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Abstract. In this paper we consider a unified approach for solving the electro-magnetostatics
problem and the eddy current problem in terms of suitable potentials. A new variational formulation
is proposed, in which standard results of potential theory are used to reduce the problem in the external
domain to an integral equation on the boundary of the conductor. The existence and uniqueness of the
solution is proved, by showing that the associated sesquilinear form is coercive. A numerical approximation
scheme, based on nodal finite elements in the conductor and boundary elements on its boundary, is
devised and proved to be convergent. It is also shown that the solution of the time-harmonic eddy current
problem tends to the solution of the electro-magnetostatics problem as the frequency tends to 0. The
same convergence holds, uniformly with respect to the mesh size, for the finite element solutions.
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1 Introduction

The Maxwell system of electromagnetism reads:

D
i)_t + J =curlH Maxwell-Ampére equation
oB
N +curl€ =0  Faraday equation (1)
divB=0 Gauss magnetic equation ,

where £ and H are the electric and magnetic field, D and B the electric and magnetic induction,
respectively, and J is the total electric current density.

For linear materials, the constitutive relations B = pH (where p is the magnetic permeability)
and D = ¢ & (where ¢ is the electric permittivity) are assumed to hold, as well as the (generalized)
Ohm’s law J = o0& + J. (where o is the electric conductivity and 7. is the applied current
density).

In this paper we study the Maxwell equations in the static case (the electric and magnetic
inductions are time-independent) and in the time-harmonic eddy-current case (the fields depend
periodically on time and the displacement current term %—? is neglected). In a unified presentation,
this means that the electric field £, the magnetic field H and the applied current density J. are
assumed to be of the form

E(t,x) = Re[E(x)exp(iwt)]
H(t,x) = Re[H(x)exp(iwt)] (2)
Je(t,x) = Re[J.(x)exp(iwt)] ,

where w € R is a given angular frequency, satisfying w = 0 in the static case and w # 0 in the
eddy-current case.

Aim of this unified presentation is to furnish a method that can be used as a direct solver for
some inverse problems of electroencephalography (EEG) and magnetoencephalography (MEG).
In this respect, though in many papers devoted to these topics only the static case is considered
([34], [23]), recently some researches have focused on the time-harmonic case, that is a more precise
model for describing the electric and magnetic activities in the brain (see [2]). Clearly, the static
case is much easier to solve, as, due to the irrotationality condition, one can reduce the problem



to the only determination of a scalar potential for the electric field in Q¢ (a suitable Neumann
condition on I is the correct boundary condition to add). However, in no way that simple approach
can be extended to the time-harmonic case, as irrotationality no more holds.

Another feature that is important when considering an inverse problem is that the direct solver
should have a (relatively) small computational cost: we are therefore interested in presenting a
method that is simple in the choice of the finite elements used for solving the problem inside the
human head, and that is as cheap as possible in the external part. In this respect, a natural choice
is to employ boundary elements for reducing the problem in the external air to a problem on the
surface of the head.

We are thus proposing a formulation that naturally leads to a coupled FEM-BEM algorithm,
and that, moreover, is stable with respect to the frequency w: namely, the solution of the eddy-
current problem converges to the solution of the static problem as w tends to 0. This happens
for both the exact solution and the discrete solution, therefore the same numerical scheme can be
applied without computational problems for small value of the frequency, and even for w = 0.

Let us mention that the idea of coupling a variational approach in one region with a potential
approach in another region has been proposed first by engineers (e.g., Zienkiewicz, Kelly and
Bettess [35]). The mathematical analysis of this procedure has been performed for many problems,
starting from the pioneering works of Brezzi, Johnson and Nédélec ([10], [25]) devoted to the
Laplace operator. An important improvement is due to the work of Costabel ([13], [14]), that
shows how to resort to a symmetric (or else to a positive) problem. Extensions to other problems
are in [17], [19], [20], [21], [12], [11], [6] and [4], [5].

For the eddy-current problem, the first FEM-BEM couplings have been proposed by Bossavit
and Vérité [9] (for the magnetic field, and using the Steklov—Poincaré operator) and Mayergoyz,
Chari and Konrad [29] (for the electric field, and using special basis functions near T"). A more
recent result, for axisymmetric problems associated to the modelling of induction furnaces, is due
to Bermudez, Gémez, Muniz and Salgado [7]. Symmetric formulations & la Costabel are due to
Hiptmair [24] (unknowns: E¢ in ¢, H x n on I') and Meddahi and Selgas [31] (unknowns: He
in Qc, pH -nonT).

Finally, only for magnetostatics, an approch in terms of magnetic vector potentials has been
proposed by Kuhn, Langer and Schéberl [26] and Kuhn and Steinbach [27]. With respect to the
choice of potentials, our approach is close to these last ones.

Let us consider a bounded simply-connected open set Q¢ C R?, with boundary T' (Q¢
represents the human head). The unit outward normal vector on I" will be denoted by n.

We assume that the electric conductivity ¢ and the magnetic permeability p are uniformly
positive definite symmetric matrices in Qc¢, with bounded entries. The electric conductivity o
and the applied current density J. are vanishing in Q; := R3\ Qc. Moreover, the magnetic
permeability p and the electric permittivity ¢ are assumed to be a positive constant in 7, say
o >0 and g9 > 0.

As it is well-known, in the present situation the eddy-current problem in terms of the magnetic
field H and the electric field E¢ reads:

curl E¢ + iwucHe =0 in Q¢

curl He — oE¢c = J, in Q¢
curlH; =0 in Qr
diV(/,LQH]) =0 in Q] (3)

Hecxn—H; xn=0 onI’
,uch-n—uOHpn:O on I
H;(x) = O(|x| ") as |x| — oo,

where we have set E¢ := E|q, (and similarly for ©; and any other restriction of function). If
needed, the electric field E; can be computed after having determined H; and E¢s in (3), by



solvin
° curl E; = —iwpoH7 in Qf
diV(EoE]) =0 in Q]
E;rxn=E¢g xn on I
E;(x)=0(x|™!) as|x|] — 0.

In the following, we are going to consider problem (3) in terms of the Coulomb gauged vector
potential formulation in ¢, while a magnetic scalar potential will be used in ;. A successive
step will reduce the problem in Q; to a problem on I', by using classical arguments of potential
theory.

We will prove that this last formulation is well-posed, namely, there exists a solution for it
and this solution is unique. The main point will be the proof that the associated bilinear form
is coercive, so that we can apply the Lax—Milgram lemma. A further consequence will be the
stability of the solution with respect to the frequency, as w goes to 0.

A numerical algorithm based on nodal finite elements in ¢ and standard boundary elements
on I' will be then proposed and analyzed, showing in particular that, under suitable assumptions,
the numerical solution converges to the exact one as the mesh size h tends to 0, and, again, that
stability in w holds, uniformly with respect to h. In this respect, as it is well-known for nodal
finite element approximation, convergence is not assured when the conductor ¢ is a non-convex
polyhedral domain; for the sake of completeness, this particular case is considered in the Appendix.

This paper is organized as follows. In Section 2 we present the strong formulation in terms
of the potentials (A¢, Vo) — ¥r. The reduced problem, based on the trace on I' of the scalar
potential vy, is derived in Section 3, where the correspondent weak formulation is also obtained.
Section 4 is devoted to the existence and uniqueness theorem. The stability of the method as the
frequency w goes to 0 is proved in Section 5, whereas in Section 6 the numerical approximation is
presented and analyzed.

(4)

2 The (A¢, Vo) — ¢ formulation

We are looking for a magnetic vector potential A, a scalar electric potential Vo and a scalar
magnetic potential iy such that

ucHe =curlAg , E¢ = —iwAg —gradVe , H; = grady; . (5)
In this way one has curl E¢ = —iwcurl A¢ = —iwucHe, and therefore the Faraday equation
in Q¢ is satisfied. Note that, in particular, when w = 0 one finds Ec = — grad Vo, therefore for

the static case the usual formulation in terms of a scalar electric potential is recovered.

In order to have a unique vector potential A, it is necessary to impose some gauge conditions:
here we are considering the Coulomb gauge divAc =0 in Q¢, with Ac-n=0onT.

Since we would like to find a unique solution (A¢, Vo) — 1, we have also to impose a suitable
condition to V¢, that is determined up to an additive constant; for instance, we require that

/cho.
Qc

In conclusion, we are left with the problem

curl(ug' curl Ag)
+iwcAc+ogradVe =J.  in Q¢
A’Q/J] =0 in Q]
div Ac =0 in QC
Ac-n=0 onI (6)
(ual curlAg) xn—gradyy xn=0 onl
curl Ag -n — ppgradyy -n=0 onT
|ihr (x)] 4 | grad 41 (x)| = O(|x| ") as x| — oo
fQC Ve=0.



As it is well known (see, e.g., Morisue [32]), the Coulomb gauge condition divAc =0 in Q¢
can be incorporated in the Ampere equation. Introducing the constant u. > 0, representing a

suitable average in Q¢ of the entries of the matrix puc, one considers

curl(ugt curl Ag) — p; ' grad div A
+iwcAc+ogradVe =J.  in Q¢

Al/)] =0 in Q]

div(iwoc A + o grad Vo) = divJ, in Q¢

(iwcAc +ogradVeo) - n=J.-n onT 7

Ac-n=0 onI’

(ug' curlAc) x n —gradyy xn=0 onT

curl Ac -n — pogradyy -n=0 onI'

[Wr(x)] + |grad vy (x)] = O(|x|™")  as x| — oo

fszc Ve=0,
the two additional equations appearing in (7) being necessary as the modification in the Ampére
equation does not assure now that the electric field Ec = —iwA ¢ — grad Vo satisfies the necessary
conditions div(cE¢) = —divJ. in Q¢ and cEc -n=—-J.-nonT.

3 The (A¢, Vo) — Yr weak formulation

To reduce the number of unknowns, we want to transform the problem for v; to a problem on the

interface I". This is possible using some known results of potential theory.
Let us introduce on I' U Q2 the single layer and double layer potentials

O e

r 47|x —y|

De(n)() = [ EEXE s,

rdrlx -yl

/\(Y)dsy

and on I' the hypersingular integral operator

)9 = —goad [ E2020 yas, ) nt)

Arlx — y[?

Since the adjoint operator of D (n) reads

DN (x) = / Y =x) 069 g, |

dr|x —y[?
due to the matching condition
curlAc -n —pogradyy -n=0 on T

from potential theory it is well-known that the trace vr := 9y satisfies

1 1
§z/Jp —Dr(yr) + —Sg(curlA¢-n) =0 on T
Ho

1
3 curl Ac -n+ D, (curl Ag - n) + poH(yr) =0 on T
(see, e.g., McLean [30]).

(10)

(11)

(12)

(13)

As a second step, we can devise a weak form of the (A¢, Vo) — ¢r formulation. In fact, a

standard integration by parts yields

/nxgrad1/11~w_c:—/1/1pcur1w_c-n.
r r



Moreover, multiplying (7)1, (13) and (7)s by suitable test functions (w¢,n, Qc¢), integrating in
Q¢ and T, and integrating by parts, from the other matching condition

n x ual curlAc —n x grad¥y =0 on I’
and the interface equation (12) we end up with the following weak problem

fQ (uc curl A¢ - curlwg + u* Ldiv Ac divwe + iwoAc - Wo + o grad Ve - Wg)
+fF 1/)1‘* — D£(1/)p) + Sg(curlAc I‘l)] curlwe - n = fQ Je - Wo

[ol3 curlAg - n+ D, (curl Ag - m) + poH (¥r)]7 = 0
ch (iwocAc - grad Qo + o grad Vi - grad Q¢ ) = fﬂc J. - gradQc .

We know that the hypersingular operator is coercive in the constrained space

HYA(r) = {n e HY2(I) | /Fn - 0}

and that Dz (1) = —% and H(1) = 0 (see, e.g., McLean [30]). Therefore, it is convenient to rewrite
the preceding problem replacing vr with its projection on Hﬂ1 /2 (T"), namely, g := r — 1y, where

the constant ty is the mean value of ¢r, i.e., ¥y := [meas (I')] ™! [ ¢r.
In conclusion, introducing the spaces

W= {wc € H(curl; Q¢) | divwe € L?(Q¢) , we -n=0on T}

1} (Qc) = {Qc e H'(@c)| | Qo =0},

Qc

we are looking for the solution of the following coupled problem:
find (Ac, Ve, q) € W x H} (Qc) x Hy/*(T) such that

f (,uc curl Ac - curlwc—l—,u* div Ao divwe + iwoAc - Wo + o grad Ve - We)
+ [r[=39 — Dc( )—|— 2=Sc(cwrl A - n)] curl we - n—fQ J. -wo

14
[l curlAc - n+ D, (cwrl A - n) + poH(q)]7 =0 (14)

fﬂc (iwocAc - grad Qo + o grad Vg - grad Q¢ ) = fQC’ J.-gradQc
for all (we, Qo,n) € W x H} (Qc) x Hy/(T) .
We note that, for the ease of notation, in (14) we have used the integration symbol on T’

instead of the pairing between H~/2(T') and H'/?(T); the same notation will be used in the
sequel.

4 Existence and uniqueness of the weak and strong solu-
tions

First of all, we want to prove that from a solution to (14) we can construct a solution to the strong
problem (6).

Lemma 4.1 Suppose that (Ac, Ve, q) is a solution to (14). Then divAc =0 in Q¢.



Proof. Take g € L*(Qc) with [, g = 0, and choose wo = grad ¢c, where ¢c is the solution to
the Neumann problem

Agf)c =g in QC
gradgpc -n=0 onT
fQC (bc =0.

Clearly, we have wg € W (and ¢¢ € Hul(Qc)) Using this test function in (14), we find
ch (divA¢g)g = 0, therefore div A¢ is equal to a constant in Q¢, and this constant must be
0 since ‘[QC div A¢ = 0 by the boundary condition A -n =0 on I. O

Concerning the interface equations (12) and (13) we have

Lemma 4.2 Suppose that (Ac, Ve, q) is a solution to (14). Then

1 1
54~ Dr(q)+ —Sc(curlAg -n)=¢y onT (15)
Ho
1
B curl Ac -n+ D, (curl Ag - n) + puoH(q) =0 on T, (16)

for a suitable constant cq.

Proof. Since [ H(n) = 0 for each n € HY?(T") (see, e.g., Nédélec [33], Theorem 3.3.2) and
D(1) = —3, we have
[ol3curl A -n+ D' (curl Ac - n) + poH(g)]
= [p[3cwrlAc - n+curlAc -nDe(1) + poH(g)] = 0.

Therefore equation (14)9 is satisfied not only for all n € Hﬁl/2(1")7 but also for all n € H'Y/2(T),
and equation (16) follows at once.
Consequently, it is well known from potential theory that we also obtain (15). |

We end up our argument by showing that
Lemma 4.3 Suppose that (Ac, Ve, q) is a solution to (14). In the domain Q define the function
Y1 :=Dr(q) — %SL(Curl Ac -n). Then

ch (ug' curl Ac - crl W + iwoAc - We + o grad Vo - W)

17
+anxgrad¢1-w—C:fQCJe-w—c (17)
for all we € W. Therefore,
curl(ual curl Ag) +iwcAc +ogradVe =J.  in Q¢
(15t curl Ac) x n — gradyr x n =0 onT (18)
curlAc -n — pogradyy -n=20 onT
()] + | erad s ()] = O(x| 1) as |x| = oo .

Proof. Well-known results of potential theory give that ¢ is a harmonic function with |¢7(x)]
and | grad;(x)| decaying at infinity as O(|x|~1). Moreover, ¢ satisfies the trace relations

1 1
1/)]|p = 5(] + DL(q) — %S£(curlAc ~Il) (19)
and )
grader -n = —H(q) — py* [ ~5 curl A¢ - n+ D' (curl A - n) (20)

(see, e.g., McLean [30]).



From (16) and (20) we see that the interface condition (18)4 is satisfied. Moreover, from (14);
and (19) we find that

ch (ug' curl Ag - carl W + iwoAc - We + o grad Vo - We)
— Jp 1 curlwWe - = ‘[QC J.-weo .

Since we have — [, ¢yr curlWg - n = [.n x grad+; - Wg, equation (17) clearly holds.
Now integration by parts assures that (18);, as well as the interface condition (18)3, are
satisfied. ad

Remark 4.1. The function ¢ determined in (14) is not the trace on T" of the harmonic scalar
potential ¢ 7, namely, what we have called ¢r. Indeed, from (15) and (19) we see that ¥r = ¢ —¢o.
If needed, the constant ¢y is easily computed from ¢ and curl A - n, as from (15) we have

1 1
co = (measl")fl/ (—q —Dr(q) + —Sc(curl Ac - n)) .
r\2 o
We also know that —cq is the mean value of ¥r on T A

Now we are going to show that there exists a unique solution to (14).

Theorem 4.4 The sesquilinear form A(-,-) associated to (14) is coercive in W x H{(Qc) x
Hﬁl/2(F), namely, there exists a constant ko > 0 (which is independent of w) such that for each
(we,Qc,m) € W x Hﬁl(Qc) X Hﬁl/Q(l—‘) one has

[Al(we, Qe ), (e, Qesn)ll 2 o fy, (wol? + | carlwol? + | divwel) + (11l .1

(21)
+r0X0 fo . (IQc|® + | grad Qc ) ,

where the constant xo > 0 is equal to |w|™! in the case 0 < |w| < 1, is equal to w=2 in the case
|w| > 1 and is equal to 1 in the case w = 0.

As a consequence, for each J. € (L*(Qc))3, existence and uniqueness of the solution to (14)
follow from the Lax—Milgram lemma.

Proof. First of all, let us recall that the operators Sz and H are continuous from H~'/2(T) into
H'2(T') and from H'/?(T) into H~/2(T"), respectively, and satisfy

/ SeMX = ka2, o

/ Hn)n > Hz||77||§/2,r

for each A\ € H=Y/2(T") and 5 € H1/2(I‘), and moreover that the operator D, is continuous from
H'Y?(T) into itself (see, e.g., McLean [30]).

The proof of the coerciveness is somehow different in the cases w # 0 and w = 0. We start
with w # 0, and multiply the third equation in (14) by iw~=!. The sesquilinear form associated to
the weak problem in this case satisfies

Ao [(We,Qc,n), (We, Qc,n)]
= ch (,ual curl we - curl wg + p; | divwe|? + iwowe - Wo
+ograd Qc - Wg — owe - grad Qo +iw lo grad Q¢ - grad Qc)
+ [pl=3n — De(n)] curlwe - n+ [[3 curlwe - n+ D' (curl we - n)]7

+fr =Sc(cwrlwe - n) curl We - n+ poH(n)7) -



Since
ogradQc - Wo — owe - grad Q¢ = 24 Im (0 grad Q¢ - W¢)

and
/Dg’(curlwc -n)|y = /Dg(ﬁ) curlwe - n |
r r
1 . 1_ _ . 1 S
[—577 —Dr(n)] curlwe - n+ curlwe - n [577 +D,M)] =—-2iIm ([577 + Dr(n)] curl we - n) ,
we have
Re Awzo)l(We, Qosn)s (we, Qosn)] = [o (n~ ' carlwe - curl We + pi 't divwel?)
+ fr[#—loSg(curlwc ‘n) curlwg - n + pogH(n) 7
Im A, 20)[(We, Qe n), (Wo, Qoyn)] = [, (wowe - We +w ™o grad Q¢ - grad Qo)
+2Im [, ogradQc - Wo —2Im [p[3n+ De(n)] cwrlwe - n .
Hence,

Re Aw0)[(we, Qo,n), (we, Qc, 1))
= “3(fac(| cul we* + [divwe ?) + [[ewlwe -l |, o+ ||77||§/2,r) '

Moreover, we have
1 wo : i -
(2 Im [.[31 + D (n)] curl we .n) <G ||77||1/2,F [|curlwe - n||_1/27p
< Gl o+ Fllewlwe nllL

and also, for each a > 0,

(2m fy, oerad Qe 7)< O fo, [eradQel) (fo,, Iwel?)
< o fo. leradQef2)” + oot ( fi, Iwol?)
On the other hand, given a couple of real numbers a and b we have
a®=(a+b—>b)%<2(a+b)?+2b,

therefore

1
(a—l—b)QZEaQ—bQ,

and finally
(a4 ) > 27(a +b)* > 7a® — 27b*
for each 0 < 7 < 1/2. Hence, for a suitable constant Cy > 0, we find
(Im Az0)[(We, Qe,m), (“2’0, Qc,n)])? ,
> TW2H4(IQC |Wc|2) + Tw72/£4(fgc | grad Qc|2)

9 2
—4Ta(fnc IgradQc|2) - C4m_l(fﬂc |WC|2)
~Catllli o = Corllewlwo ity p

2
> Tw*2/£4(fgc | grad Qc|2)

) 2
—47'Oé(fﬂc | grad QC|2) N 0470471(‘[90 |WC|2)
~Curlllap — Carllustwe iy -



Let us recall now the following Poincaré’s type inequalities (see, for instance, Dautray and Lions
[18], Volume 2, Chapter IV, Section 7, Proposition 2; Girault and Raviart [22], Chapter I, Lemma
3.6): there exist constants k5 > 0 and kg > 0 such that

Joe |grad Qc|? > ks Jao(l grad Qcl* + [Qc|?) for all Q¢ € H} (Qc)
and
fQC(| curl we |2 + | divwe |?) > ke fQC(| curlwe|? + |divwe|? + |wel?) forall we € W .

Coerciveness follows, for the case w # 0, by choosing « so small that w™2?x4 —4a > 0, and then 7
small enough to have k3 — Cy7 > 0 and k3k2 — Cya™'7 > 0. In particular, we have a = O(w™?),
and 7 = O(1) for 0 < |w| < 1 and 7 = O(w™2) for |w| > 1. Thus the constant g in (21) can be
clearly chosen independent of w, and the constant xg is O(Jw|™!) for 0 < |w| < 1 and O(w™2) for
lw|] > 1.

In the case w = 0, we multiply the third equation in (14) by 8 > 0 (to be chosen in the
sequel). The sesquilinear form associated to the weak problem in this case satisfies

Aw=0)[(we,Qc,n), (We, Qc,n)]

= ‘[QC (gt curlwe - curl W + p b divwe|?
+ograd Q¢ - We + o grad Qc¢ - grad Qc)
+ [p[=31 = De(p)] curlWe - n+ [1[3 curlwe - n+ D' (curl we - n)]7
+ fr[#—loSg(curlwc ‘n) curlwe - n+ peH(n) 7 .

We split ch ograd Q¢ - We into its real and imaginary part, and, for each & > 0 and a suitable
constant Cs > 0, we end up with

2
(Re Aw=0)[(We, Qc,n), (we, Qo, 77)])
2
> ﬁ%(fﬂcﬂ curlwe|? + | divwel|? + 8] grad Qe |?) + || curl we - n||%1/2,r + ||77||%/27F>
2 2
—C5a_1(fgc |gradQc|2) — a(ch |wc|2)

and (Im A(,—o)[(We, Qc,n), (We, Qc,n)])? > 0, thus the thesis follows by choosing a so small
that x2kZ — a > 0, and then 3 large enough to have £23% — Csa~1 > 0. O
5 Stability as w goes to 0

We are now interested in showing that the solution to problem (14) is stable with respect to w,
namely, if we denote by (A&, V¥, ¢”) the solution to (14) correspondent to the frequency w, we
have (A%, V¥, ¢*) — (A2, V0, ¢") as w — 0.

Theorem 5.1 For 0 < |w| < 1, the solutions to (14) satisfy
fQC(|A°é —AL|? + | curl A — curl A2 |?) < Cw?
ch(|V5u — V02 + | grad V¥ — grad V2|?) < C w? (22)

||qw - q0||%/271“ <Cuw?.



Proof. By linearity, the difference (Z¢, No,p) := (A%, VE,¢%) — (AL, VO, ¢°) satisfies

Lo curlZe - curlwe + p, - divZe divwe 4 iwwoZc - W + o gra c-W¢o
o, (gt curl Z 1 LdivZc di jwoZ dN,
+ Jpl=3p—Dc(p) + ﬁSL(curl Z¢c -n)|curlwe -n = — fszc iwoAY - Wo

[ol3 curlZe -n+ D/ (curl Ze - n) + poH () = 0

Jo.(=0Zc - gradQc +iw~ o grad No - grad Qc) = [, 0Z¢: - grad Qc

(here, we have divZc = 0 by Lemma 4.1; however, we prefer to write everything in terms of the
sesquilinear form A,0)(-,-)).

Therefore, from the coerciveness of the A(,.0)(:,-) and taking into account that 0 < |w| <1,
from (21) we obtain at once that

ch(|Zc|2 + |cur1 ZC|2 + |diV Zc|2) + ||p||%/2_r + Xo fQC(|Nc|2 + |grach|2)

< nger [0l (o AP (o 12 )" + (Jo 128 2) (Jo | grad NeP?) 7]

< ’<5(7102|W|2O‘1_1 fQC |A%|2 + ’io_lcQO‘z_l fQC |Z%|2 +oy fQC |ZC|2 + a2 fQC |grad]\/v0|2
(24)
for each a; > 0 and as > 0. Choosing a; = 1/2 and as = x0/2 = O(|w|™!) (see Theorem 4.4),
we have that the left hand side in (24) is O(|w]). In particular,

| (NP + |grad No) = x5 0((w) = Ow?)
Qc

and
/ (Zcl? + |eunl Ze + | divZef?) + (1ol o = O(w]) -

Qc

Rewriting the first two equations in (23) as

ch (gt curl Ze - curlwe + p b div Ze divwe)
+ fr[—%p —Dr(p) + %Sg(curl Zc -n)|curlwe - n
=— ch (iwoZc - Wo + ograd No - W) — ch iwocA - We (25)

Jol3 curlZe - n+ D,/ (curl Ze - n) + poH(p)n =0,

and proceeding as in the proof of Theorem 4.4, we obtain that the sesquilinear form at the left
hand side is coercive (with coerciveness constant Ky > 0 independent of w). Thus we have

Joo (ZeP? + |eurl Ze|? + [divZel?) + [[ewl Ze - 02y 5 1+ (DI} /51
< Kq'es|[l Jo,, [Zel? + (fo, |erad No?) 2 ( o, 1Zcl?) "
ool fo 1AE) 2 (Jo, 1Z1?) 7]
= 0(?) + O(w)( fo, 1Zc?)? < OW?) + L [, 1Zc? .
The result thus follows. O

We note that the asymptotic behaviour determined here above is in agreement with that
obtained, by formal asymptotic expansion, in Ammari, Buffa and Nédélec [3] for the electric and
the magnetic fields.
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6 Numerical approximation

In this section we deal with the numerical approximation of problem (14). In the sequel we
assume that Q¢ is a Lipschitz polyhedral domain, and that 7¢ ; and 7t are two regular families
of triangulations of Q¢ and I', respectively. For the sake of simplicity, we suppose that each
element K of 7¢ ), is a tetrahedron; however, the results below also hold for hexahedral elements.
Let us note that the mesh induced on I' by 7¢, is not needed to coincide with 7r .

Let P,., 7 > 1, be the space of polynomials of degree less than or equal to r. We will employ
the discrete spaces given by nodal finite elements:

Wi = {wen € (C°(Q0))® | wonx € Pr)* VK €T, , wop-n=0onT},

X;={QcreC'(Q)| Qenkx €Ps VK eTop, fQC Qc,n =0},

and
Vi, = {m € C'T) | mpr €PNV T €Trp, [rmn =0},
1/2

Clearly, for each r > 1, s > 1 and t > 1 we have Wjs C W, X}, C H}(Qc) and Y}, C H, (),
therefore we are considering a conforming finite element approximation.
The discrete problem is given by

find (Ao, Ven, qn) € Wi x Xj x Y, such that

ch (,ual curl Acy, - curlwep, + pytdiv Ae, divwe g,
+iw0Acﬂh “Weoh Tt agrad VC,h . WC,h)
+ fr[_%% —Drlqn) + H—l()Sg(curlAc,h -n)]curlwgy, - n = ch Je-Weon 6)
fr[% curl AC,h -n+ Dg'(curl AC,h . I‘l) + ,uoH(qh)]n_h =0

ch (iwocAcp - grad Qo + o grad Vo, - grad Qe p) = fﬂc Je - grad Qe

for all (Wc,h, QC,hvnh) e Wi x Xj x Ylf,h .

Existence and uniqueness of the discrete solution follow by the Lax—Milgram lemma, applied
in Wy x Xj x YIE.,h'
We also have

Theorem 6.1 Assume that Q¢ is a convex polyhedron, or else that the solution (Ac,Ve,q) is

smooth enough. Then the discrete solution (Acn, Von, qn) converges in W x Hﬁ1 (Qc) x Hﬁl/2(F)
to the exact solution (Ac, Ve, q).

Proof. Let us start noting that, as proved in Lemma 4.2, (A¢, Ve, q) and (Acn, Von, qn) are
solutions to problems (14) and (26), respectively, also for all test functions Q¢ and 1, Qc¢,n and 0,
with non-vanishing mean value, so that finite element interpolants can be used as test functions.
Then, if the solution (A¢, Vi, ¢) is smooth enough, the result follows by applying Céa lemma
and standard interpolation results.
If the domain Q¢ is convex, it is known (see [16]) that smooth functions with vanishing normal
component are dense in W, and the same arguments can be applied. O

Remark 6.1. If Q¢ is a non-convex polyhedral domain, it can happen that the solution A
is non-smooth, namely, not even an element of (H(Q2¢))® (see [15]). Therefore in that case a
convergence result cannot hold, as the finite element space W) is a closed proper subspace of
(H'(Q0)).

For non-convex domains, an alternative approch is presented in the Appendix. A

Concerning the behaviour with respect to the frequency w, in the discrete case we can repeat
the proof of Theorem 5.1 and obtain (with obvious notation):

11



Theorem 6.2 For 0 < |w| < 1, the solutions to (26) satisfy

Joo (IAE ), — AL, ° + |curl AZ ), — curl AZ, |2 + [ div A, — divAg, %) < Cw?
ch(|Vg)h — V&h|2 + | grad Vg, — grad V87h|2) < Cw? (27)

g, = @RIl o0 < Cw?,
where the constant C' > 0 does not depend on h.

An important point of the above result is that the behaviour in w is uniform with respect to
h; it is not evident that this is true for other finite element approximation schemes, as it is not
always possible to show that the associated sesquilinear form is coercive uniformly with respect
to w (for our approach, this has been proved in Theorem 4.4).

This uniform behaviour is a desirable feature if one wants to test the sensitivity of the electro-
magnetic model with respect to w: in particular, how far one can push the static approximation
(i.e., the choice w = 0) in real life problems.

7 Appendix

As we noted in Remark 6.1, if the conductor Q¢ is a polyhedral non-convex set it can happen
that the convergence of the finite element approximation does not hold. Therefore, it is suitable
to follow an alternative approach.

We start by recalling that, when the conductor has a complex geometry, it is usual to enclose it
into a “simpler” set, and in this new region to look for a vector potential of the magnetic induction.
When the enlarged set is simply-connected, this approach is generally called the (A, V) — A — ¢
formulation (see Leonard and Rodger [28], Bir6é and Preis [8]); the analysis of this method has
been performed by Acevedo and Rodriguez [1].

In our case, we assume that the conductor Q¢ is included into a polyhedral convex bounded
open set Q4, as small as possible. Setting now Q7 :=R3\ Q4, T4 := 9Q4, and

Wy i={we H(cur; Q4) | divw € L?*(Q4) , w-n=0o0n T4},
the weak formulation reads:
find (A, Ve, q) € Wa x H}(Qc) x Hy/?(T4) such that
fQA (p=teurl A - curlw + py tdiv A divw) + ch (iwocAc -Wo + ograd Vo - We)
+ fp[—%q —Dr(q) + H—loSg(curlA ‘n)]curlw-n = ch J.-wWo

Jrl3curl A -n+Dg'(curl A - n) + poH(q)]7 =0 (28)

ch (iwocAc - grad Qo + o grad Vi - grad Q¢) = ch J. - gradQc

for all (w, Qc,1) € Wa x H}(Qc) x Hy/*(T4) .

The results presented in Section 4, as well as those in Sections 5 and 6, can be easily ob-
tained also for this formulation, with essentially the same proofs. In particular, the finite element
approximation scheme converges, as stated in Theorem 6.1, since the domain 24 is convex.

The determination of a precise order of convergence needs the knowledge of the regularity of
the solution: as usual, if (A, Ve,q) € H*1(Q4) x H**1(Qe) x HF1/2(T'4), where the integer
k > 1is equal to r = s = t, the degree of polynomial approximation, we have

(o, (1A = AR + [curl(A — Ap)[ + | div(A — Ap)[?)

1/2
+ Jo. (Vo = Voul* + | grad(Ve — Vou)[?) + Ilg — thlf/m) < Ch* .

12



On the other hand, a typical assumption for the conductivity ¢ in the head is that it is a
piecewise smooth (but not globally continuous) positive definite symmetric matrix. In this case,
it is not clear if the solution is regular as required above. In general, one could expect that the
solution belongs to H'+t7(Q4) x H'7(Q¢) x HY/?+7(T'4) for some v with 0 < y < 1/2; however,
we have not a proof of this result.

It is worthy to note that the same difficulty arises if one assumes w = 0, namely, one just
considers the electrostatics problem. In this case one has to approximate the solution V¢ to

div(ograd Vo) =divJ, in Q¢
cgradVog-n=J.-n on I’
fQC VC :Ou

and the regularity of Vi is not easily determined for a piecewise smooth positive definite symmetric
matrix o. Therefore, also in this case the rate of convergence of a finite element approximation
scheme is not easily determined.
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