Let T' be a positive real number. Assume that the function j
belongs to C°(]0,T] x Q). We set

(u5tT Z ” INJ q + 1)6t) 6_t(IN.7)((q - 1)6t) ||2L2(Q)3

(3.16)

21p
+ 22 s () (a0 e )
0<q<p

Then, if the parameters N and 0t satisfy the inequality

(3.17) 5t px (9) < VT,

any solution of equations (3.12)(3.13) satisfies for allp, 1 <p < P —1,
(3.18)

bp+1 bp bq‘H bq )
I gy + - lewrl B +26t\f >IN <l

. 7
< KR + 9(@ leurlbon [[72(qys + 5¢ [leurl eon [ 72(qy2)-

Proof. The idea is to take vy equal to bﬁ)\,ﬂ - bﬁj\,_l in (3.13). This yields

b”“ b’ bP ! 1 )
e [|F——"% - || ||N+;||curlb’}v+ 1% — ;IIcurlb Nlx

—_

— 1 ((curl B2 = bP), curl B3 1)) v 4 — ((curl (b5, — b5, curl b%,)) 5

=

bP+1 bp 1 41 1
+25t\f 1O BNz < (o), curd (82— 2
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Next we sum over p:

p+1 bp " q+1 _ bq 1 )
o NP R o leurt 6+ 2&[ > [t R
3 p+1 D \||2 1 p+1)12
< @ [curl (bR — %) |l + @ [curl b5 || %
(3.19)

P
+ Z j(qot), curl (b4 — b4 )N
q=1

1 3
+¢|lcurlegn || % + % [curl (b, — b%)(|3 + % |curl by ||%.

We have to compute

> (G (gdt), curl (b5 — b))

q=1

) _&Z 7 ((g+1)dt) (;J((q —1)ét) curl L))y

+ ((g (pot) + 3 ((p — 1)6t), curl (B3 ")) v
— ((G((p— 1)3t), curl (b5 — b))
—((5(5t) +53(0), curl bY)) v — ((5(0), curl (b — b)) w.

whence, for any positive -,

((4(qdt), curl (b%™" — b% 1))

M~

q=1

-1
6 , 1 1
<o } leurlb 3+ Xy () + g lowrl B7IR + g llewrd (97 — BRI

+—||Cur1b I+ MIICurl(bN )13

with

ot Zl 1 (Znd)((g+1)5t) — (Tnd)((g — 1)5t)

P s\ —
M) =5 3 - I%

g=1

+ 3| (Zng) (p0t) I3 + 51 (Znd) (0 = 1)58) 1%

@) (650) B+ 21T (0) 3
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1508 F. BEN BELGACEM AND C. BERNARDI

Inserting this last inequality in (3.19) yields

by — bR 1o 1 +1)12 by — bq 1 2
gnan@ncurlbé’v ||N+26thll xnfyr,

2 ] 7
(3:20) 72 Zy”curlb 13 + A2 (5 )—i—@chrl(blfvﬂ—bzz)v)H?v

4
+ ¢||curlegn || 3 + " |curl (b} — %) |I% —I— — ||cur1b 1%

We use the inverse inequality (3.14) and (3.17) to derive

7 1 7PN(Q) 1 bp+1 bp
5 lleurl (bR = BRI < S IR = bR [1% < || MR,
and the same inequality for bounding % [curl (by —b%)||3- Since 6t < 1, this gives
(3.21)
bp+1 bp bq+1 bq 1

1
I + o leurt +26t\f > I <l

(o)
~+
h?
—

<

7
[|curl b%, HN—I—)\p( )+55||curleON||N—|——u||cur1b %

N
=
_Q
i
o

I3 We derive

Next we take v = 1/2p*dt and we define D)« as supg< <,

(Zng) (g + 1)dt) — (Ing)((g — 1)dt)

Ly <’y - [
g=1
21 . 7
+ 5 sup [[(Zw) (00)3 205 + Bellcurleon |3 + o [|curl b |3,
0<qg<p* M

and similar estimates for the other terms. So the desired result follows from (3.10).
O

The stability estimate (3.18) is rather complicated, since we take all the con-
stants into account. However X (j) can be bounded by x(Znj) for the function
k introduced in (2.11), up to a multiplicative constant. And, if we introduce the
function by s, which is affine on each interval [¢dt, (¢ 4+ 1)dt] and equal to b% in
qdt, the left-hand side of (3.18) is the same as in (2.12), with b replaced by by s:.
As usual, the estimate (3.18) will also be used to establish the error estimate.

4. APPROXIMATION RESULTS

We only prove the polynomial approximation results in the three-dimensional
case, since they are much simpler in the two-dimensional one. We begin with the
basic case where the domain € is a rectangular parallelepiped (which, in our case,
would mean that I'. is empty, see Figure 1). Then we extend the results to the case
where Q is a union of rectangular parallelepipeds satisfying (3.1) and Assumption
3.1.

All the proofs in this section are derived from their finite element analogues; we
refer to Nédélec [N1, §2] for the basic ideas, to Girault and Raviart [GR, Chap. III,

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



SPECTRAL ELEMENT DISCRETIZATION OF THE MAXWELL EQUATIONS 1509

§5] and Amrouche, Bernardi, Dauge and Girault [ABDG, §4.a| for some extensions.
Note that, as in [N1], we introduce a slightly smaller space than Vy(Q) for proving
the approximation properties. However, the choice of V() in the discrete problem
leads to a simpler implementation than for this new space, since only one tensorized
grid is unisolvent for all components of the elements of Vi (2).

Approximation in a rectangular parallelepiped. When ) is a rectangular
parallelepiped, we denote by F the set of its (six) faces and by &£ the set of its
(twelve) edges. Also T, stands for a unit vector tangential to any edge e. We use
the notation Py, n, n, (K) for the space of restrictions to K of polynomials with
degree < n; with respect to the j-th variable, 1 < j < 3. And, for a positive integer
N, we introduce the space

(41) XN(Q) = PN—17N7N(Q) X PN7N—17N(Q) X PN7N7N—1(Q)'

With this space, we associate [N1, Def. 6] the following operator ry: for any
sufficiently smooth function v, ryv belongs to Xy () and satisfies

Vee &, VqePy_i(e),

/('v—va) “Teqdr =0,

VfeF, VYgqePn_on-1(f) xPn_1n-2(f),
/('v—va) xmn - qgdr =0,
f
Vg € Py_1n—2.n—2(2) X Pn_o nv_1,nv—2() X Pn_a nv_2 n—1(2),

/('v—va) - qdx =0.
Q

The operator ry is uniquely defined by (4.2) [N1, Thm. 5]. Moreover, by exactly
the same proof as in [ABDG, Lemma 4.7], it can be checked that, for any p > 2, it
is continuous on

VOP(Q) = {v € LP(Q)%; curlv € LP(Q)* and v x n € LP(BQ)Q},

(4.2)

and it is also continuous on all functions v in H(curl, Q) such that v x n vanishes
on 0f.

The idea for choosing the space X (£2) rather than Py (2)? for the first approxi-
mation result relies on the following lemma, which is proven in [N1, Prop. 4] in the
case of a tetrahedral decomposition.

Lemma 4.1. The curl operator maps Xy (€2) onto the space of divergence-free poly-
nomaals in

(4.3) Yn() =Py n_1.nv-1() X Py_1 N N-1(2) X Pn_1 nv_1,n(9).

Thanks to this lemma, the approximation result by polynomials in Xy (Q2) be-
comes an obvious consequence of the approximation of divergence-free functions by
divergence-free polynomials in Y (€2). Best approximation by divergence-free poly-
nomials in Py _1(2)® (which is contained in Y 5 (Q2)) is analyzed by Sacchi-Landriani
and Vandeven [SIV, Thm. 2.5] for smooth functions in H}(2)3 N H*(Q)?, however
the same arguments imply analogous results for all functions in H*(Q)3. Next, it
can be extended to all functions in H*(Q)3, s > 0, thanks to an interpolation result
of Bernardi, Dauge and Maday [BDM, Thm. 3.2].
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1510 F. BEN BELGACEM AND C. BERNARDI

Theorem 4.2. For any real number s > 0, there exists a positive constant c such
that, for all functions v in H(curl,Q) such that curlwv belongs to H*(2)3,

4.4 inf lv — 1 <ecN~*® 1 s .
(4.4) vNelgN(Q) [curlv — curlvy |2y < ¢ [lcurlv|| gs ()3

Of course, estimate (4.4) is still valid when Xy () is replaced by any space
containing it, for instance Py (2)3.

Remark. Similar arguments allow us to prove that (4.4) still holds when the function
v and all approximation polynomials v have their tangential traces equal to zero
on one or several faces of ).

Approximation related to a conforming decomposition. Here we suppose
that € is a polyhedral domain in R3 such that there exists a finite number of (open)
rectangular parallelepipeds Q, 1 < k < K, satisfying (3.1) and Assumption 3.1.
The discrete space is then defined by

(4.5) Xn(Q) = {UN € H(curl, Q); vy |0, € Xn(Q%),1 <k < K}
And we introduce the operator Ry acting on sufficiently smooth functions v:
(Ryv)jq, =ryv, 1<k<K,

where of course 7% stands for the previous operator ry defined in (4.2) and trans-
lated on the rectangular parallelepiped Q. It is proved in [N1, Thm. 5] that, if n
denotes the unit exterior normal vector to 2y,

(RNv)mk X Ny + (RN'U)‘QIC, X ng =0, on O N Oy, 1<k<k <K,

so that Ry maps sufficiently smooth functions into X (€2). So, it remains to check
the good approximation properties of the operator rﬁfv.

To prove these approximation estimates, we work on the cube ¥ =] —1,1[?, on
which we define the operator ry by (4.2) (with Q replaced by X). The idea is to
prove that, for all functions v in H(curl, X)) with curlv in H*(X)3,

(4.6) lcurlv — curl (ryv)||L2z)s < ¢ N 7% |lcurl v| go(s)s;

however we are also interested in the estimate in L?(X)3 when v belongs to H" (X)3:
(4.7) v =ryvlrasys < e N7 o)l

We need several lemmas and as many corollaries.

Lemma 4.3. For all s > 1, estimate (4.6) holds for all functions v in H(curl, X)
with curlv in H*(X)? and null tangential traces on the boundary of 3.

Proof. Any function v satisfying the hypotheses of the lemma can be written

+oo 400 400

ve(@,y,2) = (1= ) (1= 2%) D" " al™ Lin(@) Ly, (y) Ly (2),
m=0n=1p=1
+oo +oo +oo

v(@ 2 = (1= a2)(1=22) 3 S50 I (2)La(y) L) (2),
m=1n=0p=1
+oo +o0o +oo

vy 2) = (=21 -2 30 S0 @ L ()L (5) Ly (2),

m=1n=1p=0
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so that w = curlv can be written
400 400 00
we(,y,2) = (L=a%) D> 0™ L (2) Ln (y) L (2),
m=1n=0 p=0
+o0 400 +oo
wy(@,y,2) = (1L=y°) Y>> 0y Ln() L, (y) Ly(2),
m=0n=1 p=0
+o0 +0o0 +oo
wa(2,y,2) = (1=2%) D> b0 Ly () L (y) Ly (2)-
m=0n=0 p=1
We now take q equal to (L, (z)L},(y)L;,(2),0,0),0 <m < N-1,1<n,p<N-1,
in the third line of (4.2), and analogous choices for the second and third components,
and we observe that v — ryv admits the same decomposition as v with all the
coeflicients a3, a;"? and a'"P for m,n,p < N — 1 equal to 0. This yields

curlv — curl (ryv) = (ww — W}\}O(z) ° 7r§$;‘>_1 ° W](\?)_lwwﬂ

(z) 1,0(y) (2)
Wy —TN_1 TN OTN_1 Wy,

(z) (v) 1,0(z)
W, —TN_{OTN_ Oy W, |,

where Ty _1, Tesp. 7r]1\','0, denotes the orthogonal projection operator from L?(—1,1)
onto Py_1(—1,1), resp. from H}(—1,1) onto Py(—1,1)NH}(—1,1), and the expo-
nent (x), (y) or (z) represents the direction in which the operator is applied. Thus
standard tensorization arguments give the desired result. O

Corollary 4.4. For allr > 2, estimate (4.7) holds for all functions v in H(curl, )
with v in H™(X)? and null tangential traces on the boundary of 3.

Proof. Using the same decomposition for v as in the proof of the previous lemma,
we observe that

V—TrNv = (vw — wg\gf)_l o 7_‘_11\}0(7;) o w]l\','o(z)vw,
vy — w00 o W) o L0 106 o L0w) 7r§3,’)_1vz).
The end of the proof is the same as before. O

Lemma 4.5. For all s > 2, estmate (4.6) holds for all functions v in H(curl,X)

with curlv in H*(X)? and null tangential traces on the edges of X.

Proof. The idea is to write

v:vo—i—Z'vf,

feF
where F here denotes the set of faces of X. Each vy is chosen analogously to the
next one which corresponds to the face x = —1:
(Uf)i(aja yv Z) = 07
1—2
(vf)y(;v,y,z) = 9 vy(_17yaz)u
11—z

(vf)z(;v,y,z) = D) Uz(_l,y,Z).
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1512 F. BEN BELGACEM AND C. BERNARDI

It must be noted that, due to the vanishing property on the edges, each vy has a null
tangential trace on other faces f’ in F, f' # f, so that vg has null tangential traces
on the boundary of ¥. Next, still on the face x = —1, it follows from the definition
of Xn(X) together with the vanishing condition on the edges that v, (—1,y, z) and
v,(—1,y, z) can be written as
+o00 400
Uy(_lv Y, Z) = (1 - Z2) Z Z C;nnp Ln(y)L;(z),
n=0 p=1
400 +o0
va(=1,9,2) = (1=¢°) D> "™ L (y) Ly (2),
n=1p=0
so that taking q successively equal to (L, (y)L;(2),0) and (0, Ly, (y)L,(2)) in the
second part of (4.2) yields that vy — ryvy admits the same decomposition as vy
with the coefficients cj? and ¢Z? equal to 0 for n,p < N — 1. As a consequence,
setting wy = curlwvy, we derive

curlvy —curl (ryvy) = ((wf)m — 71'](\?)_1 o ﬂj(\';)_l(wf)z,

1,0(z z
(wp)y — 7" 0w (wr)y,

1,0(z
(wp)s =7, 0wy (). ).
from which it is readily checked that
[curlvy — curl (ryvy)l|z2(nys < ¢ N7% [[eurlvy || gs(sys.

This is the right estimate for curlwvy, but to derive it for curl v, we need a further
investigation. We now introduce the operator 73 from H'(—1,1) onto Py (—1,1),
defined as follows:

1,0 0 1 — X 1 + X

Ty =T+ 5 (=) + —— (1),

1) - ().

And we use a modified decomposition curl v = w; + ws + w3, where for instance

with % = ¢ —

(w1)e = (curlvg), + (curlvy, ), + (curlwvy, ),
(w2)e = (curlvy, ), + (curlvy, )o,
(w3)z = (curlvy, ), + (curlwvy,, ).,

ft+ denoting the face t = 1. Then, it can be seen that

(curlv — curl (va))r = ((wl)z — ﬂ'}\;w) o 7T§\‘1,/)_1 ° w%)_l(wl)m)

+ ((w2)e =7y 0 7L (w2)a )+ ((ws)e = w3 0wl (ws). )

However, replacing 7711\}0 by its extension 7} and noting that 7wy _1 is equal to the
identity operator on Py(—1,1), we derive that

(curlv — curl (va))z = ((curlv)w - 7T]1V(z) o w](\'?)_l o w](\f)_l(curl v)w)
So, by the same tensorization arguments as before, we obtain the desired result. [

We omit the proof of the corollary, which relies on similar arguments as the
previous one.
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Corollary 4.6. For allr > 2, estimate (4.7) holds for all functions v in H(curl, )
with v in H™(X)? and null tangential traces on the edges of X.

Lemma 4.7. For all s > 3, estimate (4.6) holds for all functions v in H(curl,X)
with curlv in H*(X)3.

Proof. Tt is similar to the previous one, since the idea is to write

v=vot Yo Yo
feF ec&

where £ denotes the set of edges of 3. It can be checked that the contribution of

the v, consists in replacing 75" by 74 in the previous approximations of (ws), and

(w3),. This proves the final estimate. |

Corollary 4.8. For allr > 2, estimate (4.7) holds for all functions v in H(curl, )
with v in H"(X)3.
So the conclusion follows from Lemma 4.7 and Corollary 4.8:

Theorem 4.9. For any real number s > 3 and r > 2, there exists a positive

2
constant ¢ such that:
(i) For all functions v in H(curl,Q) such that (curlw)q, belongs to H®()?,

1<k<K,
K
(4.8) lcurlv — curl (Ryv)||z2()s <cN™*° Z llcurl v gs(q,)3;
k=1
(it) For all functions v in H(curl,Q) such that v)o, belongs to H" ()3,
1<k<K,
K
(4.9) lv = Roll 2 < eNT" Y [v] arus:
k=1

In view of the discrete problem (3.13), estimates of the tangential trace in the
L?(T',)? norm are also needed.

Theorem 4.10. For any real number t > 1, there exists a positive constant ¢ such
that, for all functions v in H(curl, ) such that vxn g, belongs to H' (QNT,)2,
1<k<K,

K

(4.10) [(v = Ryv) x nllzaw,) < e N7 o x nll gegunr,:-

k=1
Proof. Here also, we work on the square X and establish the estimate, for instance,
on the face f with equation z = —1. Indeed, it follows from the proof of Lemma
4.5 extended to the case of nonzero tangential traces on the edges that

(0= rn)y(~1,y,2) = (v, — 7 | o TaT0,)(~1,, 2),
(0 —rn0)2(=1,9,2) = (vs — T o) 0.)(~ 1,9, 2),
which gives the estimate. O

Finally, we introduce the orthogonal projection operator II§, from H(curl, )
onto V(). To state its approximations properties, we also need the space

H?(curl, Q) = {'v € H*(Q)?; curlv € HS(Qk)3}.
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1514 F. BEN BELGACEM AND C. BERNARDI

Theorem 4.11. For any real number s > 0, there exists a positive constant c
such that, for all functions v in H(curl, Q) such that v|q, belongs to H*(curl,€y),
1<k <K,

K

(4.11) lo = T30 r(eurt ) < €N Y [0 e (curt.on)-
k=1

Proof. Estimate (4.11) is true for s = 0 from the definition of II;, and for s > 2
from the inequality

||’U — H?\/"U”H(curl.,fl) < ||’U - RN’UHH(C“"I"Q)’

and the previous Theorem 4.9. So, the general result follows thanks to an interpo-
lation argument: the interpolation properties of the spaces H?®(curl, ;) can easily
be deduced from [BDM, Thm. 3.1], by writing

H?(curl, Q) = {(v,w) € H*(Q)® x H*(,)*;w = curlv in Qk}.
(]

Different degrees of polynomials on different elements can be used in order to
take advantage of the local regularity (on each Q) that is required in the previous
theorems. The way to derive estimates that involve the local regularity of the
function consists in subtracting from the nonconforming approximation operator
Ry a lifting of the jump of the tangential traces on the interfaces. However we do
not consider this extension here.

5. ERROR ESTIMATES

We are now interested in deriving error estimates for the solution b of problem
(2.9)(2.10), more precisely between the sequence of its values at pdt and the se-
quence (bY)o<p<p defined by (3.12)(3.13). It should be noted that, in any norm,
this error is bounded by the sum of the errors coming respectively from the space
and time discretizations. The space error comes from polynomial approximation
and numerical integration of the data; the time error is linked to the consistency of
the scheme.

We must now define the norm for these estimates. In view of (2.12) and (3.18),
for a sequence (vP)o<p<p, it reads

1
1)l = (1 ays + ||cur1vp||L2<Q

1
2
+5t\/>2” X ’l’LH%z(FQ)z) .

It is the discrete form of the norm of

(5.1)

CH0,T; L*(Q)*)NnC’0,T;V(Q) N H(0,T; L*(T,)?).
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Abstract estimates. As usual, the first idea consists in applying the time scheme
to the sequence made of the b(pdt), 0 < p < P. Thus, when subtracting problem
(2.9) at time ¢ = p dt, we obtain, for all v in V(Q),

b((p + 1)6t) — 2b(pdt) + b((p — 1)dt) 1
E/Q - vdx + i /chrlb(pdt) - curlvdx

(51)? °
+ \/g/p (b((p+ 1)&)2;:(@ = 1)5t)) xn - (vxn)dr

Z/j(pét)-curlvdw—i—/Eﬁ’ . vda:—i—/ EE . (v xn)dr
Q Q Fa

with
B — 6(b((p +1)dt) — 21(;5)5;) +b((p—1)dt) (afb)(pat)),
B — \/E(b((ij 1)5t)2;tb((p— 1)6t) B (atb)(p&)) .

For the sake of simplicity, we denote by FP(b) the quantity in V()" defined by

b((p+1)0t) — 2b(pot) + b((p — 1)3t)

(FP(b),v) = ¢ /Q e vdx
1
+ ; /chrl b(pdt) - curlvdx
5t) — —1)8
n %/Fa(b((p"" 1) t)25tb((p 1) t)) X7 - (1; X n) dr,

with obvious notation for the duality pairing. So we have proven that

(5.2) (FP(b),v) = /

j(pdt) - curl'vda:—i—/ E! - vdx+ | EY - (vxmn)dr,
Q Q

Ta

and each term E? represents a part of the consistency error.
Similarly, with any sequence (w?;)o<p<p of Va(£2), we associate the polynomial
quantity FY (w%;) defined by

p+1 1

w — 2wk + wh 1
(Fy (wh),on))n =& ((—F (&)@ N on))v + m ((curlwf, curloy))n
e wbit —wht
—+ ;((W Xn,’UNXn))N’Fa.

The idea consists now in computing FX (b — Ry_1b(pdt)). Indeed, since Ry_1b
belongs to Vy_1(f2), we derive from the exactness of the quadrature formula and
problem (3.13) that

((Ff,(bg)v — RN_lb(pét)),vN))N = ((j(pét),curlvN))N — <FP(RN_1I)),’UN>.
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Then adding (5.2) to this equality leads to
(5.3) ((Fx (b — Rn-1b(pt)),vn))n

= —/j(p5t) - curlvy dx + ((§(pdt), curlvy)) N
Q
+<Fp(b—RN_1b),vN>—/Eﬁ’ : 'dew—/ Ef - (vy x n)dr.
Q Fa

The first term in the right-hand side comes from numerical integration, while the
second represents the approximation error.

Stability estimates. Next, we write each by, —Ry_1b(p dt) as the sum nf +n] +
n5 + nb, where:

(i) The sequence (n§)o<p<p is the solution of problem (3.13) with null right-hand
side and initial conditions

ng = bony — Rn—1bo,
ot
(54) ’I’]%) = bQN — RN—lbO — dtcurl EeogN — / ((%RN_lb)(s) ds.
0

(ii) Each sequence (n¥)o<p<p, i = 1, 2, 3, has null initial values nf = n! =0
and satisfies the following problem:
Yoy € Vn(Q),  ((FF™ (), vn))v = g7,

where the quantities g are given by

- b((p + 1)5t) — 2b(pst) + b((p — 1)5t)
g1 = _/Q[]I_RN_l]( )2 ) - vy dx
—/Eﬁ’ - vy dx,
Q

gh = —/ curl ([I - Ry_1]b(pdt)) - curlvy dx
Q

—/j(pét) - curlvy dx + ((§(pot), curlvy)) v,
Q

g5 = _\/E/ra - RN—l](b((p %) —tb((P = 1)&)) xn - (vy xn)dr

26
—/ EY - (vy xn)dr.
Fq

With each ¢¥, we associate a function G¥ such that

o= [ Gt ovde gh= [ G- cwrloyde, o= [ G- (oy xm)dn.
Q Q Lo

Indeed, applying the stability estimate (3.18) to the sequence (n})o<,<p would

yield
n6 — 19 ,
L2 (Q)S

)l < e <|cur1 Ml + | 25
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however, a closer look at the proof of Proposition 3.3 leads to
(5.5) [(n5)llp < e(leurlng| L2y + [[eurl (ng — 09) | L2(0)s)-
Applying this same estimate (3.18) to the sequence (n5)o<p<p gives

(5.6) 1)1l < e Ry (Ga),

where 75 (G%) is now defined by

Gq+1 Gq 1 a2
( (5tT Z || HLz(Q)S +4021;I§)p”G2HL2(Q)3).

We must now prove similar stability properties for the sequences (9})o<p<p and
(m5)o<p<p; however, they are solutions of simpler problems. The desired estimates
are stated in the following lemmas.

Lemma 5.1. If the parameters N and 6t satisfy (3.17), the following estimate holds
for the sequence (n})o<p<p:

p
c
(5.7) ID)II; < gétTZ G172 03

q=1

Proof. Tt is of course similar to that of Proposition 3.3. As for (3.19), taking vy

equal to %™ —nP7! yields
it - +1 TI'{H — (11_1 2
N 2 feurta R+ 26 [ > It <l

3 _
<, lewrt (f ™~} ||N+Z/Gq' ) da,

Using (3.17) and the inequality (for v > 0)

p

Z/QG‘?~ i de

e i = A/ TR R N S
< gH—”N_" ~ ot ZVI|—||N+g5tZ—I\G‘fHL2<Q)s,
q=0 qg=1 v
we derive
p+1 q+1 q—l
€M 1 ni -
IR+ flurt T + 2&[2 (Ui, N
_ a1
€5 ni" —nf
g Z [ 5tz IGH1I72(qye-
q=0 q= 1
Thus, the desired estimate follows from an appropriate choice of ~. O

We skip over the proof of the second lemma, since it is very similar to the previous
one.
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Lemma 5.2. If the parameters N and 6t satisfy (3.17), the following estimate holds
for the sequence (n%)o<p<p:

p
I
(5.8) I3l < c\/;%TE NIG 172, -
q=1

Conclusions. Estimating the right-hand members in (5.5)—(5.8) relies on the ap-
proximation properties of Section 4 for the approximation error terms, on Taylor’s
expansion for the consistency error terms, and on the standard interpolation er-
ror estimate [BM, Thm. 14.2] for the error due to numerical integration. This
allows us to derive the estimate on ||bY, — Rn_1b(p dt)||, and then the estimate on
|(b(pdt) — b)), by a triangular inequality. We omit these technical details, and
only state the final result.

Theorem 5.3. Let s be a real number > 2. We assume that, for 1 <k < K,
(i) the function j satisfies

(59) .7|Qk € Hl(OaT;Ht(Qk)B)v t>s;
(ii) the solution b of problem (2.9)(2.10) satisfies
bjo, € H*(0,T;H*(Q)%), curlbig, € H'(0,T; H*(%)?),

(5.10) (b xn)g,nr, € H'(0,T; H*(Q NT4)?),

and also

(5.11) bcCH0,T;L*()3), b xmneccC30,T;L%T,)?).

If, moreover, the parameters N and 6t satisfy (3.17) and the initial data are chosen
such that

(5.12) bon =ZInby and eon = ZIneo,

the following error estimate holds between this solution and the sequence (bY;)o<p<p
defined in (3.12)(3.13), for I<p< P —1:

(5.13)
K
0 3t) ~ )y < T (N S (15 a1 + [Bllpi) + T(00)? 0],
k=1
where || - ||sp.k, Tesp. || - ||+, denotes the norm of the space in (5.10), resp. (5.11).

Estimate (5.13) is optimal in the sense that the required regularity properties of
the solution are minimal with respect to the order of convergence. Moreover, the
space regularity that appears in the estimate is local on each Q. So, using different
degrees of polynomials on the subdomains would allow for a better convergence.
The corresponding analysis is presently under consideration.

The discretization is of order two with respect to the time variable and of spectral
type with respect to the space variable: the exponent of N in (5.13) depends only
on the regularity of the data and the exact solution. Since d¢ has to be chosen very
small in order for (3.17) to hold, the global convergence rate seems very good: it
behaves like ¢ N~* for sufficiently smooth solutions.
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