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Abstract

In this paper we present a posteriori error estimates, and stability

estimates for the time-dependent Maxwell system of electromagnetics.
We use the weak formulation of Lee-Madsen and Monk, for which
there is an a priori convergence theorem derived by Monk. We then
discretise the problem using a standard Galerkin method, and we show
that this method is stable.
We derive the Galerkin orthogonality properties, which together with
some interpolation properties for the finite element solution, Friedrich
div-curl inequality, and the strong stability estimates for the adjoint
problem (which we also derive) enable us to prove an a posteriori er-
ror estimate in the H~!'-norm that forms the basis for the adaptive
algorithm.
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1 Introduction

Here we give some background information on Electromagnetics and Maxwell’s
equations (see Dautray and Lions[14] for details), and on the adaptive finite
element methods analysed in this paper.

1.1 Electromagnetics

Electromagnetics is the study of the effects of electric charges at rest and
in motion. From elementary physics we know that there are two kinds
of charges: positive and negative. Both positive and negative charges are
sources of an electric field. Moving charges produce a current, which gives
rise to a magnetic field. A time-varying electric field is accompanied by a
magnetic field, and vice versa. In other words, time-varying electric and
magnetic fields are coupled, resulting in an electromagnetic field.

Electromagnetic theory is indispensable in understanding the principles
behind atom smashers, cathode-ray oscilloscopes, radar, satellite commu-
nication, television reception, remote sensing, radio astronomy, microwave
devices, optical fiber communication, electromagnetic compatibility prob-
lems, electro mechanical energy conversion, brain scanners and so on.

The governing equations in electromagnetics are Maxwell’s equations,
which are usually expressed as a hyperbolic system of two coupled, first-
order differential or integral equations.

The equations are named after James Clerk Maxwell (1831-1879). One
of his major contributions was to generalise Ampére’s circuital law, which
is one of the Maxwell’s equations, by introducing the displacement current
density term in the equation to make it consistent with the charge conserva-
tion law.

The other equation in the Maxwell system is Faraday's law of electromag-
netic induction. It is named after Michael Faraday, who, in 1831, discovered
experimentally that a current was induced in a conducting loop when the
magnetic flux linking the loop changed. It is the quantitative relationship
between the induced emf and the rate of change of flux linkage, based on
experimental observation, that is known as Faraday’s law. Lenz’s law is the
assertion that the induced emf will cause a current to flow in the closed loop
in such a direction as to oppose the change in the linking magnetic flux.

Two other equations are often also included in the Maxwell system;
Gauss’s (electrical) law, and an equation stating that there are no such things
as isolated magnetic charges (sometimes called Gauss’s magnetical law).
These two equations can in the time dependent case, as we will show, be
derived from the first two, by using the charge conservation law. Maxwell’s
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equations can, together with the charge conservation law and Lorentz’s
force equation, be used to explain all macroscopic electromagnetic phenom-
ena.

Analytical solutions to Maxwell’s equations do exist, but techniques for
obtaining them - most notably separation of variables and Fourier and Laplace
transform methods - limit the solutions to those based on simple coordinate
systems with fairly regular or infinite boundaries. If, for example, we require
the solution on a domain with irregular finite boundaries, or if we have vari-
able constitutive relations, then we are forced to find the solution to such
problems numerically.

The earliest numerical schemes involved a staggered mesh finite differ-
ence method developed by Yee[23] in 1966, and more recently finite ele-
ment methods have been used with considerable success, particularly when
the boundaries of the problem domain are irregular.

1.2 Adaptive Finite Element Methods

The basic ideas behind the adaptive finite element methods we are going to
analyse in this paper are described, for example, in Johnson[11]. Given a
norm || - ||, a tolerance TOL > 0, and a piecewise polynomial finite ele-
ment discretisation of a certain degree, we want to design an algorithm for
constructing a mesh 7 such that

|u—u"||<TOL, (1)

where u is the exact solution and u” is the finite element solution on the
mesh 7. There are two important factors to be considered here. We want
our algorithm to be reliable, so that the error u — u” satisfies (1) for any
specified tolerance, and we also require it to be efficient, so that we do not
unnecessarily refine the mesh 7. We therefore want to minimise the de-
grees of freedom, i.e. nodes in the mesh, at every stage, whilst ensuring that
(1) still holds. Adaptive algorithms such as those described by Johnson are
based on a posteriori error estimates of the form

|| u-— uh ”S g(uha hada'ta)a (2)

and it is this procedure we follow in this paper. This provides us with the fol-
lowing adaptive strategy for error control in the norm || - || to the tolerance
TOL; we want to find a mesh 7, with mesh function A and corresponding
approximate solution u”, such that

E(u”, h,data) < TOL, (3)
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with a minimal number of degrees of freedom. This last criterion means that
we want to satisfy (3) with as near equality as possible.

Error estimates of the form (2) rely on the representation of the error in
terms of the solution of an adjoint or dual problem. Such estimates are usu-
ally obtained by making use of certain properties of the finite element so-
lution u”, such as Galerkin orthogonality and interpolation estimates, along
with strong stability estimates for the related adjoint problem. This error
representation is fundamental in this approach to adaptivity, as from it we
gain invaluable information about the structure of the global error which
then forms the basis of our adaptive algorithm.

2 Definitions and Notations

In this section we will give definitions of the spaces and norms to be used in
the analysis, and introduce the notation by which they will be identified. A
general reference for this section is Adams|[1].

2.1 LP-Spaces and Sobolev Spaces

Let €2 be a bounded open subset of R"”, for n a positive integer. Then, for
1 < p < o0, LP(2) will denote the usual Lebesgue space of real-valued
functions with norm || - ||z»(q). For p = 2, we will omit the subscript, writing
|| - || for || - ||12(), and we define the L*(Q2) inner product (-, -) by

() = | ubx)olxix,

for u,v € L?(Q). If w is a measurable subset of Q, we denote by (-, -) 2(,) the
L? inner product on w. The space-time L? norm is defined as

T 1/2
| 7 lesoirsneon= ( [s dt) .

The space of m-times continuously differentiable functions from [0, 7] into
the Hilbert space X is denoted C™(0,T’; X ). We also introduce the p-weighted
inner product (-, -),, defined as

(u,v)p:/np(x)u(x)v(x)dx,



where p : Q — IRy, and p is locally integrable on 2. We then define L2(Q)
to be the Hilbert space where the norm
Il flp= 4/ (u; 1),

is finite.

Further, for k a non-negative integer, let W*?(Q) denote the classical
Sobolev space equipped with the norm || - |[yy#.r(q) and the semi-norm | -
lwea(e). For p = 2 we write H*(Q) for W*?(Q). Also, let Hf(Q) denote
the closure of the space of infinitely smooth functions with compact support
in Q in the norm of H*(Q). The dual space of H¥(Q) will be denoted by
H*(Q), with its corresponding norm given by

L
1Ll sup
0£ve HE(Q) | v ||Hg;(n)

where L is a continuous functional on H¥(Q).

2.2 The Space H (div; 2)
The space of functions with square integrable divergence is denoted by
H(div;Q) = {u e L*(Q)"|V -u e L*(Q)},
and the associated (graph) norm on H (div; Q) is
lallzo=(lul+ [ V-ul?)Y2
With the inner product
(u,v)gp = (u,v)+ (V- -u,V-v),

H (div; ) becomes a Hilbert space.

We also state here the following Green’s theorem:

Theorem 1: Let Q C RY be a bounded Lipschitz domain in RY. Then
the mapping v, : v — v - n|aq defined on (D(Q))" can be extended by con-
tinuity to a linear continuous map vy, from H(div;Q) onto H=Y2(9Q). Fur-

thermore the following Green’s theorem holds for functions v € H(div; Q)
and ¢ € H'(Q)

(v,Vo) + (V- -v,0) = (¢, v-n)r290). 4)
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Proof: See Monk[16]. O

For a discussion on fractional order spaces, see Adams[1].

2.3 The Space H(curl; <)

The curl operator is defined on a three-dimensional vector function v (for
which the derivatives make sense) by

31)3 81)2 81}1 81)3 81)2 81)1

—5) )

Vxv= (83?2 B 81‘3’ 6:53 B 81'1’ 81‘1 8.’E2

In IR? there are two curl operators, one scalar and one vector. If v is a
2-component vector function, then its scalar curl is given by

. 81)2 81}1
Vxv= 8$1 8:102’

which is just the third component of (5). For a scalar function ¢, the corre-
sponding vector curl is given by

Uxo= (00,2

8332 ’ 6361 ’

which is just the first two components of (5), but with v; = v, = 0 and
vs = ¢. Corresponding to the space H(div;{2) we define the space of three
dimensional vector functions with square integrable curl by

H(curl;Q) = {v e L*(Q)*:V x v € L*(0)%},
with the corresponding (graph) norm
1V llae= (I v I+ V x v )12

In IR? there are two possible spaces corresponding to the vector and the
scalar curl operators. The simplest is the space of scalar functions with
square integrable vector curl given by

H(curl;Q) = {u e L*(Q) : V x u € L*(Q)?},
with the associated (graph) norm

1 giray= (1w 1P+ 1V > w272,
(eirs)
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We have that u € H(curl; ) if and only if u € H'(). Indeed the
| Il (e, nOrm and the || - || g1(q) norm are exactly the same so that

H(curl;Q) = H'(Q).

The other case is the space of vector functions with square integrable scalar
curl which is defined as

H(curl; Q) ={u € L*(2)*:V xu e L*(Q)},
with the associated (graph) norm

| [ mewsoy= (| | + || V x u |2

We also have a Green’s theorem:

Theorem 2: Let Q) be a bounded Lipschitz domain in R",n = 2,3, with
the unit normal n to 0X). Then

(1) If n = 3, the trace map ~; : v — v X nl|gq which is defined classi-
cally on (D(Q))? can be extended by continuity to a continuous linear map
from H(curl; ) onto H=/?(05)). Furthermore the following Green’s theo-
rem holds for any v € H(curl;Q)) and ¢ € H'(Q2)3

(Vxv,0)=(v,V X @) = (Vv X1,0)r200) (6)

(¢7) If n = 2 and the unit normal n = (ny,ny), we define v.x n =
vemy — v1ng. Then the trace map 7, : v — v X nl|y$Q2 which is defined clas-
sically on (D(Q))? can be extended by continuity to a continuous linear map,
still called vy, from H(curl; ) onto H=/?(0)). Furthermore the following
Green’s theorem holds for any v € H(curl; Q) and ¢ € H*(Q)

(Vxv,0) = (v,V X ¢) = (v X 1,0) 12050 (7)

Proof: See Monk[16]. O

3 Problem Formulation
Let © be a smooth, bounded, simply connected domain in IR? with con-

nected boundary I" and unit outward normal n. Let €(x) and x(x) denote, re-
spectively, the dielectric constant and magnetic permeability of the medium
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occupying 2. Let o(x) denote the conductivity of the medium. Also let the
constitutive relations D = ¢E and B = pH hold (where D and B are the
electric and magnetic flux densities respectively). Then, if E = E(z,¢) and
H = H(z, t) denote, respectively, the electric and magnetic field intensities,
Maxwell’s equations state that

e%—f-l—oE—VxH:J in Q2 x (0,7), (8)
,ua—I;I—FVxE:O inQ x (0,7), 9)
V-(eE)=p inQx(0,T), (10)
V-(uH)=0 inQx(0,7), (11)

where J = J(z,t) is a known function specifying the applied current, and p
denotes the charge density. (8) is called Ampere’s circuital law, (9) Faraday’s
law, and (10) is called Gauss’s law. (11) expresses that there are no such
things as isolated magnetic charges. In this paper we shall assume a perfect
conducting boundary condition on €2, so that

nxE=0 onI x (0,7), (12)

H-n=0 onIx(0,T). (13)
In addition, initial conditions must be specified so that

E(x,0) = Eo(x) Vx € Q, (14)

H(x,0) = Hy(x) Vx € Q, (15)
where Ey and Hj are given functions and H, satisfies
V-(uHp) =0 1inQ and Hy-n=0 onT. (16)

The coefficients ¢, p, and o are L>(£2) functions for which there exist con-
stants €mn, €maz, Hmins Hmazs and Omax such that

0< €min S G(X) S €maz < o0
0 < fhmin < p(x) < fhpaz <00 p a.e.in .

0 <o(x) <Opmazr <0



Actually, by taking the divergence of (9), and using the divergence-free con-
dition in (16), we can write

V-(,th-I-VXE):%(V-(,uH)):O,

so that V - (uH) is constant in time. But we have that V - (uHg) = 0, so (11)
follows (V - V x E = 0 by well known rules of vector calculus). In a similar
way by taking the divergence of (8), and using the charge conservation law

%—FV-(JE—J):O in Q, (17)

we get (10). In addition, the boundary condition in (16), together with (9)
and (12) implies
H-n=0onlx(0,7),

which is our boundary condition (13).

So we have that the problem (8)-(9), (12), and (14)-(16) is well-posed in

itself, as the other equations can be derived from them by assuming that p
and J are coupled through (17).
This is why the Maxwell system is not overdetermined, even though it may
appear so. (8)-(11) gives 6 unknowns and 8 equations. But, as we have
seen, (10) and (11) can be derived from (8) and (9), by using the charge
conservation law. Assuming that the charge conservation law holds, that
the well-posed problem we are going to analyse is:

e%—f+oE—vXH:J inQ x (0,T) (18)
/La—I;I+VxE:O inQ x (0,T) (19)
nxE=0 onI x(0,7) (20)

E(x,0) = Eg(x) Vx € (21)

H(x,0) = Ho(x) Vx € Q, (22)

where E; and Hj are given functions and H satisfies
V-(pkHp) =0 1inQ2 and Hy-n=0 onT. (23)

We shall assume the existence of a solution (E, H) to (18)-(23) such that
E,H € C'(0,T; L*(Q)3) N C°(0,T; H(curl; Q2)). Clearly the above regularity
assumption requires that J € C°(0,7; L*(Q2)?) .
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3.1 A Weak Formulation

Assuming the existence of a solution to (18)-(23), we obtain a weak formu-
lation as follows. We multiply equation (18) by a test function ¢ € L?(Q2)3
and integrate over . Similarly, multiplying (19) by ¢ € H(curl;<), in-
tegrating over (2, and integrating the curl-term by parts using the Green’s
theorem (6) and the boundary condition (20), we obtain a weak form for
(19). If we let E(t) = E(-,t) and H(¢) = H(-,t), we find that the solution
(E,H) € [C*(0,T; L*(R2)%) N C°(0, T; H(curl; 2))]? of (18)-(23) satisfies

(€Ey, ¢) + (0B, ¢) — (Vx H,¢) = (J,¢) Vo € L*(Q)° (24)
(uHg, ) + (B, V x9) = 0 Vi € H(curl; Q) (25)

for 0 < ¢t < T, with the initial conditions
E(0) =E, and H(0) = H,, (26)

where Hj satisfies (23).

Of course for the above variational problem to make sense we need only
require that E € C*(0, T; L*(2)3)NC°(0, T; L?(R)?), so the variational prob-
lem might be used to prove existence of a weak solution to Maxwell’s equa-
tions.

Notice that the boundary condition (20) is now imposed weakly via (25).
This is one advantage of the weak form given in (24)-(26) since the boundary
condition does not have to be imposed on trial and test spaces. The more
general condition n X E = 7, where 7 is a tangential surface field, could also
be handled easily by this formulation.

This weak formulation is called the Lee-Madsen formulation. It forms
the basis of the finite element schemes of Monk and Lee-Madsen, see [18]
and [12]. This is also the weak formulation that we are going to use in this
paper. Another possibility is to apply the same Green’s theorem to the curl-
term in (24) instead. We then get the so called Nedélec’s formulation.

3.2 Spatial Discretisation

LetU, C L*(Q)3 and V}, C H(curl; Q2) be finite-dimensional subspaces of the
given spaces (we shall define Uy, and V}, in Section 3.3). Then the semidis-
crete Maxwell system we will analyse in this paper is to find (E* H") €

CY(0,T;U,) x C1(0,T;V,) such that

(€E7,¢") + (0E", ¢") — (V x H", ¢") = (J,¢") Vo" e Uy  (27)
(uHM, M + (BLV x M) = 0 wlheV,  (28)
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for 0 < t < T, subject to the initial conditions
E"(0) =1I! E, and H"(0) =II} H, (29)

where IT! : L?(Q)® — U, and 11! : H(curl; Q) — Vj, are the weighted (by
e and p respectively) L2-projections (see Eriksson et al.[5], pp. 338-339) of
the initial data onto the spaces Uy, V}, respectively. The equations (27)-(29)
are a system of linear ordinary differential equations, and thus existence
and uniqueness of a solution are well known. An a priori analysis of this
problem can be found in Monk[17], with a general convergence theorem on
pp. 1614-1615.

4 Stability Analysis

In this section we first prove stability estimates for (27)-(29), and then we
consider the stability properties for the time discretised (27)-(29) using the
Implict Euler method and the Crank-Nicolson method.

4.1 The Semidiscrete System

Here we prove that the semidiscrete system (27)-(29) is stable in the sense
that the solution at time ¢ depends continuously on the initial data.

Theorem 3: Let (E* HY) € C*(0,T;Uy) x C'(0,T; V) solve (27)-(29). Then
the we have the following stability estimate:

B (@) [I2 + 1 = (2) 11,

< (IBOE+IEO R [ 136 e). 6

Proof: We start by letting ¢ = E* and 1y = H” in (27)-(28), and then we
add the two equations together:

(¢EM EM) 4 (0E" EM) — (V x H", EM) 4+ (uH!, H") 4 (E", V x H") = (J,E").
That is
1d 1d

- 7 mhi2 h h - h |2 — h
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But o > 0 which gives

1d

57 (I VEE I + [ ViR HY ") < (3, B).

By integrating both sides in time from 0 to ¢, and using Cauchy-Schwarz
inequality, we get

| VEEM®) P + | VEE D) |

sWﬁW@W+Wﬁwa%qAH%M@nWﬁwwn@

T 1 2 ! h 2
H%M@H%+AHﬁE@wds

< G +/0 (I Ve B @) I1” + || v H (2) ||*) ds,

SHﬁW@W+MmW®W+A

where Co = || VEE"(0) I + || v HM0) > + [y | 7 3(s) |17 ds.
Now we can use Gronwall’s inequality, with C' = Cy and 2(t) = 1;

| Ve EM1) | + || vaH(t) |[P< Cpelot .

Remark: This result also implies uniqueness of the solution.

4.2 The Stability of the Crank-Nicolson Method

In the following stability analysis we consider the system (27)-(29) discre-
tised in time using the Crank-Nicolson method. We are prove that this
method is stable in the sense that the solution at time level £ depends con-
tinuously on the initial data. We also prove that this method is energy con-
servative for c = J = 0.

We start by adding the two space-time discretised variational equations with
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¢=(El ., +E!)/2and ¢y = (H!, + H")/2 together:

(¢=milm St T ) 4 (g Zmtl T Zmi T 2
h h h h h h h
—(Vx(H me1 +HY )E me1 T Ep )+(MHm+1 H! H! , +H! )
2 ’ 2 At ’ 2
2 2 2 ’ 2 '
This gives
E!r | +E!}
(1 Bl 2+ 1 H ) ) 22 2
Jpir1 +Jn EM +EM
= s (VB 17 4+ | Hh |2) 4 (Tt B Bt T

Now we consider two different cases.

First we consider the case when o = J = 0. We then have that the Crank-
Nicholson scheme is energy conservative in the sense that if we define the
energy function £ at time level m as

I Em 12+ 1 Hp 115
we have that £, 11 = &, = ... = &. In particular we have that for any &
BRI+ I HE 1 = 1 Eo IF + [ Hg |17 - (31)

The second case we consider is when o # 0 and J # 0. We then have, by
using the arithmetic mean inequality with § = 2,

m1+E
QNmEHWHm+wHw—%r—W
1 Jp+J E! . +E!"
E! |2 H" | EmAL T em 2 “m4l T Fm 2
< g (1B 2+ ) )+ ) 2B 2 g Smat T 2
This gives

At T+ I
Emt1 < 5m+7||%”21

By summing from m = 0 to m = k — 1 we obtain the following stability
theorem:
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Theorem 4: Let (E" H*) € U, x V}, solve (27)-(29), discretised in time
by the Crank-Nicolson method. If (Ef, HY) denotes (E"(ty), H"(t)), with
ty = k - At, then the following stability estimate holds:

At N — +J
FELNZ+1HE L < [[EM0) 12+ | H"(0) [ + Z =1
m=0

(32)

Also, if o = J = 0, we have that our Crank-Nicolson scheme is energy con-
servative, in the sense of (31).

4.3 The Stabilty of the Implicit Euler Method

In this section we derive similar stability estimates as we did in the previous
section for the case of the Crank-Nicolson scheme. We also show that the
Implicit Euler method is not energy conservative for ¢ = J = 0, in contrast
with the Crank-Nicolson scheme.

We start, as in the previous section, by adding the two space-time discre-
tised (now by using the Implicit Euler method) variational equations with
¢ =E!_  andy = H" | together:

Eh +1 Eh h h h h h
(e At sy Ep1) T (0E; 1, En ) — (VX Hy L B yy)
Hy ., - HY
+Hu HT H?n—kl) (Efn—kl’v X an+1) = (Jm“’E?HH)

Now consider the first term

(eEan E! B ):(eEﬁn“_Eh Eh+1+Eh+Efn+1—E’,;)
At m+1 At ’ 2 2
2 h _mh o2
= o1 B 12 = B 1) + 5 | Bl —BL 12

Here the second term is non-negative. Even if we have that 0 = J = 0,
we still have this term. Therefore the Implicit Euler scheme is energy-
dissipative, not energy-conservative as was the case with the Crank-Nicolson
scheme. By using the fact that the second term is non-negative and also us-
ing the arithmetic mean inequality with § = 2 we have that

(I +1||2—||Eh 12) + 5 1 B 12 = 1 120 1 B 2

< (Jmsr, Bpyy) < || Tt 3+ 1 By 17
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Finally by summing from m = 0 to m = k — 1, we get the following stability
estimate:

Theorem 5: Let (E* H") € Uy, x V,, solve (27)-(29), discretised in time by the
Implicit Euler method. If (Ef, HY) denotes (E"(ty,), H"(t1)), with ty = k - At,
then the following stability estimate holds:

IEL NS+ T EL L < [TE0) [7 + [ H(0) II; +— Z 1w I3 (33)

S5 Preparations For A Posteriori Error Analysis

In Section 7 we will derive an a posteriori error estimate for the semidis-
crete Maxwell system (27)-(29), and in this section we present some results
that are necessary for the subsequent analysis. We derive the Galerkin or-
thogonality properties, then we state some Interpolation Theorems, a Trace
Theorem and, for us the very important, Friedrich’s div-curl inequality.

5.1 Galerkin Orthogonality Properties

The Galerkin orthogonality properties play a key role in the a posteriori er-
ror analysis. We obtain them by considering the weak formulation (24)-
(25) and the semidiscrete system (27)-(28). Since U, C L?(Q)% and V}, C
H(curl; Q2), the following is true:

(€Ei, ¢") + (0B, ¢") = (Vx H,¢") = (J,¢") Vo" €Uy (34)
(WH,9") + (B, Vxyh) = 0 V' eV, (35)

for 0 < t < T. Therefore by subtracting (27) from (34), and (28) from (35),
and denoting E — E” by e, and H — H" by h, we get

(e, +0e—V xh, ¢") = 0 Vo" € U, (36)
(uhy, ") + (e, V x ") = 0 V" €V}, (37)

forO0 <t <T.

5.2 Interpolation Theorems

We start by defining exactly what we mean by a finite element. We do this
following the definitions of Brenner and Scott[3], pp. 67. We also introduce
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the idea of the local interpolant.
Definition Let
(i) K C IR"™ be an open, bounded, polyhedral domain (the element domain),

(ii) P be a finite-dimensional space of functions on K (the shape functions)
and

(iii) N' = {Ny, Ns,...,N..} be a basis for P' (the nodal variables).
Then (K, P,N) is called a finite element.
Definition Given a finite element (K, P, N), let the set {p; : 1 <i < d} CP

be the basis dual to N'. If v is a function for which all N; € N,i = 1,...,d,
are defined, then we define the local interpolant by

d
Ticv == ZNZ-(U)% (38)

Various properties of the (local) interpolant are discussed in Brenner and
Scott[3], pp. 75-79.

Definition Let Q be a given domain and let {T"},0 < h < 1, be a fam-
ily of subdivisions such that

max{hy : T € T"} < h diam Q,

where hy = diam T. Then the family is said to be nondegenerate if there
exists p > 0 such that, for all T € T" and for all h € (0,1],

diam Br > p hr
where Br is the largest ball contained in T.

With these definitions in mind we give the following Interpolation Theo-
rems.
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Theorem 6: Let (K, P,N) be a finite element, satisfying
(i) K is star-shaped with respect to some ball,

(ii) Pm—1 C P C W™®(K), where Py, is the set of polynomials in n vari-
ables of degree less than or equal to k,

(iii) N C (CY(K))' (so that the nodal variables in N involve derivatives
up to order l) and

(iv) 1 < p < oo and either m — 1l — n/p>0 when p>1 or m — | — n>0 when
p=1

Then for 0 < s < m, and v € W™P(K) we have
v —T"|wen)) < C(diamE)™ ] wms() (39)
where C depends on m,n, and K.

Proof: See Brenner and Scott[3], pp. 104-105. O

Theorem 7: Let {T"},0 < h < 1, be a nondegenerate family of subdivi-
sions of a polyhedral domain Q) in R". Let (K, P,N') be a reference element,
satisfying the same conditions (i)-(iv) for some I,m, and p as in Theorem 6.
Then for all T € T" 0 < h < 1, let (K,Pr,Nt) be the affine equivalent
element. Then there exists a positive constant Cy depending on the reference
element, n,m and p such that, for 0 < s < m,

(D I1h5™ (0 =T") ooy

TeTh

S

< Crlv|wma(a) (40)
for all v € W™P(Q), where the left-hand side should be interpreted, in the
case p = 00 as max | RS (v — T") ||wrse(ry -

Te

Proof: See Brenner and Scott[3], pp. 104-109. O

In the subsequent analysis, we need to have a bound of the form

(D 152! (0 = T") [[22(ry)? < Cilv]m(o)-

TeTh
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However suitable values of [, m and p cannot be found for [ = 0 and n = 2
or 3, which will satisfy the conditions of Theorem 5.4. An alternative to this
is outlined in in Brenner and Scott[3], pp. 118-120, where the notion of the
quasi-interpolant is introduced. This allows us to modify Theorem 5.4 and
Theorem 5.5 in the following way so that we get the results we want.

Theorem 8: Forv e WFP(K),0 <k <mand1 <p < oo,
|| v —ihv ||Ws,p(K)§ Chl;(is|/l)|wk,p(K) (41)

for 0 < s < k < m, where hx = diam K, and " is the quasi-interpolant
defined by relaxing the amount of smoothness required by the function being
approximated through the use of local projections (see Brenner and Scott[3]).

Proof: See Scott and Zhang[19]. O

Theorem 9: If all elements’ sets of shape functions contain all polynomials of
degree less than m and T" is nondegenerate then, forv € Wkr(Q),0 < k <m
and 1 < p < oo,

(> 1855w = 2") Iyencry)

TeTh

IS

< Crlvlwes) (42)

for 0 < s < k < m, where I" is the quasi-interpolant defined by relaxing the
amount of smoothness required by the function being approximated through
the use of local projections (see Brenner and Scott[3]).

Proof: See Scott and Zhang[19]. O
Letting s = k and applying the triangle inequality, the following corollary
is derived:

Corollary: Under the conditions of Theorem 9

(D 17" Bpinr )P < Crlvlwen(a)- (43)
TeTh

A more detailed discussion of the quasi-interpolant can be found in Siili
and Houston[21].
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5.3 A Trace Theorem

To be able to bound the error on the boundary, we need the following
Trace Theorem (For a discussion of this and similar results see Brenner and
Scott[3], p. 37):

Theorem 10: Suppose that Q0 C IR" has a Lipschitz boundary, and that p
is a real number in the range 1 < p < oo. Then there exists a constant, Cr,
such that

10 ooy < Crv |0 lodll v hagy Yo € WHP(Q).  (44)

Proof: See Brenner and Scott[3], p. 37.

From this theorem we get an important corollary by following Siili and
Wilkins[20], p. 11. That is, we bound || v ||;»(s7) by transforming to the
canonical triangle and applying Theorem 9. On transforming back again,
we obtain the desired result.

Corollary: Suppose that {T"}, 0 < h < 1, is a nondegenerate family of
subdivisions of a domain Q) C IR"™ with Lipschitz boundary, and that p is a
real number in the range 1 < p < oco. Then there exists a constant, Cr,, such
that

1-1 —
0 Loy < Core 10 15ef? Bzt 1o ooy + 1| V0 o) 2, (45)

Vo € WP(Q), VT € {T"}, and Vh € (0,1].

5.4 Friedrichs’ div-curl Inequality

This theorem implies that the div-curl-norm appearing in the right-hand
side of (46) is equivalent to the H'-norm. This theorem plays a key role
in the following a posteriori analysis. For the proof we refer to Girault and
Raviart[6], Krizek and Neittaanmaki[8] and Jiang et al.[10].
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Theorem 11: (Friedrichs’ div-curl inequality). Let 2 be a bounded, sim-
ply connected, convex, and open domain with piecewise smooth boundary
' =T,Tly. Either I'y or I'y may be empty, but not both. Also I'yand Ty
must have at least one common point. Then every function u of H'(Q)? with
n-u=0onT;andn x u=0on 'y satisfies

luli< Cr(l V-ullg+ [V x ulf), (46)

where the constant C'r > 0 depends only on ).

6 Strong Stability Estimates for the Dual Problem

In this section we introduce an adjoint problem related to (18)-(23), and we
derive strong stability estimates for this problem. The introduction of this
adjoint, or dual, problem enables us to find the error bounds in the norm
| - lz-1(). Given &,n € H'(Q2)?, consider the following adjoint problem on
Qx[0,7T]:

—(e€)y+0E+Vxn = 0 inQx(0,7) (47)
—(un)e—V x€& = 0 inQx(0,7), (48)

subject to the final conditions
E-,T)=% and n(-,T7)=7" (49)
with ¥, Y € H}(Q), and boundary conditions
nx¢ = 0 onl'x(0,7) (50)

n-n = 0 onl x (0,7) (51)

6.1 Constant Coefficients

Now for simplicity consider the Adjoint Problem (47)-(51) when the co-
efficients ¢, u, o are (positive) constants. Our aim is to use the Friedrichs’
div-curl inequality, so we want to bound the curls and divs of £ and 7.
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Theorem 12: The solution (£,n) of the adjoint problem (47)-(51) satisfies
the following strong stability estimate ¥t € [0, T):

T
u6||€t||2+2u0/ Fel*dr+ | VX EP+IV-EP+ [ Vxnl*+ V-0l

t
< EIo+ VTP 4[|V [? 40D | Vg P+ VTP

2
€ 1 M 1
+(mow+vXTW+;anwww+ome+;nrww), (52)

where €11 and o are (positive) constants.

Proof: To prove (52) we start by differentiating the first equation with re-
spect to time to give

—€§y + 05+ V X = —€§y + 08 — iv xVx§=0,

and we obtain the reduced problem for &

eftt—agtnt%Vxfo:O (53)
nx¢&=0 on I'x (0,7T) (54)
E-T)=v on Qx(0,T). (59)

Now multiply (53) by &; and integrate over 2
1
0= (tht —0'§t+ BV x V X g,ft)

1 1
= €(&, &) — (&, &) + ;(V x &,V x &)+ ;((V X &) x 0, &) ).
But ((V x &) x n,&) 2@y = 0 due to the boundary condition (54), so
€ed 9 s  1d 9
S IElr o &P +5- IV xE =0
We then integrate in time from ¢ to 7', to give

T
pell &P +2u0 [ & dre |V x|
t
— e [ 6. 7) I+ | V €. D) |
1
= he | LO6(T)+ ¥ x0T P+ |9 x €6,T) P

= o+ VX TP+ VT2,
€
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So we get a bound for || V x ¢ ||? from

T
pe |l & 7 +2u0 / 1617 drs ||V x € |2
t

=Elow+ VX T2+ Vw2, (56)

Now we want to derive a bound on || V - £ ||; we obtain this by taking the
divergence of the first adjoint equation (47):

V-(—€+0E+Vxn) =—eV-&) +0(V-&=0.
(Note that V - V x n = 0 due to well known rules of vector calculus.)
o
= (V'f)t—;(v'f) =0.

This is a linear ordinary differential equation with the solution
o
—1

(V-€)(t) = Cec .
We get the constant C, from the final conditions, as follows:

(V-O(,T)=Ce" =V -T

= V-é=e dT9(V.0).
The bound we are interested in is therefore
| V-glP=e ¥ v (57)
To obtain a bound on || V-7 ||?, we take the divergence of the second adjoint
equation (48):
0=V -(um+Vx&=puV-n)+V-(VxE=nuV-n).
That is,

(V-n)y=0=V-n=V-7T

= |Vl = [IV-T|*. (58)

23



To get a bound on || V x 7 ||?, we need, as we shall see later, a bound on
|| € ||>. To get this; multiply the first adjoint equation (47) by &, the second
adjoint equation (48) by 7, integrate over 2 and add them together. This
gives:

0= (=€ +0E+V xn,&) + (—pn — V x &,1)

= _e(é-t,g) + 0-(65 5) + (v X nag) - /L(?’]t, 77) - (V X 55 77)
€d ud

= =5 1€l +o 1€+ x 0, Opemy = 5 10 I
__ed LN
=g l€lP+allel? =52 nl

= E||§||2+2<7/tT||5||2<1lT+M||77||2=€||‘1’||2+/«t||”f||2-
With this bound on || £ ||2, we can now deal with || V x 7 ||
IV xnl? = lleg—oel? < (le&ll+1lo€)? = (| e& 1"+ (Il o€ [|)?)°
s(mow+vXTW+§anwWﬁ+ome+§nTWﬁf.
(59)
So finally we get, by (56),(57),(58) and (59);

T
u€||£t||2+2u0/ [l dr+ | VX + IV + [ VxnlP+ V-0l
t

20

< EoU+ VXY P+ VX U2 +e FT0 |V |24+ VTP

2
€ 1 M 1
+(maw+vXTW+;anwww+amWW+;nrww). (60)

This completes the proof of (52). O

6.2 Variable Coefficients

Now we turn our attention to the case of variable coefficients, that is when
e = €(x), p = p(x), and 0 = o(x). The different steps in the proof of the
following theorem are analogous to the case of constant coefficients, though
the analysis is slightly more technical.
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Theorem 13: The solution (£,n) of the adjoint problem (47)-(51) satisfies
the following strong stability estimate ¥t € [0,T]:

IVXEF+IVxn P +IV-ElF+1V-nl

T
+Hmax ) |16 [ +2(max ) [ 116 o dr
t

< (max p) (| o€ +V X T2+ | Vx T [2-0)
1

(mxin €)

s (Ile " TV - (ew)) |

T
+ (maxe) || ™ H(V(oe ™)) II/t [ KR A b AR

1 2
+(max—=|Ve)([| W II? + | T ||i>1/2)

+(max e)(| o¥ +V x T |20 + || V x T [[5-1)
+(max o) (|| 12+ || T [12) + 2(max €)'/?(max o) /2

1/2
(1o +V x T |2 + [V x T2 2+ 7 )2)"

1 1 2 2\1 ’
i (19671 +Homax Vi) ¥ I+ 171 ).
(61)

_.'.

where € = €(x), u = p(x),and o = o(x).

Proof: To prove (61) we start by differentiating the first adjoint equation
(47) with respect to time:

d
%(—e&—kag—kv X 1) =—€ey+0o&+V xn

=—e&y+0&—Vx (u(VxE)=0,

and we get the following reduced problem for &:

—eby+ 06—V x (uH(V x€)) (62)
nx&{=0 onl (63)
§6,T)=1. (64)
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Now we multiply (62) by &, and integrate over €2 to get

0= —(&u, &) + (06, &) — (V x (u™H(V x £)), &)
= —(eu, &) + (0&,&) — (b (VX &),V x&) — ((w ' (V x & xn, &)L (r)-

But ((z=H(V x &) x n,&)r2qy = 0 by the boundary conditions (63), so by

integrating in time from ¢ to 7" we get

T
= &l +2/ 1€z dr+ 1V x € lG= [ & T) I+ 11V =< §C,T) [
t

= e (@€ T) +V xn(- D) |7 + 1|V x & T) [
= o0+ VXT[Z+ VT

Hence we obtain the equality

T
H&M+{/IMW§M+HVX£MA
t
= oV XY P+ | VX T [P, (65)

which gives

T
(max ) || & [I7 +2(max u)/ 1€ Nl dr+ 1| V x € |I?
X X t
< (maxp)(| ¥ +V X T2+ | VXT[20). (66)
Here, as in the case of constant coefficients, we also need a bound on || £ ||2.
We get it by multiplying the first adjoint equation (47) by £ and integrating

over {2, and multiplying the second adjoint equation (48) by n and integrat-
ing over €2. Adding them together we get

0= (—€&+0E+V X 0,8+ (—pm — V X 1)

_1d 9 9 1d 9

= o N+ €2 +(T 0,8 = 52 2 ~(V x &)
1d 1d ,

=5 NER+ €I+ x m, ey — 5 0 1.

But (7 x n,§) 2y = 0, so by integrating in time from ¢ to 7" we have

T
el +2/ FE 15 dr+ Fn =l @ IE+ 11Tl - (67)
t
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We also need a bound on || £ ||2, we deduce it by the Fundamental The-
orem of Calculus

£(t) = £(T) / (r)dr.

Taking the absolute value of both sides gives

(1)) = €(T) - / &(r)dr] < |6(T)] + / () dr

Then, by applying the inequality (a + b)? < 2a? + 2b?, we get

EOP < 26T+ 2 / ()| dr)?.

Now multiplying both sides by o,
T T
ole(t)? < 2o|s<T>\2+2a</t \&(T)\dTV=20|€(T)\2+20(/t - 6(r)|dr)?

< 20[¢(T)[> + 2 / 12d7)( / ol¢,(r) Pdr). (68)

t

Which gives (according to Fubini’s theorem)

/Qo|§(t)\2dx < 2/90|§(T)\2dx+2(T—t) /tT (/Qa|§t(7)|2dx) dr;

that is
T
el <23 +(T—t)2/t | & |2 dr.

But then (65) yields

lelle < 207 +T =)l o¥+V XY i+ 1V X T ).
(69)

Now we can get a bound on || V-7 ||? by taking the divergence of the second
adjoint equation (48). Namely,

Ve(=(pm) =V x&==V-(un)-V-Vx£=0
= (V- () =0 = V- (un) =V (uT);
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that is

IV-(un) |l = [IV-(uX)]. (70)
We also have that
| uV-nl = [[V-(un)=n-Vul < [[V-(un) | +1n-Vu|
. < . .
= [[V-n| < (minu)(IIV W) +1n-Vul) (71)
and
1/2 1/2
In-Vull = (/Q|n-W\2dX> < (/Q\n\QWMQdX)
o 1 2 2 1
= - —|Vulfdx < (max—|V . 72
([P 21ouax) < s Ol Il (02)

So we get by (70),(71) and (72) that

1 1 ?
Vel € —— (V- (Y — V(1T 2+ [ Y2V .
1901 < s (17 000) |+ W9 2+ T )
(73)
We can also derive a bound on || V x 7 ||
IV xn|? = =o€l < [le& |+ [ o€ I +2(1| €& 1Pl o€ 1)

< (maxe) || & |2 +(max o) || € |2 +2(max )"/ (max o) (|| & |2] € [12)"/*.
Using (65) and (69), this gives
IV xn[? < (maxe)(|o@+V x T2+ VxT[2)
+(max o) (| ¥ [|2 + || T |I2) + 2(max ) /* (max 7)"/2
(o + 9 x T2+ 1V x X201 12+ 11T 1) (74)

To get a bound on the divergence of £, we take the divergence of the first
dual equation (47):

V(=€ +0E+Vxn)==V-()+V-(c&)+V-Vxn
= (V- () + V- (0§) = =(V - (€€))¢ + (V - (07 (€€)))
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=—(V-(e§))e+ (0 )V - (e§) + V(oe ') - (€€) =0
= (V- (€€))s — (ce )V - (e€) = V(aet) - (€£).
This is a linear ordinary differential equation in V - (¢£), with the well known
solution

T
V() = YO - / eV (e - (c6))dr).
t
We get the constant C' from the final conditions (49) as follows:
V- ()(-,T) = Ce” T =V - ()
= C=e" T(V-(eW)).
So the complete solution subject to the final conditions is
T
V- (e6) =" e (V- (eW)) — / e V(o) - (e€))dr).
t

Now take the L?-norm of both sides:

-1

1

IV ()|l = [le* TV (W) —e“lt/t e 7 T(V(oe ') - (e€))dr |

1

I DT ) [+ [ e (Vo) - )|

IN

< e TV (W) || + | 6““/T e 7|V (o¢) |e€ldr |

= [ e TV (0)) || + || e [V (oe |/ T e ldr |

< e IV (@) || + || eV (oe \IIII/ e |eldr |

< e T (W) ||+ || e (V(oe ) II/t I e 7 (e€) || dr
< eIV (@) || + || e (Vo) |l /tT e [lll € || dr

< eIV - (D)) || +(maxe) || V(o) | /tT Fe I (1€ 112)ar
But by (67), we have a bound for || £ ||?, so we have
IV ()] < e TNV -T(C‘I’)) |
+ (maxe) || ¢ (V(oe ) II/t Fem ™0 (@ 12+ (1 [17)dr
(75)
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Now we can write

[eV-&l = V() =& Vel < [[V- (&) [ +1&-Vell,

which gives

< 1
~ (mine)

X

IV-&l

V- () [ +11&-VelD, (76)

and we also have that

1/2 1/2
le-Vel = ( [l dx) < ( / |§|2|Ve|2dx)

= ([ der- 2w dx) < (V) €l. (D

So we get, by (75),(76),(77) and (67),

1

~ (mine)?
X

I1v-€? (Il T=0(v - (ew)) |

T
+ (maxe) || (Vo€ ™)) II/ Fem ™ 0 (@117 + 11X 115) 2dr

maX— € 2 1/2 2.
+( \[IV DA 112+ 11712 ) (78)
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Finally, by (66),(73),(74) and (78),
IVXEF+NV <P+ V- + 1V -n|?

T
+max ) |16 [ +2(max ) [ 116l dr
t

< (max p)(| 0¥ +V X T2+ | VX T [24)
1

(mxin €)

s (Ile o0 - (ew)) |

T
oge~! - o
+ (maxe) [ e H(V(oe 1)) | /t e N (N (2 + 17 [12)2dr

1 2
+(max—= Ve ) (| € [I? + || T IIZWZ)

+Hmax e)([| oW +V x T |20+ | Vx T [2-1)
+(max o) (|| ¥ |2 + || T |[2) + 2(max €)/?(max o)/

(0% +9 %0 [P+ 19 % X o) [+ 7 [2)
1 1 2
+-— V- (uY) || +(max—|Vpu U z+ T 12 1/2) )

(min )2 (II (1) [} +(m: \/ﬁ\ DAPE [+ 1)

X

(79)
This completes the proof of (61). O

7 A Posteriori Error Analysis

The work in the last two sections now enables us to present the main result
of this paper. From now on, we shall suppose that the finite element spaces
U, C L2() and V}, C H/(curl; Q) consists of piecewise polynomial func-
tions of degree k.

Theorem 14: The finite element approximation (E", H") to the problem (18)-
(23) defined by (27)-(29), satisfies the following a posteriori error bound:

1/2
et T) lla— + | b(T) [z < C (ZC(K)) , (80)
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where C, is a computable constant and ( (k) is the local error estimator given
by:

C(k) = || hR4 ||%2(0,T;L2(n)) + || xR ||%2(0,T;L2(n))

+ || R |[Z20.ri20m)) F I rcth(0) (|22 ey + 11 e (0) I

(81)

here h, denotes the diameter of the triangle k. R1,Ro, and R are the residuals
defined by:

R, = J—¢E!—0E"+VxH"=¢e,+0e—V xh (82)
Ry = —pH!' -V xE'"=ph;+V xe (83)
R; = nxE" (84)

Proof: We start by considering

Td Td
(e, c€)§ + (b, ) = / e+ [ S s
T

or ) + e (r + (B, im) + (B, (um)e)r

T

th\c\

T
(e, €€) + (e, 0 + V x n)dr + / (hy, pm) + (h, =V x &)dr
0

T
(e, €€) + (e,0&) + (e, V x n)dr

(hta Wl) (V X h’ g) + (h X n, g)Lz(F)dT

The boundary condition (50) implies that

(h X n, S)LQ(P) = (n X f, h)L2(F) = 0,

so we have
T
(e,ef)\OT + (h, /m)|0T = / (ee; +o0e —V x h, &) + (uhy, n) + (e, V x n)dr.
0
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Now we have, by the Galerkin orthogonality properties (36)-(37), that

T
(e, €€)[! + (b, ) [} = / (cer+ o€ — V x b, € — £")dr

+/O (phy,n — ") + (e, V x (n —n"))dr.

Applying (6) to (e, V x (7 —n")) we get

T
(e, cOfF + (i = [ (cer+ oo~V xh,¢ — €ir
0

T
+/ (the,n—n") 4+ (Vxe,n—n") — (nx e,n — n") 2 dr.
0

But (n x e,n — n")r2ry = —(n x E" np — n")12(r), and by identifying the

residuals defined in (82)-84) we get

T
(e €T + (b, um) [ = / (Ru,€ = € + (Ra,n— 1) + (R, — n)rdr

—Z/ (BB, 1 (€ =€)+ (haRa, B (0 = 0"))y) d7

+Z/ h R37 K 77 n ))L2 Bn)dT

okCl’

<y /0 | heRa ll2c | (6 — €0 [l1300 dr

T
Y / | bRzl B (1 — 1) oz dr

(/0 > I Rs [[Z2o) d ) (/O Doht =" Zaga dr

OkCT OkCT

=A+B+C.

We shall use the Interpolation Theorem derived in Section 5. First choose
& = Th¢ and " = T"n; then by using (42) with s = 0,k = 1 and p = 2 we
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get for A and B the following bounds:

T
A< S [ hR ol €= T) e o
K T )
> / | bR gy (3 | Bt (€ = ) 2227
I‘LT K
/0 ST AR gz O 1| V€ iy dr

T 1/2 T 1/2
Cr (/0 Z | heRa (17200 dT) (/0 | VE 12200 dT)

1/2
< Cr (Z | AR ||%2(0,T;L2(n))) \/Tmtax | V¢ ||L2(n) (85)

IN

IN

T
B< 3 [ 1 hRe ol 10— P'0) e

T
<3 / | BB ey (37 5t (7 = o) [2age) 2dr

T
< [ EUhRallow €11l Vol dr
HT 1/2 T 1/2
< O (/0 zﬁ: | 7eRea (|72 dT) </0 IV 220 dT)
1/2
< Cr (Z | R ||%2(0,T;L2(n))) \/Tmtax | 'V llz2ge) - (86)

For C we first use (45), then (41) to get

/Zhllln 1 oy 7
0

okCI’

< /O (Zh{lc%r 7= 2" |2 (b | 0= 2" |2 + || V(i — ) ||L2(n))> dr

T
ct. | (Z [ 1= 20 gy +C | Vi — Z') ||%2<n)}) dr.

K

IA
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Then, by using the triangle inequality, the algebraic inequality (a + b)? =
2a? + 2b%, (42) as above, and (43), we get

T _
< C%T/O > b I — I |[7205) +Cr(nlar(e) + \Ihﬂ\Hl(n))QD dr

T -
< G [ ([ In =20l +Callrlmert 1 24 ||H1<n>>2]> dr

T i
< 072“7"/0 Z _hZQ 7 =2 17200 +Cr2nlTg +2 | T ||%I1(n))i|> dr

K

< CF.Cr(3+2C1) || Vi || 220,020 -
This gives us the following bound on C
1/2
C < Cr/Cr(3 +2Cy) (Z | R ||%2(0,T;L2(6n))> \/Tmtax 'V llzegs)
(87)

Now we want a bound on the magnitude of the initial error terms, i.e. on
|(e(0),€£(0))], |(h(0), un(0))|. The approximated initial data are the e- and pu-
weighted L2-projections of the exact initial data on the finite element spaces
Un, Vi respectively. Therefore if (£, ") € Uy, xV}, we have (ee(0), £"(0)) = 0
If we then choose £7(0) = Z"£(0), and then use Cauchy-Schwarz inequality
and (42) we get for |(e(0), €£(0))|

[(e(0), €£(0))] = |(ee(0),£(0)| = [D_(ce(0), £(0))sl

< Z\ ee(0 —£40))sl

sZnhee 2ol 7 (60) = Z°€(0)) N1z

1/2 1/2
(Z I hucee(0) 172 ) (Z | bt (€(0) — Z"¢(0)) IIiz(@)

1/2
< (Z | cee(0) 172 ) Cr |l VE 2wy - (83)

In the same fashion, for |(h(0), un(0))|,

IN

1/2
|(h(0), |<(lehnuh [ ) Cr IV 2 - (89)
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Now we have by (85)-(89) that:

1/2
(e(T), €£(T)) + ((T), un(T))| < CVT (Z | ARy ||%z(o,T;Lz(n))> max || V|| 2(x)
1/2
+CVT (Z | huRo ||%2(0,T;L2(n))) max | V|l e2g)

1/2
+Cry/Ci 3+ 20T (Z | hRs ||%z<o,T;L2(an») masx | V1 ||z
1/2

1/2
+C; (Z | hwee(0) II%z(@) | V& |22y +Cr (Z || hue2ha(0) II%%)) 'V [lp2e) -

K

This gives, by the inequality (a1 + ... + ax)? < k(a? + ... + a2), that
|(e(T), e&(T)) + (h(T), un(T))|*

<5 (C?TZ | R (1720002 (0y) max I VE 12200
+C?TZ | hReo ||%2(0,T;L2(n)) max | Vi ||%2(n)

+07(C + 201 +2C1O)T Y || heRs 720 r:20m)) Mm% | V7 |72

+C?Z | hee(0) ||%2(n)|| V¢ ||%2(n) +C?Z | hopsha(0) ||%2(n)” Vin ||%2(n)> .
But now we know by Friedrichs’ div-curl Inequality that the div-curl-norm
appearing in (46) is equivalent to the H'-norm. So by using Friedrichs’ div-
curl Inequality, then using the strong stability estimates derived in Section
3.2, and then bounding the ¥, T terms in the H!-norm we finally get by the
inequality (a +b)'/2 < a'/? +b'/2, and by using the fact that both € and y are
bounded from below by constants bigger than zero, that

|(e(T), ¥) + (b(T), T)|

< C, (Z [H h.Ry ||%2(0,T;L2(n)) + || xR ||%2(O,T;L2(n)) + || R ||%2(0,T;L2(6n))

1/2
+ 1| Bt (0) [2ge) + I uce(0) 320] ) (1% ey + 1 F ) - (90)

Here C, is a computable constant. To get the bound on || e(-,T’) ||g-1 +
| h(-,T) ||g-1, we divide through by || ¥ ||g1(q) + || T ||m1()- Since C§°(£2)
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is dense in H{(£2), the inequality still holds if we take the supremum over all
U, T € Hy(Q2). This completes the proof of Theorem 3.14. O

8 The Adaptive Algorithm

In this section we outline how the a posteriori error estimates derived in
the previous section are implemented into an adaptive algorithm. We recall
from Section 1 that we need to design an adaptive algorithm based on our a
posteriori error estimate which is of the form

| u—u"|[<E(u b, data),
and we have the stopping criterion
E(u", h,data) < TOL. (91)

This guarantees reliability, in the sense that if the stopping criterion is satis-
fied, then the error is within the given tolerance. First we are going to show
how to achieve reliability, and how the adaptive algorithm can be designed
so that the mesh parameter h ensures that (91) holds. In the interest of ef-
ficiency, we also consider how the algorithm can allow for derefinement to
ensure that (91) is satisfied with as near equality as possible.

For a given tolerance 7O L, we want to find a discretisation in space at
every time level such that

|u—u"[|[<TOL,

and the mesh 7 is optimal in the sense that we minimise the number of
nodes required to meet the inequality above. In the previous section we
showed how to derive an a posteriori error bound of the form

1/2
e, T) [z + | b(T) [[7+ < C (ZC(K)) :

where C, is a computable constant and ((«) a local error estimator.
We can also express the bound in the form

|| e(',T) ||H—1 + || h(,T) ||H—1 S KlA + KQB + K3F + K4A + K5E,

where

1/2
A= (Z || thRl ||%2(0,T;L2(n))>
K
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1/2
B= (Z || heRo ||%2(O,T;L2(n))>

K

1/2
= (Z | heRs ||%2(0,T;L2(6n)))
) 1/2
A= (Z || A ph(0) ||i‘2(n)>
i 1/2
E= (Z | hree(0) ”%20’»)) ;

and K; — K5 are computable constants. Writing
KA + KyB + K3 + K4A + K5E = £(u”, h, data),

we now split £(u”, h, data) up into two parts to reflect the different compo-
nents of (k); let

E(u”, h, data) = E(u”, h, data) + &£ (u”, h, data),

where
Eo(u, h, data) = K4A + K;E,

and
& (u", h,data) = K1 A + Ky)B + K;T.

In a similar manner we split up the tolerance 7T’OL into two parts, an initial
tolerance given by TO L, and a tolerance adhered to once the time stepping
has started, given by TO L, so that

TOL=TOLy+TOL,
So our desired objective of
E(u", h,data) < TOL
can be achieved provided that
Eo(u, h, data) < TOLy, (92)
and

&1(u”, h, data) < TOL,. (93)
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Satisfying (92) is straightforward as this is relevant only at the start of the
computation, and can be controlled by a suitable choice of background
mesh. We will therefore turn our attention to (93), and how it is satisfied.
Now (93) can be written as

1/2 1/2
K (Z || h.R1 ||%2(0,T;L2(n))> + K> (Z || heRo ||%2(O,T;L2(n))>
K

K

1/2
Ky (Z | heRs ||%2(0,T;L2(8n))> <TOL;,

and, as

Z | - ||L2 0,T5L2(T)) = ij?x | - ||%2(0,T;L2(T))S NTn}cfitX | - ||%2(T);

where N is the (predicted) number of elements in the mesh and 7 the final
time, we see that provided we can ensure that

KiVNT || hyRy ||p2(e) +EKoVNT || bR [|72()

K3VNT || heRs ||7290 < TOL,

at every stage of the numerical calculations, (93) will automatically be satis-
fied. In practice, as we are only using the error bound as an error indicator,
we flag each triangle for refinement if

KiVNT || heRy || 20,1502(0)) +EK2VNT || R [|72(0 11200y

+K3VNT || heRs (1720071200 > UPPERTOL,

and for derefinement if

KiVNT || heRay ||z201502(0)) +EK2VNT || R [[72(0 1120y

K3V NT || heRs ||32001:02(00) < LOWERTOL,

where UPPERTOL and LOW ERTOL are set to ensure that the grid mod-
ification is as effective as possible.

39



9 Conclusions

In this paper we have described the ideas of adaptive finite element meth-
ods, following the general approach developed by C. Johnson and his co-
workers (see [11] for example). We have also applied the techniques to the
time-dependent Maxwell system of electromagnetics.

After a brief introduction we formulated the problem in Section 3. By
using the weak formulation of Lee-Madsen[12] and Monk][18], for which we
have an a priori convergence theorem derived by Monk[17], we applied a
standard Galerkin discretisation to the problem in Section 3. In Section 4
we showed that our method is stable.

In Section 5 we stated some known results from approximation theory,
such as some Interpolation Theorems and a Trace Theorem. We also pre-
sented the Friedrich div-curl Inequality, which states that the div-curl-norm
appearing in (46) is equivalent to the H'-norm. We further derived strong
stability estimates for the adjoint problem in Section 6, and in Section 7 we
proved a posteriori error estimates in the H -norm.

In Section 8 we commented on how this a posteriori error bound can be
implemented in the adaptive algorithm to enable us to adapt the grid.
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