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Abstract

In this paper we review, analyse and discuss several boundary integral formula-
tions for a stable solution of exterior boundary value and transmission problems for
the Helmholtz equation. Based on the characterisation of spurious modes, which cor-
respond to eigensolutions of the interior Laplace equation, direct, indirect, combined
and regularised boundary integral equations are considered for the solution of the
exterior Dirichlet boundary value problem. In addition to established approaches,
such as Burton/Miller, Brakhage/Werner, or the CHIEF method, we also include a
discussion of more recent results which can be applied also in the more general case
of Lipschitz domains. For a stable boundary integral formulation for the solution of
transmission problems, we rely on the use of both boundary integral equations of the
direct approach, and on suitable linear combinations. Here we restrict ourselves to
single trace formulations, including the rather standard Steklov—Poincaré operator
formulation. This contribution reviews the mathematical analysis of stable boundary
integral formulations for the solution of Helmholtz boundary value and transmission
problems, and it will provide a foundation for the error and stability analysis of
related Galerkin boundary element methods.

1 Introduction

Boundary integral equation methods and related boundary element methods are well es-
tablished tools for the solution of direct and inverse acoustic and electromagnetic scattering
problems. But there is a variety of several boundary integral formulations around, e.g.,
direct or indirect approaches, and first or second kind Fredholm integral equations, just
to name a few. Moreover, although exterior boundary value problems for the Helmholtz
equation admit, due to the imposed radiation condition, unique solutions, a naive use of
boundary integral equations may result in formulations, which may neither be solvable, or



the solution may not be unique. These so—called spurious modes are related to eigensolu-
tions of the, in the case of acoustics, interior Laplace equation. Stable boundary integral
formulations, which are robust for all wave numbers, are based on complex linear combina-
tions of the standard boundary integral equations, e.g., the direct approach of Burton and
Miller [5], the indirect formulation of Brakhage and Werner [2], or the combined Helmholtz
integral equation formulation of Schenck [25]. While in most cases the classical analysis,
either in spaces of continuous or Holder continuous functions, or for square integrable func-
tions, relies on the compactness of certain boundary integral operators, sufficient smooth
surfaces had to be assumed. More recent work, see, e.g. [3, 4, 10, 11], on regularised
combined boundary integral equations also allow the consideration of Lipschitz surfaces.
While the focus of this contribution is on the formulation of boundary integral equations
which are stable for all wave numbers, we do not analyse the behaviour of solutions in the
high—frequency regime, see [6] for the related state of the art. In addition to exterior bound-
ary value problems we also consider the formulation of stable boundary integral equations
for the solution of transmission problems, see, e.g., [14], by appropriate combinations of
boundary integral equations for both the interior and exterior subproblem. The resulting
formulations can be classified into single and multiple trace formulations [7, 23], which
also include the minimal coupling formulation of Mitzner [18]. Probably more common,
and similar to the Laplace case, is the Steklov—Poincaré operator formulation which is
based on the solution of local Dirichlet boundary value problems to enhance the Neumann
transmission condition.

In this paper we aim to present a unified approach to the analysis of boundary integral
equations for the solution of acoustic boundary value and transmission problems. In Sect. 2
we recall the definition and we summarise the mapping properties of all boundary integral
operators under consideration. A particular focus is on the characterisation of the kernels,
and their relations with eigensolutions of the interior Laplace equation. Stable boundary
integral formulations for the solution of the exterior Dirichlet boundary value problem are
considered in Sect. 3. We start with the direct approach, where the standard boundary
integral equations turn out to be solvable for all wave numbers, but the solution may not
be unique. If the eigensolution is known, an appropriate orthogonality condition results in
a stabilised variational formulation. Otherwise one may consider the evaluation of the in-
terior representation formula to describe the unique solution of the exterior problem, what
is known as combined Helmholtz integral equation formulation (CHIEF). Next, complex
linear combinations of both boundary integral equations of the direct approach are con-
sidered, which correspond to the method of Burton and Miller which originally considered
the exterior Neumann boundary value problem. Finally we consider the boundary integral
equation system of the exterior Calderon projector which turns out to be injective in the
unknown Neumann datum. In fact, the symmetric representation of the exterior Steklov—
Poincaré operator is well defined for all wave numbers. In addition to direct formulations
we also discuss the use of indirect methods, and several complex linear combinations such
as the approach of Brakhage and Werner, and regularised boundary integral equations
which are applicable also in the case of Lipschitz surfaces. In Sect. 4 we consider the so-
lution of free—space transmission problems, as a model problem we consider the scattering



at an interface between two media of different density. It turns out that in total four
boundary integral equations and two transmission conditions can be used to determine the
four unknown Cauchy data of the direct approach. The elimination of the Cauchy data
of the exterior problem results in single trace formulations, while the elimination of the
local Neumann data results in Steklov—Poincaré operator formulations, as known from the
Laplace equation. Finally we discuss certain combined formulations including the minimal
coupling formulation of Mitzner. We do not discuss multiple trace formulations, for this
we refer to [7].

This review may provide a foundation for the error and stability analysis of Galerkin
boundary element methods, and for the construction and analysis of preconditioned it-
erative solution procedures for an efficient solution of boundary value and transmission
problems for the Helmholtz equation with moderate wave numbers. However, almost all
approaches and methodologies as presented here can be carried over to the case of elec-
tromagnetic scattering problems, to the coupling with different physical fields, and for a
stable coupling of finite and boundary element methods.

2 Boundary integral equations

For a bounded Lipschitz domain 2 C R? and for a wave number x € R we consider either
the interior Helmholtz equation

—Au(x) — K*u(z) =0 forx € Q, (2.1)
or the exterior Helmholtz problem
—Au(z) — k*u(z) =0 forx € Q° :=R*\Q, (2.2)

where for the exterior problem we have to include the Sommerfeld radiation condition

2

0 ds, =0, (2.3)

u
on,

lim
T—>00

(r) —irku(x)

|z|=r

and n, is the exterior normal vector. Recall [8, Remark 3.4] that any solution u of the
Helmholtz equation (2.2) satisfying the radiation condition (2.3) automatically satisfies

w(z) = O (%) as || = oo.

In addition we consider boundary or transmission conditions on I' = 0{).
In the direct approach, any solution of the interior Helmholtz equation (2.1) is given
by the representation formula

. 0 J .
u(z) —AUn(x,y)a—%u(y)dsy—Aa—%Un(:c,y)u(y)dsy for x € Q, (2.4)

3



where the Helmholtz fundamental solution is given by

1 eiﬁ‘x_y‘
U: =
n(xvy) Ar |~T_y‘

In the representation formula (2.4) we have used the single layer potential
(Vow)(z) = / Ul (z,y)w(y)ds, forz € R\T, V. HY2(I) - HY(Q),
r
and the double layer potential
/ —U(z,y)v(y)ds, forx € R\T, W, : H/*T) - H'(Q).

By definition, both the single and double layer potentials are solutions of the interior and
exterior Helmholtz equation, i.e. for z € R3\I" we have

A(V,w)(z) + 2(Vaw)(z) =0, A(W)(z) + &2(We)(z) = 0.

For the interior and exterior Dirichlet traces of the single layer potential V,.w we find
Wt (Vew) (z) = 7§ (View) () = / Us(z,y)w(y)dsy = (Vaw)(z) forz el
r

where V,, := 7V, : H=Y2(T') — HY?(T) is the single layer boundary integral operator.
For the interior and exterior Neumann traces of the single layer potential V,w we obtain,
in the sense of H~'/2(I'), i.e. for all v € HY?(I),
int{, 1 ! ext Y/ 1 /
(" Vew, v)r = (§w + K,w,v)r, (5WVew,v)r = <—§w + K, w,v)r. (2.5)

Here, K : H-Y/?(I') — H~Y/*(I) is the adjoint double layer boundary integral operator

:/FaixU:(x,y)w(y)dsy forx eT.

In particular, from (2.5) we conclude the jump relation of the normal derivative of the
single layer potential Vi w, i.e.

[’th]\p —fleVw fyinti——w in H- 1/2(11)

For the interior and exterior Dirichlet traces of the double layer potential W, v we find for
almost all x € T’

W W)a) = —so(@) + (K@), 25 (Wa)(@) = o) + (Ka)o),  (26)



where K, : H'/?(T') — H'Y?(I) is the double layer boundary integral operator

/ —U}(x,y)v(y)ds, forzel.

From (2.6) we now conclude the jump relation of the double layer potential Wy, i.e.
[YoW,op := A5 (W) (z) — g (Wev)(x) = v(x) forz €T.

Finally, the interior and exterior Neumann traces of the double layer potential W, v define
the hypersingular boundary integral operator D, : H'/?(T') — H~'/*(T),

(Dyv)(x) = 8% O—nyU* Ju(y)ds, forxzel.

By using integration by parts we obtain a representation of the hypersingular boundary
integral operator D, which involves tangential rather than normal derivatives [16, 18], i.e
for z € I" we have

(D)) == [ [ (e x V.U w0)) - (my % Vol)) + 20 - m) U o) s, (27

Note that n, x Vu(y), y € I', describes the surface curl of a function given on the boundary.
By considering the weak form of the relation (2.7), and using once again integration by
parts, the bilinear form of the hypersingular boundary integral operator D, can be written
as [19]

elrlz— yl
(Dyu,v)p = / ny X Vu(y)) : (nm X Vv(:z:)) dsyds,
r

F|$—y|

eihlz—yl
u(y)v(x) (ny - ng) ds,ds,.
et () s

From the representation formula (2.4) to describe solutions of the interior Helmholtz equa-
tion (2.1) we find, by considering the interior Dirichlet and Neumann traces of the single
and double layer potentials, the system of boundary integral equations

<ZL>:<%[1§HKR %IKHK;)(;L):C(?> onT. (2.8)

Note that we have used t(z) := %u(:c), r € I'. From the projection property C = C? of

the interior Calderon operator C as defined in (2.8) we find, as in the case of the Laplace
equation [26], the well known relations [5]

1
K.V.=V.K., V.D.= ZI — K2 (2.9)



The mapping properties of all boundary integral operators as introduced above are well
established, see, e.g., [8, 9, 13, 17, 20, 24, 26]. In particular, the single layer boundary
integral operator V, : H=Y/2(T") — H/?(T) is coercive satisfying

(Vi + Cv)w,w)r = (Vw,w)p > ¢f |w]|?-1)2 for all w € H~Y*(T) (2.10)

)

where Cy ==V — V,, : H-Y*(T") — HY*(T') is compact, and V = Vj is the Laplace single
layer boundary integral operator which is H~'/?(T")-elliptic. Moreover, for t,7 € H~'/?(T)
we obtain

Vit 7)r = /(Vt)() Yds, = — //le?j: (y)ds, 7(z) ds,

- i) [ T e wdseds, = [ 0w ds, = Ve

-y

Finally, for x € R we find that, see, e.g., [10, Lemma 3.1],
S(Ver,7)r) >0 forall T e H’I/Q(F).

Analoguesly, the hypersingular boundary integral operator D, : HY/2(T') — H~Y2(T) is
coercive satisfying

((Dx + Cp)v,v)r = <5v,v>p > cf)||v||§{1/2(r) for all v € Hl/Q(F)

where Cpp == D — D, : HY2(T') — H=Y%(T") is compact, and D is the stabilised Laplace
hypersingular boundary integral operator defined as [21]

(Du, v)p := (Do, v\ + (u, V") (v, V-11)  for u,v € HY*(I). (2.11)
Moreover, 11 — K, : H'/*(I') — H'/*(T") is coercive satisfying

1 1

(G = Ke) + Clo,v)y=r = (G = K)o, v}y = (1= exe) [olfy (2.12)
for all v € HY/2(T') where Cx = K, — K : HY?(T') — HY*(T") is compact and K = K
is the Laplace double layer boundary integral operator. Note that in (2.12) we have used

the contraction property of the Laplace double layer boundary integral operator %[ + K :
HY2(T) — HY2(T), see [28],

1
||(§I+ KW|ly-1 < cg ||lvlly-1 forallv € HYA(T), cx < 1.
In a similar way we conclude that 11 — K, : H-'/2(T') — H~V*(T") is coercive, i.e.

(GI~ K+ Clrrhy = (I~ Kymry 2 A=) [l (213)



for all 7 € H=Y/2(T') where Cgs := K!. — K' : H~Y*(T') — H~'/2(T") is compact. Moreover,
as for the single layer boundary integral operator V,, we conclude

(Ko, 7) = (v, K" 7)p forallve HYX(I),r € HY*T).

Since all boundary integral operators are coercive, we can apply Fredholm’s alternative
to investigate the unique solvability of boundary integral equations which are related to
certain transmission and boundary value problems for the Helmholtz equation. It remains
to consider the injectivity of the involved boundary integral operators. This is related to
interior eigenvalue problems of the Laplace operator.

The next two results are direct consequences of the boundary integral equations (2.8)
which hold for any solution of the interior Helmholtz equation.

Proposition 2.1 Let (A\,uy) € R x HY(2), A > 0, be a solution of the interior Dirichlet
eigenvalue problem

—Auy(z) = dup(z) forz e, ux(z)=0 forzel. (2.14)

For k= £V X € R and ty :=n, - Vuy € H'/*(I") we then conclude for x € T

1
(Vity)(z) =0, (51 — K))ty(z) = 0. (2.15)
In particular, the single layer boundary integral operator V, and the adjoint double layer
boundary integral operator %I — K! are not injective if x* corresponds to an eigenvalue \
of the interior Dirichlet eigenvalue problem (2.14).

Proposition 2.2 Let (y1,u,) € R x HY(Q), u >0, be a solution of the interior Neumann
eigenvalue problem

0

—Auy,(x) = puy(z) forzeQ, t,(z):= %uu(x) =0 forxel. (2.16)
For k := £,/ € R we then conclude for x € '
1
(=1 + K,)u,(z) =0, (Dyu,)(z)=0. (2.17)

2

Hence, the hypersingular boundary integral operator D, and the double layer boundary
integral operator %[ + K, are not injective if x? corresponds to an eigenvalue p of the
interior Neumann eigenvalue problem (2.16).

To characterise the null spaces of all boundary integral operators as discussed above
we need to analyse the equivalence of the boundary integral operator eigenvalue problems
(2.15) and (2.17) with the eigenvalue problems (2.14) and (2.16). This has to be done in
several steps, first we consider the single layer boundary integral operator V.



Proposition 2.3 Let (k,t) € Rx HY2(T') be an eigensolution of the single layer boundary
integral operator eigenvalue problem Vit = 0. Then,

Ni= k2, up(x) = /U:(x,y)t(y)dsy forz e Q
r

defines an eigensolution of the interior Dirichlet eigenvalue problem (2.14).

Proof. Since u, is defined as a single layer potential, by definition, u, is a solution of the
interior Helmholtz equation, i.e.

—Auy(x) — K*uy(z) =0 forz € Q.

Moreover,
ux(z) = /U:(x,y)t(y)dsy = (Vit)(x) =0 forz el.
r

Hence, u, is a solution of the interior Dirichlet eigenvalue problem (2.14). n

Remark 2.1 In addition to real eigenvalues k € R there also exist complex solutions k € C
of the single layer boundary integral operator eigenvalue problem Vit = 0 which correspond
to the scattering poles, and where the associated single layer potential is zero inside . For
an approximate solution of the single layer boundary integral operator eigenvalue problem
Vit =0 by using boundary element methods, see, e.g., [27, 32].

Corollary 2.4 Since any eigensolution (k,t) € R x H™Y/2(T") of the single layer boundary
integral operator eigenvalue problem Vit = 0 induces an eigensolution (\,uy) € R x H(2)
of the interior Dirichlet eigenvalue problem (2.14), Proposition 2.1 implies (%[ — K\t =0.

A similar result as given in Proposition 2.3 for the single layer boundary integral operator
V.. also holds for the hypersingular boundary integral operator D,.

Proposition 2.5 Let (k,u) € Rx HY?(T') be an eigensolution of the hypersingular bound-
ary integral operator eigenvalue problem Di,u = 0. Then,

0 .
o=k () = — / %Uﬁ(sc,y)u(y)dsy forz e Q
r Y

defines an eigensolution of the interior Neumann eigenvalue problem (2.16). Moreover, we
also have (31 + K,)u = 0.

More involved is the consideration of the adjoint double layer boundary integral operator
eigenvalue problem (11 — K)t = 0.



Lemma 2.6 Let (k,t) € Rx H~Y2(T') be an eigensolution of the adjoint boundary integral
operator eigenvalue problem (%I — K[t =0. Then,

M=k uy(w) = /U:(x,y)t(y)dsy forx € Q)
r

defines an eigensolution of the interior Dirichlet eigenvalue problem (2.14), and we also
have V.t = 0.

Proof. By definition, u, is a solution of the interior Helmholtz equation. For the Dirichlet

trace of uy we obtain
ux(z) = (Vit)(z) forx €T,

and therefore, by using (2.9),

(51— Fou(x) = (51— K (Vi) () = V(51 — KLi(x) =0 fora €T

follows. On the other hand, by considering the Neumann trace of u) we obtain

8imu)\(x) = (%I + K )t(x) = t(x) — (%I — K))t(x) =t(x) forzeTl,

and by using the second boundary integral equation of (2.8)

(D)) = (31— K{)i(x) =0 forz e T

follows. Since w) implies a solution of the Neumann eigenvalue problem (2.16), see Propo-
sition 2.5, we further conclude, by using Proposition 2.2, that

1
(51 + K )ux(z) =0 forx el

and therefore
ur(x) = (Vit)(z) =0 forz el

follows. u

By using Proposition 2.1, Corollary 2.4, and Lemma 2.6, we finally conclude

1
kerV, = ker(al—K;) (2.18)

0
= {a—u,\ € H_l/Z(T) - —Auy = K2uyinQ, uy = 00111"} )
n

A similar result as given for the adjoint double layer integral operator %[ — K] in Lemma
2.6 also holds for the double layer boundary integral operator %[ + K.



Lemma 2.7 Let (k,u) € R x HY2(T') be an eigensolution of the double layer boundary
integral operator eigenvalue problem (%I + K.)u =0. Then,

p= K2, / O—nyU* Ju(y)ds, forx € Q

defines an eigensolution of the interior Neumann eigenvalue problem (2.16), and we have
D.u = 0. Moreover,
1 1/2 . A 2 in O 0
kerD, = ker(ﬁl—i-K,{) = quur € H/*(I') : =Au, = k"uy, in By U =0onl}.

From Propositions 2.1 and 2.2 we conclude that the solution of the interior Helmholtz

equation (2.1) with either Dirichlet or Neumann boundary conditions is not unique when

k2 corresponds to either a Dirichlet or a Neumann eigenvalue, respectively. Note that

in these cases one has to assume certain solvability conditions to ensure existence of a
solution. But when considering the interior Helmholtz equation (2.1) with a Robin type
boundary condition this admits a unique solution for all wave numbers.

Theorem 2.8 Let Q C R3 be a bounded Lipschitz domain, and let k € R. Let f € H™(R)
and g € H™V%(T) be given. Then there exists a unique solution of the interior Robin
boundary value problem, n € R, n # 0,

—Au(z) — k*u(z) = f(z) forz €, ainmu(:c) —inu(z) = g(z) forxzel. (2.19)

Proof. The variational formulation of the Robin boundary value problem (2.19) is to
find u € H'(Q2) such that

/QVu(a:)-Vv(:c)d:c—/<;2/Qu(:c) (x )dx—in/ u(z)v(z)ds,

= [ 1@+ [ gajotads,

is satisfied for all v € H'(2). Since the bilinear form

a(u,v) == /QVu(x) - Vo(z)dr — 52/u(x)@d:c — in/ru(x)@dsx

Q

is bounded for all u,v € H*(€2), and since it satisfies a Garding inequality, i.e.
R(a(v,v)) = / |Vou(z)2dx +/ lv(z)|2dr — (14 &? / |v(x)|*dx
= HUHHl(Q c(v,v) for allv € H'(Q

with a compact bilinear form ¢(+, ), it remains to prove injectivity.

10



Let w € HY(Q) be a solution of the homogeneous Robin boundary value problem

~Aw(z) — K*w(r) =0 forx € Q, w(z) —inw(x) =0 forx eT.

g
Then we have

/QVw(az) - Vo(r)dz — K /Q w(x)v(z)dr — in/w(x)v(:c)dsx =0

r

for all v € H'(Q). In particular for v = w this gives

[ vl — et [ po@lde—in [ ks, <o

and by considering the imaginary part

[ wt@)as, =0

follows due to Kk € R. Hence we conclude w = 0 and %w = (0 on I' and therefore w = 0 in
) follows when considering the representation formula (2.4). |

Remark 2.2 The unique solvability of the interior Robin boundary value problem (2.19)
and the proof as presented are the essential tools to ensure unique solvability of combined
boundary integral equations as to be discussed in the subsequent sections. Obuviously, the
proof of Theorem 2.8 remains true when considering complex wave numbers k € C when as-
suming 1 > 0 for Re(k) - (k) > 0 and n < 0 for
R(k) - (k) < 0. Moreover, we may replace the Robin boundary condition in (2.19) by
the regularised boundary condition

aim“@) —in(Bu)(z) = g(x) forzeT

where B : HY2(T') — H~Y%(T') is some self-adjoint and H'?(T')-elliptic operator such
that
(Bw,w)r >0 for allw € HY*(I).

As for the interior Helmholtz equation (2.1) we can describe the solution of the exterior
Helmholtz problem (2.2), and satisfying the radiation condition (2.3), by the representation
formula

u(z) = /U*(x y)t(y)ds, + /—U* z,y)u(y)ds, forx e Q. (2.20)

By considering the exterior Dirichlet and Neumann traces of the representation formula
(2.20) we obtain the related system of boundary integral equations

(1)=( 05 ) (7)) 2

11



In addition, by applying Green’s formula with respect to the interior domain €2, this gives

/U*(x y)t(y)ds, + / — U (z,y)u(y)ds, =0 forz e (2.22)

for the solution of the exterior Helmholtz equation.

Recall that the exterior Helmholtz problem (2.2) with either Dirichlet or Neumann
boundary conditions admits in all cases, due to the Sommerfeld radiation condition (2.3),
a unique solution.

3 Exterior Dirichlet boundary value problem

As a model problem we consider the exterior Dirichlet boundary value problem
—Au(z) — K*u(r) =0 forz € Q°, wu(x)=g(xr) forzeTl, (3.1)

and satisfying the Sommerfeld radiation condition (2.3).

In what follows we will review and discuss different direct and indirect formulations of
boundary integral equations to describe solutions of the exterior Dirichlet boundary value
problem (3.1).

Note that the exterior Dirichlet boundary value problem (3.1) serves as a model prob-
lem, all further considerations can be done analoguesly when considering either an exterior
Neumann or Robin boundary value problem.

3.1 Direct boundary integral equations

In the direct approach, the solution of the exterior Dirichlet boundary value problem (3.1)
is given by the representation formula (2.20),

u(x) = /U*(x Y)t(y)ds, + /—U* )g(y)ds, forx € Q°.

Hence it remains to find the yet unknown Neumann datum ¢ € H~"?(I') as the solution
of one of the boundary integral equations as given in (2.21). In fact, we can use either the
first kind boundary integral equation

1
(Vit)(x) = (—51 + K,)g(x) forzel, (3.2)
or the second kind boundary integral equation
1
(51 + K )t(x) = —(Dyg)(z) forzel. (3.3)

To investigate the unique solvability of the boundary integral equation (3.2) we first com-
bine the results on coercivity and injectivity of the single layer boundary integral operator
V.

12



Corollary 3.1 The single layer boundary integral operator V,, : H='/?(T') — HY?(T) is
coercive and satisfies the Garding inequality (2.10). Moreover, if k* does not coincide with
an eigenvalue X of the interior Dirichlet eigenvalue problem (2.14), then Vi, is also injective,
and the boundary integral equation (3.2) admits, for any g € HY*(T), a unique solution
t € H-Y2(T) satisfying the variational problem

1
(Vit, T)r = <(—§1 + K.)g, ) for allT € HY3(T).

Although the single layer boundary integral operator V. is not injective when A\ = x? is

an eigenvalue of the interior Dirichlet eigenvalue problem (2.14), the boundary integral
equation (3.2) of the direct approach is solvable. By the closed range theorem we have
Im V,, = (ker V_,.)? where the polar space is given as

(ker V)" == {v € H'*() : (v,t)r = 0 for all ¢, € ker V_,.} .

By using ker V,, = ker (31 — K},) for all k € R, see (2.18), we obtain for the right hand side
of the boundary integral equation (3.2)

1 1
<(_§I + K/@)gat)\>f‘ = _<gv (51 - KLH)tA>F = O’

and therefore (—%[ + K,)g € ImV, follows. In particular, the boundary integral equation
(3.2) of the direct approach is solvable, but the solution is not unique. Hence one needs to
introduce some suitable constraint for scaling.

A natural choice for doing so would be to require

te Hy*(0) == {we HVXD) : (Vw,t)r =0},

i.e. to select a solution which is orthogonal to the eigensolution ¢y, where the orthogonality
in H~1/2(T) is realized by using an inner product which is induced by the Laplace single
layer boundary integral operator V. Then we can consider an extended variational problem
to find t € H~'/%(T") such that

Vi, P+ (VE ) - (VT BT = <(—%1 b K)g P (3.4)

is satisfied for all 7 € H~'/2(T"). Since the bilinear form of the extended variational problem
(3.4) is coercive and injective, unique solvability follows.

Obviously, the extended variational problem (3.4) is only of practical interest, when
the eigensolution t, is known, which restricts the applicability of this approach.

Instead one may combine the boundary integral equation (3.2) with the interior repre-
sentation formula (2.22), see [25], i.e. we consider the problem to find ¢t € H~'/2(T") such
that

1
(Vit, )r = (=51 + Ki)g, 7)r forall7 € H=Y2(D), (3.5)

and
/U*(x y)t(y)ds, = /—U* )9(y)ds, for all z € €. (3.6)

13



Lemma 3.2 For all wave numbers k € R there exists a unique solution t € HY/?(T") of
the boundary integral formulation (3.5) which also satisfies (3.6).

2 is not

Proof. Since the variational formulation (3.5) admits a unique solution when &
an eigenvalue of the interior Dirichlet eigenvalue problem (2.14), it is sufficient to consider
the remaining case only. If A = x? is an eigenvalue of the interior Dirichlet problem (2.14),
the variational problem (3.5) is solvable, but the solution is not unique.

Let t; € HY2(I"), i = 1,2, denote two solutions of the system (3.5) and (3.6), i.e
Viti = (—%IJFK,@)g onl, /U*(x Y)ti(y)ds, = /—U* z,y)g(y)ds, in €.
For the difference tq := t; — to we therefore conclude
Vito=0 onl, /FU:(x, Y)to(y)ds, =0 in €L
From the first equation we find ¢y = aty, a € R, while the second one gives
0= a/ Ui(z,y)t\(y)ds, = auy(z) for allz € Q,
r

and hence, a = 0 follows, i.e. t; = ts. [ ]

The discretisation of the coupled formulation (3.5) and (3.6) by using either a collocation
or Galerkin scheme for (3.5), and choosing a finite set of interior nodes for (3.6), results
in an overdetermined system of linear equations to be solved. This approach is known as
Combined Helmholtz Integral Equation Formulation (CHIEF) [25], see also [1] for a further
discussion.

In any case, the boundary integral equation (3.2) admits a unique solution
t € HY%T) when x? is not an eigenvalue of the Dirichlet eigenvalue problem (2.14),
or a unique solution t € H, 1/2 (T') when \ = x? is an eigenvalue of the Dirichlet eigenvalue
problem (2.14). In the latter case, the general solution of the boundary integral equation
(3.2) is given by
(%I —K.)g+aty, a€R,
where the application of V.71 acts between appropriate factor spaces. When using, in ad-
dition, the second boundary integral equation as given by the exterior Calderon projection
(2.21), this gives

t=-V "

1
t = —Dﬁg+(§I—K;)t
1 1
= —Dug+ (G — K| = Vi (GT — Kug +at

1 1 1
= —|Dut (GI =KDV GI - KR)]g a5 - Kt = =S,

14



i.e. the symmetric representation of the exterior Steklov—Poincaré operator

1 1
St = D, + (él—K;)VH_l(QI—KH), (3.7)
which is related to the exterior Dirichlet boundary value problem, and which is well defined
for all wave numbers x € R. Note that the non—symmetric representation

S = v,;l(%z _ K, (3.9)
is not well defined when A = k? is an eigenvalue of the Dirichlet eigenvalue problem (2.14).
However, superpositions V.S and (37 — K},)S2* are well defined for all wave numbers
k € R also for the non—symmetric representation (3.8).

Instead of the first kind boundary integral equation (3.2) we may also use the second
kind boundary integral equation (3.3) to describe the solution of the exterior Dirichlet
boundary value problem (3.1). To investigate the unique solvability of the boundary in-
tegral equation (3.3) we first recall that the boundary integral operator $1 + K, is not
injective when %I + K, is not injective, and vice versa. Moreover, it is possible to char-
acterise the null space of 11 + K. As a motivation we first recall the situation when
considering the Laplace equation.

Remark 3.1 In the case of the Laplace equation we have (%[ + K)ug = 0 for ug = 1.
Since the Laplace single layer boundary integral operator V' is bijective, this implies

1 1 1
V*1(§[ + K)ug = (51 + K"V = (51 + K')tey = 0,
where to, = V" ug is the natural density.

The relation as just described for the Laplace equation can be generalised to the case when
considering the Helmholtz equation.

Lemma 3.3 Let u = x> be an eigenvalue of the Neumann eigenvalue problem (2.16). Any
eigensolution u, € ker(iI + K,.) implies an eigensolution t, € ker (31 4+ K}), and vice
versa. In particular, there holds the relation u, = Vit,.

Proof. Lett € ker (31 + K), i.e. (31 + K)t = 0. Define v = V.t which turns out
to be non-trivial. Indeed, in the case u = 0, Vit = 0 implies, by using Corollary 2.4,
(31 — K)t = 0, and therefore ¢ = 0 follows. Hence we have that u = V¢ is non-trivial
satisfying, by using (2.9),
1 1 1
(51 + K )u = (51 + K,)Vit = VK(§I + K/t =0.

Vice versa, let u € ker (31 + K,), i.e. (31 4+ K,)u = 0. It remains to prove that there
exists a t € H™'/2(I") satisfying Vit = u. This is trivial when V is injective. In this case
we further conclude

1 1 1

15



and therefore 1
I+ K)t=0, t=V 1lu.
(2 K K

In the case that V, is not injective, let t, € ker V,, = ker (%I — K’ ). From

1 1
(us ta)r = (G + Keu, e + (u, (G1 = KL )ta)r =0
we conclude, by the closed range theorem, v € Im V.. Hence there exists a unique solution
t € H=Y/2(I) satisfying
Vit =u, (Vit,t))r =0 forallty € kerV,.

Moreover, again by using (2.9), we obtain

1 1 1
0= (51 + Kou= (51 + KVt = Va5 T + Kt

In the case (31 + K})t = aty € ker V,, for some o € R we further conclude
t=aty + (%I — K))t,
which obviously is satisfied for ¢ = at,. The orthogonality
(Vt, ty)r = a(Vity, tar =0

gives a = 0, and finally we obtain

1

Now we are in a position to investigate the unique solvability of the second kind boundary
integral equation (3.3). Since the boundary integral operator %[ + K| may not be injective,
in particular when p = k? is an eigenvalue of the interior Neumann eigenvalue problem
(2.16), we introduce the polar space

1 0 1
<ker (51 + K,R)) = {w € HV2(T) : (w,u,)r for all u, € ker (51' + K,i)} )

and by the closed range theorem we have

1 1 0
I (51 + &) = (ker (1 + K,H)) .

Indeed, for u, € ker (11 + K_,)) = ker D_,; we have
(Dwg,up)r = (g, D_u,)r =0,

and therefore, D,,g € Im (174 K7). In fact, the boundary integral equation (3.3) is solvable,
but the solution may not be unique. Since 31+ K}, : H~*/*(I') — H~Y/?(T) is coercive and
satisfies a Garding inequality similar to (2.13), we can formulate the following result.

16



Corollary 3.4 If k? does not coincide with an eigenvalue p of the interior Neumann
eigenvalue problem (2.16), then %I + K. is injective, and the boundary integral equation
(8.3) admits, for any g € HY*(T'), a unique solution t € H=Y*(T'). Moreover, if u = k*
is an eigenvalue of the interior Neumann eigenvalue problem (2.16), the boundary integral
equation (3.3) is solvable, but the solution is only unique up to eigensolutions ty € ker(%IﬂL
K!).

When the solution of the boundary integral equation (3.3) is not unique, we may proceed
as in the previous case of the boundary integral equation (3.2) to introduce an appropriate
scaling condition. In the case that the eigensolutions of the Neumann eigenvalue problem
(2.16) are known, we can define a suitable factor space. In the other case, as in the CHIEF
method, we may use the interior representation formula (2.22) for scaling.

Although both boundary integral equations (3.2) and (3.3) are solvable for all wave
numbers x € R, the solutions are not unique when 2 corresponds either to a Dirichlet or
to a Neumann eigenvalue of the interior Laplace equation. Even when the Dirichlet and
Neumann eigenvalues coincide, the underlying eigensolutions of the single layer boundary
integral operator V, and of the adjoint double layer boundary integral operator %[ + K.
are different in general. This motivates to use suitable linear combinations of the boundary
integral equations (3.2) and (3.3) to derive combined boundary integral equations which
admit unique solutions for all wave numbers.

Following the approach of Burton and Miller [5] in the case of an exterior Neumann
boundary value problem, in the case of the exterior Dirichlet boundary value problem (3.1)
a complex linear combination of the boundary integral equations (3.2) and (3.3) results in
the combined boundary integral equation, n € R, n # 0,

(57 + Kl inVi)ix) = (= Dutin(~31 + K))gla) forzel.  (39)

Lemma 3.5 The boundary integral operator 11 + K/, + inV,, : H™V*(T) — H~Y*(T),
n € R, n#0, is bounded, coercive and injective. Hence, for any g € H'/*(T'), there exists
a unique solution t € H=Y2(T') of the boundary integral equation (3.9).

Proof.  The boundedness of i1 + K| + inV,, : HV/*(T) — H Y*(T) follows from
I+ K,: HYT) - HY*T) and V,, : HV3T) — HY*(T) ¢ HY*I). Since
K! — K'+inV, : HY*(T") — H~Y2(T) is compact, Géardings inequality follows.

To prove injectivity, let w € H~/2(T") be a solution of the homogeneous equation

1
<§I+ K/ +z’nVH)w(x) =0 forzxel.

Define
u(z) = / Ui(xz,y)w(y)ds, forx e Q,
r

which is a solution of the interior Helmholtz equation. Moreover,

8i$u(x) +inu(z) = (%I + K w(x) +in(Vow)(z) =0 forx €.
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In particular we conclude that u is a solution of the homogeneous interior Robin boundary
value problem

Au(r) + k*u(z) =0 forx € Q, 0 u(z) +inu(x) =0 forz eT.

ong,
By using Theorem 2.8 we conclude u = 0 in €2. Then,
1
(Vew)(z) =0, (51 + K )w(z) =0 forxz eTl.

Since w is an eigensolution of the single layer boundary integral operator V., we conclude,

by using Corollary 2.4,

1
(51 — K)w(z)=0 forzel,

and therefore w = 0 follows. [ |

Remark 3.2 Instead of the exterior Dirichlet boundary value problem (3.1), Burton and
Miller [5] have considered the exterior Neumann boundary value problem

0 u(z) =0 forzel

A 2(z) = 0
u(z) + k*u(x) =0  forx € QF, o

and the radiation condition (2.3), where the total field u = u; + us is decomposed into a
giwen incoming field u;, and an unknown scattered field us. The total field satisfies the
modified representation formula for x € Q°

) = i) + | {u(y)a%vzu,y) . U,i:(x,y)a%u@)} ds.  (3.10)

From (3.10) one may conclude either the second kind boundary integral equation

(%I — K u(x) = wi(z) forzel, (3.11)

or the hypersingular boundary integral equation

0

(Do)(x) = -

wi(z)ds, forx el (3.12)

which are not uniquely solvable when k? corresponds either to a Dirichlet eigenvalue X or
to a Neumann eigenvalue u, respectively. Hence, Burton and Miller proposed to consider a
complex linear combination of the boundary integral equations (3.11) and (3.12), for a € C
with S(a) # 0,

(%I — K.+ aDK) u(r) = () + « 0 ui(z) forxel. (3.13)

On,
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While in [5] Burton and Miller discussed the uniqueness of the solution of the combined
boundary integral equation (3.13) only, they did not comment on an appropriate functional
analytic setting. In the case of a smooth surface, T.—C. Lin [15] gives a rigorous proof on
the existence and uniqueness of the solution of (3.13) in Hélder spaces.

Although the alternative representation (2.7) of the hypersingular integral operator D,
was already given in [5], this was not used for discretisation. Instead, using (2.9), a
reqularised version of (3.13) was derived, i.e.

1 1 ) 0
V(él—Kﬁ+a[DH—D])u+a(ZI—K)u—V(ui+aa—nmui).

Instead of a complex linear combination of the boundary integral equations (3.2) and (3.3)
we may also consider a system of both equations to derive a stable boundary integral
formulation of the exterior Dirichlet boundary value problem (3.1). The boundary integral
equations of the exterior Calderon projection (2.21) can be written as

1 1
u = (51 + K u—Vit=g, Dyu+ (51 + Kt =0.

Hence we need to find (u,t) € HY?(I') x H~'/2(T") such that

(el 0 (0)-(5) 10

Note that our main interest is in the determination of the unknown Neumann datum ¢,
while u = ¢ is given by the Dirichlet boundary condition.

Lemma 3.6 The boundary integral operator as considered in (3.14) is injective in t. In
particular, the homogeneous system

1 1
Vit — (51 + K.)u=0, Dyu+ (51 + K )t=0

implies t = 0 for all wave numbers k.

Proof. Let (u,t) € HY?(T') x H~'/%(T) be a solution of the homogeneous system
1 1
Vit — (§I+Kﬁ)u:0, Dmu+(§I+K;)t:0.

When applying the hypersingular boundary integral operator D, to the weakly singular
boundary integral equation, and using (2.9), this gives

1
0 = DVt = Du(GI + Kou

1 1 1
1 1 1 1 1
= (51 + K;)(§I — K\t + (51 + K;)(§I + Kt = (51 + K))t,
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and therefore,

1
(31 +K)t=0, Du=0.

In the same way, when applying the single layer boundary integral operator V, to the
hypersingular boundary integral operator, we have

1
0 = VﬁDﬁu+VH(§I+K;)t

1 1 1
1 1 1 1 1
= (I + Kzl —K)u+ (=1 + K, (=] + Ky)u= (=] + K,)u,
2 2 2 2 2
and therefore,
1
(51 + K )u=0, Vit=0.
The latter also implies
1
—I—-K)t=0
(2 I{) Y
and therefore, ¢ = 0 follows. [ ]

Note that Lemma 3.6 allows no statement concerning u. In particular, the remaining
equations

1
D=0, (GI+KJu=0

are both satisfied when p = x? is a Neumann eigenvalue.
Indeed, the first boundary integral equation in (3.14) is always solvable. When x? is
not a Neumann eigenvalue, the hypersingular boundary integral operator D, is bijective

and we obtain ]
u = —D;1(§I + Kt

If u = k? is a Neumann eigenvalue, the general solution is given by

1
where the application of D_! has to be considered between appropriate factor spaces, see
also the related discussion for the definition (3.8) of the exterior Steklov—Poincaré operator.
However, in both cases we conclude the Schur complement system

1 1
Tt:=|v, + (§I+KH)D;1(§I+K;)]t =g, (3.15)
where T}, : H=Y/2(T") — H'Y2(T') is also coercive, and bijective.

To avoid the use of the inverse hypersingular boundary integral operator D, between
appropriate factor spaces, in particular when ;. = x? is an eigenvalue of the interior Neu-
mann eigenvalue problem (2.16), we can modify the system (3.14) as follows. Since u = g
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is given due to the Dirichlet boundary condition, instead of (3.14) we now consider the
modified system, n € R,

D, + 2'775 %I + K. w\ _ inﬁg (3.16)
—(AI+K,) V. t —q '
where D is the stabilised Laplace hypersingular boundary integral operator as given in

(2.11). It turns out that D, +inD : H/?(T') — H~'/?(T") is invertible for all wave numbers
k € R, and hence, instead of (3.15) we may consider the modified Schur complement system

[VH + (%I + K, )(Dy + mf))l(%l + K;)]t (3.17)

1 .
= “7(5] + K.) (D, + inD)_ng —g.

Although both Schur complement systems (3.15) and (3.17) are unique solvable, the mod-
ified version allows a direct application of standard arguments to derive a stability and
error analysis of related boundary element methods.

3.2 Indirect boundary integral equations

Instead of the representation formula (2.20) of the direct approach one may also consider
an indirect approach to use single and double layer potentials to describe solutions of
the exterior Helmholtz equation (2.2), and satisfying the radiation condition (2.3). In
particular, one may use either the single layer potential ansatz

u(z) = /U:(x,y)w(y)dsy for x € Q°
r
or the double layer layer potential ansatz
/ —U;(x,y)v(y)ds, forz e Q.
By considering the Dirichlet boundary condition v = g on I' we conclude the boundary
integral equations to find w € H~/2(T") such that
(Vow)(x) = g(x) forxz el (3.18)

or to find v € HY?(T") such that

1
(51 + Ko)v(x) =g(z) forxeT. (3.19)
Although the boundary integral equation (3.18) of the indirect approach is similar to
the boundary integral equation (3.2) of the direct approach, statements on existence and

uniqueness of solutions are rather different, in particular when A\ = x? corresponds to
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an eigenvalue of the interior Dirichlet eigenvalue problem (2.14). In this case, V is not
injective, and g ¢ Im V, in general, i.e. the boundary integral equation (3.18) is not solvable
in this case. In all other cases, V is injective, and therefore (3.18) admits a unique solution
we HV4(T).

Analoguesly, the boundary integral equation (3.19) is in general not solvable when
u = k2 corresponds to an eigenvalue of the Neumann eigenvalue problem (2.16), and hence
the boundary integral operator %I + K, is not injective. In all other cases, the boundary
integral operator %I + K, is injective, and since it is also coercive, there exists a unique
solution v € HY2(T) of the boundary integral equation (3.19).

To obtain formulations of boundary integral equations which are uniquely solvable for
all wave numbers one may consider complex linear combinations of the boundary integral
equations (3.18) and (3.19).

As in [2], see also [22], we may consider a complex linear combination of the indirect
single and double layer potentials to describe a solution of the exterior Helmholtz equation
as

u(z) = /1/( )(aiy 277) Ui(x,y)ds, forxz e Q° (3.20)

and from the Dirichlet boundary condition v = g on I' we conclude the boundary integral
equation

1
(51 + K, — i'r;VH> v(iz) =g(x) forzel (3.21)
to be solved.

Lemma 3.7 The boundary integral operator 31 + K,, —inV,, : HY*(T') — HY*(D) is
bounded, coercive and injective. Hence, for any g € HY?(I), there exists a unique solution
v € HY(T') of the boundary integral equation (3.21).

Proof. From I+ K, : H/*(') — HY*(T'), V,,: HY*(I') ¢ H-Y*(T) — H'*(T') we first
conclude boundedness and coercivity.

To prove injectivity, let v € H'/2(T") be a solution of the homogeneous boundary integral
equation

1
(51 + K, — i'r;VH) v(iz) =0 forzel,

and we define

/ — U (z,y)v(y)ds, — z'n/ Ur(z,y)v(y)ds, forz e R*\T.
Ony " r

By construction, u is a solution of the exterior Dirichlet boundary value problem
~Au(z) — K*u(r) =0 forx €Q, wu(r)=0 forxecTl,

Since u satisfies the Sommerfeld radiation condition (2.3), u = 0 in € follows. On the
other hand, u is also a solution of the interior Helmholtz equation

—Au(z) — k*u(z) =0 forx € Q.
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For the interior Dirichlet trace of u© we further obtain

u(z) = (—%1 + K)w(z) — in(Va)(z) = —v(z) forz €T,

while for the interior Neumann trace of u we conclude

0 :
8n$u(:c) = —inv(z) forxz eT.

Note that we have used the relations of all boundary integral operators involved, and u = 0
in (2°. Hence we have 9

on.

Hence, u is a solution of the homogeneous interior Robin boundary value problem

u(z) =inu(z) forx eT.

—Au(r) — k*u(r) =0 forx € Q, u(z) —inu(zr) =0 forxz el

on,

By using Theorem 2.8, v = 0 in Q follows, and by the jump relation of the double layer
potential we finally conclude

v(z) = ujge() —uy)(r) =0 forz el

Remark 3.3 In [2], the authors consider the case of a twice differentiable smooth surface
[, and the space of continuous functions, i.e. v € C(I'). In this setting, the operator
K, — iV, : C(IT') — C(T') is compact, and unique solvability of the boundary integral
equation (3.21) is a consequence of Fredholm’s alternative. Instead, we may also consider
the boundary integral equation (3.21) in Lo(I"), but we still need to assume a smooth surface
to ensure compactness of K,, —inV,, : Lo(I') — Lo(T).

Instead of the indirect ansatz (3.20) we may also consider the alternative ansatz
. 8 3k C
u(z) = [ v(y) ing7—+1|Ui(z,y)ds, forz e QF,
r Iny
which results in the boundary integral equation
1
(V,.i + in(§I + K,.i)> v(z) =g(z) forxzel. (3.22)

Obviously, unique solvability of the boundary integral equation (3.22) follows as for (3.21).
In particular, the equivalence with the boundary integral equation (3.21) ensures unique
solvability in H'/?(T).
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When we consider second kind boundary integral equations in the natural Sobolev
spaces, i.e. in H*'/2(T"), we can ensure unique solvability even in case of a general Lips-
chitz boundary. These results are based on ellipticity estimates of the Laplace double layer
boundary integral operator £/ — K in H'?(T'), see [28]. Since a variational formulation
in H*'/2(T) is in general not applicable for a stable and efficient discretisation scheme,
alternative formulations are of interest. In most cases we may consider second kind bound-
ary integral equations in Ly(I"), but in this case we need to assume smooth boundaries to
ensure compactness of the Laplace double layer boundary integral operator. When consid-
ering, e.g. the boundary integral equation (3.21) in Ls(T"), we observe a mismatch in the
mapping properties of the single layer boundary integral operator V., and the double layer
boundary integral operator %I + K,. This motivates to introduce regularised combined
boundary integral equations.

3.3 Regularised combined boundary integral equations

Instead of the combined boundary integral equations (3.21) and (3.22) we now consider
regularised boundary integral equations to find either w € H~'/2(T") such that

1
[(51 + K,)B — inVH}w(x) =g(z) forzx el (3.23)
or to find v € HY?(I") such that

[(%[ + K,) — iﬁVﬁBfl}U(x) =g(x) forxzeTl.

In both cases, B : H/*(T') — H~Y/2(T") is a suitable given operator. Instead of (3.23) we
may also consider the equivalent formulation to find w € H~?(I') such that

|:V/-@ + ’in(%f + K,.;)B]w(x) =g(z) forzel.

In particular, for the Laplace-Beltrami operator B := V? : H~YT') — H(T') we can use
the compact imbedding H'(I') < H'Y?(I') to prove unique solvability of the regularised
boundary integral equation (3.23), see [4, 8]. Another choice is, see [10, 11], B := D7} (31 +
K',), or, as in (3.17), B = %(D,.i +inD)" N1l + K},).

4 Transmission problems

As a model problem we consider the scattering at an interface between two media of
different density [14, 18],

Aui(z) + kiug(x) =0 forz € Q,  Aug(z) + k*uc(r) =0 forx € QF, (4.1)
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where the exterior field wu, also satisfies the Sommerfeld radiation condition (2.3). In
addition we consider the inhomogeneous transmission conditions for x € I' = 0¢),

i (#) = o) = S0, 14(0) — (o) = (o) — o) = gl@) (1)

where the discontinuity in the normal velocity ¢ and in the pressure discontinuity f repre-
sent the effect of boundary layer sources. Unique solvability of the transmission problem
(4.1), (4.2) and (2.3) is based on the following result.

Theorem 4.1 [14, Theorem 3.1] Assume k;, ke, 0, 0c € C, 0 < argk;, argke < 7, and
Bi e R,

where 0 > 0 (< 0) if R(k;),R(ke) >0 (< 0). Then the only solution of the homogeneous
transmission problem is the trivial solution.

In what follows we discuss equivalent reformulations of the transmission boundary value
problem (4.1), (4.2), and (2.3) by means of boundary integral equations, in particular for
wave numbers k;, k. € R.

Related to the interior Helmholtz equation in (4.1) we obtain the boundary integral
equations

(Vi ti)(z) — (%I + K, )ui(x) =0 forzel (4.3)
and
(Dy,ui)(x) — (%I — K )ti(x) =0 forzeT, (4.4)

while for the exterior Helmholtz problem in (4.1) we conclude the boundary integral equa-
tions

(Vi te)(x) — (—%I + K )ue(z) =0 forxel (4.5)

and
1
(Dy ue)(z) + (51 + K, )te(r) =0 forzeTl. (4.6)

Together with the transmission conditions (4.2) we therefore have six equations to find the
four unknowns (u;, t;; ue,t.). Recall that the boundary integral equations (4.3) and (4.4)
as well as (4.5) and (4.6) are not independent of each other. In what follows we may use
different combinations of the above boundary integral equations to describe the unique
solution of the transmission problem (4.1), (4.2), and (2.3).
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4.1 Steklov—Poincaré operator equations

As in the case of the Laplace equation we may use boundary integral operators to define
Steklov—Poincaré operators which realize the Dirichlet to Neumann maps for both the
interior and exterior boundary value problems. But special care is required when the
local wave numbers, k; and k., coincide with eigenvalues of either the interior Dirichlet
or Neumann eigenvalue problems (2.14) and (2.16), respectively. Since the transmission
problem (4.1) and (4.2) admits, by Theorem 4.1, a unique solution, we aim to derive an
equivalent boundary integral equation formulation which is stable for all wave numbers.
From the boundary integral equations (4.3) and (4.4) we find the characterisation

i) = (De)(w) + (51 + KLJ(), (Ve (&) = (5T + Ko Jui(a),
while from (4.5) and (4.6) we obtain
1) = = [ D+ (G = KLV T — Ko)|ela) = ~(S550) ),

where S is the Steklov—Poincaré operator (3.7) of the exterior Dirichlet boundary value
problem, and which is well defined for all wave numbers x, € R.
From the Neumann transmission condition in (4.2) we therefore conclude

o) = tx)~1(x)
= (D)) + (5T + K )(a) + (S5e) (),

where, in addition, ¢; is a solution of the local boundary integral equation
1
(Viiti) (@) = (51 + Ko, Jui(2).

When inserting the Dirichlet transmission condition, i.e.
1
u(w) = = |owi(x) = f(x)] fora e

e

we end up with the following system of boundary integral equations

Vi _(%IJVKM) t; '\ 0 e
Lemma 4.2 Let the assumptions of Theorem 4.1 to be satisfied. Then the system (4.7) is
mjective.

Proof. Let (t;,u;) € H~Y2(I') x H2(T') be a solution of the homogeneous system of
boundary integral equations, i.e.

V/’vi _<%[ + KH'L) t; o 0
3]+ Kl Dy +25p w /] \0 )"
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We then define
Ui(z) = /U* (x,y)ti(y)ds, — /—U* z,y)u;(y)ds, forx € Q,
which is a solution of the interior Helmholtz equation
~AUj(z) — kiUs(x) =0 forz € Q,

and with the Cauchy data

V) = (V@) + (51— K Jue) = ),

1
Since the Steklov—Poincaré operator S;* of the exterior Dirichlet boundary value problem

is well defined when using the symmetric representation (3.7), we introduce ¢, := —%S;jui
and we define

Ul(x) = - / U (o e, + 2

- On; ne(ffa?/)ui(y)dsy for x € Q°,

which is a solution of the exterior Helmholtz equation
—AU,(z) — k2Uc(z) =0 for x € Q°,

and with the Cauchy data

1
Uda) = —Vitelw) + 251+ Ky ui(a)
QZ xt ]' :| Q’l
= Vi St I+ K| u(x) =—u(z),
& Vs T+ K| ) = L)
0 1 ! Oi
aniUe("E) = (éj_Kne)te(x)_E(Dneuzxx)
Ql 1 / ext :| Q’L ext
= I - K, )S> + Dy, | ui(x —— (S ;) ().
el Gr-m) (1) = ~ (5300

Note that in the above computations we can use the non—symmetric representation (3.8)
of the exterior Steklov—Poincaré operator Sg**, since in both cases the boundary integral
operators V,,, and (%I — KJ) eliminate possible eigenfunctions in the case when A = x? is
an eigenvalue of the interior Dirichlet eigenvalue problem (2.14).

Hence we conclude that (U;, U.) is a solution of the transmission problem

—AU; — /{?Ui =0 inQ, -AU,- /{iUe =0 inQ°
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with the transmission conditions

0 0
ZUZ - 6U67 Uz = Ue I
€ € 8n2 0n2 on

Since U, also satisfies the radiation condition (2.3), we can apply Theorem 4.1 to conclude

U;=0in Q and U, = 0 in Q°. From this,

1 1

follows. Together with the first equation of the homogeneous system this results in u; = 0,
and therefore

1
follows. Since the first relation implies

1
I —K' )t =0,
(2 Hi)

also t; = 0 follows. [ ]

Now we are in a position to state the unique solvability of the system (4.7) of boundary
integral equations.

Theorem 4.3 Let the assumptions of Theorem 4.1 to be satisfied. Then there exists a
unique solution (t;,u;) € H-Y2(T') x HY2(T') of the system (4.7).

Proof. The system (4.7) of boundary integral equations induces an operator

A - Vf@i _(%I+Kﬁz)
K %] + K’;z D"'@i + %Sfe;;t
= %I + K/ D + %Sext + K;l _ K/ Dni _ D + %(S:: _ Sext)

= A+ (A, —A),

where V : H~Y2(I') — HY?(I') is the Laplace single layer boundary integral operator,
K : HY*(I') — HY*(T) is the Laplace double layer boundary integral operator, and
K' : H-V2(T) — HY2(I) its adjoint, and D : HY(T) — H~Y2(T') is the stabilised
Laplace hypersingular boundary integral operator. Moreover, S is the related Steklov—
Poincaré operator of the exterior Dirichlet boundary value problem of the Laplacian. The
boundary integral operator A : H~Y/2(I') x HY2(I') — HY?(I') x H~'/%(T") is elliptic, while
the operator A, — A is compact. In fact, the boundary integral operator A, is coercive, and
due to Lemma 4.2, injective. Hence we conclude unique solvability of (4.7) by Fredholm’s
alternative. |
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If the wave number x; is not related to an eigenvalue of the interior Dirichlet eigenvalue
problem (2.14), then the single layer boundary integral operator V,, is invertible, and we
can determine

1
ti = V[il(ﬁj + Ky )u; € H V(D).

Hence we conclude the Schur complement boundary integral equation

- : 1
[5;? + 5—5} ui(z) = g(z) + Q—(S;X; )z) forz el

with the Steklov—Poincaré operator of the interior Dirichlet problem
. 1 |
St i= Dy, + (§I+ K.V, (§I+ K.,).

Although the exterior Steklov—Poincaré operator S;** is well defined for all wave numbers
ke € R, alternatively, we may proceed as in (3.16) to end up with a modified system of
boundary integral equations. For this, we first rewrite (4.7) as

Vf@z’ _(%I+Kﬁi) ti 0
QeVHe _Qi(%l - Kne) te - —(%] — Kﬁe)f
I+ K, Dy, + <D, u; g

Moreover, due to the Neumann transmission condition ¢; —t. = g we may add the equality
—inoeVi; +inoVte = —ino.Vyg, neR,

to the second equation, to obtain the modified system

Vfii _(%I+ Kf-ii) ti
_ZnQGV Qe(vﬁe + ZT,V) _Ql(%‘[ - Kﬁe) te
I+ K], Dy, + %D, w;

0
= | —GI—K.)f —ineVyg
g
The operator V,+inV is invertible for all wave numbers, without any additional restriction.

Hence we can eliminate ., and we can proceed as before to establish unique solvability of
the resulting boundary integral equation system.

4.2 Combined boundary integral equations

The boundary integral equation system (4.7) was based on the use of both the interior
and exterior Calderon projections (2.8) and (2.21), and on the elimination of the exterior
Cauchy data t. and u.. Hence, (4.7) can be seen as a single trace formulation. Although the
system (4.7) is equivalent to the original transmission problem (4.1) and (4.2), and stable
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for all wave numbers k; and k., one may ask for alternative formulations, in particular
from a numerical point of view.

By using parameters a;,a, € C we can write the general linear combination of the
boundary integral equations (4.3) and (4.5) as

1 1
o {thi — (51 + Kﬁi)ui] + e [Vﬁete — (—51 + Kﬁe)ue] =0 onT,
while by using parameters 3;, 5. € C we obtain from (4.4) and (4.6)
1 , 1 /
Bi | Dy, ui — (51 — K, )ti| + Be | Dy tte — (—51 — K, )te| =0 onT.
By using the transmission conditions (4.2) we may insert

ue(r) = —ui(z) — — f(x), to(x)=t;(x)—g(x) forxzel

€ Qe

to obtain the coupled system, in the most general case,

1 i i
[OziV,ﬁ —+ ozeV,%] tz —+ 5 (Ozeg — O[Z') U; — |:OéiK,% -+ Ozeg—Kﬁej| U;
Qe Qe

1.1
- Sy N
Qe [Vﬁeg + Qe<2 He)f:|

and

) 1
[B,DM + 565—D,ie] Ui+ 3 (66 - Bi)ti + B, + 8K ]t

1 1
= Be [(_I + K;e)g + _Dnef] .
2 Qe
For the particular choice

aizla Qe = —, 62217 Bezl

i

we then conclude the system of boundary integral equations

e e 11
Vit 20 Jt = [Kuor KoJus = Vg4 —GI-Ko)f (48)
0 0 0; 2
i 1 1
I:K"Ifz _'_ Kl/ie:| tz _'_ [DRZ + Q_Dﬂe:| ul = (51 _'_ Kl/ie)g _'_ _Dnef' (49)

Note that the system of the boundary integral equations (4.8) and (4.9) is known as single
trace formulation, see, e.g., [12, 23]. Since the underlying bilinear form can be shown to be
coercive in H~Y/2(T") x HY2(T'), see, e.g., the proof of Theorem 4.3, it remains to establish
injectivity.
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Lemma 4.4 The boundary integral operator

Vi, + 2V, —K, — K
ki 0;  fe ki Fe g2 HY2(T HY2(T HYV2T
(KHKF,% DM%DHE) (1) x HY2(D) = HY(T) — H-V3(T)
18 1njective.

Proof. Let (t;,u;) € H~Y/2(T') x H'2(T) be a solution of the homogeneous system
V/@i + %Vme _K/@i - Kne tl 0
K, +K, Dy+2D, J\w ) \0)

We then define

Ui(z) = /U* (x,y)ti(y)ds, — /—U* z,y)u;(y)ds, forx e

and
Ue(x) = —/U:e(x y)ds, + /— U: (x,y)u(y)ds, forx e QF,
r

which are solutions of the interior and exterior Helmholtz equation, respectively. For the

Cauchy data we obtain for x € I’

Ule) = (Vat)(@) + (GT = Knui(o),

) 1 /
D) = (A K) + (Da(@)
and
Vo) = ~(Vit)@) + LG+ Ko (o)
0 1 , 0i
8—mUe(x) = (51—Kne)ti(x)_;<DHe“i>(x)'

Hence we conclude

. 1 1
U — %y, = vﬁiti+(§1—Kﬁi)ui { Vit + = (2I+K,.ie) ]

7 0 e

- [V + &Vne]ti - [K + Kﬁe} wi =0
0i
and

0 0 1 1 0;
U= U = (5] + K+ Dy — | (51 = KLt = 2D ui]
anlU anlU (2 + Iil) + zu (2 I{e) Qe eu

! © Qe
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i.e., (U;, U.) is a solution of the homogeneous transmission problem
~AU; — k2U; =0 inQ, —AU, —rk2U,=0 inQ°

with the transmission conditions

0 0
1] — — U = I.
QZUZ QeUeu anl UZ anl Ue on

Since U, also satisfies the radiation condition (2.3), we can apply Theorem 4.1 to conclude
U;=01in Q and U, = 0 in Q°. From this,

1 1

follows. Next we define
U.(z) = /U* (x,y)ti(y)ds, + /—U* z,y)u;(y)ds, forx e Q°
which is a solution of the exterior Helmholtz equation
—AU,(z) — k2U.(z) =0 forz € Q°,
and with the Cauchy data for = € T', by using (4.10),
~ 1
Ue(z) = =(Vits) (@) + (51 + K, Jui(z) = ui(2),

0 ~ 1 /
8—mUe(x) - (51 - Kl’uz)tl(x) - (Dmuz)(l') = tz(l‘)

Hence, Green’s formula for the exterior Helmholtz equation reads

/ VT (2) 2 — 2 [ (T ()2 = — / b (2) () dss,
Qc Qc r

From the radiation condition (2.3) we conclude

0 = rlggo o %ﬁe(:p)—miﬁe(x) ds,
o ~ | ~ 2
= lim / —U(x) ds$+/£?/ Ue(x)‘ ds,
T%OO{ |z|=r an:li lz|=r

9m ( / ) %ﬁemﬁe(x)d%) } |

and using Green’s formula for the bounded exterior domain €2° N B, we further obtain

3 ( /F ti(az)ui(:c)dsm) =3 ( / B a%zl(:c)ﬁe(x)dsm) = 0.
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Hence we have

lim U.(z)|ds, = 0,
T—00 ‘ZB‘:T‘

and by the Rellich lemma, e.g., [8, Lemma 3.11], U, = 0 in Q¢ follows. From this we further
conclude u; = 75U, = 0, and therefore, by using (4.10),

1

Since the first relation implies (31 — K, )t; = 0, also t; = 0 follows. n

Recall that coercivity and injectivity of the boundary integral operator system as considered
in Lemma 4.4 ensures unique solvability of the boundary integral equation system (4.8)
and (4.9), in particular we find (¢;,u;) € H~/?(T') x H'/?(T") as the unique solution of the
variational problem

e e 1.1
(Ve ooVt e = (K o+ Ko Jui e = (Vg o+ (5T = K)o

i 1 1
(), + K2, o) + (D4 22D, Jus,v)e = (T + K )g + D fyo)r

for all (1,v) € H-Y2(I') x HY?(T"). In fact, (4.8) and (4.9) are considered as boundary
integral equations of the first kind.

Alternatively, one may consider the formulation of second kind boundary integral equa-
tions, where the single layer boundary integral operators V., and Vj,_ as well as the hyper-
singular boundary integral operators Dy, and D,_ appear in the coupling terms. For the
particular choice

ae=1, a=-1, fi=-1, f.=%
we conclude the system of boundary integral equations Z
[Vﬁe - Vﬁi}ti + % (;i + 1) i — {QK - Km} i (4.11)
= %(—%I + Ke)f = Vs,
D, — D] u; + %(Q— + 1>ti + {%K;e — K;i] t; (4.12)

Oe 1 1
= [<—§[ - K, )g——D..f|-

A closer look on the difference V,,, — V,.. of the single layer boundary integral operators
indicates a reduced order of the singularity involved, i.e.

€

y y L[ el
keli — (Vi li = = ti
Vet)@) = (Vut)le) = = [ e niwas,
. PRt p ) o Ke—Fi |,
i e 2 sin f<5 |z — g
= — ti(y)ds,.
2r Jr |z -yl !
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Since also the difference D,, — D, has a reduced order in its singularity, the system of
boundary integral equations (4.11) and (4.12) is known as minimal coupling formulation,
see [18], i.e., the minimal coupling formulation involves lower—order singularities in the
kernels of the coupling terms than does any other formulation generated from the combined
boundary integral equations.

5 Conclusions

In this work, several boundary integral formulations for the solution of the exterior Dirich-
let boundary value problem, and for transmission problems of the Helmholtz equation with
piecewise constant wave numbers were presented. Although the focus of this contribution
was on the existence and uniqueness of solutions, and the equivalence with the solution of
the underlying boundary value and transmission problems, almost all formulations allow
for the use of standard arguments, see, e.g. [24, 26], within a stability and error analysis
of related Galerkin boundary element methods. Note that it is almost impossible to com-
pare and to rate different boundary integral formulations and different boundary element
implementations. The method of choice always depends on several aspects, e.g. the ap-
plication in mind, the mathematical foundation, the required accuracy, the availability of
fast and accurate boundary element implementations including parallel and preconditioned
iterative solution strategies, the use of a posteriori error estimators and adaptivity, just to
name a few. Although there are already some numerical studies around for a comparison of
different boundary element approaches, in particular when considering exterior boundary
value problems, it seems that more work is required to state a fair comparison of different
boundary integral formulations and related boundary element implementations.

The focus of future work will be in the numerical analysis of stable, robust, and efficient
boundary element domain decomposition methods for the solution of transmission prob-
lems, including multiple trace formulations [7] and tearing and interconnecting methods
(30, 31]. In addition to local and global preconditioning strategies, which are required to
be robust with respect to local wave numbers, the handling of adaptive and non—matching
discretisations becomes more challenging. The latter also includes the coupling with con-
forming and non—standard finite element methods, including mixed finite elements, discon-
tinuous Galerkin, and Mortar finite elements.

While the current considerations of this contribution were restricted to the case of acous-
tic scattering problems, almost all approaches and methodologies as presented here can be
carried over to the case of electromagnetic scattering problems, see, e.g. the discussion in
(7], in [29, 33], and the references given therein.
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