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SKELETON INTEGRAL EQUATIONS FOR ACOUSTIC
TRANSMISSION PROBLEMS WITH VARYING COEFFICIENTS *

F. FLORIANT, R. HIPTMAIR}, AND S.A. SAUTERS

Abstract. In this paper we will derive an non-local (“integral”) equation which transforms a
three-dimensional acoustic transmission problem with variable coefficients, non-zero absorption, and
mixed boundary conditions to a non-local equation on a “skeleton” of the domain Q C R3, where
“skeleton” stands for the union of the interfaces and boundaries of a Lipschitz partition of Q. To
that end, we introduce and analyze abstract layer potentials as solutions of auxiliary coercive full
space variational problems and derive jump conditions across domain interfaces. This allows us to
formulate the non-local skeleton equation as a direct method for the unknown Cauchy data of the
solution of the original partial differential equation. We establish coercivity and continuity of the
variational form of the skeleton equation based on auxiliary full space variational problems. Explicit
expressions for Green’s functions is not required and all our estimates are explicit in the complex
wave number.

Key words. acoustic wave equation, transmission problem, layer potentials, Calderén operator.

MSC codes. 68Q25, 68R10, 68U05

1. Introduction. Setting. In this paper we consider acoustic transmission
problems in Laplace domain.

(1.1) —div (AVw) + s’pw =0 in Q C R>.

We admit general essentially bounded and uniformly positive (definite) coefficient
functions A and p and mixed boundary conditions. More precisely, the boundary
conditions on 9 are of Dirichlet and/or Neumann type and decay conditions are
imposed at infinity if the domain is unbounded. We assume that the (complex) wave
number s has positive real part, Res > 0, so that the arising sesquilinear form in
the variational formulation is coercive and well-posedness in H'(R?) follows by the
Lax-Milgram lemma. More details are given in Section 2.2 and the following.

Goal. There exist many approaches to transform continuous and coercive acous-
tic transmission problems to a non-local equation on a domain skeleton (interfaces of a
Lipschitz partition and the domain boundary); among them are the direct and indirect
formulation, equations of first and second kind, and symmetric and non-symmetric
couplings for interface problems. However, not all of them lead to well-posed skeleton
equations. The goal of this paper is to develop a transformation strategy for acoustic
transmission problems with mixed boundary condition such that well-posedness will
always be inherited from the well-posedness of the boundary value problem. This
transformation will be based on a direct formulation by Green’s representation for-
mula to express the homogeneous solutions in the subdomains via their Cauchy data,
i.e., by their traces and co-normal traces on the subdomain boundaries. Green’s for-
mula is typically based on explicit expressions for the fundamental solution for the
differential operator and boils down to a linear combination of the single layer and
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double layer potential. However, the explicit expressions for fundamental solutions
are known only for very special configurations which include full and half space prob-
lems and constant coefficients. A semi-explicit representation by Sommerfeld-type
integrals exist for half space problems with impedance boundary conditions or full
space problems for layered media and piecewise constant coefficients [19, 14] while for
more general domains and varying coeflicients the explicit form of the fundamental
solution is unknown.

The main goals of this paper are

a) to represent the solution of a homogeneous acoustic PDE with very general
coefficients as a linear combination of generalized layer potentials acting on
the Cauchy traces of the solution and we will present an appropriate definition
of these layer potentials, and

b) to derive a non-local single-trace skeleton equation for the unknown Cauchy

data such that well-posedness is inherited from the PDE.

¢) to provide fully s-explicit stability estimates for that new equation; we will
elaborate the dependence on s in all estimates of the arising operators and
solutions.

In this way, the question of finding a representation for a fundamental solution
is decoupled from the transformation method: once a fundamental solution or an
approximation to it is available it can be used for an integral representation of the
relevant layer potentials resulting in a stable non-local single-trace skeleton integral
equation.

Main contributions. Usually, Green’s representation formula contains the fun-
damental solution of the underlying PDE explicitly and, hence, in literature the arising
boundary integral equations are usually considered for cases where the fundamental
solution is known explicitly. Our approach to transforming the PDE to a non-local
equation on the skeleton does not rely on fundamental solutions; neither their exis-
tence nor an explicit form is required. Instead, we define the layer potentials directly
via the variational form of the PDE as solutions of appropriate variational problems.
We derive jump relations for these abstract potentials, Green’s representation formula,
and non-local skeleton operators which allow us to define the Calderén operator. We
show how coercivity of the sesquilinear form on the skeleton can be derived directly
from the coercivity of the PDE.

While the definition of the single layer potential as the solution of the variational
form of the full space PDE for certain types of right-hand side is standard and applies
also to elliptic PDEs with variable coefficients, the definition of the double layer po-
tential is more delicate. Various (equivalent) definitions exist in literature for certain
types of elliptic PDEs and we briefly review some of them:

1) If the fundamental solution, say G (x,y), of the differential operator is known
the double layer potential can be defined as an integral over the skeleton of
the co-normal derivative of G convoluted with a boundary density — first for
sufficiently regular boundary functions and then by continuous extension as
a mapping between appropriate Sobolev spaces. The analysis of the double
layer potential (mapping properties/jump relations, etc.) is then derived from
properties of the fundamental solution. However, if the fundamental solution
is not known explicitly as, e.g., for variable L>° coefficients the analysis is far
from trivial.

2) For problems with constant coefficients the double layer potential can be de-
fined as the composition of the full space solution operator (acoustic Newton
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potential) with the dual of the co-normal derivative. However, this dual co-
normal derivative maps into a space which is larger than the natural domain
of the Newton potential. For PDEs with constant coefficients this problem
can be solved since it is known that the Newton potential satisfies some reg-
ularity shift properties. For variable L>° coefficients this is a subtle issue.

3) In [12], the case of C°°- coefficients is considered. First the double layer
potential is introduced as explained in 1); then a regularity shift theorem
from [25] is employed to directly derive a Green’s representation formula.
This Green’s formula can then be used as an alternative definition of the
double layer potential.

4) The definition in [6, (4.5)] expresses the double layer potential as a composi-
tion of a trace lifting of the boundary density with the differential operator
and the Newton potential and thus avoids both, the explicit knowledge of
the fundamental solution and the range space of the dual co-normal deriva-
tive. Although the analysis of the double layer potential can be based on the
mature theory of elliptic PDEs, it seems that our new definition allows for a
much more straightforward analysis.

Our new approach defines the double layer potential as the solution of an ultra-
weak variational formulation of the full space PDE with a certain type of right-
hand sides. This definition allows us to derive directly the mapping properties, jump
relations, and representation formula from the underlying PDE.

We derive the skeleton and Calderén operators from this idea. The formulation
of acoustic transmission problems with constant coefficients in each subdomain and
mixed boundary condition as skeleton equations is a topic of active research in nu-
merical analysis and we mention the approaches via the multi-trace formulation (see,
[9], [10]), the single-trace formulation [13], [30], [11], [8], [21], and the related PM-
CHWT method in electromagnetics (see [18], [26]). Our approach with emphasis on
transmission and mixed boundary conditions can be regarded as a generalization of
the recent paper [15] from the piecewise constant coefficient case to general L co-
efficients. Another approach for problems with variable coefficients is based on the
use of a parametrix instead of the unknown Green’s function and presented in [8].
We also generalize [10] by allowing for unbounded domains (full space/half space),
variable coefficients in the subdomains, and do not require the explicit knowledge of
a Green’s function. We also generalize the stability theory for the Calderén operator
developed in [4] (see also the monograph [29]) to variable coefficients in the principal
and zeroth order part of the differential equation. The estimates for the layer poten-
tials, Calderdén operators, and skeleton operators are explicit with respect to the wave
number s and generalize the known estimates for problems with piecewise constant
coefficients (see, e.g., [3], [22], [15]).

Remark 1.1. We emphasize that this work is meant to be a contribution to the
theory of partial differential equations. Nevertheless, our new non-local single-trace
skeleton equations may be the foundation of numerical methods, but this will require
the representations of the layer potentials as integral operators acting on trace on the
skeleton. This representation might be explicit, semi-explicit via Fourier- or Hankel
transforms, might be given by an asymptotic series or, alternatively, a parametrix can
be employed.

Outline. The paper is structured as follows. In Section 2 we formulate the
acoustic transmission problem with mixed boundary conditions. This requires the
introduction of a domain partitioning and its skeleton, the definition of one-sided
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trace operators as well as the jumps and means of piecewise regular functions. The
transmission problem is formulated in (2.23) and defines the starting point for the
various steps in the derivation of the non-local skeleton equations.

In Section 3, we derive Green’s representation formula in an abstract way. We
consider the homogeneous PDE on a subdomain as well as on its complement do-
main in R3 (with extended coefficients) and formulate auxiliary variational full space
problems which are coercive and continuous. The single layer potential is defined as
the solution operator for a distribution (density) located on the interface (see (3.18));
the explicit knowledge of a fundamental solution is not required. We present a new
and simple definition of the double layer potential as the solution of an ultra-weak
variational full space problem for a certain type of right-hand sides. With these layer
potentials at hand we prove a Green’s representation formula on both subdomains
(Lemma 3.15) as well as jump relations for both layer potentials.

Section 4 is devoted to the definition of the non-local skeleton operators V, K, K/,
W which are used to build the Calderén operator. The important projection property
for the Calderén operator is derived in Lemma, 4.3.

In Section 5 we define the free single trace space Xsingle on the skeleton and
the one with incorporated boundary conditions Xf)mgle. Then, the non-local skeleton
equation is formulated in (5.4) as a variational problem with energy space X5 8.
The remaining part of this section is devoted to the analysis of the skeleton equation
and leads to its well-posedness, formulated in Theorem 5.5.

We summarize our main achievement in the concluding Section 6 and give com-
ments on some straightforward extensions of this integral equation method.

In Appendix A we give the proof of s-explicit coercivity and continuity estimates
for the boundary integral operators and layer potentials. Since the arguments are
very similar to those in [22, Prop. 16, 19] and [6, Lem. 5.2] we have shifted this proof
to the appendix.

A list of notation is assembled at the end of the paper.

2. Setting. In this section we give details about the acoustic transmission prob-
lem. First, we introduce the appropriate Sobolev spaces, standard trace operators, and
co-normal derivatives. Then we specify assumptions on the coefficients of the problem
and formulate boundary and decay conditions. We write Rsq := {z € R | z > 0}, and
Cso :={z € C| Rez > 0}, respectively.

2.1. Function spaces. Let w C R? be a bounded or unbounded Lipschitz do-
main with (possibly empty) boundary dw. Let LP (w), 1 < p < oo, be the usual
Lebesgue spaces with norm ||-[|, . For k > 0, the classical Sobolev space H k(w)
consists of all functions whose k-th weak derivatives are square-integrable; its norm is
denoted by ||| i (.- For k > 0, we denote by HP (w) the closure of the space of infin-
itely smooth functions with compact support in w with respect to the H* (w) norm.
Its dual space is denoted by H ™" (w) := (H} (w))/. Vector- and tensor valued versions
of the Lebesgue spaces are denoted by L? (w) := LP (w)® and L? (w) := LP (w)**® with
norm |[||[g» () and |[-[|y» (. respectively and we use an analogous notation for vec-
tor and tensor valued Sobolev spaces. For p = 2, these spaces are Hilbert spaces
with scalar product (-,~)L2(w), (’v’)L2(w)’ (- ')]L2(w)' We also employ a “frequency-
dependent” H! (w) norm and define for s € C\ {0}

2 2.2 1/2
(2.1) Il ops = (IV0llEe) + 158 020 -
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Note that the usual norm ||| 1, coincides with |[-[| 1, for [s| = 1. The space

H (w, div) is given by

w);s

(2.2) H (w,div) := {w € L*(Q) | divw € L* (w)} .

On the boundary of w, we define the Sobolev space H* (Jw), > 0, in the usual
way (see, e.g., [23, pp. 98]). Note that the range of a for which H® (0w) is defined
may be limited, depending on the global smoothness of the surface Ow; for Lipschitz
surfaces, « can be chosen in the range [0,1]; for a < 0, the space H* (Jw) is the
dual of H=* (dw). Revall that the Sobolev space HY? (0w) is equipped with the
Sobolev-Slobodeckij norm

o (%) — v (y)? v

9 v(x)—v(y

Iollr200y = | Wl + [ I grary |
owxow X =yl

We write (-, -) , for the bilinear form

(2.3) (u,v), = /wuv so that (4, v)p2(,) = (4, ?),,,

and identify (-,-)  with its continuous extension to the duality pairing H % (w) x
HE (w). For k > 0, the spaces Hf®_ (w) are defined based on smooth and compactly-
supported cutoff functions via

(2.4) Hf o (w) == {v:xv e H* (w) for all x € C5° (R?)}

and the subscript “loc” is used in an analogue way also for other spaces.

Let Rg’;n?l’ denote the set of real symmetric 3 x 3 matrices. We denote by (-,-) :

C3 x C3 — C the bilinear form (a,b) := 22’21 aghy for a = (ag)?:l € C? and
b= (bg):z:l € C3. Clearly, this bilinear form is the standard Euclidean scalar product
if restricted to R® x R3. Let L™ (w,RgX?’) denote the space of all functions B : w —

sym

R;”;n?; whose components belong to the Lebesgue space L™ (w). We define the spectral

bounds for B € L> (w,R3%3) and ¢ € L> (w,R) by

sym
(2.5a)

A(B) := eilseiilfveﬂiél\f{o} W < ess:gpveig{D{O} GBEVY?::;V) =:A(B) < 0,
(2.5b) Alg) =essinfq(y) < ess Sup ¢ (y) = A(q) < oo.

DEFINITION 2.1. Let

LY (w,R) :={q € L= (w,R) [ A(q) > 0},
L, (w, RED) = {B € L™ (w,R353) | A(B) > 0} .

sym

For B € LZ, (w7R§’yXH?;), the space H' (w,B) is given by

H' (w,B) := {u € H' (w) | div (BVu) € L* ()}

and equipped with the graph norm

9 . 9 1/2
el oy = (Nl + iV BV)I32(,,)
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2.2. Differential operators. Next we describe our assumptions on the compu-
tational domain and its partition. Let  C R? be a bounded or unbounded Lipschitz
domain with (possibly empty) boundary I" := 9Q. We assume that there is a fi-
nite partition of € consisting of disjoint Lipschitz domains Q;, 1 < j < ng, with
boundaries T'; := 9Q;, which satisfy Q = U?;STJ The subdomains are collected in
the partition Po = {Q; : 1 < j <ng}. The intersection of the boundaries 99, and
0 is denoted by I';, = 09Q; N 0. The skeleton of this partition is given by

no _
Y= U@Qj. To unify notation, we write Q; := Q; and set Qj‘ =R3\Q;.
j=1
We consider mixed Dirichlet and Neumann boundary conditions on 0f). In this
way, we split

(26) oNl=TpuUl'y

and assume the relative interiors of these subsets are disjoint.
In the subdomains 2; € P, we consider partial differential equations and formu-
late appropriate assumptions on the coefficients next.

ASSUMPTION 2.2. For any 1 < j < ng we are given coefficients that satisfy
1. Ay e LY, (Qj, Rg’;ﬁ) and A} can be extended to some A?Xt e Lg, (R3,R§y§§),

2. p; € L (4, R) and p; can be extended to some p§** € LY, (R3,R),
3. s € Csq and |s| > sqg for some so > 0.

We exclude a neighborhood of 0 for the frequencies s € C since our focus is
on the high-frequency behavior. Note that the constants in our estimates depend
continuously on sy and, possibly, deteriorate as sg — 0.

For o € {4, —}, we formally define the differential operators:

(2.7) LY (s) w := —div (A?Vw) + szp}’w in QF,
where
(2.8) Af = A;Xt‘gg and pf = p;xt’Q? oe{+ -}

The differential equation on the subdomain 2; is given by

(2.9) L, (s)u; =0 in ;.

Remark 2.3. Time harmonic wave propagation with absorption can be described
in the simplest case by a Helmholtz equation with wave number (frequency parameter)
s of positive real part. Such problems arise in many applications such as, e.g., in
viscoelastodynamics for materials with damping (see, e.g., [1]), in electromagnetism
for wave propagation in lossy media (see, e.g., [20]) and in nonlinear optics (see,
e.g., [27]). The Helmholtz equation for complex wave numbers also arises within the
popular convolution quadrature method for solving time depending wave propagation
problems and within some iterative algorithms for solving the linear system for the
Helmholtz equation (see, e.g., [7, §2] for a more detailed description of applications).

Remark 2.4. Typically, the coefficients A", p; are the restrictions of some given
global coefficients A € LY, (R, R3%%), p € L, (R?,R). Then, the choice A" := A

sym
is admissible and seems to be natural. In some practical applications, a different
choice might be “simpler” and preferable. For instance, if the global coefficient A is
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constant on the subdomains Q; and given by a positive definite matrix A € R}

t as the constant extensions

and p; is also constant, then, the choice of A‘;‘-’“ and pj*
of A;, p; are preferable since the Green’s function is explicitly known in these cases
(see, e.g., [28, (3.1.3)]). However, in our abstract setting the existence or explicit
knowledge of the Green’s function is not needed and, hence, the concrete choice of
the extension is irrelevant.Of course, the single layer and double layer operators will
depend on the chosen extension; however the key point is that their combination in
a Green’s representation formula always represents a homogeneous solution in the

corresponding subdomain as will be shown in Lemma 3.15.

2.3. Traces and jumps. Next, we introduce jumps and means of functions
across the boundaries I';; the index j indicates that the two-dimensional manifold I';
is regarded from the domain ;.

The following trace operators along their properties are well known for domains
with compact boundary (see, e.g., [23, Thm. 3.37, 3.38, Lem. 4.3, Thm. 4.4], [17,
Thm. 2.5]). For domains with non-compact boundary we refer to [24, Thm. 2.3,
Cor. 3.14, Lem. 2.6]. We define the one-sided co-normal derivatives for an abstract
diffusion coefficient B € L, (R?’, Rg’;n?l’), in our applications, this will be either A or
At

PROPOSITION 2.5. LetQ, Q;, Q7,1 < j <nq, o € {+,—}, be as explained above.

1. For o € {+, =}, there exist linear one-sided trace operators (Dirichlet trace)

by HY(QF) — HY2 (L),
which are the continuous extensions of the classical trace operators: for u €
o (Q;’), it holds
g
TD;; % = U|Fj :
These operators are surjective and bounded

(2.10) 153l 1 /20,y 11 () < C-

Forue H! (R3), the one-sided traces coincide, i.e.,
(2.11) VD (u|Q]) = 71;;' (U|Qj’)

and we write short yp,ju for 73 ; (u|Qa), o € {—,+}, in such cases.
; 5

2. For o € {+,—}, there exist linear one-sided normal trace operators (normal

trace)
vg H(Q9,div) - H Y2 ()

which are continuous extensions of the classical normal trace: for P’ €
C° (Q9), it holds
g (67) = (97, m)and ot (07) = (7], omy).

where n; is the unit normal vector on I'; pointing from 1 into Q;r These
operators are bounded

(2.12) < Ch.

s ll-1720 g an) =
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For ¢ ¢ H (R3,div) the one-sided normal traces in the fized direction n;
coincide, more precisely,

sz o () =, (1)

and we write short ;9 for vy, (1/J|Qj_).
3. LetB € LY, (R?,R2%3). Foro e {+,-},1<j <nq, set B} := Bl,,. There

sym

exist linear one-sided co-normal derivative operators (Neumann trace)
B, _
w§ H (97, B]) — HTV2 (D)
which are the continuous extensions of the classical co-normal derivatives: for
u” € Ct (Q;) and ut € C! (Qj) it holds
B,— — o, - B,
TN U= <IB%J- Vu ,nj> and 'yN;;-rqu = <IB§j+Vu+, —nj>.
These operators are bounded

B,
H’yNg < CN-

H=1/2(T;)«H'(Q7,B7) —

For u € H! (R3,IB) the one-sided co-normal derivatives in the fixed direction
n; coincide, more precisely,

B,— B,
(2.14) N5 (“|Q;) = *”YN,;‘r (U|Q;r)

and we write short 'yf]?},ju for 71%’.; (u|9_)
; ; 3
The one-sided Dirichlet and Neumann traces are collected in the Cauchy trace

operators 'y](B;’_'; : H (Q9,B9) — H'/2(I;) x H~'/2(T;) given by

Bo  _ o B,o
(2.15) Yoy = (VD;J-,WN;J-) :

For u € H* (R*B) and u” := u|g,, 0 € {+,—}, the one-sided Cauchy traces satisfy

+ B,+

(’yg;juﬂ'}/ﬁ;;u*) = (’y'g;ju » TING u*) and we write

(2.16) &, H' (R®,B) — HY2(T;) x H Y2(T;), &, u:= (Ypyu,75,u) -

We will also use versions of these operators which are scaled by a frequency parameter
s € Csg and set for o € {+,—}

1/2

_ B,o .
(2.17) by (8) = s 2%‘5;3-7 Tnsj (8) =8 1/2 nij N (s):=s N
Dyj (8) =8 / YDijs Yy (8) =87 / Tnijs N (s) =5~ / TN s

B,o L o — B,o
(2.18) Ycj (3) = (81/27D;j7s UQ,YN;J’) :

Remark 2.6. Tt will turn out that the Calderdn operator (see Def. 4.2) for these
scaled trace operators has a coercivity estimate which is better balanced with respect
to the frequency parameter s compared to the Calderén operator for the standard
trace operators (see, e.g., [4]).
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DEFINITION 2.7. Let B € LS, (R® R3%3). For o € {+,—}, 1 < j < nq, set
BY := IB%|Q;. For a function u € L?(Q) with u|Q§, € H' (97,BY), the (Dirichlet)
jump and the jump of the co-normal derivative (Neumann jump) of u across I'; are
given by

(2.19a) [l =D (“bj) Y (“'ﬂ}) ’
B B,+ B,—
(2.19b) [uln; == =N} (“‘ﬂj) Ny (U|Q§) '
For s € Csy, the frequency-scaled versions are given by [U]D;j (s) = st/2 [“]D;j and

[l (5) = 7/ ful
The (Dirichlet) mean and the mean of the co-normal derivative (Neumann mean)
across T'j are given by

(2.20a) fuko, = % (%gu‘ (“|Qj+) + Dy <“|QJ)) ’
(2.20b) fudi, = % (s (ulor) + 85 (wlo- ) -

For s € Cxy, the frequency-scaled versions are given by {ul}p.; (s) := s/?{u}p.; and

fulRy (s) = s 2 {ulRy;-

We also need to formulate jump conditions on partial boundaries I';; of the
subdomains. For a measurable subset M C 99Q; we denote by |M]| its two-dimensional
surface measure. Let Q; and 2 be such that I';, := I'; N I'y, has positive surface
measure. We define the Sobolev spaces

HY2 (T50) = { e, o € H/2(T))

DEFINITION 2.8. The multi trace space X (Pq) for the partition Pq is given by
ng
X(Pq):= X X; with X;:=HY*(T;)x H-Y*(Ty),
j=1
and equipped with the norm

1/2
15 lx, = (lepsllipna,, + 1wl aa,)) Yy = oy, o) € X5,
1/2

no
2 n
Il = | D sl Vi = (4,)7" € X(Pa).
j=1
We seek the solution of our transmission problem in the space

no
H' (Po,A) == X H" (Q,A7)
j=1
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(cf. Assumption 2.2, Remark 2.4).

Then, for u € ><nQ H'(Q;) and w € H' (Pq,B) the jump [u]y,; , € H/?(T;)
and the Neumann jump [w ]N g EH™ Y2 (T ;) across T, := ;T (and frequency-
scaled versions thereof) are defined by

(2.22a)
[ulp.; = (75,]'“3‘) roe (VB,kuk) ) [u]p,; (s) := st/ [ulp.ig
(2.22D)
B B,— B,— B - B
[W]N;j,k = ('YN,j wj) ’rv L (’YN,kwk> r,,’ [W]N;j,k (5):=s 1/2 [W]N;j,k'
75 Js

We set [u]p,; ;. =0 and [W]ﬁ_j x = 0if I'; ;, has zero surface measure or j = k.
Note that for coefficients B and functions w which are piecewise sufficiently reg-
ular, the Neumann jump across I'; ; can be written as

[W]ﬁajﬁk - <755j (BYw;) ’nj>‘r,-,k B <7]5;k (BVwr) 7nk> Jok

= <75;j (BVw;) —vp.4 (]BVwk),nk> L= <[]BVW]D;j,k,nk> -

)
g,k

.k
where we used n; = —ny on I'; ;. Clearly [u]p, ;, = — [u]p;, ; depends on the ordering
of the indices j, k, while the Neumann jump is independent of it.

NOTATION 2.9. We have defined co-normal derivatives, Neumann jumps, and
Neumann means for an abstract coefficient B € L, (€;, Rfyxrg) and used a super-

script B in the notation. In our application, the choices B <+ A and B + A;?Xt will
appear. To simplify notation we skip the superscript B if B = A and write .; short

or VA"? and similar for analogous quantities If B = A, we replace the super-
N: J

ext,o

script by “ext” and write yy. ;" short for "yN e and in the same way for analogous
quantities. This convention is applied verbatzm also to the notation of Cauchy traces.

2.4. Transmission problem. Now we have collected all ingredients to state
the acoustic transmission problem. Let A € L, (R3 ngxrg) and p € LS, (R?’ 7R) be

given and let the coefficients in (2.9) be defined by A} := A[,- and p; = p|Qf such

ext i

that Assumption 2.2 is satisfied. We do not require that the extensions A?Xt, D5
Assumption 2.2 coincide with A (see Remark 2.4).

The given excitation of the acoustic transmission problem consists of given data
on the skeleton as well as on the Dirichlet and Neumann parts I'p and I'y of the
boundary (cf. (2.6)). Let 8 = (8, )m € X (Pq) with B; = (Bp,j, An;j) € X;. For
1< j,k < nq, define the jumps of B across I'; , :=1'; NIy by

(Bl = (BD;J' r K BN;k'U,k)

E BD;k|Fj,k y ﬁN;j r

if j # k and T'; N Ty, has positive surface measure. Otherwise, we set [3] k=0
Given data 3 € X (Pg), the acoustic transmission problem with mixed boundary
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condition seeks u = (u;);2, € H' (Pg,A) such that

—div (AjVuj) + 82pju]' =0 in Q;, 1 <j<ngq,
(Wl (), [l () = B, 1< 4.k < o,
(2.23) (yg;j (s) uj) ’F -

(s @) | = B

= BD;j|rjmrD 1<j < nq,

rary L SJ < na
Remark 2.10. The inhomogeneity 3 in (2.23) is given in some applications via an
incident wave uin. € HpL. (R3,A§Xt) for some fixed v € {1,2,...nq} which satisfies
— div (A" Ve ) + 820 Ui = 0 in R3. If Q is unbounded, then typically, v is chosen
such that €, is unbounded. In any case, it is assumed that the Cauchy trace of uiy, is
well defined, more precisely, (at least) one of the following two conditions is required:
1. ﬁa;yuinc € X,,
2. the function uj,. belongs to C! (]R3) and satisfies
(a) the traces Yp; Uinc and YN, Uine €xist in the classical pointwise sense,
(b) the restrictions of the traces ’yD;l,uinC|FD and 'yN;l,uinC|FN have compact
supports.

We will derive the well-posedness of this problem in Section 5 via layer potentials.
For this goal, we will present a general method to transform such acoustic transmission
problems with mixed boundary conditions and variable coefficients to a system of non-
local Calderén operators on the skeleton, without relying on the explicit knowledge
of the Green’s function. The resulting boundary integral operators' are coercive,
self-dual and continuous (Thm. 5.5) so that the Lax-Milgram theorem implies well-
posedness. In turn, well-posedness of the original formulation (2.23) follows.

3. Potentials and Green’s formula. In the subdomains Q; € Pq, a function
u; € H' (94, A;) which satisfies the homogeneous partial differential equation (2.9)
can be expressed in terms of its Cauchy trace via layer potentials. In this section,
we introduce in a fairly standard way the Newton potential and the single layer
potential as solutions to coercive, full space PDEs in variational form. We present a
new definition for the double layer potential as a solution of an ultra-weak variational
problem. This allows us to derive its mapping properties and jump relations from the
theory of elliptic PDEs. Finally, we derive a Green’s representation formula for our
acoustic transmission problem based on these potentials.

3.1. Sesquilinear forms and associated operators. Throughout this section
we require that Assumption 2.2 holds and employ the notation

- . + . R3\O.
Q; =9, QF =R,
+ . xt + . ext
Aj = A ‘ij Py =7 ’Q;'

We also need the piecewise gradient V,; which is given, for a function w € H* (R3\I;),
by

(3.1) (pr;jw)|ﬂ,j, =V (w|Q;_,> , oce{—,+}
and considered as a function in L? (R?).

I'We use here the traditional notion of boundary integral operators (instead of skeleton operators)
since they are defined on the subdomain boundaries.
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DEFINITION 3.1. Let Assumption 2.2 be satisfied. For s € Csq, the sesquilinear
form

t;(s): H' (R*) x H' (R*) = C
is given by
0(3) (w,0) = (ASYTU, T0), + 82 (00, 0),, Va0 € HY (RY),
and the associated operator L; (s) : H' (R3) — H~' (R?) by
(3.2) (Lj (8) u, U)s :=€; (s) (u,v) Vu,v € H' (R%).

Next, we prove continuity and coercivity for the sesquilinear form ¢; (s) (-, -) in
the spirit of [3]. We take pains to elaborate the explicit dependence of the constants
on s.

LEMMA 3.2. Let Assumption 2.2 be satisfied. The sesquilinear forms £; are con-
tinuous and coercive: for = s/|s| and for all holds

(33) (G () 00 < Ay [0l e gy [0l onse Vo € Y (R,

B4 Rety () () 2 A ol Vo (),

with

55 Ay min{hy G) A (A7) and A, o= mae (A, (5%) A, (A5)).
Proof. Fix = s/ |s|. For v e H' (R?), it holds

(3.6)  Rel;(s)(v,uv) =Re <32p§Xtv7W>R3 + Re <A§XtVU7m>R3

>\ (p?(t) Re (S2ﬁ) H’U”iz(ﬂ@) + A (A?Ct) (R,E/J,) ||V’U||i2(R3)

Res 9
= W)\J HUHHl(RS);s :

To establish continuity, we use
165 (5) (v, 0)| = |32 (050, )

CX 2 ex
<A (Pj t) Is| ||U||L2(R3) ||w||L2(R3) +A (Aj t) ||V”||L2(R3) ”vw”L2(R3)

+ (A7 V0, V),

<A ||UHH1(R3);S ||w||H1(R3);s
for all v,w € H* (R?). 0

Since the right-hand side in the first equation of (2.23) is the zero function we
conclude that a solution u; belongs to H' (Q;, A;)

LEMMA 3.3 (Green’s identities). Let Assumption 2.2 be satisfied and set AT :=
AE’TXt|Q§,, p‘; = p?(t‘ﬂ;’ foroe{+,-}.
1. For any o € {+,—}, assume that v° € H! (Q;’,A‘;) satisfies
(3.7 L7 (s)v7 =0 in Q7.
Then, the co-normal derivative of v satisfies
<A?Vv", VE>Q? +

(38) 2 o.0 — ext,o o .o — 1 o

5% (pJv ,w>m = <'yN;j (8)v7, 7D, (s)w>F Yw e H' (QF).

J
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2. Forv € H! (Rg), set v7 := v|g,. Assume that v° belongs to H' (Q‘;,A}’)
and satisfies (3.7) for o € {+,—}. Then
(39 4 () (0w) = (=PI () 0y ()T) . Vwe H (BY).

J

3. Forv e L* (R3), set v” := v|Q},. Assume v° € H' (Q?,A‘j’), [v]eNx; =0, and
that v° satisfies, (3.7). Then

(3.10)
S (AT VT g + 5 (0T gy = (2R ()0, [Ty ()
UE{+7_} !

for any w € L? (R®) with w := w|q, € H' (Q9), 0 € {+,—}.
4. Let vo,w° € H! (Qj,A;’) Then, .

(3.11)
(07 15 ()07 — (L5 ()07, 07 ) gy = (5 (5) 0798, () 07)

= (7 ()07 ARG () @)

;
Proof. @ 1. For any v € H' (Q7,A7), it holds
(3.12)
(A5 V0, V) . + (5250,7T) g, = (L] (5)0.70) . + (%57 (5) v, 8, (s)E>F:

3.1 <7§>§;,o (5) 1,78, (5) @>F; vw e H' (Q7) .

@ 2. Let v € H'(R?) and assume v satisfies the conditions in part 2. We
conclude from part 1 that

4 (s) (v,w) = Z <A§Vv,%>m + <s2p‘;v,ﬁ>Q
‘76{""7_} !

= (YT (v AR5 (5) vy (9) W)

= (IR (9). 704 (9))

g
J

Ly

Ly

holds for all w € H* (R?).
@ 3. The relation (3.10) follows in the same fashion as (3.8).
@ 4. Relation (3.11) follows by integrating by parts the first term in (3.12). 0O

3.2. Volume and layer potentials. In this section we define volume and layer
potentials as solutions to certain variational formulations of elliptic partial differential
equations without relying on the explicit knowledge of the Green’s function.

3.2.1. The Newton potential. We will define the acoustic Newton potential as
the solution of the variational formulation of a full space partial differential equation
depending on a single subdomain €2;, corresponding to extended coefficients A;’-Xt,

pg‘f"t, and the frequency parameter s.
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DEFINITION 3.4. Let Assumption 2.2 be satisfied. The solution operator (acoustic
Newton potential) Nj (s) : H=' (R3) — H' (R®) is defined through
(3.13) 2 (s) (N; (s) f,w) = (f,W)ps Vfe H ' (R*), vweH'(R?).

Lemma 3.2 implies that £; (s) is continuous and coercive. Hence, the Lax-Milgram
theorem ensures that

(3.14) N;(s): H ' (R*) — H' (R?)

is well defined, linear, and bounded. An estimate of the operator norm in frequency
dependent norms (see (2.1), (3.15)) is given by the following lemma. Note that the

dual space of (Hl (R3) ) ||'||H1(R3);s) is given by (H—l (R3) , ||.HH71(R3);5) with dual
norm defined by
19
(315) ||f||H71(]R3);5 = Sup M
gemt @)\ (0} 19/l rr1 (ro);s

LEMMA 3.5. Let Assumption 2.2 be satisfied. The Newton potential is an inverse
of L; (s), i.e.,

v=N;(s)oL;(s)v Yoe H' (R®) and f=L;(s)oN;(s)f VfeH ' (R®);
it satisfies the s-explicit estimate

|s| -
(3.16) ING (5) fll g1 (gsys < N Res £l s goye VF € HTH(R?),

with Aj as in (3.5).

Proof. For v € H' (R?), we have L;(s)v € H~' (R*) and hence the Newton
potential can be applied:

L (s) (Nj(s)oL;(s)v,w) = (L; (s)v,W)ps = ¥¢; (s) (v,w) vw e H' (R?).

Since £4; (s) (+,-) is coercive the first identity in (3.5) follows. The second one is a
direct consequence of the definition of N; (s).
To prove (3.16), we use the coercivity of £; (s) (-,-) with respect to the Hilbert

space (H1 (R3), |- ||H1(R3);S) as stated in Lemma 3.2. From the Babugka-Lax-Milgram
theorem [2, Thm. 2.1] and the definition (3.15) of the dual norm the assertion follows.O
3.2.2. The single layer potential. The single layer potential is defined by

using the same sesquilinear form as for the Newton potential for a certain type of
right-hand sides.

DEFINITION 3.6. Let Assumption 2.2 be satisfied. For 1 < j < ng and ¢ €
H~Y/2(T;) the single layer potential S; (s)¢ € H' (R®) is given as the unique
solution of:

(3.17) 0(5) (51 (9) o) = (o0 () W)y, Vw e H ()|

This defines a continuous operator H~1/2(I';) — H'(R?). The single layer can
be represented as the composition of the Newton potential and the dual Dirichlet
trace as can be seen from the next lemma, where also important properties of S; (s)
are collected.
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LEMMA 3.7. Let Assumption 2.2 be satisfied. Then
(3.18) S5 (5) = N (5) © (15 (5))
For any ¢ € H-Y2(I'), the single layer potential u := S, (s) ¢ satisfies
ue H' (R\[';,A").
For the restrictions u® = ul|g., o € {+,—}, hold
(3.19) L7 (s)u” =0 in QF

and the jump relations

(3.20) (S5 () @)lp, () =0, [(S;()@)Ixs; (8) = =,

Proof. The representation (3.18) follows by writing (3.17) as
45 () (Sj (s) oy w) = (1035 (5)) 9. W)ps  Yw € H' (R?),

so that S; (s)¢ = N; (s
Dirichlet trace (yp.; (s))
can be applied in (3.1

For p € H-'/2(T

functions v € H! (R3

) (VD35 5))" ¢. Indeed, the mapping properties of the dual
7 i

: H'/2(I';) - H~' (R®) imply that the Newton potential

,let w:=S;(s) ¢ and u7 = u|g.. By choosing in (3.17) test

~—

with zero trace on I'; we obtain

L7 (s)u” =0 inQF, o€ {+,—}.

In particular, this implies u € H! (R3\Fj,A§'-Xt). An integration by parts in (3.17)
over {27 and Qj leads to

— ([ ()04 ()T) = (p10y ()W), Vo € H (RY).
Since yp;; (s) : H' (R3) — HY2(L;) is surjective (see, e.g., [23, Thm. 3.37], [24,
Lem. 2.6]) it follows that [u]eNX; (s) = —¢. Finally, the relation [u]p, ; (s) = 0 follows
from u € H' (R?) (see, e.g. [23, (6.20)], [24, Lem. 2.5]). O
3.2.3. The double layer potential. Next, we introduce the double layer po-
tential and start by reviewing some standard definitions as already sketched in the

introduction. For problems with constant coefficients as, e.g., in [28, Def. 3.1.5], the
double layer potential is defined by

(3.21) D, (s) == N, () o (4§:%)’ (s).

The continuity of the co-normal derivative 4§ : H' (R?,AS") — H “Y2(T;) (see
(2.14)) leads to the continuity of its dual ('yﬁx;)/ : HY2(1y) /—> (H! (R?’,A;?Xt))/. The
problem with (3.21) is that the image space (H' (R, A$*"))" in general is larger than
H~!' (R?) and hence exceeds the domain of N; (s) in (3.21). The extension of the
domain of N, (s) for problems with varying coefficients is far from trivial. Another
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common definition uses explicit knowledge of the fundamental solution G (x,y) and
first defines

0550 ()= [ (gﬁlymx, ») v, xR,

(0/0ny with fiy := A%*'n; denotes the co-normal derivative with respect to y) for
coeflicients A‘;Xt and boundary densities ¢ : I'; — C, which are sufficiently regular,
and then continuously extends this definition to appropriate Sobolev spaces. However,
the derivation of mapping properties of D, (s) via this approach relies on properties
of the unknown fundamental solution and is far from trivial for problems with L°
coeflicients.

Instead, we present here a new definition of the double layer potential as a solution
of some ultra-weak variational problem which allows us to derive properties of these
potentials directly from the well-established theory of linear elliptic partial differential
operators of second order.

For the definition of the double layer potential we introduce two auxiliary varia-
tional problems.

L. Ultra-weak variational problem (UWVP): Given ¢ € H'/2 (I';), find u € L? (R®)
such that

(3:22) (u,Lj () D)s = (0,5 (5) )y, Vo€ H' (R®AFY).

I1. Mized variational problem (MVP). For given ¢ € H'/?(T;), find j € H (R3, div)
and u € L? (R3) such that

(3.23)
_ <(A§xt)fljjﬁ>w —(u,divim)gs = (), my (s) M) Ym € H (RS, div)
—(div j, @)ps +8% (p§'u,q)p, =0 Vg € L? (R?) .

In Lemmas 3.8 and 3.9 we will prove that the variational problems (3.9) and
(3.23) are well posed.

LEMMA 3.8. Let Assumption 2.2 be satisfied. The ultra-weak variation problem
(3.22) is well posed.

Proof. We will show that there exist constants 0 < C7,C5,c¢; < oo such that the
continuity estimates

(3.24a)
VU/ S L2 (RS) , U S Hl (R37A§Xt) ‘<U, LJ (S) E>]R3| S Cl ||UHL2(R3) ||v||H1(]R3,A5Xt) 9
vy € HY2(T),
ve H' (R ASY)
and the following inf-sup conditions hold:
(3.24¢)

(3.24) (0385 @)y, | < Ca Il 10 g ey

Vue L? (R?) Fve H' (R®AT)  |(u,L; () 0)gs| > e llull o gy Hv||H1(RSA§xt) ;

(3.24d) Vv e H (R® AS) ( GSLE?RS) |(u, L (8) )gs| = o) — (v=0).
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The Babuska-Lax-Milgram theorem (also sometimes called Banach-Necas-Babus-
ka theorem) (see, e.g., [2, Thm. 2.1] and, e.g., [16, Thm. 25.9] for the form we will
apply it) then implies well-posedness of (3.22).

@(3.24a). The continuity of the sesquilinear form in (3.22) follows from

[(u, Lj () D | < Mlull p2 sy 1L (5) Tl 2 sy
< lull 2 sy H_diV (A§Xtvv) + 82p§Xt”HL2(R3)

) et 1/2
< V2 lull 2 gy (v (A540) |7 gy + 51 A2 0] 2 g )

S C(1 ||UHL2(1R‘3) ||’U||H1(]R3,A§Xt)

for C; = v/2max {1, |s|? Aj}.
@(3.24b). Tt is a simple consequence of the mapping properties of the trace oper-
ator that the right-hand side in (3.22) <1/J ye"t )7>F. defines a continuous functional
J

on H' (R? A%") so that (3.24b) follows.
@(3.24c). We choose the test function in (3.22) as v «= N; (5)u. It is easy to
deduce from Definition 3.4 that N; (3) u = N; (s) @ holds so that

N1 = — 2
(i, ()N ) = Ly (5) Ny () g = 2
Hence, the inf-sup constant for problem (3.22) can be estimated from below by

. (1., (5) T
sup
uELQ(R3)\{O}v€H1 (R3 Aext)\{o} HU‘”L2 R3) ||U||H1(]R3 Aext)

N [ell 2 (gs)
= uer2 (0} IN; ) ul g1 (g oy

We estimate the denominator by

”N] ( )UHHI(R3 Acxt = Hle (AEXtVN )HLZ(RS + ||N ) (g)u”?gl(ﬂp)
= ||IL; B)N; (5) u — 3*p§*N; (5 uHLQ(R3 + |IN; (E)u||f{1(R3)
<2, <§> [ + 211N (e
< 2 32 gy + Is° C2 1IN, (3) ull%y: g
= L2(R3) 0 j H(RS):s

for Cy := max{1 [2A% + ;14,361}. From (3.16) we get
0

5]

IN; )l < 5 ey T2y

|s] su ||g||L2(R3 I '
= NRes \gem@on o [9lman. ) E
< — |
< N Res Ml
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and, in turn,

02 |5|2 1/2
IN; (5 )U‘HHl(]R3 Acxt) < <2+ )\2-(0Res)2> ||u||L2(R3)'

J

The combination of these estimates leads to the inf-sup estimate

inf sup {u,L; (5) Vg > Res
WELAEIMOY e g1 (3 ae ) goy 14l L2 o) 100l prn (s pemey — 18]

where ¢; > 0 only depends on Aj, Aj, so.
@(3.24d). We choose u = L; (s)v and obtain

(3.25) sup [, Ly (9) Do | = (G )0 Ly (9)7)

i (s) E”iz(ma) :
weL2(R?)

Since L; (s) : H' (R*) — H~' (R?) is an isomorphism (see (3.14)), the implication
Lj (s)7=0 = v =0 holds for all v € H' (R?). Since H' (R?’,A;?Xt) C H' (R?) we
conclude from (3.25) that (3.24d) holds. O

LEMMA 3.9. Let Assumption 2.2 be satisfied. The mized variational problem
(3.23) is well posed.

Proof. Again, we employ the Babuska-Lax-Milgram theorem and prove the rele-
vant properties for the sesquilinear form and anti-linear form associated with (3.23).
The sesquilinear form b : (H (R3, div) ,L? (R3)) X (H (R37 div) ,L? (R?’)) — C related
to the mixed variational problem (3.23) is given by

b((j,u),(m,v)) = <(Ae"t) s >R3 (u, div i) ps — (divj, U)ps + 52 (pFu, E>R3.

The anti-linear form associated to the right-hand side is f : (H (R?,div) , L? (R?)) —
C

f((m,0)) = (), ny; (s) D). -

J

We will verify the four conditions for the Babuska-Lax-Milgram theorem. The conti-
nuity of b follows by straightforward Cauchy-Schwarz inequalities. For the analogue
of (3.24c) we choose

1 1
(3.26) Ve oy — divj and m ¢« — ||< ||2>j
S

s [sfP Ry

and obtain after some straightforward manipulations

. S 1 exty—1. % S 1 e i
b(( ,’LL) 3 (m’v)) - H (1 + 82> <(AJ ) -]"]>R3 + ‘8‘3 <p§jxt leJ’dIVJ>R3

+2ilm <:3 <u,divj>R3> + % <plj?xtu’ﬂ>R3 )
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Hence,

[6((;w), (m, v))| = Red ((§, u), (m, v))

1 12 Res
| (1 + ‘ ‘ ) ||-]||L2(R3) + A | |3 ||d1VJ||L2(R3)

J
Res 2
78| Aj ||UHL2(R3)‘

>

Res
Ajls
|

From this, the estimate

Res

. . 1 .
(G () > T mm{A_,s%Aj} (I,
J

follows. The choice (3.26) can be bounded by

2
L2
Hm“H(R3 d1v)+HU”L2(R3) <1+| E ) I3l s aiv)

2 ) 1.9
+ —7 | lullrews) + 1z lillags aiv >
o112 2
< Co (Il any + el Z2e))

for a positive constant Cjy which depends solely on sy and \;. This leads to

19

. L2 2 1/2 2 2 1/2
b(Gyw) s (m, )| = ex (il amy + NulFoes)) (Il am) + 1003@) -

Next, we prove the analogue of (3.24d). Let (m,v) € (H (R3,div), L? (R?)) and

(3.27) V(j,u) € (H(R? div), L? (R?)) b((G,u), (m,v)) = 0.

The analogous choice to (3.26) for the primal variables (j, u) is

S s 1 s 1
U4 —=v — divm and j=-— |14+ — |m
s s eg 5] < ISI2>

and we obtain in the same way as before

b((j,u), (m,v)) = ﬁ <1 + |51|2> <(A§‘-Xt)_1 m,ﬁ>R3 + j <pe1Xt divm, d1vm>

J

+2ilm <| i (divim,T)ps )

I
+ 7 <pext 77>R3 .

For the real part the estimate

. Res 1
Reb (1), (m,0) > 35 min {2 b} (I + 0130

R3
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follows. In view of (3.27), (m,v) = (0,0) follows.
The continuity of the anti-linear form f follows by combining a Cauchy-Schwarz
inequality
—1/2
[ (m, o) < 1l grasaqryy 15172 s (8) (m) | g
with the estimate (2.12) for the normal trace. |

The next lemma states an equivalence of the solutions of (3.22) and (3.23).

LEMMA 3.10. Let Assumption 2.2 be satisfied. The mixed variational problem
(3.23) and the ultra-weak variational problem (3.22) are equivalent:
1. If (j,u) € (H (R3,div) , L2 (Rd)) is the solution of (3.23), then u solves
(3.22).
2. If w is the solution of (3.22), then the pair (j,u) := (AT"Vpyu,u) solves
(5.23). In particular, it holds j € H (R3,div).
3. The solution u of the ultra-weak variational problem satisfies the jump relation

(3.28) [l (5) = ¥

Proof. Part 1.

Let (j,u) € (H(R3,div),L? (R?)) be the solution of (3.23). We test the first
equation in (3.23) with m := A%V for v € H' (R3,A%*"). Clearly, m € H (R?, div)
is an admissible test function. This leads to

— {3 VO)gs — (. div (A7VD) )y = (0,915 (5)0)y, Vo € HY (RS, AF7).

j
Next, we test the second equation in (3.23) with ¢ € H! (R?’,Aj"t) and integrate by
parts

<ja V@)]RB + 52 <p§Xt’U,,§>R3 =0 Vq c H1 <R37A;Xt) )

We set ¢ = v and sum both equations, which yields
<u7 Lj <5> @>]R3 = <¢7’Y]e(1):§ (S) 6>Fj You € H! (Rs,A§Xt) )

Hence, the solution w of the mixed variational problem (3.23) solves the ultra-weak
problem (3.22). Lemma 3.8 implies uniqueness of solutions of (3.23) so that w is the
unique solution of (3.22).

Now, we test the first equation in (3.23) with functions m € C§° (R?) satisfying

supp (m) CC QF for some ¢ € {+, —}. This leads to V., ju = (A?Xt)flj € L% (R?)
and, in turn, to u € H' (R3\I';).

Part 2.

Lemma 3.8 and 3.9 imply the existence and uniqueness of solutions for the vari-
ational problems (3.22) and (3.23). For ¢ € H/2(T;), let uy, denote the solution of
(3.22) and (jm, um) the solution of (3.23). Part 1 implies that u,, € H' (R*\I';) solves
the ultra-weak problem so that ., = un,. Vice versa, u,, equals the u,,-component
of the solution for the mixed variational problem. We test the first equation in (3.23)
with test functions m € H (RS, div) with compact support in ;U Qj and obtain by
integration by parts

jm = A;Xtva;jum = A?Xtva;juuw.

Since jm € H (R?,div) it follows that (ASV iyt uuw) € H (R?,div) x L? (R?)
solves the mixed variational problem.
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Part 3.
We consider the first equation of the mixed problem (3.23) and employ j =
A?Xtva;ju. Integration by parts in each subdomain yields

(3.29)
(o () )y, = = (A7) 7 jm) | — (u,divim)g,
= = (Vpwyjt, M)ps — (u, divi) s
= = (Vi ts W) + (Vat, Mgy, + ([l () (5) ()
(3.30) - <[u]D; 5 () 2 mi (9) (m)>F ¥m € H (R?, div) .

J

The range of the normal trace is H~'/2(T;) = vy, (s) (H (R, div)) (cf. [17, Cor.
2.8]) so that the jump relation (3.28) follows from (3.30). d

The well-posedness of the ultra-weak variational problem allows us to define the
double layer potential as its solution.

DEFINITION 3.11. Let Assumption 2.2 be satisfied. For 1 < j < ng and ¢ €
HY/2(T';) the double layer potential D; (s)1) € L? (R3) is given as the unique
solution of the ultra-weak variational problem

(3:31) (D (8),L; () Vs = (V285 (9)T)., Vv € H' (R, A5 |

Remark 3.12. Note that our definition (3.31) has the same form as formula (4.7)
in [12]. However, we employ this directly as the definition while, in [12] (where the
coefficients are assumed to be infinitely smooth) a different definition is used and
(3.31) is deduced as an intermediate step within the proof of the jump relations.

In the following lemma, important properties of D; (s) are collected which are
well-known, e.g., for PDEs with piecewise constant coefficients.

LEMMA 3.13. Let Assumption 2.2 be satisfied. For ) € HY? (T), the double layer
potential w := D; (s) v satisfies w € H' (RS\Fj,A;th), the restrictions w% = w|qe
solve the homogeneous equations:

(3.32) L7 (s)w” =0 inQF, o0 € {+,—},

and the jump relations hold:

(3.33) [(D; () ¥)]p,; () =, [(D; (s) )], (5) =0

In fact, the double layer potential is a continuous operator D; : H 1/2 () —
H'(R®\ Ty, A$).

Proof. From Lemma 3.10 we conclude that the pair (j, w) with j := AS'V ;0
solves the mixed variational formulation (3.23). We insert this into the second equa-
tion of (3.23) and test with functions ¢ € L? (R3) which vanish in a neighborhood
of I';. From Lemma 3.10(2) it follows w € H* (R¥\I';, A%") and w satisfies (3.32).
Again from Lemma 3.10 it follows j € H (R?,div) so that [(:n;)]p.; = 0. We con-

clude [(D; (s) 1/1)}?3 (s) = 0. Finally, we insert j into the first equation and substitute
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u < w. Integrating by parts over ;" and Q;r leads to

<[w]D;j (), I (8)ﬁ> = (¢, (s) M) Ym € H (R, div).

R3
Since the mapping vn;; : H (R®,div) — H~1/2(T) is surjective (see, e.g., [17, Cor.
2.8]) it follows [(D; (s) ¥)]p.; (s) = ¢. O

3.2.4. Layer potential representation formula. The key observation for the
transformation of our transmission problem to a non-local skeleton equation is the fact
that solutions of the homogeneous PDE can be expressed by Green’s representation
formula via their Cauchy data by means of layer potentials. We start with some
preliminaries. For ¢ € H~Y/2(T';) and ¢ € HY/?(T';) we define the potential

(3.34) w:=D; (s)Y—S5;(s)p.
From Lemmas 3.7 and 3.13 we conclude that w € H' (R3\I';, A;’»Xt) and satisfies

—div (A'Vw) + s*pw =0 in R3\T;,

(3.35) W, (5) = and [w]3 (s) = .

PROPOSITION 3.14. The transmission problem: “for given ¢ € H~'/2(T;) and
v € HY2(T;), find w € H' (R3\Fj,A§Xt) such that (3.35) holds” is well posed and
the unique solution is given by w in (3.34).

Proof. Existence follows since the potential w in (3.34) defines a solution. For
uniqueness, we assume that there are two solutions wi,ws so that the difference
d = wy — wq satisfies

—div (AF'Vd) + s’p§*d =0 in R\,
ext
[dp, () =0 and [dI () = 0.

We multiply the first equation by test functions v € H' (R®) and integrate by parts
over ;" and Q;r After inserting the transmission conditions we get

i (s)(d,v) =0 YveH'(R®).

Since ¢; (s) (-, -) is coercive (cf. Lem. 3.2)) we conclude that d = 0 holds and unique-
ness follows. Hence, the potential w in (3.34) defines the unique solution. Since the
single and double layer operators are continuous, well-posedness follows. ]

LEMMA 3.15 (Green’s representation formula). Let Assumption 2.2 be satisfied.
Letu™ € H' (Q;,A]) and

Ly (s)u™ =0 inQ;

J J -

Then, the Green’s representation formulae hold

(3.36a) u = (Sj (s) yﬁl";_ (s)u™ —Dj (s)p, (5) u_) ’Qf ,
(3.36b) 0= (S ()98 () u™ = D; ()75, ()u7)|_,
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Proof. Define u € H' (R*\T'j, AS") by u|g- :=u~ and u|gs := 0. Clearly
J J
—div (AY*Vu) + s°pu =0 in R*\T

and
[l (8) = —vpy () u™y WIS () = =185 (s)u.

From Proposition 3.14 we deduce that the unique solution of this transmission
problem can be written in the form

u=25,(s) Wf{f‘;_ (s)u™ = Dj (s)vp,, (s)u™.
From this and the definition of u, the representation (3.36) follows. d

4. Calderdén operators. Green’s representation formula from Lemma 3.15 ex-
presses homogeneous solutions of a linear, second order, elliptic PDE by means of
their Cauchy data on the domain boundary. By applying the Cauchy trace to this
formula we obtain the Calderén identity. In this way, Dirichlet and Neumann traces
have to be applied to the single layer and double layer potential which give rise to
non-local boundary integral operators on the subdomain boundaries.

DEFINITION 4.1. Let Assumption 2.2 be satisfied. For 1 < j < ngq, the single
layer boundary integral operator (V; (s)), the double layer boundary integral operator
(Kj (s)), the dual double layer boundary integral operator (K (s)), the hypersingular
boundary integral operator (W, (s)) are given by

Vj(s): HY2(Ty) — HY?(Ty), Vj(s)¢ = {S; (s) o}py; (5),
K (s): HY/?(T;) — H'/?(T;), Kj (s) ¥ == {D; (s) ¥}y (5),
K (s): HTV2 (L)) = H V2 (Ty), K} (s) ¢ := {S; (5) p3%55 (5),
W, (s) : HY2 (D) — H Y2 (1), W; (s) ¥ := —{D; (s) Y} (s)

for all o € H=Y2(T;) and ¢ € HY2(T;).

In order to define the Calderén operator we introduce a bilinear form on the multi
trace spaces (cf. Def. 2.8) and set, for ¢; = (¢p,j, ¢n;;) € X; and ¥; = (¢¥p,j,¥n;;) €
X

YR
(4.1a) (D;,%;)x, = ($Dj> ¥nyjdr, + (b Ny,

where, again, (-,-)p designates the pairing between HY2(T;) and H-'/2(T';). For
¢ = (d)j);zl € X(Pq) and 9= ('z/)j)?:l € X (Pq) we define the bilinear form (-, ) :
X(PQ) X X(PQ) — C by

(4.2) (b )= Y (by)x, -

1<j<nq
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DEFINITION 4.2. Let Assumption 2.2 be satisfied. The Calderén operator C(s) :
X (Pa) = X(Pq) is given by

C(s):=diag[C;(s): 1 <j<ng] with C;(s):= ;VTJ(S) \éi ((3

The sesquilinear form c(s) : X(Pq) x X (Pq) — C associated to the operator C(s)
18

(4.3) c(s) (¢, 9) = (C(s) .y -

Let Id : X(Pq) — X(Pq) denote the identity. An essential property of the
Calderén operator is that (% Id+C (s)) is a projector into the space of Cauchy traces
of solutions of the homogeneous PDE (2.9) as can be seen from the next Lemma.
Recall the definition of the one-sided Cauchy trace ’y%";_ (s) from (2.16) and (2.18).

LEMMA 4.3. Let Assumption 2.2 be satisfied. Let u~ € H! (QJ_,AJ_) and

Ly (s)u” =0 inQ;.
Then, for any j € {1,2,...,nq} it holds

(14) (66— 510, ) 785~ (9 =0,

where Id; : X; — X is the identity in X;.

Proof. Green’s representation formula (3.36a) gives us

ext,—

oy (8)u™ =5 (8) S5 () Wy (s)u™ —py; () Dj () vpy; () u™s
0=1, (5)S; (8) 1y~ () u™ =755 () Dj (8)vp (8)u™,
Ty (8T =y (8)S (8) ey ()u” =Ry (8)Dj (s)py (s)u™s
0=y (855 () (8)u™ + g " (5)Dj () vy (8) ™
We multiply the first two relations by 1/2 and add them and do the same with the
last two relations. This yields

1 — ext,— — —

30y (8)u™ =V (8) g () u™ —K; (8)py; (s)u™,

1 ext,— — ext,— — — —
S () u” = Ki ()W (9)u™ +W; () (5)
and after a reordering of the terms (4.4) follows. d

5. Single-trace formulation of the transmission problem. In this section,
we formulate the transmission problem (2.23) as a non-local skeleton equation for the
Cauchy data of the solution. We start from a transmission problem with given jump
data: We seek

umult _ (umult)"‘m _ ((ug:}lt7 uﬁ;lt))wm eX (PQ)

J j=1 j=1
as the solution of
(Cj (s) — 3 1d;) up™tt =0, 1 <j < nq,
[umlllt]jk(s): [IB]j)k7 1§jak§nﬂv
(5.1) s1/2 it Lyl = Boilr,ar,  1<J <o
—1/2 , mul _ -
S / uN,}ljt ;N - ﬁNLj'FjﬁFN’ 1 S J S ng
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with B as in (2.23). Note that u™!* is multi-valued on the inner skeleton % N Q.
Following [10, Section 3], a single trace formulation and single-valued functions is
obtained when the transmission conditions are incorporated into the multi trace space
X (Pq). We define the free single trace space X®"&l¢ (Pg) and the single trace space
with incorporated homogeneous boundary conditions by

(5.2)
Jv e H (Q)
. N ?/JD- ;= ")/D. U
single n st. Vi<j<n & iJ
X8l (Po) i= ¢ Yy, ¥ny)) 2y € X (Pa) | e H(gz divs))
St V1<) <ng [ VNG g W

X" (Pa) 1= { (Yo twg))j2, € X8 (Po) | Y1 < j < g
wD;jlrijD =0A ¢N;j|FJOFN - 0}'

We set uingle .= (ujplt — B(s)):zl for B (s) := ((s‘l/gﬁD,j,SI/QBNJ));; and ob-
serve that usi"8® satisfies

(Cj (S) — %Idj) u;ingle = — (C] (S) — %Idj> ,Gj on Fj, 1 < j < ng,

inel - .

(53) [usmg e]jJC (S) =0, 1<y, k< no,
single =0 and usingle =0 1< i<n
Dij FjﬁFD Nij FjﬁFN ’ =7 =N

This implies that us»ele ¢ Xgingle (Pa).

A reversed perspective on this derivation of the skeleton equation in the single
trace space from the original transmission problem (2.23) is as follows: One solves the
non-local skeleton problem in the single trace space (in variational form):

With ¢(s) from (4.3) find us"gle € X578 (Pg) such that

B (o) () = 5 (W ), = () (B 6).0) - 5 (B (6). ),

for all ¥ € X3 (Pg).

We obtain u;-n“lt = u®ingle 1 3 (s). Then, we use Green’s representation formula

uj = (S (s) uy* — D (S)UIS;L}“HQ; , 1<j<na.

na

Finally, the function u = (uj)j:1

(2.23).

Next, we prove the well-posedness of (5.4). The essential point is to prove s-
explicit continuity estimates for the layer potentials and the boundary integral oper-
ators as well as coercivity results for V (s), W (s), and C(s) — 3 Id.

We start with an estimate of the Dirichlet and Neumann trace of homogeneous
solutions of the acoustic PDE.

LEMMA 5.1. Let Assumption 2.2 be satisfied and set A}’ = A;?Xt
Then there are constants Cp,C > 0 independent of s such that
(5.5)

085 2l oseqe,y < Co ls12 ol gy < C st ollgpagys W0 € H (0.

J

€ H(Q, A) solves the original transmission problem

qer 0 E{+ —}
J
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Vice versa, there exists C' > 0 independent of s and a linear bounded extension oper-
ator E; (s) : HY/2 (L) — H*' (R3) which satisfies for all o € H/?(T;) :

(5.6) W, (5)Ej(s)p=¢ and | (s) el geys < Cllellmar,) -
Letv € H' (R®) such that v7 = v|Q;, belongs to H' (Q7,A7) and
—div (AS'Vv) + s?pv =0 in R*\T;.
Then,

(5.7) s ()07

A o
H—1/2(Fj) S CAJ HU ||H1(Q§r);s,

where Aj is as in Lem. 5.2 and C depends only on the domain €27.

Proof. The estimates in (5.5) follow from the scaling of 73 ; (s) with respect to s
and (2.10).

The extension operator E; (s) : H'/?(I';) — H' (R?) is defined for ¢ € H'/2 (I';)
piecewise in Q7, o € {+,—}, by

;5 (8) (Ej (5) p) = ¢ and
(V(Ej (s)9) V) (qa) + 15| (E; (s) #,0) 3 =0 Ywe HY(97).

From [29, Prop. 2.5.1] the estimate (5.6) follows.
For (5.7) we adapt the standard proof (see, e.g., [29, Prop. 2.5.2]) to our setting.
For given ¢ € HY/2 (') let w := E; (s)¢. Let w” := w|,, and v7 = v, 0 €
J J
{+, —}. Green’s first identity (3.8) gives us

’<’Y;ﬁ;g (s) ’UJ,$> = ‘ <s> v <7§X;U (8)v7, 7%, (8) W>I‘

Ty s J

<A}TV’UU, VW>Q}, + 52 <p‘j’v”7W>

2
Lem. 3.2 - .
AJ ||U HHI(QJ”),S H’LU HHl(QJ”),S

(5.6)
< CA, HUUHHI(Q;?);S |‘1/J||H1/2(FJ_) :

Finally,

(o557 ()07

= sup
H=Y2(T5)  peH/2(I;)\{0} ||1/)||H1/2(rj)

J

Ty (s) 07

s °

|

< CA5 107 1)

LEMMA 5.2. Let Assumption 2.2 be satisfied. Then the sesquilinear form induced
by the single layer boundary integral operator satisfies the s-explicit coercivity and
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continuity estimates

(5.8a)
Re (Vi @9),, 2 el g3 el Vo€ BT M),
(5.8b) 2
V5 5) ), | < C3is Il-vmary Wllvaey Voot € HVE (D).

The dual double layer boundary integral operator is bounded and satisfies the estimates

3/2
Ay ls

(5.9) K5 () el - 2(y) = 7N, Res

lloll - 2, VP E HY2(Ty).

The sesquilinear form induced by the hypersingular boundary integral operator satisfies
the coercivity and continuity estimate

(5.10a)

— Res
Re (W; () ¥ ¥)r, = e7m 1w, V€ HY?(T)),
) A2 s 12
(5.10b) |(W; (s) v, @), | < AR‘nwmmr>wmmmq Vi, € HY2(T;).

The double layer boundary integral operator is bounded and satisfies the estimate

A | |3/2
(5.11) HK (s )¢||H1/2(r ) < C H¢||H1/2(F ) AAZES H'Y? (Fj)~
For the single layer potential, the estimate

3/2
S
612 15 6) el < Oxpres 1ellnsry Yo € HTVAT)

holds. The operator norm of the double layer potential is bounded by

Aj s
Aj Res

(5.13) ID; (S)Q/JHHl(RS\pj);S <C ) Ve HY2(Ty),

where for u € L* (R?) with u” := ulg, € H' (Q9), o = {+,—} the broken H' norm
J
is given by
1/2
o2
el @ove e = | D2 17l (g
oe{+,—-}

All constants ¢,C > 0 only depend on Q; and, in particular, are independent of s.

The proof of this lemma follows standard arguments and hence is postponed to
Appendix A.

LEMMA 5.3. Let Assumption 2.2 be satisfied.

The sesquilinear form (C; (s) -, '>X,~ : X, x X; = C is coercive:

A; Res
1+J —a ||"/’Hx Vi, € Xy,

Re <Cj (s) 1/)]4,1/7]4>Xj >c

A7 |s|
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and continuous:

1+

(o008 | < OB ol e €

The proof follows closely the arguments in [4, Lem. 3.1] for the case of constant
coefficients and we adapt it here to our general setting.

Proof. We pick some v; := (¢p.j, ¥n;;) € X; and define u € H' (R3\I';) by

w:=S; () ¥n;; — D; (s) ¥py-

We set u” := ulgo, 0 € {—,+}. The jump relations (3.20), (3.33) imply

[U]D,] (s) =—vYp; and [U}ENXB (s) = —¢ny
while the relations
{ubp;; (s) =V, (s) ¥ny; — K; (s) ¥py
fulRs (s) = Kf (s) ¥nyy + W (s) ¥y

follow directly from the definition of the boundary integral operators. A more compact

formulation is | {ulp.; (s)
Ci(s)p; = ( fuds (s) )

Since S; (s)¥n;; and Dj (s) ¢p;; satisfy the homogeneous PDE in Q) and Qj (cf.
(3.19), (3.32)) we may apply Green’s identity (3.8) and the definition of the jumps
and means (2.19), (2.20) to obtain by a jump-average parallelogram identity?:

Re (€ (59,5, )y,
re((2)"” <{~{u}m<> 356, + (2 (o () 4k ), )

~ Re ((z) v <<A;vu+7vu+>ﬂj+ T2 <pju+,u>ﬂj+)>
cre((3)" ((arvimvu), w2 (rma), ).

As in the proof of Lemma 3.2 we obtain

Res 9
W)‘j ||uHH1(R3\F]');s :

(5.14) Re (C; (5)¥;,%,)x

i

2 For a,a1,as2,b1,bs € C a direct calculation shows
b1 /— — b — — —
aal—zi_ 1 (bz—@) +5(b1—a71) (GQ; 2) = — Re (aa1@+ab1b2> +ilm (aa1b2 +5a2b1)

so that

—Re (aal ;bl (E—@) +E<E—H) <a2;b2)) — Re (aalafg—&—ahg).
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To estimate the right-hand side we start with

2 2
—1/2 , 112 =172
y wD”HHl/z(F]-) N -2,y = |57 Moy (S)HHl/Q(Fj)
(5.15) . 2
+ HMNJ (S)Hﬂfw(rj) '

From (5.5) and a triangle inequality we conclude that

(5.16)

—1/2 2 —1/2
HS Yp;j 12T, = Hs [ulp,; (S)H

2

HY2(Ty)
1|0 o |2 2
S 2 Z |S| H’YD,j (S)U ||H1/2(Fj) S c ||u||H1(]R3\Fj);s .
oe{+,—}

From (3.9) and by using the lifting E; (s) as in Lemma 5.1, we obtain

{1 0).3)

F.
GID) ngllgorae,) = [0S ) = sw ’
JNH=1/2(T5) N2 @y gememngoy 10lauae,)
S\ 1/2 ex =
()7 (W 9705 OE WT0), |
e H/2(I';)\{0} H¢||H1/2(Fj)
o BeEEE)
pem2mnoy  elmee,)
Lem. 3.2 HEJ (8) ¢||H1 R3):s
< Aj ||u||H1(]R3\Fj);s sup —
pemrenoy el

5.6)
< OA] Hu||H1(R3\Fj);s :
The combination of (5.14)-(5.17) leads to the coercivity estimate

— . A; Res 2
Re (C; (8)¥;,%;)x Cﬁw 9], -

Y

For the continuity estimate we obtain for any

¥; = (¥py,¥n;5) @ = (pyj, oN;s) € Xy
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from Lemma 5.2

, - | _ —K; (s) ¥p;j + Vj () ¥ ©D;j
‘<C] (5) wj’¢j>xa" - <( W; (s) ¥p.; + K (s) ¥nyj ) ' ( SDN;; >>x
= ‘(*K' (8)¥py +Vj () Uny PN ), + (PDs W () ¥py + K (s) ¢N;j>p].‘

s 2
A—R— (A 151 Ipisll sy Nom i mqr

- Isl sl -1 2oy lomsll—szqr

1/2

+A2 |WD,]||H1/2 ||<PD,J||H1/2(F y T A;|s| ||¢N;j||H—1/2(rj) H‘PD;J‘HHl/Z(rj))
L Jsl”

9 1/2
2 || .—1/2,, 12
= '3 Res (A s ¢DUHH1/Q(FJ.>+”¢NU Hlﬂ(n)) X

5 , 1/2
2| o—1/2 ) )
x <Aj HS @D;jHHl/z(p) + ”(’DNM Hl/z(ﬂ‘))

1+ A
8 B, 6,

§ CI/ D

A summation of the local coercivity estimates (of the local continuity estimates,
resp.) over all subdomains leads to the following global coercivity (global continuity,
resp.).

COROLLARY 5.4. Let Assumption 2.2 be satisfied. The sesquilinear form

C(S) > ZX(PQ) XX(PQ)—)(C

(
is coercive: for any 9P € X

(Pq) it holds
)\ Res
and continuous: for any ¥, ¢ € X (Pgq) it holds
— 1 A
(5.19) (6 0Bl < 2D g g,

with A := minlgjgm )\j and A := maxij<j<ng Aj.

We have collected all prerequisites to prove the well-posedness of the non-local
variational problem on the skeleton (5.4) in single trace spaces.

THEOREM b5.5. Let Assumption 2.2 be satisfied. The sesquilinear form

(6060 (2= 49 ) 5 58 (Pa) x 35758 (o) €

is coercive and continuous: for any o € X5 8 (Pg) and 1, ¢ € X (Pq) holds true
(a, @) =0, and

A Res o H
Tra2 s R

1 14+A s
<| = _ .
_<2+ . Res) 61161l

Re(c(s) (v, @) >

cls) (%.8) — 5 (. B),
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For any B € X (Pg), the variational problem (5.4) has a solution u¥ge ¢ X518 (Pg)
which is unique and satisfies

(5.20) usnee||, < ¢ (' il 2 18

where C' only depends on \, A, sg, and on the domain Q via trace estimates.
Proof. Let o = ()72, € XEnele (Pg)) with a; = (apyy, any;) and

¢ = (¢J);l:1 7,¢' (1/)])j=1 S X(PQ) with 1/"] = (wD;jva;j) and ¢j = (@D;jMPN;j)-
Then

Re (c(6) (@) - 5 (o) ) = Rec(s) (@)

owing to the self-polarity of the single trace space, see [9, Lem. 4.1], [10, Remark 55].
Thus, the coercivity estimate follows from (5.18):

e (e 9) () fen i ) = e 155

The continuity estimate follows by combining (5.19) with

(0, 8)l < Y |Wosoadr, + (ny PB)r,

1<j<nq

> (lvwy

1<j<ne

IN

H/2(T;) o H~1/2(T;)

+ HwNJ”H*l/?(F]-) ||S0D;j||H1/2(FJ_))
> lwslx, 950k, < 19l 1l -

1<j<ne

In particular, the continuity of (c(s) (+,-) — 3 (-,%)x) implies that for any 8 € X (Pq)

the form (¢ (s) (8(s),-) — 2 (B(s),7)x) : X5"8'° (Pq) — C defines an anti-linear oper-

ator with upper bound ( +CR 1+A 1‘)\! 6) |5|1/2 |8 for its norm. By the Lax-Milgram

theorem we infer well-posedness of (5.4) and the bound in (5.20). 0

Remark 5.6. Our approach also paves the way for pursuing a multi-trace formu-
lation as in [10]; all the ingredients are available! We expect that the multi-trace
formulation becomes well-posed and the resulting equations are well-suited for opera-
tor preconditioning. In this paper, we have focus on the single-trace formulation since
it directly inherits the stability of the boundary value problem.

6. Conclusion. In this paper, we have considered acoustic transmission prob-
lems with mixed boundary conditions, variable coefficients and absorption. We have
developed a general approach to transform these equations to non-local skeleton equa-
tions in such a way that the resulting variational form is continuous and coercive so
that well-posedness follows by the Lax-Milgram theorem. The transformation is based
on Green’s representation formula involving single and double layer potentials which
are defined as solutions of some variational full space problems without relying on the
explicit knowledge of the Green’s function. The paper can be regarded as a general-
ization of [15] by allowing for unbounded domains (full space/half space) and variable
coefficients in the subdomains.
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In contrast to other methods such as the indirect method of boundary integral
equations (see, e.g., [28, Chap. 3.4.1]) the well-posedness of the non-local skeleton
(integral) equation follows directly from the well-posedness of the auxiliary variational
problems in full space.

Another important contribution of this work is the completely s-explicit nature
of all estimates, s the frequency parameter. Its significance is due to the possibility
to apply our boundary integral equation method to transform the space-time wave
transmission problem (in analogy to (2.23)) to an integro-differential equation which
may serve as a starting point for its discretization by convolution quadrature. The
well-posedness of this integro-differential equation follows from the coercivity and con-
tinuity of the variational skeleton equation (5.4) via operational calculus; for details we
refer to [15], [4], [29], [5]. We also mention that the restriction to mixed Dirichlet and
Neumann boundary conditions was merely done to reduce technicalities: Dirichlet-
to-Neumann boundary conditions and impedance conditions can be incorporated into
the variational skeleton equation following the approach in [15].

Appendix A. Proof of Lemma 5.2. The proof of Lemma 5.2 is an adaptation
of the arguments in [22, Prop. 16, 19] to our setting; see also [6, Lem. 5.2]. In
this appendix, we present the proof to show that the known arguments apply to our
general setting.

Proof of Lemma 5.2. Let ¢ € H~'/2(T') and set u := S; (s) . The jump
relations for the single layer potential (cf. (3.20)) imply yp,; (s)u = V(s)¢ and
[u]f\?; (s) = —¢. Then, we have

Re (. V() p), = Re (= [ (5). 75 ()7)

(218) p << > 2<[u}‘f§‘;§ (s), 7Dy (5)“>rj>'

We employ (3.9) with v =w = u and A(-), A; as in Lem. 3.2 to obtain (cf. (3.6))

Re (() Iz )90 <s>u>rj> ~ Re (() e (wu))

Res <<Ae"tVu Vu> +s | < ext,, E>R3>

Res

Y

22 (N (A9 [9ulfa sy + A (05) Isf? lul o s )

Res
H JHUHHl(RB)s‘

Finally, the coercivity estimate (5.8a) for V (s) follows from (5.7)
Next, we prove the continuity of the single layer operator. For ¢ € H~ /2 (T,),
let v :=S; (s) . Then (5.12) follows from

Res -
T2 Wl oy < Re (0. VG00), < Hela-vaqey) s () vl

(:5) 1/2
< Cls? Nl 12,y 10l s gasyss -
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The continuity (5.8b) of V (s) is a direct consequence of the estimate

[V 9) 0. 8)r, | = [ (5185 ()2, 8 | < sy ()5 () Pllgnraqey 1822,

< C1sI"11S;5 () @l oy 11 12,
Ek

S
< O3 gz W9l 1¥lnvaqe,-

Finally, the dual double layer boundary integral operator K/ (s) can be estimated by
using the mapping properties of S; and V. Let v7 := (S; (s) ¥)lgo, 0 € {+,—}.

Then, we have for all p € H=1/2(T;) :

>'e ext,o o
165 () el - 12(r;) = [|{£S; () 2BR5 ()] - 2,y S > ‘VN;j (s)v H-12(T)
oc{+,-} !
(5.7) (5.12) AJ |S|3/2
<o, {; L v L)

Next, we investigate the mapping properties of the operators related to the double
layer potential and start with the coercivity estimate of W; (s). Let ¢ € HY2(T;)
and set u := D, (s) 9. The jump relations for the double layer potentials (cf. (3.33))
imply x5 (s)u = =W, (s) ¢ and [u]; (s) = 1. Then, we have

Re (W; (5) 1, 0)p,, = Re (&5 (s) w. il (3))

@19 g, (()/ (85 () [, <s>>rj> -

We employ (3.10) with v = w = w and A(-), A; as in Lem. 3.2 to obtain (cf. (3.6))
with A7 := A‘th|Q§_, and pg := p‘j"t|ﬂj, oe{+, -}

_\1/2
Re (W; (5)¢>@>F72Re (j) Z (<A(J‘TVUU>V“0> +5* (pfu’ u(,>m>
| cel+—} '
Res oo o = v
=T ST ((ATVu, V), +|s| (pfu’,u”) g,
oce{+,—}
R R
(A1) > %)\j Z HU”HZl(Qg);s = ﬁ)‘j ||u||2Hl(R3\F.f);S.

oe{+,—}
Thus, the coercivity relation (5.10a) follows from the trace estimate (cf. (5.5))

2
1912y = [ O)] e, < E%j_} 8.5 ) 4 e,

o2 2
< Cls| 14”151 (00 ),s = C sl [ullzr o, s -
( .7)’ ( \ J)
UE{J"?_}
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Next, we prove the continuity of the double layer operator. For ¢ € H'Y/2(T;), let
u:=Dj (s) 1. Then (5.13) follows from

Res _ ox
TAJ- 1l s gy, e < Re (W ()9, D)y, =Re (%5 () u, 9) .

|s J

< ||7§I)f; (S) UHH—l/Q(]_"j) ||1/1HH1/2(1‘_7»)

5.7)
< CAjllull grgave,yis 19 a2y -

The continuity estimates for the operators W, (s) and K; (s) follow from the combi-
nation of this and the trace estimates (Lem. 5.1). d

List of notations. In this article we prefer “verbose” notations conveying max-
imum information about entities. We admit that this leads to lavishly adorned sym-
bols, but enhanced precision is worth this price.

As a convention, we denote scalar functions and spaces of scalar functions with
italic letters, vectors in C? (tensors of order 1) with bold letters, and matrices in C3*3
(tensors of order 2) by blackboard bold letters.

S S positive real numbers

Coo v complex numbers with positive real part

R3X3 symmetric 3 X 3 matrices

(G I O B bilinear form in C* see §2.1 and duality pairing of a function space
on a domain (or manifold) w with its dual

Ao tensor coefficient for transmission problem, see Rem. 2.4

A7 p7 o coefficients on the subdomain Qf, o € {4, —}, see Assumption 2.2,
(2.8)

AT pSt extension of the coefficients A;Xt7pj-_ to R3, see Assumption 2.2

A(AFY), A(AT) L. lower and upper spectral bound of the tensor coefficient A$*", see
(2.5)

A (p?"t), A (p‘;-’“) ...... lower and upper bound of the coefficient p‘;-"t, see (2.5)

Ny Ao min {X (A$) A (p$°) }, max {A (AF") , A (p5*) }, see (3.5)

S Laplace domain parameter (“wave number”) in Cso, see (2.2)

SO e lower bound of the modulus of s, see (2.2)

Qo bounded or unbounded domain in R?, see §2.2

Q=Q5, ..o subdomains of Q (1 < j < ng), see §2.2

Qj ................... exterior complement R3\Q;, see §2.2

wWwCCQ w is compactly contained in 2, i.e., W C Q,

o boundary of §2; see §2.2

Ty o boundary of €;; see §2.2

Tik oo common boundary of ©; and Qy; see §2.2

I'po part of I" where Dirichlet boundary conditions are imposed; see §2.2

] part of I' where Neumann boundary conditions are imposed; see §
2.2

PO e set of subdomains of 2; see §2.2

D skeleton of Pgq, union of 092, see §2.2

4 outward normal vector pointing from 27" to Qj, see Prop. 2.5

C* (w), C=® (W) ....... space of infinitely differentiable functions and vector valued version

Cs° (w), C§° (W) evnnn.. Co° (w) := {u € C* (w) | suppu C w} with vector valued version
CF” (w)

(Lp (w), H-||Lp(w)) ..... Lebesgue space for 1 <p < oo with norm |||, ,; see §2.1



) L2 (w)» '7'

), Il ||Lp(w)) ......
EILP ), |l me) .....
(-

(

Hlkoc (w) ...............
”.HHl(w);s’ H‘”H*l(R?’);S

H(w,div) .....cooene
(Hl (w,B), H'HHI(W,]E;))

(%5 <-,->,;j Al ) -
(X(Pa), ¢ ) 1) -

X (Po)
XEmEle (Do)

7]%;j7 TD;j»
YD;j (S) ................
’73;;‘7
Yn;j (8) ................
Mo ,7;):;,0’ TN 'YIC\I)%"
Wy () ARy (),
i (8), Wi (8) v
Y& Yot Ve
'yecx;g-’a (€) P R

n (8): U] ()
[W}N;j,lw [W]IS\IX;k
f{ulp,; {ubp,; (),
fubn, Huby, (s)- -
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L? (w) := LP (w)® with norm [l o (o) Se€ §2.1

LP (w) := LP (w)*** with norm Loy se€ 2.1

L? (w) scalar product in L? (Q),L? (Q), L? (Q)

subset of L*° (w) of functions which are uniformly positive, see §2.1
subset of P (w) of functions which map into the set of symmetric
3 X 3 matrices; see §2.1

subset of L™ (w,R3)3) of functions which are uniformly positive
definite, see Def. 2.1

Sobolev space W52 (w), see §2.1

closure of smooth functions with compact support with respect to
the [|-|| jr () norm (see §2.1) and its dual space (see §2.1)

Sobolev space of functions which locally belong to H” (w); see §2.1
frequency-weighted Sobolev norm and its dual norm, see (2.1),
(3.15)

subspace of L? (w) of functions v satisfying divv € L? (w), see (2.2)
subspace of H' (w) of functions v such that div(BVv) € L? (w)
equipped with the graph norm; see Def. 2.1

X2 H' (Q;,A7)
Sobolev space on a closed manifold, see §2.1

Sobolev spaces on manifolds with boundary; see (2.21)

Sobolev space H/2(T';) x H~'/?(T';), equipped with bilinear form
(-, >x and norm ||- ||X , see Def. 2.8, (4.1a)

Sobolev space X (Pq) = ijl X;, with bilinear form (-, )y and
norm |||/, see Def. 2.8, (4.2)

single traces space; see (5.2)

single traces space with incorporated zero boundary conditions, see
(5.2)

one-sided and two-sided Dirichlet trace operators and frequency
scaled versions; see Prop. 2.5, (2.18)

one-sided and two-sided normal trace operators and frequency
scaled versions; see Prop. 2.5, (2.18)

one-sided and two-sided co-normal derivatives and frequency scaled
versions, see Prop. 2.5, (2.18), Notation 2.9

one-sided and two-sided Cauchy trace operators and frequency
scaled versions, see (2.15), (2.18), Notation 2.9

trace lifting operator; see Lem. 5.1

Dirichlet jump across I'; and frequency scaled version; see Def. 2.7
Dirichlet jump across partial boundary T'; x; see (2.22)

jump of co-normal derivative across I'; and frequency scaled version;
see Definition 2.7, Notation 2.9

jump of co-normal derivative across partial boundary I'; r, see (2.22)
mean value of Dirichlet traces and co-normal derivatives across
boundary I';, and their frequency scaled version; see Definition 2.7,
Notation 2.9

sesquilinear form associated to the full space transmission problem
with coefficients A§x°7 p?”‘t and relative operator' see Definition 3.1
differential operator on subdomains 2 ,Qf T, see (2.7)
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AV P piecewise gradient; see (3.1)
Vi (s),K; (s),
K (s),Wj(s) ..ot boundary integral operators, see Definition 4.1
Ci(8)e et Calderén operator for the subdomain €, see Def. 4.2
C(s),c(8)evevvuennnnn. global Calderén operator and associated sesquilinear form; see Def-
inition 4.2
Id...ooooooiii identity operator
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