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Abstract

Since matrix compression has paved the way for discretizing the boundary integral
equation formulations of electromagnetics scattering on very fine meshes, precondition-
ers for the resulting linear systems have become key to efficient simulations. Operator
preconditioning based on Calderén identities has proved to be a powerful device for de-
vising preconditioners. However, this is not possible for the usual first-kind boundary
formulations for electromagnetic scattering at general penetrable composite obstacles.

We propose a new first-kind boundary integral equation formulation following the
reasoning employed in [X. CLAEYS AND R. HIPTMAIR, Boundary integral formulation of
the first kind for acoustic scattering by composite structures Technical Report no. 2011-
45, SAM, ETH Ziirich, 2011] for acoustic scattering. We call it multi-trace formulation,
because its unknowns are two pairs of traces on interfaces in the interior of the scatterer.

We give a comprehensive analysis culminating in a proof of coercivity, and uniqueness
and existence of solution. We establish a Calderén identity for the multi-trace formula-
tion, which forms the foundation for operator preconditioning in the case of conforming
Galerkin boundary element discretization.

1 Introduction

The scattering of electromagnetic waves by penetrable obstacles is of practical interest in
many applications. If the obstacle is composed of a few linear homogeneous dielectric media,
boundary integral equation methods are an attractive option for solving the scattering prob-
lem numerically. Thus, in this article we consider the transmission problems for the linear
Maxwell equations in frequency domain of the form

curlcurl(u)—ﬁ?u:O in Q;, 7=0...n,

+ radiation condition at infinity, (1)
+ transmission conditions at interfaces.
Here, x; refers to the wave number in subdomain €2;, and no particular assumption is imposed
on the geometry (except for some minimal regularity of 0€2;, j = 0...n to allow the definition

of traces). In such a problem, that we call multi-subdomain scattering problem, there may
be edges where three or more subdomains 2; abut, see Fig. 1 below.
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This very general setting goes beyond what is usually discussed in the literature on bound-
ary integral equation methods for electromagnetics with many works only dealing with homo-
geneous or impenetrable scatterers. A few approaches address the general situation (1), most
notably the Poggio-Miller-Chew-Harrington-Wu-Tsai formulation (PMCHWT, [31, 14, 40]),
whose rigorous mathematical analysis was first accomplished in [6]. The unknowns in this
formulation are only one pair of traces at each point of each interface; we can classify it as
single-trace formulation. Further, it is not affected by spurious resonances.

However, as boundary integral equations of the first kind after Galerkin boundary ele-
ment discretization based on the usual surface edge elements (RWG basis functions, [33, 3])
the PMCHWT equations spawn ill-conditioned matrices on fine meshes. This cripples the
convergence of iterative solution methods like GMRES, which is serious challenge, because
there is no alternative to iterative solvers when matrix compression techniques like multipole
are applied to the discrete boundary integral operators.

Thus, preconditioning of the discrete boundary integral equations becomes indispensable
and has attracted considerable attention. In particular, a variant of operator preconditioning
[24], the so-called Calderén preconditioners introduced in [36, 16, 17], have briskly been
adopted in computational electromagnetism [2, 2, 21, 41, 38].

Unfortunately, no satisfactory Calderén preconditioner for the PMCHWT has been found.
This missing preconditioner motivated the present article. The main ideas have first been
elaborated for acoustic scattering in [19] and now we adapt them to Maxwell’s equations.
Again, we start with the observation that the single-trace formulation admits straightforward
Calderén preconditioning in the case of scattering at a single homogeneous object (n =1 in
(1)). The general situation can be converted to this special setting by introducing a narrow
"virtual air gap” separating the subdomains €2;. We find that all integral operators remain
well defined when we let the width of the air gap tend to zero. This formal procedure yields
the new formulation and its associated Calderén preconditioner. We retain the traces on both
sides of the air gap as unknowns. Therefore we end up with two pairs of unknown traces on
each interior subdomain interface, and we dub the new set of equations ” multi-trace”.

Ours is not the only multi-trace formulation designed with preconditioning in mind. A
similar approach has been proposed in [25], but only for the acoustic case. A related technique,
the Boundary Element Tearing and Interconnecting (BETI) method (a boundary element
counterpart of the FETI method) has been developped by Steinbach and his co-workers for
strongly elliptic problems [27, 29, 37]. Its extension to Maxwell’s equations was pursued by M.
Windisch in his PhD thesis [39, Chap. 8], but effective preconditioning for this formulation
remains open. An indirect ”single-trace” boundary integral formulation for (1) was proposed
in [28] along with the claim that it was amenable to Calderén preconditioning. Some numerical
evidence is given, but no rigorous analysis of this formulation is available.

This article is devoted to the rigorous mathematical analysis of the new multi-trace bound-
ary integral formulation and its Galerkin discretization by means of surface edge elements.
Big parts of it run parallel to the developments in the companion paper [19]. However, extra
difficulties arise due to the use of electromagnetic trace spaces and the lack of coercivity of the
electric field integral operator. Only fairly recently mathematical tools for dealing with these
difficulties were devised, see [15, 26, 13|, and, most relevant for our investigations, [6]. We
successfully apply them to the new multi-trace formulation and establish asymptotic quasi-
optimality of Galerkin solutions along with efficacy of our Calderén preconditioner. Thus, we
hope to convince the reader that the techniques presented in [19] are relevant beyond acoustic
scattering. We shall also tackle the case where the domain of propagation contains metallic
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Figure 1: Cross-section of an admissible arrangement of three subdomains

parts or screens in a forthcoming article.

The mathematical analysis we are aiming for rests on rather technical foundations pre-
sented in the next three sections. In the second section, we introduce a proper functional
setting for the study of Maxwell’s equations, both for fields in the domain of propagation and
their traces at boundaries, and we state precisely the Maxwell transmission problem that we
wish to consider. In Section 3, we introduce and describe trace spaces well adapted to the
multi-subdomain geometry of the problem under consideration. In Section 4 we recall some
well established results concerning the representation of solutions to homogeneous Maxwell’s
equations by means of potential operators.

In Section 5 we provide a brief review of the single-trace (PMCHWT) formulation and
then explain the crucial gap idea. In Section 6 we continue with technical investigations of the
spaces of Cauchy data i.e. the traces of solutions to the homogeneous Maxwell’s equations. In
Section 7 and 8, we introduce new trace spaces, and use them to derive our new formulation.
This step of the analysis is nearly identical to its counterpart given in [19, Section 7,8,9],
hence we will not give too much details. In Section 9, we prove that our new formulation
satisfies a generalized Garding identity, which is the main challenge of the present document.
In Section 10, we conclude by showing that our formulation fits the framework introduced
in [6] which allows to prove quasi-optimal convergence of Galerkin discretizations that would
satisfy certain properties. Finally, in Section 11, we point out how Calderén preconditioning
can be done for the discrete multi-trace equations.

2 Setting of the problem

We consider a partition R? = U, where U™, Q; is bounded and each €2; is a connected
Lipschitz domain i.e. 9€; is locally the graph of a Lipschitz function (see Definition 3.28
in [30]). We also set I' := U" ;0€2;. Note that there may exist points where three or more
subdomains are adjacent, which is precisely the situation that we wish to tackle. For each
J the vector n; refers to the normal vector on d€2; directed toward the exterior of €);, see
Fig. 1.



2.1 Function spaces

We first introduce natural functional spaces adpated to domain based time-harmonic Maxwell
equations, cf. [12, Sect. 2]. First of all let us denote H*(Q2) = H*(2)3 for any domain 2 C R?
and any s > 0. Let curl?® refer to the operator curlcurl. For any open subset Q C R, and
define

H(curl, Q) = {VELQ(Q) ) IV 1% = [[V200) + lleurl V]2, < oo} :

curl,Q) L2(Q L2(Q)

Hewrl?,®) = {V € Q) | VI3 eue.0) = IV Breusta) + lear VIR, ) < 0o}

curl?,

If H(Q) is any one of these spaces, let Hioo(Q) refer to the set of V € L _(Q) such that
©V € H(Q) for all compactly supported ¢ € C®°(R?), and let H comp(Q) refer to the set of
V € H() whose support is bounded. From the definition of curl in the sense of distributions

we infer the following gluing condition for H,.(curl, R?).

Lemma 2.1.
For anyu € L} (R?) such that ulg, € Hig(curl, ), Vj =0...n, we have u € Ho(curl, R?)
if and only if

Z/ curl(u) - v —u-curl(v)dx =0 Vv € Hopp(curl,R?).
=074

2.2 Trace spaces and operators

In this paragraph we briefly describe appropriate trace spaces for Maxwell’s equations. For
further details on this subject, we refer the reader to [8, 9, 11].

For any Lipschitz domain Q C R3, denote n the unit normal vector to 9Q directed
toward the exterior (it can be defined almost everywhere on 99) and set Li(09Q) = {V €
L?(09)% | V-n = 0 } equipped with the norm of L?(9€2)3. Define the tangential trace
operator v, : H'(Q) — Li(09) by

Yp(U) := (U xn)lpg, YUe H'(Q).

In the context of Maxwell’s equations, the role of tangential traces becomes clear from the
integration by parts formula

/ curl(U)-V-U-curl(V)dx = / (7(U) xv,(V)) -ndo YU, Ve HY(Q). (2
Q B19)

The trace operator 7, continuously maps (H'(Q), || | 1 (q)) into (L*(09Q), || Iz200)). We
adopt the following notation for its range,

1/2
H></ (092) == 7D<H1(Q) ) -
This trace space is strictly included into L?(9Q). We equip it with the graph norm

VIl =inf{ |Ulgiq |UeH(Q) and 7,(U)=V },

1
% (09)



which renders it a Hilbert space and ~,, : H'(Q) - H 1X/ 2(89) a continuous operator. The
space HIX/2(OQ) is dense in L7(09), see [11, Section 2]. Let us define H;1/2(GQ) as the

topological dual to H IX/ 2(89), and introduce the anti-symmetric pairing
(u,v)xagz/ (uxv) -ndo Vu,v € LI (09Q) .
’ o0

In the sequel, the space L7(99) shall be embedded in H ;1/ 2(39), by identifying any u €

LZ(09Q) with the continuous linear form v + (W, V) 90 V € HIX/Q(aQ). Hence we set the
notation

(W, V), o0 =u(v) whenever u € H;1/2(8Q),v € Hiﬂ(@Q).

As in [11, Sect. 3], let H3/2(9Q) stand for the formal trace space of H%(2). Then define
Vaa(p) == (Vo x n) x nlag so that n x Voo (p) = v,(Vv) € HY*(09) for any p € H3/2(59)
such that p = v|gq for some v € H%(Q2). Further, for any u € H;1/2(8Q), define the surface
divergence divaq(u) € H=%/2(99) as adjoint

(divae(u),p)pg == — (W0 X Vaa(p) )y 0o Vue Hy'?(09), vpe HY*(00),

where (, )gq refers to the duality pairing between H%(9) and H~%(9Q) for any s > 0. Let
us introduce the space

H 2 (div,0Q) = {v € H,;'*(09) | divoa(v) € H/?(09) }

equipped with the graph norm

HVH?‘I*UZ(diV,aQ) . HVH?’-I;UQ((?Q) + HdiVBQ(V)H?{ﬂ/z(aQ) .

An important result is that the pairing (-, -) x oo puts the space H -1/ 2(div, 0Q) in self-duality,
see [11, Lemma 5.6].

Theorem 2.1 (Self-duality of H~/2(div, dQ)).

The pairing (-,-)x o can be extended to a continuous bilinear form over H'/?(div, dQ) x
H~2(div,89Q). For any ¢ € H™Y?(div,dQ) there exists a unique u, € H~/2(div, 9Q)
such that o(v) = (uy, V), 5q forallv € H~Y2(div,09), and the map ¢ — u, is a continuous
isomorphism.

Since H (curl, ) is the proper energy space for Maxwell’s equations, we need an extension
of v, to H(curl, ). This is provided by the following theorem, see [11, Section 4].

Theorem 2.2 (Tangential trace theorem for H (curl, 2)).

The trace operator ., can be extended to a continuous map from H (curl, Q) onto H71/2(div, o).

The operator v, : H(curl, Q) — H~Y2(div,dQ) admits a continous right-inverse. Besides
the following integration by parts formula holds

/89 curl(U) -V — U curl(V) dx = (7,(U),7,(V) )y g0 YU,V € H(curl,Q). (3)



As indicated by the subscript D, in our analysis the operator v, will play a role analogous
to that of the Dirichlet trace for the scalar wave scattering problem. We also introduce a
counterpart for the Newmann trace: define v : H(curl?, Q) — H~/2(div, Q) by

~vx(U) := v, (curlU) VU € H(curl®, Q). (4)

By [12, Lemma 3] the operator =, is continuous, surjective, and admits a continuous
right-inverse. Note that Definition (4) does not seem to correspond to a usual notation, see
for example [12, 13], where the wave number is incorporated into the definition of the trace
operator. We prefer (4), because it will mean substantial simplifications in many computa-
tions.

2.3 Traces local to each subdomain

Recall that n; refers to the normal vector to 0f); directed toward the exterior of €2;. In the
sequel we shall denote by v7, and % the interior trace with respect to ;. More precisely,

Y (U) := (Ulg, x n))lae, and A4 (U) :=~h(curlUlg,) VU € Hioe(curl’, ;) .

Besides, ’y]j)’c,'y]l\}yc will refer to the same trace operators but taken from the exterior, still
based on a normal vector directed toward the exterior of €2;. Finally we will need averages
and jumps of combinations of these traces

Y(U) := (¥(U),7(U)) " and +A(U) = (7).(U), 7 (U))"
V] i=~7 =4l and {y/}:=3(v +~%).

2.4 Transmission conditions

In the present article, we wish to study the scattering of an electromagnetic wave by an
object composed of subdomains, each of which corresponds to a homogeneous medium with
particular material properties, expressed through the two coefficients

€j (permittivity), p; (permeability) € (0,400) j=0...n.

In the transmission problem that we consider, the coefficients p; come into play through
transmission conditions imposed at the interface between two subdomains 0€2; N €Yy, 5,k =
0...n. These transmission conditions are usually stated as

7(U) +~E(U) =0
Vi,k=0...n . on 0Q; N0 , (5)
w5 'Y (0) + A (U) = 0

for local solutions U € H (curl2,§j), j =0...n, which we would like to compute. Although
(5) is meaningful in the sense of distributions, it is not clear whether the restriction to
99NN, is a continuous operation in the trace spaces H ™2 (div, ;) and H~2(div, ).
Hence it is not clear whether (5) fits the setting of trace spaces introduced in the previous
section. This is the reason why we choose to write the transmission conditions in a different
manner: consider the function u : R? — (0, 4+00) defined by

p(x) =p; inQ; with p; € (0,400) Vj=0...n.



Then we rewrite Conditions (5) in the more compact form
U € Hyy(curLR?) and g lcurlU € Hjo(curl,R3) . (6)

It is straightforward to check, by means of integration by parts (3), that such conditions are
equivalent to (5) in the sense of distributions.

2.5 Electromagnetic scattering problem

Let w > 0 refer to the (angular) frequency of the electromagnetic field. Denote by x; :=
w,/f1;€; the wavenumber in each subdomain Q;. Let (€inc, Pinc) € H\,.(curl?, R3)? be some
incident field i.e. curlejn. — wpg hine = 0 in R3, and curl hipe + wep einc = 0 in R3. Let
e, h refer to the total electric and magnetic fields, and suppose that they satisfy Maxwell’s
equations in frequency domain with Silver-Miiller radiation conditions [20, Sect. 6.1]

( (e,h) € Hyy.(curl,R?)? such that
curle —wpuh =0 in ;, and

curlh +wee=0 inQ;, j=0...n,

2
lim ‘(h — hinc) X n, —2x9(€ — €ine)| do, =0,
r——+00 aBT

where B, is the ball around 0 with radius r, and n, is the unit vector normal to 9B, directed
toward the exterior of B,. Observe that the first two equations in (7) contain the transmission
conditions (6), since they imply that e € Hj(curl,R?) and p~'curle € Hj,.(curl, R?).
Renaming u = e and uj,c = €jy¢, we can also rewrite (7) as a 2nd-order equation:

Find u € Hyo(curl, ;) such that

curl(curlu) —m?u:O inQ;, j=0...n

lim ‘curl(u — Ujpc) X 0, — 2ko(u — uinc)’2dar =0
r——4o00 BBT

u € Hy.(cur,R?) and p~'curlu € Hj,(curl,R?) .

Problem (8) is well posed, see for exemple [6, Theorem 4.7]. Note that we may consider a
more general situation where ¢; # 0 and %m{e?} > 0 but, as long as Problem (8) remains
well posed, this would only induce minor changes in our analysis, cf. [19].

3 Trace spaces adapted to multi-subdomain geometries

In this section we introduce trace function spaces, built upon the setting described in § 2.2,
that are well adapted to integral equation formulations of Problem (8). These spaces are a
vectorial counterparts of the spaces considered in [19, Section 2]. Our choices take the cue
from the work of Bendali and co-workers on classical single-trace formulation of Maxwell’s
equations for diffraction by composite structures [4, 5].



Multi-trace space Since we wish to derive an integral formulation for (8), the cartesian
product of trace spaces of all subdomains appears as a simple and natural setting. Let us
define the combined trace space

H(T) := 11 H(9Q;) where H(0Q;) = H2(div,0Q;) x H~%(div, Q)
j=0

n 1
3 2 2 2 . u,;
with  [[Ullm = (ZH“J‘HH*/Z(div,aﬂj) + HpJ’HH*/Q(div,am) U= ( pj‘ ) 0
j=0 71=0...n

Equipped with such a norm, H(T") is a Hilbert space. In this space, we shall consider the
following skew symmetric duality pairing

B(U,V) =) Bj(U;,V)) where Bj;(Uj,V)) = (wj,q)), g, = (VjsPj) s o0,
j=0 (9)

u; Vi

for any U:< > e H(T"), V:< > e H(T) .
Pji /0. G /) j=o0.m

There are many possible choices for a duality pairing on H(I"), but (9) will be particularly con-
venient for the forthcoming analysis. This pairing is non-degenerate: U =0 <= B(U,V) =
0, YV € H(I').

Single-trace space As in [19], we introduce trace spaces adapted to transmission condi-
tions, whose definition does not rely on any orientation of the interfaces 9€, N 9€;. We
set

n 1

XT):={(vj) € jl;[o H™2(div,08;) | 3V € Hy,.(curl,R?) with v = ’y]j)(V) }
wr)i={ (V) emm) | ) (@) e X }

The single-trace space X(I') is closed in H(T") for || ||m, as it is defined by constraints involving
continuous functionals. Here is yet another instructive remark; for any j = 0...n, assume
that v € Hy,c(curl®, R?\ Q;), and consider V = (V,),—0.., where V, = 49(v) if ¢ # j and
V; = ~4(v). Then V € X(I).

The following result provides yet another characterization of X(I'), which amounts to a
weak version of the transmission conditions (6).

Proposition 3.1.
For any U € H(I') we have: U € X(I') <= B(U,V) =0, YV € X(I')

Proof:

The proof is very similar to the proof of Proposition 2.1 in [18] and is elementary, but we
reproduce it here so that the reader can gain some familiarity with the space X(I"). According
to the definition of B( , ), it suffices to show that for (v;) € H?ZOHfl/Q(div, 08);) we have

(v)eXT) <= D (Vi) o, =0 V() € X(I). (10)
=0



First, assume that (v;) € X (T), and take some v € H(curl,R?) such that 4/(v) = v; Vj =
0...n. Consider an arbitrary (q;) € X (T') and some q € H(curl, R?) with compact support
such that 4/ (q) = q; Vj = 0...n. According to (3) and Lemma 2.1, we have

n

Z (v, qj>><,89]~: Z/Q curl(v) -q — v - curl(q) dx = 0.
=07

J=0

Now assume that (v;) € HjZOH_l/Q(div, 0);) only satisfies the condition on the right hand
side in (10). Take u € L*(R3) such that ulg, € H(curl,Q;) and v (u) = v;, Vj=0...n.
Since (v5(q)) € X (T') whenever q € H comp(curl,R?) we have

Z/ curl(u) -q —u-curl(q)dx = Z<Vj,‘7%(q)>><7agj =0 VYq€ Heomp(curl,R?) .
=07 =0

This implies that u € Hjoc(curl, R?) according to Lemma 2.1. Since v; = 'y% (u), we conclude
that (v;) € X(I). O

The single-trace space X(T") is particularly convenient for dealing with transmission con-
ditions. Indeed, according to the discussion of §2.4, for any vector field u € L _(R?) such
that ulo, € Hio(curl®,Q;) we have

. ; 1 0
u satisfies (5) <= (‘J'Mj'yj(u))jzomn € X(I') where T, := [ 0 1/u ] .
We shall also consider the scaling operator T, : H(I') — H(I") defined by T, (U) := (T, (Uo),
oo 7, (Uy)) for any U = (Uo,...,U,) € H(I'). Finally we define To(U) = (T, (Uo),
-, T0(Uy)). In particular, we have the following property To(X(I')) = X(T").

4 Potentials

In this section, we recall already well established results concerning potential operators and
representation results for Maxwell’s equations. These results were reported in detail in [12]
and were proved in [10, 22, 23].

Representation formula Let ¥, (x) = exp(wk|x|)/(47|x|) refer to the radiating funda-
mental solution for the operator —A — x2. First, for any subdomain ;, we introduce the

intermediate potentials
. 1
Ul(q)(x) = - Ye(x—y)aly)do(y) Vqe H 2(0%;),
j

vip)o0 = [ gx-y)ply)do(y) ¥pe H (09

(11)

According to [10, 22], these potentials give rise to continuous mappings Wl H1/? (094) —
H! (R?) and ¥ : H;l/Q(an) — H{ (R?). Based on them, we introduce the electromag-

loc



netic counterparts of the single and double layer potentials, cf. [12, Sect. 4]:
SLL(a)(x) = W4(a)(x) + 12V (W] (divan,(a) ) ) (x)
DL/ (v)(x) := curl(¥/(v))(x) , v,q € H 2(div,09;) .

c2(| % |)60 = DLiw)) + S1a)x) .
For any v,q € H71/2(div,8Qj) the vector fields SL(q)(x) and DL/ (v)(x) are solutions
to Maxwell’s equations in each subdomain and satisfy the Silver-Miiller radiation condition.
Besides, the operator G : H(0Q;) — T7_Hyoc(curl®, Q) N L (R3) is continuous for any
j=0...n. A crucial result concerning these potential operators is that when u is a solution

to Maxwell’s equations in €2;, then Gf; can be used to reconstruct u from its traces on 0§,
see [12, Thm. 6].

Theorem 4.1 (Stratton-Chu representation formula).

Letu € Hloc(curIQ,ﬁj) satisfy the Mazwell equations curl(curlu) — /i?u =0 in ;. In the
case where j = 0, in addition assume that it satisfies the Silver-Muiller radiation condition
lim, 4 oo faBr ‘curlu X N, — 'Llﬁlou‘QdJT = 0. Then we have

u(x) if xe€Qy
0 if xeR3\Q,

Similarly, if u € Hyo(curl®, R3\ Q) satisfies the Mazwell equations curl(curlu) — f@?u =0

in R3 \ Q;, as well as the Silver-Miller radiation condition lim, f%r ‘curlu X N, —

'mju}QdUT =0 except if 7 = 0, then we have

] ) 0 if x € Qj
Gl (ve(w) (x) = , _
—u(x) if xeR3\ Q.

Another classical and important result concerns the behaviour of the potentials across the
boundary of the associated subdomain, summarized in the jump relations, see [12, Thm. 7],

Y] - GI (V) =V VYV cH(9Q;). (12)

Kj

In the sequel we will also need a remarkable property involving the potential operators as well
as the elements of X(I'). Observe that, in the following statement only a single wave number
Kq is used.

Lemma 4.1.
For any ko € (0,400) we have

inﬁo(UJ)(X) =0 Vxe R3 , VYU = (Uj)ggjgn S X(F) . (13)
j=0

10



This result corresponds to [18, Lemma 6.1]. The underlying intuition is that the jumps
of the individual potentials G/,  across interfaces cancel each other in the sum (13).

Proof: (of Lemma 4.1)
Pick any U = (Uj)j=0..n € X(I') that will be fixed until the end of the proof. Set
u(x) =>""% ;G (Uj)(x). We have to prove that u(x) =0, Vx € R3.

First, we prove that u € Hj,(curl?, R?). For this, since u € Hloc(curl2,§j) for any j =
0...n as is clear from its definition, it is sufficient to show that (v/(u));=o..n € X(I'). Take
any j = 0...n, and observe that G/, (U;) € H)oc(curl®, R?\ ©;), so that (Wg)g—0..n € X(T')
where W, :=~9 - G{;O(Uj) if ¢ # j, and W := ~i G{;U (Uj). As a consequence, according
to Proposition 3.1, we have

ZB 1. GL,(U;),Vy) ZBJ(W]'Gﬂo(Uj),Vj)szn:Bq(Wq’Vq)
q=0

= Bj(Uj,Vj) VYV = (V]) S X(F)

For the second equality above, we used the fact that [y/] - G/ (U;) = U; according to (12).
Summing all such identities over j = 0...n, we obtain

ZBq('yq(u ZZB (v7- G, (U;),V,)
q=0

j=0¢=0
n

- ZBj(Uj,vj) =0 VYV =(Vj)eXD).

The previous identity implies that (47 (u)) € X(I') according to the characterization of X(T")
provided by Proposition 3.1, which proves that u € H loc(curl2, R3).

Now observe that u(x) is an outgoing solution to homogeneous Maxwell’s equations as-
sociated to the wave number rg in each subdomain €2;, since each G{;O (Uj) satisfies such
equations. Besides u(x) satisfies transmission conditions since (47(u)) € X(I"). As a conse-
quence, since Problem (8) is well posed, this implies u = 0. O

Cauchy data and Calderén projectors Now we introduce special trace spaces that will
play an important role in the sequel. We exhibit additional properties of these spaces in the
next section.

Definition 4.1.
The set of interior Cauchy data associated to the subdomain ; with respect to the wave
number k; is defined by

Ck, (08Y) := { ~7 () ‘ u € Hyo(curl?,Q;j), curl(curlu) — Ku=0inQ;

and lim }curlu X n, — mgu}Qdor =0 ,4j=0 }
r—+400 9B,
The space of global interior Cauchy data associated to k = (Ko, ...,kn) is defined as the

cartesian product

Co() := Cpoy () X -+ X Cpo () .

11



Note that we may also consider spaces of exterior Cauchy data. However, as we will refer to
exterior Cauchy data only occasionally, we do not introduce special notation for such spaces.
We have the following characterization, cf. [12, Thm. 8].

Proposition 4.1 (Characterization of Cauchy data).
For any j = 0...n the operator 47 - Gf_ij s H(08Y;) — H(08Y;) is a continuous projector, called
the interior Calderdn projector of Q;, and for any V € H(99;) we have

VeC,(09) <= V=+7-G(V).

As a consequence, Cauchy data spaces are closed sub-spaces of H(I") since they can be
characterized as kernels of continuous projectors. We introduce other continuous operators
Cl; - H(09;) — H(0;) defined by

1d/2+C) =~ Gi, . (14)

Thanks to the jump relations (12), this definition can be rewritten Cf;j = {4/} Gf;j. As

a consequence of (14) we have (20?%)2 = Id and also Cy,;(99;) = R(Id/2 + Cf;j). From
Proposition 4.1 and Definition (14), we conclude

clQ 0 - 0
0o C!
UelC(l) «— (Id/2+C,)U=U where C,= . !
: . -0
0o -+ 0 Cr

Let us emphasize that we also have V € R(Id/2 — Cf;j) if and only if there exists some

v € Hyy(curl®,R3\ ;) such that ~L(v) = V, and such that curl(curlv) — H?V =0 in

R3 \ﬁj, and v satisfies the Silver- Miiller radiation condition, except if j = 0.

Scaled Calderén projectors Finally we introduce operators Af;jyuj s H(02;) — H(09;)
and Ay, : H(I') — H(T) such that Id/2 4+ A, ,;, j = 0...n, and 1d/2 + A, , are scaled
versions of Calderén projectors well adapted to the treatment of transmission conditions.
They are defined by
j j -1 -1
AJ =Ty, Cf% T, and Ag, =T, -C. T, .

KgH5

It is straightforward to check that Id/2 + Af;ruw j=0...n,and Id/2 + A, , are projectors.
By analogy with the Cauchy data spaces introduced in Definition 4.1, we define

Couj o, (09)) == R(IA/2 + AL 1))
Crop(T) 1= R(IA/2 + Ay ) = Cuag 1o (9) X -+ X Cropp pun (0Q) .

We also have G ,(I') = Ker(—Id/2 + A, ). The operator Ay, is symmetric with respect to
the pairing B( , ):

Lemma 4.2.

B((Id/2 + A ,)U, V) = B((~1d/2 + A, ,)V,U) YU,V e H(T).

12



Proof:

According to [13, Theorem 3.9], we have B;(Cy;(U;),V;) = B;(Cg,;(V;),U;) for all
U;, V; € H(09;),and any j = 0...n. Besides, since B;(T,,,(U;), V;) = uj_lBj(Uj,‘J'l/W Vi),
we deduce that Bj(Anj,,uj (Uj),Vj) = Bj(A,ﬂjHuj (Vj),UJ) As Bj(Uj,Vj) = —Bj(Vj,Uj),
the result stated above is obtained by summing the previous identities over j =0...n. [

5 Classical single-trace formulation of the first kind

In this section, we briefly recall the derivation of the classical PMCHWT single-trace for-
mulation of the first kind. We adhere to a variational perspective pioneered in the work of
Bendali and his co-workers (see [4, 5]) based on Rumsey’s principle. It is the same perspective
employed in the mathematical analysis of single-trace formulations in [32] (for acoustics) and
[6] (for electromagnetics). Then, we use the single-trace formulation as a stepping stone for
motivating our new multi-trace boundary integral equations via a “gap idea”, cf. [19, Sect. 5.

In this formulation the unknown will be U = (T, - 4/(u));=0... where u is the solution
to problem (8). We also have to consider U™ = (T, - v(tinc), 0, ...,0). With these new
notations, Problem (8) may then be reformulated in the follwing manner

Find U € X(I') such that
. (15)
(Id/2 - Cx) T, " (U-U™) =0.

This formulation is clearly well posed since it is exactly equivalent to Problem (8) that is
itself well posed. Let us define

F"¢ = (Id/2 — A, ,) U™ .

With these notations, since B(U, V) = 0 whenever U,V € X(T'), multiplying Formulation
(15) on the left by T, and testing with functions V € X(I') we obtain

Find U € X(I') such that
. (16)
B(Ax,(U), V) = —B(F™*, V) VV € X(I).

If U € X(T') is solution to (15), then it is clearly solution to (16). The converse also holds,
athough this is much less trivial, and this implies that (16) is well posed. It is a consequence
of the following result that was proved in [6].

Proposition 5.1 (Unique solvability of single-trace formulation).
Assume that €;,p1; € (0,400) and consider any F € H(I'). Then there exists a unique
U e X(I') satisfying B(A,,,(U), V) =B(F, V), VV e X(I).

Next, let us zero in on the case of three subdomains (n = 2), with ©Q; and Q9 being
separated, 0Q; N 00y = (), which means I' = 0Q; U 0Qs = 0€Qy. In this case a simple
characterization of X(I") is available

X)) = = {((i&),vhw) | Vi € H(OQ1), Va € H(aag)} , (17)

where the 0Q2p-component of X(I') has been split into traces on 02y and 0.

13



Further, for the sake of lucidity, we only consider uniform permeabilities pg = 1 = o =1
(and will suppress them in the notations in the sequel). Then, thanks to (17) the single-trace
formulation (15) for this special situation can be recast as

-U —~t inc
(;Idcgo)( 1):< v, )>, (Ad—cl)u =0, (Ad-C2)Uy=0. (18)

-Us 7 (Uinc)
The splitting of H(0€) induces a splitting of the first boundary integral equation in (18):
U d +Cl R U ¥ (Uine)
11— O Ny _ (2 Ko +0 1) _ inc 19
(14 =C){ g, R4 td+c2 ) \Us) T e ) 1)

where the operators
RZ = °Gp,  H(0Q1) —» H(0Q) and Ry :=~'G2 : H(0Q) — H(0Q) (20)

take into account the coupling between the different parts of d€)g. Then we can merge the
equations of (18) into one final single-trace formulation

(ciﬂ +Ch Ru > (Ul) _ <v;<uim>> | 21)
Ry, CZ +C2 ) \Usz ¥*(Uine)

Starting from (21) we motivate our new multi-trace formulation by means of a gap idea,
cf. [19, Sect. 5]. As above, for the sake of clarity, the case n = 2 with adjacent 2, Qs will be
considered in the remainder of this section. We imagine that we tear apart {21 and o, thus
opening up a narrow ”virtual gap” into which g can intrude, see Figure 2 (right).

Figure 2: Introducing a virtual gap (colored in yellow) separating subdomains

When (21) is applied in the situation with a gap of non-zero width, the integral operators
comprising R};’OZ and Rz’ol feature analytic kernels. However, the crucial observation, readily
seen from the definition (20) is that these integral operators remain meaningful even when
the gap is shrunk to "width zero”. Hence we can apply the single-trace formulation in the
form (21) to the original situation of Figure 2, left.

The unknown traces will be sought in H(9€;) x H(£22), which means that

e the unknowns on 9€)y are a single pair of traces,

e on 0€1 Ny there are two pairs of unknown traces.

For this reason we have dubbed the new formulation, our new interpretation on (21) “multi-
trace”.
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6 Remarkable properties of the space of Cauchy data

Parallel to [19, Sect. 6], in this section, we point out several properties of the Cauchy data
spaces Cg, i, (0€25). The most important is probably that C, ,(I') provides a complement to
X(T') in H(T") for any value of &, u € (0, 4+00).

Proposition 6.1.
Consider any pj, kj € (0,400), j =0...n. Then we have the decomposition

H(T) = X(I') & € p(T) . (22)

We do not provide the proof for this result because it is nearly the same as the proof to
Proposition 6.1 in [19]. Next we state a characterization of Cauchy data along the lines of
Proposition 3.1.

Lemma 6.1.
For any U € H(T') we have: U € C, ,(I') <= B(U,V) =0, YV € €, ,(I').

Proof:

To show this, we may proceed as in [19, Lemma 6.1]. We propose here a different proof
that is straightforward. Recall that R(Id/2 + A, ) = Ker(—-1d/2 + A, ) = Cx ,(I"). Using
Lemma 4.2, we see that for any U € H(I"), we have U € €, ,(I') if and only if

B((-Id/24+ A, ,)U,V) =0 VvV eH()
<~ B(U,(Id/2+A,,)V)=0 VvV eH{T)
< B(U,V)=0 VVelC,,[I).
O

An immediate consequence of the previous lemma is that U; € Cy; ,,;(9€;) if and only if
B;(U;,V;) =0, VV; € C4, ,;(09;). It is straightforward to adapt the proof of Lemma 6.1
so as to prove the following result.

Lemma 6.2.

Let j = 0...n and take any kj,pu; € (0,400). For any U; € H(09Q;), we have U; €
R(—1d/2 + Ay, ;) if and only if B;(U;, V;) =0 VYV; € R(—1d/2 + Ay, ;)

7 New functional setting

Following the same approach as in [19, Sect. 7], we introduce a new functional setting adapted
to traces of functions restricted to R?\ Qy. We set

H(T) = TIj_, H(0%)

Co(T) =117

7=1Cro 0 () (23)

X(T) = {(7/(U) )j=1,.n € H(T) | U € Hyoo(curl®, R?) } .
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Note that the space ﬁ(r) differs from H(I") as the index j in its definition ranges from 1 to
n (not from 0 to n). Moreover, notice that in the definition of éo(F), all wave numbers are
equal to kg, and that only p is involved (and not p; for j # 0). It is clear from (22) and (23)
considered in the case k; = kg, Vj that

X(T) 4 Co(I') = H(I) .

The sum above is not a direct sum as X(I') N @O(I‘) # {0}. We equip the space H(T') with a

norm denoted || ||, and a duality pairing analogous to the one considered for H(T"), setting
. L . . .
101 = (3 sl * 1Pl vnny)” fr U= () <),
j=1 j=l.n

V) =Y B;(U;,V;) for UV eH(T).

Although X(T') may scem ”smaller” than X(T') at first glance, both spaces are actually iso-
morphic, as pointed out by the following lemma.

Lemma 7.1. R
For any U € X(I), there exists a unique Uy € H(0Q) such that (Uy, U) € X(T).

Proof:

The existence is clear, what has to be proved here is the uniqueness of Up. Assume that
for Up, Vg € H(0Q) we have (Up,U) € X(T') and (Vy,U) € X(T') so that U := (Ugy —
Vo,0,...,0) € X(I'). Consider ug, pp € H_%(div, 0%) such that Uy — Vo = (ug,po) . Let
us show that ug = 0. Take any wqg € Hfé(div,f)(lg)7 and choose w; € Hfé(div,BQj),j =

0...n such that (w;);j—o.n € X(I') so that W = (O,W])] _o..n, belongs to X(I'). We have

(ug, wo)x,00, = B(U,W) =0

since both U and W belong to X(T"). Since w( was chosen arbitrarily, we obtain that ug = 0.
We prove in the same manner that po = 0. This finally shows that Uy = V. ]

We will also need a weak characterization of the space X(I‘).A Although X(T') is its own
polar set according to Proposition 3.1, such is not the case for X(T").

Proposition 7.1. R L
Let Xo(T') ={ Ve X(T) | (0,V)eX(T)}. For any U € H(I'") we have

%)

UeXT) <« B(UV)=0 VYV eXy ). (24)
Proof:

Assume first that U € X(F) and consider any Ve Xo( ). Take Uy € H(90) such that
(U, U) € X(T') and set V = (0, V) € X(T'). Applying Proposition 3.1, we have B(U, V) =
B(U,V)=0

Now assume that U = (u]'7pj);'r:1...n € }ﬁl(F) satisfies the condition in the right hand
side of (24). Let us show that (ug,ui,...,u,) € X(T') for some uy € H~/2(div, 9Q).
Take v € L% (R3\ Qp) such that vlg, € Hoo(curl?, Q) and 45 (v) = u;,j = 1...n. Take
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any w € Hjoc(curl,R?) such that v%(w) = 0. Set W = (0,5 (w)) L and observe that
W e XO(F). Then we have

—~

/ _ v-curl(w)dx — Z w-curl(v)dx = E(ﬁ,W) =0.
R3\(o =i Jon

Since this holds for any w € H),.(curl, R3) such that v2(w) = 0, we conclude that v €
Hy(curl,R?\ Q). Extending v properly, using a continuous right inverse of 4%, we can
consider that v € Hjy(curl, R?). Setting up = «Y(v) we obtain (u;);j—o., € X(T). We
prove in the same manner that there exists pg such that (po,p1...,pn) € X(I'). Setting
Up = (ug,po)" € H(8), we finally have (Up, U) € X(I). O

8 New formulation of the first kind

In the present section, we state a reformulation of Problem (16). To justify such a new
formulation, the proof is nearly ezactly the same as in Section 7, 8 and 9 of [19] (even
notations coincide), so we do not give a lot of details. The only specific point, in the case of
Maxwell’s equations compared to the acoustic scattering problem, is the proof of Lemma 4.1
of the present article, that is different from the proof of Lemma 8.1 in [19].
To state this new formulation, we have to introduce a ”transformed right hand side” and

a "transformed operator”. Following [19], we set

Sine . U P

FYC = —(FP° 4 Ty v - GL( T (FF) ) )iy )
with  F" = (FI*) 0., € R(=1d/2 4+ A, ) .

As in [19], we emphasize that the analysis underlying the formulation that we introduce do
not depend on the specific form of Fi*. For any U = (Uy,...,U,) € H(T'), we define

[ Al 1 1,2 1,n
Am,m + AKO’MO Rup o e R U,
2,1 2 2 2.n
RHO:NO Af€2,/12 + ARO,#O RNDWO U2
A U= 3,1 3,2 - : :
AU R, R32,, : : : (26)
Rn—l,n Un—l
. KO ,H10
n,l n,2 n n U
L Rffo,/lo RNOMO oot Ann,un + AHOJ—LO 4 L " i
where we have set et
IV RN T I
wa = Tu-v Gl ‘J'# . (27)

Clearly, the operators R%’ij are continuous maps from H(9;) into H(9Y,). Note that, as a

consequence of Theorem 4.1, we have RE; - (Id/2+A%, o) = 0 and (Id/2—A%; 40)-RE) 1 =0
as well as R% .o - RLP,; = 0 whenever ¢ # j. With the previous notations, a derivation
identical to Section 7,8 and 9 of [19] leads to the following theorem.

17



Theorem 8.1. R R
Assume that F"¢ and ]A?inc satisfy Equation (25). In this case U = (Uy, U) € H(T") is solution
to (16) if and only if U is solution to the problem

Find U € }ﬁI(F) such that
(28)

A~ , o~

B(A,,(U),V)=B(F*, V) vV eH(®)

The proof of this theorem is identical to the proof of Theorem 8.1 and 8.2 in [19]. A
remarkable feature of Formulation (28) is that it is posed in H(I') and not in X(I'). In other
words, this new variational setting does not contain any constraint.

We end this section by proving a symmetry property satisfied by the operator :&,.W, that
is, the multi-subdomain counterpart of Theorem 9 in [13]. This property will be useful in the
next section.

Proposition 8.1 (Symmetry of multi-trace operator).
For any ko, K1, ...,6n € (0,400) and any po, p1,-- -, in € (0,400) we have the following
symmetry property

B(A,,(U),V) =B(A,,(V),U) VU,V ecH(T).

Proof:

We know that Bj;(Ay, ,;(Uj), Vj) = Bj(Ak, 4;(Vj),Uj) for any Uy, V; € H(9;) and
any value of x;, 11 € (0,400), see the proof of Lemma 4.2. As a consequence, the result will
be proved if we can show that

Bj(Rj’q (Ug), Vj) = Bq(Rq’j (Vj),U,) forj#gq. (29)

K0 ,10 K0,H10

Since Bj(Rﬁ’gm(Uq), V;) = ' B (v GE, (‘J’;()qu), ‘T;OIV]-), it suffices to show the following
identity

Bj (’Yj ' GZO (Uq>7 V]) = Bq(7q : G?ﬂo (Vj)7 Uq) VUQ € H(89Q)7 VVJ € H(aQ]) (30)

for any j,q € {1,...n} with 5 # ¢. Hence pick arbitrary j,q € {1,...n} with j # ¢ and
U, € H(09y), V; € H(09;). Consider W7 W4 € X(T) defined by W& = (W;‘-‘)j:omn for
a = j,q with

Wi =2 GI,(U,) and Wi=~F GI (U, for kg

W/ =~1-Gl (V;) and Wi =~ Gl (V;) for k#j.

Ko

We have V; = [y/] - G/, (V) according to the jump formula (12). As WJ, W4 € X(T'), we
can apply Proposition 3.1 and Lemma 6.1 which yields

Bj(v7 - GZ (Uy), V;) = Bj(v G, (Uy), ]G (V;))
= —B;(v/ - G4, (Uy), 7% Gi, (V;)) = —B;(WI, W)
= By(WiLW)) + > Bu(W{, WJ).

k=0...n
k#j,q
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We have Wi,Wg € Crouo(08) for k € {0...n} \ {j,q}. As a consequence, we can apply
Lemma 6.1, and since U, = [y?] - GZ (U,), we obtain

Bj(v7 - G1,(Uy), Vi) = By(ve- GE,(Ug), v GL, (V)

— By G

KO

(U 7! G, (V;)) = By(v?- GL,(V;),Uy)
which concludes the proof. ]

9 Coercivity

The coercivity property for Problem (28), which we tackle now, is more involved in the case
of Maxwell’s equations than in the case of acoustic scattering. As a consequence, we shall
give much more details here.

9.1 Splitting of the variational space

The proof of coercivity for first kind integral formulations in the case of Maxwell’s equations
developed in [13] relies on a key splitting idea, which was pioneered in [15, 26, 23]. We will
adopt a similar approach in the present case. First, let us recall the following result that was
established in [12, Lemma 2].

Lemma 9.1 (Regular decomposition of trace space).
For any Lipschitz open set 0 C R3, there exists a subspace Z(9§)) C H1X/2(89) that is closed

in H™'/?(div, 89) and gives a direct sum decomposition

2(09) @ N(6Q) = H2(div, Q) , o
31
where N(09) := {q € H™2(div,09) | divaa(q) =0 }.

Note that, since the injection Hi/2(8Q) — H;l/z(ﬁﬂ) is compact, the bilinear form
(u,v) = (u,Vv)x g0 is compact when restricted to Z(9€) x Z(02). Besides, since Z(09;) is
closed in H~Y 2(div,8Qj), for any j = 1...n there exists a continuous extension operator
&7 : 2(09;) — HL,.(Q;) such that

v ®I(v)=v Vv eZ(09Q;) Vi=1...n.

Such a decomposition as (31) should be understood in the sense that any element of H~'/2(div, 912)
can be decomposed in a regular trace (which will bring some compactness property in the
forthcoming analysis) and a trace with vanishing surface divergence. We shall consider the
cartesian product of pairs of such decompositions for all subdomains, writing

H(T) = Z(T) @ N(T)

where Z(T') = ?:1(2,(89]))2 and N(T') = H?ZI(N(ﬁQj))Q )

Define the projectors Py : H(I') — %(T) such that Ker(Pg) = N(I'). In the sequel, following
the exemple of [13, Theorem 3.12], we shall also simply write U? = Py(U) and UN =
U — P%(U). Finally we define the operator = : H(I') — H(T") by

[1]

(U) = U—-2P%(U) = UN-U? for U=UN4+U>.
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Observe that = : ]ﬁI(F) — ﬁ(r) is clearly a continuous isomorphism since it is an involution
. —92
ie. 2°=1d.

9.2 OQOutline of the proof of coercivity

Before delving into the proof of coercivity, we list a few useful observations. First of all, notice
that the elements located on the diagonal of ;‘:,@u are operators associated with formulations
of the first kind for transmission problems in the case of isolated scatterers. For each of these
operators, coercivity has already been established. This suggests that we decompose :&W in
the following manner,

Ai&l,m 0 --- 0
~ . 0
Agy=Drp+Regu with Dy =
: 0
The operator Ry, ,, only depends on kg, o (and not on ki, ft1,...,kKn, ). We already

know from [13, Theorem 3.12] or [12, Theorem 9], that D, , satisfies a generalized Garding
inequality.

Theorem 9.1. R R
There exists a compact operator Ky : H(T') — H(T') and a constant C > 0 such that

Re{ B( Dy, +K1)U,E(U) ) } > C |U|? VYU e H(T).

In order to prove a similar result for K,W, we are going to show that R, , satisfies a
positivity property up to some compact perturbation: we are going to prove that there exists
a compact operator Ky : H(I') — H(T") such that

Re{ B( (Rug o + K2)U, E(U) ) } >0 VU e H(T) . (32)

Slightly abusing notations, denote To(U) := (T,,(Uy), ..., Ty, (Uy)) for any U= (Uy,...,U,) €
H(T"). Consider the operator Ry, defined in the same manner as Ry, ,, but with o = 1. Then
we have Ry, o = To - Ry, - Ty *- Since Tg - E = = - Ty, we have

B( R y0(U),E(U)) = p1g - B(Rio (Tg1U), E(T;1U)) YU € H(T) .

As a_consequence, Estimate (32) holds if and only if there exists some compact operator
Kz : H(I') — H(T") such that

Re{ B( Ry, + K3)U, Z(U) ) } >0 YU e H(I) . (33)

9.3 Perturbed potentials

To further simpify the analysis, we need to introduce perturbed potentials by picking the
imaginary “wave number” k = ¢ (imaginary unit). Note that ¥,(x) = exp(—|x|)/(47|x]|) is a
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positive real valued function exponentially decreasing for |x| —oo . Consider the correspond-
ing Newton potentials ¥, and ¥, defined by (11). Set

SLi(a)(x) := ¥(a) (x) + 152V (W (divan, (a) ) ) ()
DL!(v)(x) := curl(¥(v))(x)
Gi(| ] = DL +St@e)  weae B aiv o).
Observe that SLI(q)(x) still depends on xg. The only difference in the definition of GJ

compared to the definition of Gf‘m is that W7, and \IJ{;O have been replaced by ¥;, ®/. Then
we consider the operator

{6y A4t G2 Aty [ U
-G, {¥*}-G] - G} U,

R, U= (34)
| Gy " GI - {y"}-GP || Un |

Because of the regularity of 4;,(x) — %,(x), we obtain that W, — ¥, is an operator of order
—4 that is continuous from H!(B,)" to H3(B,) for any open ball B, that contains U712,
see [35, Rem. 3.1.3]. We deduce that R,, — R, : H(I') — H(T) is a compact operator.
As a_consequence, to show (33), it suffices to prove that there exists a compact operator
Ky : H(T") — H(T") such that

Re{ B( (R, + K4)U, Z(U)) } >0 VU e H(T) . (35)

Let us take a closer look at the expression of B( R, U, Z(U) ), taking into account the definition

of =. We have
Re{ B(R,U, E(U)) } = Re{ B(R,UY, UN) — B(R,U?, U%) }+
Re{ B(R,U%, UN) - B(R,UY, U%) }.
= Re{ B(R,UY, UN) — B(R,U?, U%) },

because R, commutes with complex conjugation (since the kernels of its integral operators are
real) and enjoys symmetry with respect to the pairing ]§(, -), which can be proved in exactly
the same way as (29).

To deal with remaining terms, let us inspect in detail the expression of B(R,V, V) for
any V€ H(T'). If V = (v, qj);—zl_”n then we have

B(R.V, V) = Y > (v SLi(q;),d; )00, + (Vb - SLI(v}), Vi) x 00,
=1 j—1
+ Z <{'71]3} : DL{(Vj)avj >><,8Qj + <{'71J3} : DL{(Qj)aflj >><,8Qj (36)
j=1
+ ZZ (vh - DLI(v}), ¥ ) x 00, + (¥h - DLI(q;),q; ) x .00, -
i—1 j—1
Jj#i
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We already know from [13, Proposition 3.13] or [12, Lemma 12] that the second line in (36) is
a compact contribution. We are going to show that the third line is a compact contribution
as well when either V € Z(I') or V € N(I).

9.4 Compactness result

In the sequel, ’yé D HE(Q)) — HY2(Q;) will refer to the “pointwise” interior Dirichlet trace
operator at the boundary of the subdomain Q; i.e. v]j(u) = (ulo,)loq, for any u € HL (9;).
Moreover (-, -)aq; will refer to the duality pairing between H 12(9Q;) and H~/2(0%;).

Proposition 9.1.

For anyi,j = 1...n such that i # j, the bilinear form (u,v) — (v% - I (u),v)« aq,, with ¥
defined in (11), is compact when restricted either to Z(0€;) x Z(08Y;) or N(082;) x N(0€Y;).
Proof:

Both statements can be obtained by a straightforward adaptation of the proof of Propo-
sition 3.13 in [13]. We illustrate this by providing the proof of the first statement. The proof
of the second statement is obtained by the same adaptation process.

Choose an arbitrary (u,v) € Z(9€2;) x Z(0€2;). Recall that AW (u) = ¥l (u) in R?\ Q;,
so that curl(curl®!(u)) = V(div¥(u)) — ¥J(u). Applying Green’s Formula (3), we obtain

(v - Wi (0), V) 00, = / W/ (u (v) — curl® (u) - curl®’(v) dx
- / div® (u) - div®’(v) dx
Q;
+ /69- 'yé\I/Z(dianju) n; - ®'(v)do ,

‘(A/;L\I : ‘I’Z(u)7v> s

i(V)HHl(Qi)[ H‘I’z(u)HHl(Qi) + H’Yé‘I’Z(diVanu)Hm(aQi) }

< C IVl gg-172aivony) [ 10172 oy, + 0% (divan, w200, | -

It is well known that vé\IIZ continuously maps H~/2(99;) into H*/2(99;), and since the
embedding H'/2(9€;) — L?(9€;) is compact, the operator PR divgn; compactly maps
H~/2(div, 08);) into L?(0€Y;). Besides, recall that Z(9€;) is compactly embedded in H;l/Z(OQj).
This leads to the conclusion. g

Denote by S : ]ﬁl(l“)2 — C the bilinear form in the first line of (36). According to Proposition
9.1 there exists a compact operator Kg : H(T") — H(T') such that YU = U® + UN € H(T") we
have

Re{ B( (R, + Ke)U, Z(U) ) } = Re{S(UY, UN) — §(U*, UZ)}
where

n n

S(V, V) :=> > (- SLi(q)), @ )xo0 + (b - SLL(V;), Vi) 00, -
i—1 j—=1
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9.5 Generalized Garding inequality for the single layer potential

Identity (37) clearly shows that it is sufficient to prove positivity properties of the bilinear

form S(, ) in order to prove (33). Since SLJ involves the potential operators W;, ¥J, we

derive positivity result form bilinear forms induced by these potentials.

Proposition 9.2.

n n

. . n 1
Re{ D3 (v Wilg)@i)on } = 0 ¥(g) € T H3(09),
i=1 j—=1 =1

n

Ref S°3" (v Wi(p), Bi)xon, } = 0 Vlpy) € TN,

i=1 j=1 =

3

Proof:

We only prove the second identity, since the first one can be proved in a completely
similar manner. Consider some (p;) € II7_; N(952;), and observe that ¥/ (p;) = SLI(p;)
since divag, (p;) = 0. Using [v&] - SL!(p;) = pi according to (12), each term in the left hand
side of the desired inequality can be rewritten in the following manner

(75 Wi (p), P )x,00, = (7h - SLI(py), [vi] - SLi(p:) ) x 00- (38)

Applying Green’s Formula (3) both in ; and R5 \ €, and taking account that SL{ (pj) €
H (curl,R?) so that ~}, - SL(p;) = 7. - SL](p;)Vi,j = 1...n, and curl?(SLi(p;)) +
SLi(p;) =0in Q; U(R3\ ;) for all i = 1...n, we have

(75 - Wl (D), Pi ) x,00, = /RS curl(SL](p;)) - curl(SL(p;))+ SLJ(p;) - SL(p;) dx.

Summing over i,j = 1...n, we obtain
T, \IJJ . ’7A L= H SLJ . H >
;;<7D 'L(p]) pz>><,8QZ ; z(p]) H{curl %) =

This yields the assertion. ([l

From the proposition above, we can deduce positivity properties of the bilinear form S(, )
up to some compact perturbation.

Corollary 9.1. R R
There exists a compact operator Ky : H(I') — H(T') such that

Re{ S(V,V)} >0, YV eN®T).
Re{ —S(V, V) +B(K;V,V)} >0, VV e ().

Proof:
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Assume first that V. = (Vj7q]');—:1,_n € N(I'). Then we have SLI(v;) = ¥/(v;) and
SLZ(qj) =) (q;). Hence in this case, the proof is a straightforward application of Proposi-
tion 9.2, since

%6{S(V,V)} = %6{ Z Z<7f} ’ ‘I’{(Vj)vvi>><,aﬂi + <7;L3 ’ ‘IlZ(vj)7vi>X,89i} :
i=1 j=1

Now let us consider V = (v;, qj)jT:L..n € Z(I") so as to prove the second inequality. Applying
an integration by parts formula for surfaces on each boundary 9€2;, we have the expression

n n
—S(V,V) = D> (7h- ¥ (divan,v;), divan,vi ) x 00,

i=1 j=1
n n ‘ )

+ > (- W (divag,qy), divao,ai ) x 00, (39)
Z’,:’Ll jil . . . .

=D (A W), Vi) x 0, + (Vs BI()), @ ) x 00, -
=1 j—1

Since the operator ~% - ¥J : H;l/z(an) — Hil/Q((?Qi) is continuous for any i,j = 1...n,
and since Z(052;) is compactly embedded in H ;1/ ? (0925), we conclude that the third line in

(39) only contains compact contributions. As a consequence, the first inequality provided by
Proposition 9.2 leads to the conclusion of the proof. O

We now have all the necessary ingredients to establish a generalized Garding inequality for
the operator A, ,. Indeed in §9.2, 9.3 and 9.4, we saw that such an inequality holds if there
exists a compact operator K : H(I') — H(T") such that

Re{ B(KU,Z(U) ) + S(UN,UN) —S(U*,UR) } >0 VYU=UN4+U*€cH(T).
Corollary 9.1 shows that such an estimate indeed holds for some compact operator K. This
proves the folllowing main result of this section.

Theorem 9.2 (Coercivity of multi-trace operator).
There exists a compact operator K : H(I") — H(T') such that the following generalized Garding
inequality holds

Re{ B((A,, +K)U,E(U))} >0 VUeH(T).
From this theorem we conclude in particular that Km ot ]ﬁl(l“) — ]ﬁI(F) is a Fredholm operator
with index zero. It actually is an isomorphism.

Corollary 9.2. R R
The operator A, ,, : H(I') = H(T') is an isomorphism.

Proof:
According to Fredholm alternative, we only need to prove that K,.W is one-to-one. Set
F = 0. Then the problem

Find U € H(T') such that B(A,,U,V)=B(F,V), VvV eHT)
actually fits the assumptions of Theorem 8.1. As a consequence, it admits a unique solution

that is U = 0. Hence A, , is one-to-one. ]
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10 Galerkin boundary element discretization

We briefly address the Galerkin discretization of Formulation (28). Proof of optimal rate
of convergence under reasonable discretization process relies on known results. Indeed, in
Section 9 we have just proved that Formulation (28) fits the framework of [6], as it satisfies
Assumption 1 of this article. As a consequence, we can state the following result as a direct
application of [6, Theorem 3.7].

Proposition 10.1.

Let (ﬁh)0<h<1 with Hy, C ]ﬁ[(F) be any family of finite dimensional subspace that satisfies two
assumptions

e (CAS) property: The family (I@Ih) has the complete approximation property:

lim inf |U—-Uyl|=0 YUeHT),

h—0 Up,eH,

e (GAP) property: The family (]IT]IE) admits a decomposition that satisfies the gap prop-
erty: there exists subspaces Zp C Hy, and Ny, C Hy, such that

o [[U-U o U —Uy
sup  inf + sup inf —0.
Urezy, UEZ’(F) HUhH UreNy, UGN(F) ||Uh H h—0

Under the above assumptions, there exists cg, hg > 0 such that, the following uniform discrete
inf — sup condition is satisfied

Re{ B(Ax, Un, Vi) }
U TVl

inf  sup > ¢ Vh € (0, ho) .
U ey, Vheﬁh
Recall that E(K,.WU,V) = ﬁ(XWLV,U) YU,V € H(T') according to Proposition 8.1. As a
consequence, see [35, Theorem 4.2.1], if the discretization process obeys the assumptions of
Proposition 10.1, the corresponding Galerkin approximation is quasi-optimally convergent.

Proposition 10.2.
Consider any F € }ﬁl(F) Consider a family of finite dimensional subspaces (ﬁh)0<h<1 with
H, ]ﬁl(F), that satisfy the (CAS) and (GAP) assumptions of Proposition 10.1. Consider
the problem
Find Uy, € ]I/-]\Ih such that
L N N (40)
B(A,{’“Uh,vh) = B(F,Vh) YV, € Hj,.

Then there exists hg > 0 such that Problem (40) admits a unique solution for all h € (0, hy).
Moreover if U refers to the unique solution to Problem (28), then there exists C' > 0 inde-
pendent of h such that

[U-Up|| <C inf |U-Vg| Vhe(0h).

Vh EHh
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We point out that, to obtain a discrete variational space I[qlﬁ fulfilling the assumtptions of
Proposition 10.1, it suffices to define it as a cartesian product Hy, = Hj,(91) x - - - xHp(082),
where each Hy, (092;) satisfies (CAS) and (GAP) relatively to H(99;) = (Z(9£2;))2B(N(9%;))?2.

For example, one may take ]ﬁlh(aﬁj) as Raviart-Thomas or Brezzi-Douglas-Marini finite
elements constructed on a regular family of triangulation of 9€;. According to [13, Section
4], such discretizations satisfy the (CAS) and (GAP) properties local to 0€2;.

Finally let us underline one comfortable aspect of Formulation (40) as regards implemen-
tation: it does not require any particular treatment of triple junctions (i.e. points of I' where
three or more subdomains abut). Moreover this formulation permits us to choose the trial
and test spaces on different boundaries of subdomains completely independently.

11 Calderén preconditioning

Eventually, the possibility for Calderén preconditioning provides the chief rationale for our
investigating the new multi-trace formulation (28). It seems that this possibility is elusive for
the single-trace formulation (16), unless all bounded subdomain are separated, see [21, 41].

However, this is a crucial observation, if Calderén identities for the single-trace formulation
are available for separated subdomains, we may again resort to the gap idea presented in
Section 5 to transfer them to our new multi-trace formulation. Again, to explain this, we zero
in on the model setting with two bounded subdomains (n = 2) and assume py = 1 = u2, see
Figure 2 in Section 5.

For the Calderén projector associated with 2y the standard Calderén identity (%Id +
Co)? = %Id + CY when expressed in terms of traces on the subdomain boundaries 9¢; and
08y as in (19), immediately yields

RYRZ =RLIRY? =0, RZICL +CLRE =0, RYCL +CLRY2=0. (41)

Using these identities along with (2CL)? = Id and (2C2 )2 = Id for any x € R, \ {0}, we find
for the multi-trace boundary integral operator from (21)

2
CL+CL Ry ) _
=Id on H(I) (42)
2,1 )

( Ri C2+C2
for any k € C. Recalling from Section 9.3 that a change of the wave number amounts to
a compact perturbation (regall that we assume py = p; = pe here), we see that there is a
compact operator K : H — H such that

2CL Ry (CL +CL R
G SR —1d +K. 43
(et ace) (Fri ™ alven) = )

In words, the first left boundary integral operator in (43) is a preconditioning operator for
the multi-trace boundary integral operator that has the effect of making the spectrum of the
product operator cluster around 1.

From these considerations it should become clear how the Calderén identity for the gen-
eral multi-trace operator (26) will read. We state it in the following result. The proof, that
we do not provide, is ezactly the same as for Theorem 11.1 in [19].
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Theorem 11.1 (Calderén identity for multi-trace boundary integral operator).
If ko =K1 ==Ky and po = p1 = - -+ = pp, with kg, po € (0,+00), then (A,wt)2 =1Id.

This paves the way of applying the powerful technique of operator preconditioning [24] to the
discrete multi-trace formulation (40). What is needed is another family of finite dimensional
subspaces (Hp)o<n<1 that

e gives rise to an h-uniformly stable discretization of (40) by meeting the requirements
stated in Section 10,

e supports a stable discrete duality pairing in the sense that, for some hg > 0,

%6{ ﬁ(g,@uUh, Vh) }

inf  sup
f ORIVl

UpeHp Vi E]ﬁlh

>cq  Vhe(0,ho). (44)

This condition entails dim H = dim H.

Then [24, Thm. 2.1] tells us that the spectral condition number of the product matrix
DnghD,:TAh is bounded independently of h, which renders D}_LIB;LD;—r an asymptot-
ically optimal preconditioner. Here,

e A, is the ﬁh—Galerkin matrix for the multi-trace variational problem (28),

e By is the Galerkin matrix for the multi-trace operator with globally constant coefficients
k, it and with respect to the trial and test spaces Hp,

e D, is the Galerkin matrix for the pairing B : ]ﬁI(F) X ]ﬁI(F) — C discretized on Hy, x Hy,.

As discovered by Buffa and Christiansen [7], when Raviart-Thomas boundary elements are
used to build Hy, the same type of elements on a dual mesh can provide suitable spaces Hy,.
For details we refer to [7, 1].
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