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ABSTRACT. We present a regularization strategy that
leads to well-conditioned boundary integral equation formu-
lations of Helmholtz equations with impedance boundary
conditions in two-dimensional Lipschitz domains. We con-
sider both the case of classical impedance boundary con-
ditions, as well as that of transmission impedance condi-
tions wherein the impedances are certain coercive operators.
The latter type of problem is instrumental in the speed
up of the convergence of Domain Decomposition Methods
for Helmholtz problems. Our regularized formulations use
as unknowns the Dirichlet traces of the solution on the
boundary of the domain. Taking advantage of the increased
regularity of the unknowns in our formulations, we show
through a variety of numerical results that a graded-mesh
based Nystrom discretization of these regularized formula-
tions leads to efficient and accurate solutions of interior and
exterior Helmholtz problems with impedance boundary con-
ditions.

1. Introduction. The computation of accurate solutions of Helm-
holtz problems with impedance boundary conditions is relevant to a
wide variety of applications, including antennas and stealth technol-
ogy. Another important area where numerical solutions of impedance

2010 AMS Mathematics subject classification. Primary 35J05, 65F08, 65N38,
65T40.

Keywords and phrases. Impedance boundary value problems, integral equations,
Lipschitz domains, regularizing operators, Nystrom method, graded meshes.

The first author received support from the NSF, grant No. DMS-1312169. The
second author received support from the NSF, grant No. DMS-1319720.

Received by the editors on July 4, 2016, and in revised form on November 30,
2016.

DOI:10.1216/JIE-2017-29-3-441 Copyright ©2017 Rocky Mountain Mathematics Consortium

441



442 C. TURC, Y. BOUBENDIR AND M.K. RTAHI

boundary value problems are extremely relevant is that of Domain De-
composition Methods (DDM) for the solution of Helmholtz equations.
Indeed, in the aforementioned context, DDM rely on impedance match-
ing boundary conditions between subdomain solutions [15]. In order to
accelerate the convergence of DDM for Helmholtz equations, impedance
(Robin) transmission conditions can be used to great effect [7, 29|
on the interfaces between subdomains. In these cases, the impedance
(which is typically a piecewise constant function) on the interface be-
tween two subdomains is replaced by certain coercive operators that
are approximations to Dirichlet to Neumann operators corresponding
to those subdomains [7].

Whenever applicable, boundary integral solvers for the solution
of Helmholtz impedance boundary value problems are computation-
ally advantageous [5, 11, 27]. Although both interior and exterior
Helmholtz impedance boundary value problems remain well-posed for
all real values of the frequency, robust boundary integral formulations
of these problems still must rely on the Combined Field approach [13].
The classical Combined Field formulations feature the Helmholtz hy-
persingular boundary integral operator, and as such, are not integral
equations of the second kind.

We present in this paper regularized combined field integral equa-
tions of the second kind for Helmholtz impedance boundary value prob-
lems in two-dimensional Lipschitz domains. These are direct formula-
tions obtained from applications of Dirichlet and Neumann traces to
Green’s identities, and then combining the former and the latter precon-
ditioned on the left by a single layer operator with complex wavenum-
ber. The regularization strategy bears similarities with the Calderén
preconditioning introduced in [12, 23] as well as with the OSRC pre-
conditioning introduced in [3, 4]. This procedure was previously ap-
plied successfully to Neumann boundary conditions [2, 9, 10]. We
show in this paper that the aforementioned approach may also be ap-
plied to the more challenging cases of piecewise constant impedance, as
well as the transmission impedance operators of importance to DDM.
The unknowns in our regularized formulations are Dirichlet traces of
solutions on the boundary, which enjoy optimal regularity proper-
ties amongst solutions of possible boundary integral formulations of
Helmholtz impedance problems in Lipschitz domains.
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We take advantage of the increased regularity of the solutions of
our regularized formulations (the solutions are Holder continuous) to
construct high-order Nystrom discretizations based on graded meshes,
trigonometric interpolation, singular kernel-splitting and analytic eval-
uations of integrals that involve products of certain singular functions
and Fourier harmonics [22, 24]. Our Nystrom method incorporates sig-
moid transforms [19] within parametrizations of domains with corners,
and it uses the Jacobians of these transformations as multiplicative
weights to define new unknowns. A weighted Dirichlet trace defined as
the product of the derivatives of the sigmoid parametrizations and the
usual Dirichlet trace of solution of impedance problems is introduced
as a new unknown. Given that the derivatives of the parametrizations
that incorporate sigmoid transforms vanish polynomially at corners,
the weighted traces are more regular for large enough values of the
order of the polynomial in the sigmoid transform. Introducing new
weighted unknowns also requires a definition of new weighted boundary
integral equations that involves weighted versions of the four scatter-
ing boundary integral operators. The weighted formulations turn out
to be particularly useful in the case of piecewise constant (discontinu-
ous) impedances. We use splitting of the kernels of the four Helmholtz
boundary integral operators required in the Calderén calculus into reg-
ular components and explicit singular components that have been pre-
sented in our previous efforts [2, 16]. An appealing aspect of our reg-
ularized formulations is exploitation of Calderén’s identities to bypass
evaluations of hypersingular operators, which facilitate the kernel split-
ting techniques. We give ample numerical evidence that our Nystrom
solvers for impedance boundary value problems converge with high-
order and are well-conditioned throughout the frequency spectrum.

This paper is organized as follows. In Section 2, we formulate the
Helmholtz impedance boundary value problems in which we are inter-
ested. In Section 3, we discuss several regularized boundary integral
formulations of the Helmholtz impedance boundary value problems and
we establish the well-posedness of these regularized formulations. In
Section 4, we investigate regularized boundary integral formulations
for transmission impedance boundary value problems in connection
with DDMs. Finally, in Section 5, we present high-order Nystrom
discretizations of the various boundary integral equations considered
in this paper.
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2. Integral equations of Helmholtz impedance boundary
value problems. We consider the problem of evaluating time-harmonic
fields that satisfy impedance boundary conditions on the boundary I"
of a Lipschitz scatterer D, which occupies a bounded region in R2.
Denoting by D; = R?\ D, we are interested in solving

. Av + E*u? =0 in D7, j=1,2
1) ’yf\,uj + Zj7£uj = f onl, j=1,2,

where the wavenumber k is assumed to be positive, f7 are data defined
on the curve I and Z7 € C are such that 3Z' > 0 and £322 > 0.
In equations (2.1) and what follows ~7,, j = 1,2, denote exterior and,
respectively, interior Dirichlet traces, whereas ﬂv, 7 = 1,2, denote
exterior and, respectively, interior Neumann traces taken with respect
to the exterior unit normal on I'. We assume in what follows that
the boundary I' is a closed curve in R? that is locally the graph of a
Lipschitz function.

For any D C R? domain with bounded Lipschitz boundary T,
we denote by H?®(D) the classical Sobolev space of order s on D
(see, for example, [1, Chapter 2] or [25, Chapter 3]). We consider
in addition the Sobolev spaces defined on the boundary T, H*(T),
which are well defined for any s € [—1,1]. We recall that, for any
s > t, H¥(X) ¢ HY(X), ¥ € {Di1,D5,T'} and the embeddings are
compact. Moreover, (H'(T'))’ = H*(I") when the inner product of
HO(') = L?*(T) is used as duality product. If Ty C T such that
meas (I'g) > 0 (we mean here the one dimensional measure), we can
still define Sobolev spaces of functions/distributions on I'g. Indeed, for
0 < s < 1/2, we define by H*(T'g) be the space of distributions that are
restrictions to Ty of functions in H*(T'). The space H*(T'y) is defined
as the closed subspace of H*(T'y)

H5(To) = {u € H (Ty) : € H'(T)}, 0<s<1/2

where
~ u on Iy

v {O on I'\ T'y.

We then define H!(T) to be the dual of H*(T'g) for —1/2 < t < 0,
and H'(T) the dual of H*(T'g) for —1/2 <t < 0.
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It is well known [25] that v, : H*tY/2(D;) — H*(T) is continuous
for s € (0,1), and if

HX(D;) = {U € H*(D;) : AU € L*(D;)},

endowed with its natural norm, then vy : HX(D;) — H*73/%(T) is
continuous for s € (1/2,3/2). The space H(T'), and its dual H~(T),
are then the limit case from several different perspectives.

If we furthermore require that u' satisfies Sommerfeld radiation
conditions at infinity:
(2.2) Jim r/2(Qut Jor — ikut) =0,

T|—00

then the assumptions 3Z' > 0 and $Z2 > 0 or $Z2? < 0 guarantee
that equations (2.1) have unique solutions u' € C?(Dy) N HL (D)
and u? € C?(Dy) N HY(Dy) for data f/ € H-Y?*T) [25]. The
unique solvability results remain valid in the cases where Z* € L>°(T),
32 >0 and 22 € L*(T), 3(Z2%) > 0 or 3(Z2) < 0 [25].

We note that, in many applications of interest, the data f' is related
to an incident field u'™¢ that satisfies

(23) Auinc + k2uinc -0 in El,
by the relation
(24) fl = —’Y]lvuinc _ Zl,}/lDuinc7

in which case the solution u! of equations (2.1) is a scattered field.

3. Regularized boundary integral formulations for the solu-
tion of Helmholtz impedance boundary value problems. Next,
we present regularized direct boundary integral formulations for the so-
lution of impedance boundary value problems that are similar in spirit
to those introduced in [2, 9] in the case of Neumann boundary condi-
tions. To this end, we begin by reviewing the definition and mapping
properties of the four scattering boundary integral operators related to
the Helmholtz operator A + k2.

3.1. Layer potentials and operators. We start with the definition
of the single and double layer potentials. Given a wavenumber k such
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that 3k > 0 and Ik > 0, and a density ¢ defined on I', we define the
single layer potential as

SLi(p)](2) = / Gi(z— y)o(y) ds(y), ze€R2\T

and the double layer potential as

[DLawn@)::/"Qgﬂz:gQ

 on(y) e(y)ds(y), ze€R*\T,

where Gi(x) = (1/4)H(gl)(k\x|) represents the two-dimensional outgo-
ing Green’s function of the Helmholtz equation with wavenumber k.
The Dirichlet and Neumann exterior and interior traces on I' of the
single and double layer potentials corresponding to the wavenumber k
and a density ¢ are given by

() = 7HSLi(y) = Sk
eSLi(e) = (-1 £+ Kl p, j=1,2
(3.1) , ‘
ThDLi(p) = (-1 L + Kup, j=1,2
(

¢) =73 DLi(p) = Nip.

In equations (3.1), the operators Kj and K, , usually referred to
as double and adjoint double layer operators, are defined for a given
wavenumber k£ and density ¢ as

62 Ep)) = [ 9CkX—Y) ) ds(y), xeT

r On(y)
and
63w = [ PEE I may), xer.

Furthermore, for a given wavenumber & and density ¢ € H'/?(T), the
operator Ny denotes the Neumann trace of the double layer potential
on I' given in terms of a Cauchy Principal Value (PV) integral that
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involves the tangential derivative 05 on the curve I'

(Nig)(x) = k? / Gr(x — y)(n(x) - n(y)e(y) ds(y)
(3.4)

+PV /r 9sGr(x — y)0s(y) ds(y).

Finally, the single layer operator Sy is defined for a wavenumber k as

(3.5) Skgo /Gk X y ) ( ), xel

for a density function ¢ defined on T'.

Green identities can now be written in the simple form:
w = (—1)?SLy(vhw!) — (—1) DLy (vhHu?).
Similarly,

1 1y | T Ee Sk _
(36) CJ_2|: I:|+( 1) _Nk K];r ) J_172a

are the Calderén exterior/interior projections associated to the exte-
rior/interior Helmholtz equation:

I 0d I 0d
(3.7) C2=0y G Pg J} = [VJD j].
TNW INW
We recall that, from (3.6)—(3.7), we can easily deduce
(3.8)
SpNp = —1I+ K7,  NpSp=—-1I+(K])?,  NiKj=K] Ny

Next we recount several important results related to mapping prop-
erties of the four boundary integral operators of the Calderén calcu-
lus [16].

Theorem 3.1. Let Dy be a bounded domain, with Lipschitz bound-
ary I'. The following mappings

Sy : H5(T) — H*TH(T),
Ky, : HSHUT) = HsT(D),
K : H5(T') — H*(T),

Ni : HSPY(T) — H3(T),
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are continuous for s € [—1,0]. Furthermore, if k1 # ko, we have that

Sk1 — Sk2 : H—l(F) — Hl(F>,
Kkl - Kkz : HO(F) - Hl(r);
K] - K : H-\(T) = HOT),
Nkl — Nk2 : HO(F) — HO(F)

are continuous and compact.

We also recount a result due to Escauriaza, Fabes and Verchota [17].
In this result, Ky and K, are the double and adjoint double layer
operators for the Laplace equation (which obviously correspond to
k=0).

Theorem 3.2. For any Lipschitz curve T' and X\ ¢ [—1/2,1/2), the
mappings
A + Ko : H*(T) — H*(D)

are invertible for s € [—1,1]. Furthermore, the mappings
%I:ﬁ: Ky: H(I') — H*(")
are Fredholm of index 0 for s € [—1,1].

3.2. Regularized boundary integral equation formulations of
Helmbholtz impedance boundary value problems. We begin with
the case of exterior scattering problems with impedance boundary
conditions given by (2.4), and we derive direct regularized boundary
integral equation formulations of these problems. Assuming smooth
incident fields «™¢ in R2, an application of the second Green identities
for the functions u™® and Gi(x — -), x € D; in the domain Dy, leads
to
0= —SLyp(yxu™) + DLy (yHu™) in Dy,

and hence,
u' = —SLp[yN (u' + ™)) + DLg[yh(u' +u™)] in Dy.

We define the physical unknown that is the Dirichlet trace of the total
field on I’

(3.9) Thu = 7h(ut +u™)



THE SOLUTION OF HELMHOLTZ PROBLEMS 449

and take into account the impedance boundary conditions to get the
representation formula

(3.10) u' = SLi(Z'ypu) + DL (yhu).

Applying the exterior Dirichlet and Neumann traces to equation (3.10)
we obtain

’leJ inc

2
Z'vhu

2

Following the strategy introduced in [2], we add the first equation above
to the second equation above composed on the left with the operator
—25,, Sk > 0, and we obtain a Regularized Combined Field Integral
Equation (CFIER) of the form

(3.12) A ypu = pu™ + 28y u™

(3.11) — Ki(vpu) = Se(Z'vpu) = vpu

+ Ni(vpu) + K (Z'ypu) = —ypu™.

1
A = 51 = 25k Ny — S.Z' — 28K 7' — K; — S Z".

Remark 3.3. For the time being, we view Z! as the multiplicative
operator by the complex constant Z!. The notation in equation (3.12)
allows us to consider more general operators Z', e.g., the impedance
Z' is an L>=(T") function.

Similar considerations lead us to regularized boundary integral equa-
tion formulations of interior Helmholtz impedance boundary value
problems. Indeed, the physical unknown v%u? satisfies

(3.13) AR vpu? = (Sp + S — 25K, ) f?

1
A = 51 = 28Ny + 5,2° = 28, K[ 2% + Ky + S1.2°.

We will establish the well-posedness of the CFIER formulations in
appropriate Sobolev spaces. Although, for the time being, we assume
that Z7, j = 1,2, are complex constants, the derivations we present
next remain valid for the cases when Z7, j = 1,2, are functions defined
on I'. We note that, in the case Z/ € L>*(I'), j = 1,2, we have
that vju/ € HY/?(T) [25], and hence, Z/vhu € L*(T). Assuming
impedance boundary data f7 € L%(T), it follows that y4u/ € L*(T),
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which in turn imply vguj € HY(T). In light of this discussion, we will
establish the well-posedness of the CFIER equations (3.12) and (3.13),
respectively, in a wide range of Sobolev spaces.

3.3. Well-posedness of the CFIER formulations (3.12) and
(3.13). We make use of the classical results recounted in Theorem 3.1
and Theorem 3.2 to establish the next result:

Theorem 3.4. Assume that Z' € C such that 3Z' > 0. The operators
A}f’ﬁ defined in equations (3.12) are invertible with continuous inverses
in the spaces H*(I") for all s € [—1,1].

Proof. We first establish that the operators A}m are Fredholm of
index 0 in H°(T"). Using Calderén’s identities, we can recast Ay . into
the following form:

1
Apw = (I = Ko — 2K3) + Aj = 2(21 KO) (I + Ko) + Ap
A =28, (N,, — Ny,) — 2(K,. — Ko)K,. — 2Ko(K,. — Kj)
— 8.2 —28. K} Z' + (Ko — K},) — Sp Z".

It follows from the results in Theorem 3.1 that A} : HO(T') — H(T)
continuously, and thus, A} : H(I') — H°(T') is compact. Also, the

operator
2(;] — Ko) (I + KO)

is Fredholm of index 0 in H%(T") since
(a) the operator 11 — K is Fredholm of index 0 in H%(I'),
(b) the operator I + K| is invertible in H°(T'), and
(¢) the two operators commute.

We thus conclude that the operator A,lm is a compact perturbation
of a Fredholm operator of index 0 in the space HY(I"), and hence, the
operator A}C)K is itself a Fredholm operator of index 0 in the same space.

Given the Fredholm property of the operator .A,lc,ﬁ, its invertibility
is equivalent to its injectivity. We show in turn that the transpose of
this operator with respect to the duality pairing in H°(T") is injective.



THE SOLUTION OF HELMHOLTZ PROBLEMS 451

The latter can be seen to equal

(A" =31 —2NyS,. — Z2'S,. — 22" Ki.S,. — K)| — Z' Sy

Let ¢ € Ker((A,leﬁ)T), and let us define
v:=SLpp + DLi[2S.]p, in R?\T.
We have that
YHU = Swp + 2K1S,p + Sk

1
TN = —59 + Ki ¢+ 2N Sep,

and hence,

Tho+ 2o =0,

if we take into account that ¢ € Ker((A} ,)"). Now, v is a radiative
solution of Helmholtz equation in D; satisfying the impedance bound-
ary condition yAv + Z'yLv = 0. Under the assumption that IZ! > 0,
it follows that v is identically 0 in D;, and hence,

'ybv =0, ’y}vv = 0.
The last relation immediately implies
Vv = —28,.0, Y3v = .

Using Green’s formulas, we obtain that

1127 112 xTr = — ©»ds.
/DZ<|V| ko) d 2/(5,#)@«1

T

Using the fact that [8],

%/F(Sw)adwo, o0,

when Sk > 0, we obtain that ¢ = 0. Consequently, the operator
(.A,lf,,{)T is injective, and thus, the operator A}Cﬁ is injective as well,
which completes the proof of Theorem 3.4 in the space H(T'). Clearly,
the arguments of the proof can be repeated verbatim in the Sobolev
spaces H*(T'") for all s € [~1,0). The result in the remaining Sobolev
spaces H*(I'), s € (0, 1] then follows from duality arguments. O
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Theorem 3.5. Assume that Z* € C such that 22 > 0 or 322 < 0.
The operators A7 . defined in equations (3.13) are invertible with
continuous inverses in the spaces H*(T') for all s € [—1,1].

Proof. The fact that the operators Aiw are Fredholm of index 0
in H°(T) follows from the same arguments as in Theorem 3.4. The
transpose of the operator Aim is equal to

(A7) = LI — 2Ny S, + 228, — 22°K1,S, + K|, + Z2S}.

Let ¢ € Ker((Af ) "), and let us define
w:= SLytp — DLi[2S.]¢, in R?\T.
We have that
Yhw = Sptp = 2KSpth + St
TRw = %w + Ky — 2Nk S,

and hence,
TRw + Zypw =0,

if we take into account that ¢ € Ker((A7 ,)7). Now, w is a solution
of the Helmholtz equation in D, satisfying the impedance boundary
condition y3w + Z%y%w = 0. Under the assumption that 322 # 0, we
have that w is identically 0 in D5, and hence,

Yhw = 0, 3w = 0.
The last relation immediately implies
Yhw = —28., YW = —1h.

Thus, w is a radiative solution of the Helmholtz equation in D; that
satisfies

C\‘S/F'y}vwlewd3=2S/F(SK¢)EdsZO.

which implies that w = 0 in D; [14]. Consequently, the operator
(.Az,,{)T is injective, and thus, the operator Aiw is injective as well,
which completes the proof in the space H(T'). Clearly, the arguments
of the proof can be repeated verbatim in the Sobolev spaces H*(T")
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for all s € [-1,0). The result in the remaining Sobolev spaces H*(T'),
s € (0,1] then follows from duality arguments. O

Remark 3.6. The results in Theorem 3.4 and Theorem 3.5 remain
valid in the case when Z! € HY(T'), $Z! > 0 and Z%2 € HY(I'), 322 > 0
or 3Z% < 0. Also, in the physically important cases when Z' € L>(T),
IZt > 0and 22 € L2(T), S22 > 0 or $Z2 <0, e.g., Z7 are bounded
but discontinuous, the CFIER equations (3.12) and (3.13), respectively,
are well posed in the spaces H'(T") for impedance data f7 € HO(T").

4. Transmission impedance boundary value problems. Next
we investigate regularized formulations for transmission impedance
boundary value problems that appear in Domain Decomposition Meth-
ods. Domain Decomposition Methods (DDM) are a class of algorithm
for the solution of Helmholtz equations that consist of

(1) decomposing the computational domain into smaller subdo-
mains, and

(2) interconnecting the solutions of subdomain problems by match-
ing impedance conditions on the common interfaces between subdo-
mains [7].

Fixed point considerations allow recasting the DDM algorithm in terms
of the iterative solution of a linear system whose unknown is the global
Robin (impedance) data defined on the union of all the subdomain
interfaces. The choice of impedance conditions considerably impacts
the rate of convergence of the iterative fixed point DDM algorithms.
For instance, the use of piecewise constant impedances [15] hinders
the fast convergence of DDM algorithms [7]. A remedy that leads
to significant improvements in the rate of convergence of the DDM
algorithms consists of the use of transmission impedance boundary
conditions, that is, on each interface, Z7 are suitably chosen (trans-
mission) operators [7, 18, 26]. For instance, transmission/impedance
operators Z defined as Dirichlet-to-Neumann maps corresponding to
adjacent subdomains are advocated as nearly optimal choices as the
fixed point DDM iteration would converge in merely two iterations [26].
However, Dirichlet-to-Neumann operators, even when properly defined,
are expensive to compute, and thus, their choice is not computation-
ally advantageous. The common recourse is to use approximations of
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Dirichlet-to-Neumann operators that are inexpensive to compute and
lead to well-posed (transmission) impedance boundary value problems.
Furthermore, given that Dirichlet-to-Neumann operators are non-local
operators, it is easier to construct approximations of those in terms of
non-local operators, e.g., boundary integral operators. For instance, in
the case of unbounded subdomains, such a choice is given by Z! = 2N,,
Sk > 0, whereas in the case of bounded subdomains, one could in prin-
ciple choose Z2 = —2N,,, Sk > 0. We note that similar operators,
e.g., Z = iN;, € > 0, were used in the context of DDM methods [29].
These choices of impedance operators are suitable for boundary inte-
gral solvers for the ensuing subdomain problems; in any other contexts,
e.g., finite element solvers, localized approximations of Dirichlet-to-
Neumann operators are preferable [7].

We show in what follows that our CFIER methodology is applicable
to both exterior and interior transmission impedance boundary value
problems with the kind of impedance operators discussed above. First,
given that [8]

s/ Noapipds > 0,
N

the arguments in [25] can be extended to show that equations (2.1)
in D! with Z! = 2N,, Sk > 0, or in D? with Z? = —2N,,
Sk > 0, still have unique solutions u! € C?*(D;) N HL . (D1) and
u? € C?(Dq) N HY(Dy), respectively. We recast the exterior/interior
Helmholtz equations with transmission impedance boundary conditions
in the form of CFIER equations (3.12) and (3.13), respectively. We es-

tablish the following result:

Theorem 4.1. Assume that Z' = 2N, such that Sk > 0. The
operators Ay, . defined in equations (3.12) are invertible with continuous
inverses in the spaces H*(I') for all s € [—1,1].

Proof. We first establish that the operators .A,lc)N are Fredholm of
index 0 in HY(T'). Using Calderén’s identities, we can recast Ay . into
the following form:

f 1
Al = (21 —6KZ —4K3) + Ayt = 4<21 - K0> I+ Ko)* + AL!

At =28, (N, — Ny) — 4K, — Ko) K, — 4Ky (K, — Ko)
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— 4(Sx — S0) Ky Ny — 4S0(K}. — Kg )N, — 450K (N, — No)
+ (KO - Kk) — QSk(ZV,i - Nk) - Q(Kk - Ko)Kk — 2K0(Kk — Ko).
It follows from the results in Theorem 3.1 that A" : HO(I') — HY(T)

continuously, and thus, Ay : HO(T') — HO(T') is compact. Also, the
operator

1
4(21 - K0> (I + Ko)?
is Fredholm of index 0 in H%(T) since
(a) the operator 11 — K is Fredholm of index 0 in H%(I'),
(b) the operator I + K is invertible in H°(T'), and

(¢) the two operators commute.

We thus conclude that the operator A,lm is a compact perturbation
of a Fredholm operator of index 0 in the space HY(T'), and hence, the
operator A}C’K is itself a Fredholm operator of index 0 in the same space.

Given the Fredholm property of the operator A,lc’n, its invertibility is
equivalent to its injectivity. We show in turn that the transpose of this
operator with respect to the real scalar product in H%(T') is injective.
The latter can be seen to equal

(AL,)" =i — 2Ny S, — 2N, S, — AN, K1.S, — K| — 2N,.Sp..
Let ¢ € Ker((A,lc7K)T), and let
vi= SLyp + DLi[2S,]p, in R*\T.
We have that
Vv = Sy + 2K S + Sk
w0 = =3¢+ Ky ¢ + 2N S,

and hence
YA + 2Neypv =0,

if we take into account that ¢ € Ker((.A,lc)K)T). Now v is a radiative
solution of Helmholtz equation in D; satisfying the impedance bound-
ary condition v4v + 2N,vhv = 0. Under the assumption that Sk > 0
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we have v identically zero in D1, and hence,
ypv =0, v = 0.
The last relation immediately implies

Yhv = =250, YV =,

by the same arguments as in the proof of Theorem 3.4, from which we
obtain that the operator (A,lcﬁ)—r is injective. Thus, the operator ./4,1‘,,,,i
is injective as well, which completes the proof in the space H°(T'). The
proof for the remaining spaces H*(I") follows from the same arguments
used in that of Theorem 3.4. |

The arguments in the proofs of Theorems 3.5 and 4.1 imply the
following result.

Theorem 4.2. Assume that Z?> = —2N, such that Sk > 0. The
operators A%’H defined in equations (3.13) are invertible with continuous
inverses in the spaces H*(T') for all s € [-1,1].

Proof. Since

1
AR, = (21 — 6K +4K§) + A} = 4(21 + K0> (I — Ko)* + A2

Ag = ZSH(NH - Nk) - 4(Kn - KO)KH - 4KO(K:<, - KO)
+4(Sx—S0) K} No+4So(K — K, )N, +4SoK, (N, — No)
+ (K —Ko) =28k (N — Ni.) —2(Ky — Ko ) K, —2Ko (K, — Ky),

similar arguments to those used in Theorem 4.1 deliver the Fredholm
property of the operators Ai,ﬁ in the space L?(I'). The injectivity of
the operators Ai’,{, in turn, can be established exactly as in the proof
of Theorem 3.5. O

Remark 4.3. Transmission interior impedance boundary value prob-
lems with impedance operators of the form Z? = 2N, with 3% > 0 can
also be shown to be well posed. However, the proof of Theorem 4.2 does
not go through in this case. The reason is that the terms which contain
the identity are no longer featured in the operators AZW and thus, the
Fredholm argument does not follow from the same considerations.
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In the case where the wavenumbers differ in adjacent subdomains,
see Figure 1, the DDM matching procedure of transmission impedance
boundary conditions in principle calls for approximations of subdomain
Dirichlet-to-Neumann operators corresponding to different wavenum-
bers on each interface. For example, this requirement would lead to
a Helmholtz equation in the domain D; with transmission impedance
boundary conditions whose operators Z2 should approximate on the
interface between D; and Dj, the restriction to that interface of the
Dirichlet-to-Neumann operators for the domains D; and wavenumbers
k; for j = 2,...,5. The most natural idea would be to use operators
Z? that are restrictions of the operators —2Ng;vie;s J = 2,...,5 to
corresponding subdomain interfaces. This procedure would amount to
using local interface impedance operators of the form

Z3; = —2R1;Ny, yic, Bnj : HY(Ty;) — HY2(Ty),
j=2,...,5,

where Fy; : ﬁ1/2(I‘1j) — H'Y2(I'}) is the extension-by-zero operator,
and Ry; : H=Y2(I'y) — H~1/2(T'y;) is the restriction operator defined
by duality

<R114P>7f)> = <@7E1jw>a 2 € H_l/Q(Fl)v '(/) S ﬁl/z(rlj)'

In the formulae above, we denoted I'y := 0D, and I'y; := 0D N0D;
for j = 2,...,5. It may clearly be seen from the mapping properties
of the operators Z12j, j = 2,...,5 that a simple summation of these
would not lead to a global impedance operator defined on I'; that
maps H'/?(T';) to H-'/2(T';). This shortcoming can be overcome by
resorting to impedance operators which blend local impedance opera-

tors corresponding to interfaces I'y;, j = 2,...,5, through partitions of
unity:
5
(41) Zg = _QZXijj+i€ij7 €j > 0,
j=2
where x;, j = 2,...,5, are cut-off functions such that

5
in =1 ondDy,
j=2
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D, ks D, k, D, k,
D, kg D,k D, k,
Dy, kg D,k, Dy kg

FIGURE 1. Typical DDM configuration.

Xj € 080(8D1)7j227...75, and
{x:x;(x)=1} C D1 NID;
We note that

forj=2,...,5.

5
%/ Zgpds _22%/ Xijj+iEijw¥dS
Iy =2 I

5
*QZ% Ny ie,0j 5 ds <0, ¢ #0,
j=2 I

where ¢; := x; . These types of operators which use partition of unity
blending were originally used [23] to construct coercive approximations
of Dirichlet-to-Neumann operators. It can be shown, using ideas
from [6, 23], that Z? 4+ 2N, is a compact operator from H'/2(T) to
H~'/2(T';) (and by interpolation from H*(T';) to L*(I';)), and thus, the
results in Theorem 4.2 can be extended to this new choice of impedance
operator.

5. High-order Nystrom methods for the discretization of the
CFIER formulations. In this section, we present Nystrom discretiza-
tions of the formulations CFIER (3.12) and (3.13) assuming various
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choices of the impedance Z7. The key components of these discretiza-
tions are

(a) the use of sigmoidal-graded meshes that accumulate points
polynomially at corners,

(b) the splitting of the kernels of the weighted parametrized opera-
tors into smooth and singular components,

(c) trigonometric interpolation of the densities of the boundary
integral operators, and

(d) analytical expressions for the integrals of products of periodic
singular and weakly singular kernels and Fourier harmonics. In cases
where the impedance Z7 are merely bounded and possibly discontin-
uous, we reformulate the aforementioned CFIER integral equations in
terms of more reqular solutions and weighted versions of the boundary
integral operators in Calderdén’s calculus.

5.1. Parametrized versions of Helmholtz boundary integral
operators and their Nystrom discretizations. We assume that

the closed curve I' has corners at xy,Xs,...,Xp whose apertures
measured inside Dy are, respectively, 71,72,...,7p, and that T'\
{X1,X2,...,xp} is piecewise analytic. Let (z1(t),z2(t)) be a 27 peri-

odic parametrization of I" so that each of the (possibly curved) segments
[x;j,X;j4+1] is mapped by (z1(t),z2(t)) with ¢ € [T},T;11]. We assume
that x1(t),z2(t) are continuous and that, on each interval [T}, Tj4+1],
are smooth with (2 (¢))? + (25(¢))? > 0 (the one-sided derivatives are
taken for t = T, T;41). Consider the sigmoid transform introduced by
Kress [19]

(5.1)

w(s) = Tl @ + T~ o)l

()P + 1 —v(s)

1 I\/Tj+Tj1—2s\° 12s—T; —Tj4q 1
U(S):<_2>(M) T, T T
p j+1 — 4j p j+1 — 4j

T; <s<Tj4q, 1<j<P

where p > 2. The function w is a smooth, increasing, bijection on each
of the intervals [T}, Tj11] for 1 < j < P, with w®)(T;) = w®) (T;,,) =
0 for 1 <k <p—1. We then define the new parametrization
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x(t) = (z1(w(t)), v2(w(t)))

extended by 2w —periodicity, if needed, to any t € R.

A central issue in Nystrom discretizations of CFIER equations is the
regularity of the solutions vLu and y%u. In the case where Z79 € L>°(T)
and the impedance data f; € L?*T), we have already seen that
’y{)u € HY(T) for j = 1,2. Similarly, in the transmission impedance
case, we still have that 45,u € H'(T), provided that f; € L*(T"). In all
of these cases Sobolev embedding results imply that ’y%u € CO8(T) for
0 < 8 < 1. In the case of piecewise constant impedance Z7, it is more
profitable to define weighted Dirichlet traces of solutions of Helmholtz
equations . A

Titu = [ .

It can be seen that vgwu are more regular than 'ﬁju, and their
regularity is controlled by degree p of the sigmoid transform. In
addition, the weighted quantities )"« vanish at the corners.

In what follows, we present parametrized versions of the four bound-
ary integral operators in the Calderén calculus. These operators act
upon two types of 27 periodic densities:

(1) densities ¢ € C*[0, 27] where « is large enough which in addition
behave as |t —T;|", r >0 forall 1 < j < P+ 1; and

(2) densities ¢» € C%P[0,27],0 < B < 1, which are Holder continuous
and periodic. We begin by defining two versions of parametrized single
layer operators in the form:

62 (S0 = [ " Gu(x(t) — x(r))plr) dr
and
63 (s = | " Gu(x(t) — x(r) | (7 (r) dr.

Next, we define two versions of parametrized double layer operators

) o= [ S i dr

0
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and

2 —x(T
63 o= [ S D ol dr

and two versions of parametrized adjoint double layer operators defined
as

x, T,w L 27 / aGk(X(t) - X(T))
6.0 (T = [ ) P ot ar

and

e [T QG X))
60 ETH0 = [ RO K ) i

Finally, we define two versions of parametrized weighted hypersingular
operators as

(5.8)
(NZFY)(t) = K TCr?k(X(t)—X(T))IX'(L‘)\IX'(T)I(H(X(t)) n(x(T)Y(r)dr

0

(5.9) + PV/F Ix' (8)](0sGr) (x(t) — x(7))¢' (1) d

and
(5.10)
2m
(NZ“o)(t) = k? ; Gr(x(t) = x(7))[x'(t)] (n(x(t)) - n(x()))p(r) dr
' d [ o)
(5.11) PV /F X ()](0.G)(x(1) — x(7)) - ( : (T)|) dr

We incorporate the parametrized versions of the four boundary integral
operators of Calderén calculus into parametrized versions of the CFIER
formulations considered herein. First, we use Calderén’s identities
to express the integral operators in the CFIER formulations (3.12)
in the following form that bypasses direct evaluation of hypersingular
operators:

(5.12) A, =1-25.(N,—N,) - 2K}
— 8. 7' 28, K] Z' — K}, — S,.Z', Z' e L=(I)
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and

AL =21 —2(S, — Si) (N — N,,) — 4K2 — 2K}
(5.13)
— 48K, (N; — Ni) — 45, (Ny — N K}, — AK2K},, Z' = 2N,.

Similar considerations apply in the case of CFIER formulations for
interior impedance problems (3.13). Using parametrized versions of
the boundary integral operators described above, we consider both non-
weighted and weighted parametrized versions of the CFIER equations.
Specifically, we discretize equations (3.12) using the operators

(5.14)
AL =T =282 [(NF — N§) — (NX = Ny)] — 2(K)? — Sx 2
—2SXVK X 7Y - KX — S¥ 7Y,

where N are the parametrized hypersingular operators for k = 0, and
we solve the parametrized integral equation

(5.15) L‘:;’ybu = —yhu" — Zly bt

Note that the difference operators N — N may be written in a simpler
form that does not involve differentiation [16]. We use similar, albeit
slightly more complicated, discrete versions in the case Z! = 2N,. In
the case where we use weighted Dirichlet traces as unknowns of the
CFIER formulations, the underlying parametrized operators take on
the form:

(5.16) ATt =T = 2 [SEUINET = N) = (N = Ng)]
— 2R — | SE !
—2X| SRR, Yz — KO — XS 2,
and we solve the parametrized weighted integral equation

(517) A:’i’l’ygwu — _|X/|fy]1VuinC _ |XI|Z1'YlDuinC.

We denote by A¥? and AX%" the counterparts of the operators A%
x,1,1
and A",

parametrized integral operators which are featured in equations (5.14)

for interior impedance boundary value problems. The
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and (5.16) can be expressed in the generic form as

(Zo)(t) = / "It 7)p(r) dr,

where
t—T1

I(t,7) = LL(¢t,7)In <4$in2 ) + I(t, 7)

with I (¢, 7) and Iz (t, 7)¢(7) regular enough functions that in particular
are bounded for t = 7 [16]. The splitting techniques presented above
may be adapted for evaluation of the operators that involve x, Sk > 0,
using additional smooth cutoff functions supported in neighborhoods
of the target points ¢ according to the procedures introduced in [9].

In order to derive fully discrete versions of the CFIER equations
(5.15) and (5.17) we use global trigonometric interpolation of the
quantities yhu and fygwu. We choose an equispaced splitting of the
interval [0, 27] into 2n points so that the meshsize is equal to h = 7/n.
Note that, since T; are chosen such that T}, — T} are proportional
(with the same constant of proportionality) to the lengths of the arcs
of I' from x; to x;41 for all 7, the number of discretization points per
subinterval [T}, Tj41], 1 < j < P, may differ from each other. We thus
consider the equispaced collocation points

{t(()n) + h/2,t(1n) +h/2,... ,téﬁ),l +h/2}

that exclude corner points and the interpolation problem with respect
to these nodal points in the space T,, of trigonometric polynomials of
the form

n n—1
u(t) = Z ay, cOsmt + Z by, sin mt
m=0 m=1

is uniquely solvable [21]. We denote by P, : C[0,2x] — T, the
corresponding trigonometric polynomial interpolation operator. We
use the quadrature rules [20]

27 T 27 —r
/0 ln(4sin2t2 >f(7')d7%/0 ln<4sin2t2 )(Pnf)(T)dT

2n—1

(5.18) = > R F(HM),
=0
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where the expressions Rg-n)(t) are given by

2w ity 1 (n) ™ (n)
—— —cosm(t—t;) — —cosn(t —t; ).
n “=m n

R (1) =

We also use the trapezoidal rule

2n—1

(5.19) s [ =3 ),
=0

0

Applying these quadrature rules, we obtain fully discrete versions of the
parametrized operators in equations (5.14) and (5.16). We note that
the same considerations apply to discretizations of interior impedance
boundary value problems.

5.2. Numerical results. In this section, we present a variety of
numerical results which demonstrate the properties of the CFIER
formulations considered herein. Solutions of linear systems arising
from the Nystrom discretizations of the transmission integral equations
described in Section 5 are obtained by means of the fully complex,
unrestarted version of the iterative solver GMRES [28]. The value of
the complex wavenumber « in the CFIER formulations considered was
taken to be k = k+1 in all of the numerical experiments; our extensive
numerical experiments suggest that these values of x lead to nearly In
each table, the values of the GMRES relative residual tolerances used
in the numerical experiments is also presented.

We present a variety of numerical experiments concerning the two
Lipschitz geometries:

(a) a square centered at the origin whose sides equal 4, and

(b) an L-shaped scatterer of sides equal to 4 and indentation equal
to 2.

We illustrate the performance of our solvers based upon the Nystrom

discretization of the CFIER formulations in two cases of boundary data:

(1) point source boundary data for interior problems, and (2) plane

wave incidence for exterior problems, that is, scattering experiments.

In case (1), we consider

LHO (kx — x0|), x € D2, x0 € R2\ D?
0 0l)s 5 0

u’(x) := 1
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and impedance boundary data constructed as
2= au’ + 22954,

Clearly, the solution of the interior impedance boundary value problem
with data f2 defined above must equal u° in the domain D2. Therefore,
in all of the numerical experiments which involve interior problems, we
report the error between the computed boundary values of the solution
of the interior impedance boundary value problem with data f2 and
the exact boundary values of u® defined above:

(5.20) er = max|ypu” M (x) —vhu’ (x)]

at the grids points x € T' where the numerical solution 'y%u2’°alc is

computed. We note that the latter quantity y%u*< is actually the
solution of the discretizations of the CFIER formulations considered in
this paper. In the case where we use weighted interior formulations of
the type (5.17), we slightly adjust the definition of the error (5.20) in
the following form

(521) et = a3 uP e () — 750 ()|,
given that W%wulcalc is actually the solution of the weighted CFIER
formulations which is being numerically computed.

For every scattering experiment, we consider plane-wave incidence
u'™®, and we present maximum far-field errors, that is, we choose
sufficiently many directions X = x/|x| (more precisely, 1024 such
directions) and, for each direction, we compute the far-field amplitude
ul (X) defined as

L eik|x| Lo 1
(5.22) u (X)) = —— (uoo(x) + O()), |x| — o0.
Vx| x|
The maximum far-field errors were evaluated through comparisons of
the numerical solutions u;°®° corresponding to either formulation with
reference solutions ul**f by means of the relation

(5.23) 0o = max|ulf¢(X) — ulr ().

The latter solutions u;"*f were produced using solutions corresponding

with refined discretizations based on the CFIER formulations with
GMRES residuals of 1072 for all geometries. Besides appropriately
defined errors in each case, we display the number of iterations required
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by the GMRES solver to reach specified relative residuals. In the
numerical experiments, we used discretizations ranging from 6 to 12
discretization points per wavelength, for frequencies k£ in the medium-
to the high-frequency range corresponding to scattering problems of
sizes ranging from 5 to 80 wavelengths. We used both non-weighted
and weighted versions of the CFIER formulations, which are referred
to in the tables by their underlying integral operators. The columns
“Unknowns” in all tables display the number of unknowns used in
each case, which equals the value 2n defined in Section 5. We have
used sigmoid transforms with a value p = 3 in all of the numerical
experiments. In all of the scattering experiments we considered point
source solutions located at xo = (4,4) and plane-wave incident fields of
direction d = (0, —1).

We begin by presenting the high-order convergence of our Nystrom
solvers in Table 1 for the case of interior impedance boundary value
problems with Z2 = ik. The loss of accuracy in the solvers based on the
weighted formulations can be attributed to larger condition numbers
of the matrices associated with the discretization of the operators

zil (5.16). In Table 2, we present the high-order convergence of our
solvers in the case of (exterior) scattering problems with impedance
Z' = ik. In Tables 1 and 2, W stands for “Wavenumber” and It for

“Iteration.”

TABLE 1. High-order convergence of our solvers for the interior impedance bound-
ary value problem using CFIER formulations with impedance Z2 = ik. We present
results for the square and the L-shaped scatterers, and we consider both non-
weighted and weighted versions of CFIER. The GMRES tolerance was taken to
be 10712,

[ Interior Helmholtz problem with impedance boundary condition Z2 = ik ]

W Un- Square L-shaped
knowns
& on A7 (5.14) A2 (5.16) A7 (5.14) A2 (5.16)
Tt €r Tt e Tt €r Tt er
32 17 | 3.0x107° [ 18 | 4.8x1072 [ 19 [ 5.4x1072 | 19 | 3.4x 10~ 2
64 24 | 6.0x107% | 30 | 1.7x1072 | 26 | 1.6x1072 | 28 | 3.1 x 102
2 128 25 | 1.0x107% | 32 | 7.6x107% | 25 | 2.8x107% | 30 | 1.9x1072
256 25 | 1.7x107° | 30 | 2.0x107% | 25 | 4.7x107° | 30 | 5.9x107%
512 25 | 2.6x1076 | 30 | 4.7x107% | 25 | 7.3x107% | 31 | 1.5x107%
1024 25 | 3.8x1077 | 29 | 6.8x107° | 25 | 1.0x107% | 31 | 3.5x107%

We present in Table 3 the performance of solvers in the high-
frequency regime of scattering problems with impedance Z! = ik. Re-
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TABLE 2. High-order convergence for the exterior scattering problems with
impedance Z! = ik using CFIER formulations. We present Square and L-shaped
scatterers and consider both non-weighted and weighted versions of CFIER. The
GMRES tolerance was taken to be 10712,

[ Exterior scattering problem with impedance boundary condition ZT = ik ]

W Un- Square L-shaped
knowns
=, T =, T, T =, T =, 1,1
& on AT (5.14) AT (5.16) AT (5.14) AX DT (5.16)
It €00 It €00 It €00 It €00
32 17 | 4.0.x1072 | 17 [ 5.1x1072 | 29 | 8.0x10°2 | 32 | 8.7x10 2
64 21 | 25%x1073 | 23 | 2.6x1072 | 29 | 2.0x107% | 34 | 4.4x1073
2 128 22 | 8.6x107° | 21 | 3.0x107* | 29 | 1.0x107* | 32 | 3.9x10™%
256 22 | 9.2x107°% | 21 | 4.8x107° | 29 | 1.1x107° | 32 | 8.4%x107?
512 21 | 1.1x107% | 21 | 7.7x107% | 28 | 1.3x1076 | 29 | 1.7x107°
1024 21 | 3.1x1077 | 19 | 1.2x107% | 28 | 1.2x1077 | 27 | 3.8x107°

markably, the numbers of iterations required to reach a GMRES resid-
ual of 10™% are small and vary extremely mildly with increased frequen-
cies. This is also the case for interior impedance boundary problems
with Z? = —ik. However, in the case of interior impedance boundary
problems with Z2 = ik, the situation is quite different as the numbers
of iterations grow considerably with the frequency. In the case of in-
terior impedance boundary value problems with impedance Z? = ik,
the numbers of GMRES iterations needed to reach the same GMRES
tolerance are 30,50,98,194,451 (square) and 29,50,99,214, 477 (L-
shape) and, respectively, 12,14, 16,19, 22 (square) and 13,15,17,20, 24
(L-shape) in the case Z? = —ik for the same wavenumbers and dis-
cretization size leading to comparable levels of accuracy.

TABLE 3. Accuracy and numbers of iterations for the solution of exterior scatter-
ing problem with impedance Z! = ik using CFIER formulations. We present Square
and L-shaped scatterers and consider both non-weighted and weighted versions of
CFIER. The GMRES tolerance was taken to be 10~%.

[ Exterior scattering problem with impedance boundary condition Z1 = ik ]

Wavenumber | Unknowns Square L-shaped
X on A% (5.14) AT (5.14)
Iter €co Iter €00

8 192 16 | 1.1x10~% | 19 1.4x10° %

16 384 17 [ 9.3x107° | 19 7.6x10°°

32 768 20 | 1.4x10°% | 21 1.1x10° %

64 1536 19 | 8.9x107° | 21 7.5%x107°

128 3072 22 | 1.2x10°% [ 24 1.1x10~ %

In Table 4, we present the high-order accuracy of our solvers in
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the case of interior transmission impedance boundary value problems
with Z2 = —2N},,;. We continue in Table 5 with the high-frequency
behavior of our solvers for transmission impedance boundary value
problems with Z' = 2N,,;. Again, the solvers for exterior problems
require very small numbers of iterations for convergence. In the case of
interior impedance boundary value problems with impedance operators
7? = —2Ni4;, the numbers of GMRES iterations needed to reach
the same GMRES tolerance are 7,7,7,7,7 (square) and respectively
8,7,8,8,8 (L-shape) for the same wavenumbers and discretization size
leading to comparable levels of accuracy.

TABLE 4. High-order convergence of our solvers for the interior Transmission
Impedance boundary value problems with Z2 = —2Nj+, using CFIER formulations.
We present Square and L-shaped scatterer and consider a GMRES residual equal
to 10712,

l Interior problem with impedance boundary condition Z? = —2Np 44 ]
Wavenumber | Unknowns Square L-shaped
& on A7 (5.14) A7 (5.14)
Iter €r Iter e€r

32 14 [ 26x10°2 ] 15 5.5x 102
64 14 | 3.0x107* | 15 1.0x1073

9 128 14 | 51x107° | 14 1.6x107*
256 14 | 7.8x107% | 14 2.5x107°
512 14 | 1.1x107% | 14 3.8x106
1024 14 | 1.6x1077 | 14 5.6x1077

TABLE 5. Accuracy and numbers of iterations for the solution of exterior scat-
tering problems with transmission impedance operator Z! = 2N} ; using CFIER
formulations. We present Square and L-shaped scatterers and consider both non-
weighted and weighted versions of CFIER. The GMRES tolerance was taken to be
1074

[ Exterior scattering problem with impedance boundary condition Z1 = 2Nt ]

Wavenumber | Unknowns Square L-shaped
& on ASL (5.14) AT (5.14)
Iter €00 Iter €00

8 192 8 [6.1x107% | 9 5.8x 10 %

16 384 8 [ 28x107% | 9 4.0x1071%

32 768 8 [ 26x107% ] 9 3.8x10 %

64 1536 6 | 29x107% | 9 4.7x107 12

128 3072 6 | 28x107%| 9 4.1x107%

Table 6 continues with scattering experiments for the physically im-
portant case of piecewise constant impedance. In this case, given that
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the impedance data f! is discontinuous, we employ the weighted ver-
sion of CFIER formulation to obtain numerical solutions. Finally, we
present, in Table 7, results for the case of interior problems with blended
transmission impedance operators Z7 defined in equations (4.1). Given
that the main motivation for these problems comes from DDM, we fo-
cus on the case of square subdomains. As can be seen from the results
in Table 7, the efficiency of the CFIER formulations deteriorates with
the growth of the size of the central subdomain D; in Figure 1. A pos-
sible remedy for this situation is to further subdivide the subdomain
D7 into smaller subdomains.

TABLE 6. Results for the exterior scattering problem using weighted CFIER
formulations in the case of piecewise constant impedance boundary conditions with
impedance operator Z1 = iajk. The coefficients a; were chosen so that a; = j — 1
along the jth side of the scatterer. Square and L-shaped scatterers are presented.
The GMRES residual was taken to be equal to 104,

[ Exterior scattering problem with piecewise constant impedance boundary condition ]

‘Wavenumber | Unknowns Square L-shaped
. on AT (5.16) ASDT (5.16)
Iter €00 Tter €00
8 192 22 | 2.4x10°T [ 23 3.0x10~ T
16 384 26 | 1.3x10- T [ 27 1.2x10~ 7
32 768 30 | 1.6x10~T [ 32 1.3x10~ 7
64 1536 35 | 2.1x10- T [ 37 1.6x10~ 7
128 3072 42 | 1.5x107 % | 42 2.1x10~ 7

TABLE 7. Results for the interior problem with blended transmission impedance
boundary conditions ZZ (4.1). The complexified wavenumbers in the adjacent
domains that enter the definition of the operator Zg were taken to be equal to
144,244,341, 4+13 The GMRES residual was taken to be equal to 10~%.

l Interior problem with blended transmission impedance boundary conditions Z!? (4.1) ]

Wavenumber | Unknowns Square
& on A7 (5.14)
Iter €r
4 64 15 2.5x10° %
8 128 29 4.3%x107 1%
16 256 72 6.0x10 %
32 512 107 3.0x10" 7%
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6. Conclusions. In this work, we have presented high-order Nystrom
discretizations based on polynomially graded meshes for regularized
boundary integral formulations for Helmholtz impedance boundary
value problems in domains with corners. We have rigorously proved
the well-posedness of the regularized formulations, and we have shown
that the Nystrom discretizations of these formulations lead to efficient
and very accurate solvers of impedance boundary value problems. The
numerical analysis of these schemes will be the subject of future inves-
tigation.

REFERENCES

1. R.A. Adams and J.J.F. Fournier, Sobolev spaces, Pure Appl. Math. 140,
Elsevier/Academic Press, Amsterdam, 2003.

2. A. Anand, J.S. Ovall and C. Turc, Well-conditioned boundary integral equa-
tions for two-dimensional sound-hard scattering problems in domains with corners,
J. Integral Equat. Appl. 24 (2012), 321-358.

3. X. Antoine and M. Darbas, Alternative integral equations for the iterative
solution of acoustic scattering problems, Quart. J. Mech. Appl. Math. 58 (2005),
107-128.

4. , Generalized combined field integral equations for the iterative so-
lution of the three-dimensional Helmholtz equation, M2AN Math. Model. Numer.
Anal. 41 (2007), 147-167.

5. J.M.L. Bernard, A spectral approach for scattering by impedance polygons,
Quart. J. Mech. Appl. Math. 59 (2006), 517-550.

6. S. Borel, D.P. Levadoux and F. Alouges, A new well-conditioned integral
formulation for Maxwell equations in three dimensions, IEEE Trans. Ant. Propag.
53 (2005), 2995-3004.

7. Y. Boubendir, X. Antoine and C. Geuzaine, A quasi-optimal non-overlapping
domain decomposition algorithm for the Helmholtz equation, J. Comp. Phys. 231
(2012), 262-280.

8. Y. Boubendir, O. Bruno, D. Levadoux and C. Turc, Integral equations
requiring small numbers of Krylov-subspace iterations for two-dimensional smooth
penetrable scattering problems, Appl. Numer. Math. 95 (2015), 82-98.

9. Y. Boubendir and C. Turc, Wave-number estimates for reqularized combined

field boundary integral operators in acoustic scattering problems with neumann
boundary conditions, IMA J. Numer. Anal. 33 (2013), 1176-1225.

10. O.P. Bruno, T. Elling and C. Turc, Regularized integral equations and fast
high-order solvers for sound-hard acoustic scattering problems, Inter. J. Numer.
Meth. Eng. 91 (2012), 1045-1072.

11. S.N. Chandler-Wilde, S. Langdon and M. Mokgolele, A high frequency
boundary element method for scattering by convex polygons with impedance bound-
ary conditions, Comm. Comp. Phys. 11 (2012), 573-593.




THE SOLUTION OF HELMHOLTZ PROBLEMS 471

12. Snorre H. Christiansen and Jean-Claude Nédélec, A preconditioner for the
electric field integral equation based on Calderon formulas, SIAM J. Numer. Anal.
40 (2002), 1100-1135.

13. D. Colton and R. Kress, Integral equation methods in scattering theory, J.
Appl. Math. Mech. (ZAMM) 65, John Wiley & Sons, Inc., New York, 1983.

14. , Inverse acoustic and electromagnetic scattering theory, Appl. Math.
Sci. 93, Springer-Verlag, Berlin, 1998.

15. Bruno Després, Décomposition de domaine et probléme de Helmholtz, C.R.
Acad. Sci. Paris 311 (1990), 313-316.

16. Victor Dominguez, Mark Lyon and Catalin Turc, Well-posed boundary
integral equation formulations and Nystréom discretizations for the solution of

Helmholtz transmission problems in two-dimensional Lipschitz domains, arXiv:
1509.04415, preprint, 2015.

17. L. Escauriaza, E.B. Fabes and G. Verchota, On a regularity theorem for
weak solutions to transmission problems with internal Lipschitz boundaries, Proc.
Amer. Math. Soc. 115 (1992), 1069-1076.

18. Martin J. Gander, Frédéric Magoulés and Frédéric Nataf, Optimized Schwarz
methods without overlap for the Helmholtz equation, SIAM J. Sci. Comp. 24 (2002),
38-60 (electronic).

19. R. Kress, A Nystrém method for boundary integral equations in domains
with corners, Numer. Math. 58 (1990), 145-161.

20. , On the numerical solution of a hypersingular integral equation in
scattering theory, J. Comp. Appl. Math. 61 (1995), 345-360.

21. , Linear integral equations, Appl. Math. Sci. 82, Springer-Verlag,
New York, 1999.

22. R. Kussmaul, Fin numerisches Verfahren zur Losung des Neumannschen
Neumannschen Aussenraumproblems fiir die Helmholtzsche Schwingungsgleichung,
Computing 4 (1969), 246-273.

23. D. Levadoux, Etude d’une équation intégrale adaptée a la résolution hautes
fréquences de l’équation d’Helmholtz, Ph.D. dissertation, Université de Paris VI,
France, 2001.

24. E. Martensen, Uber eine Methode zum rdumlichen Neumannschen Problem
mit einer Anwendung fir torusartige Berandungen, Acta Math. 109 (1963), 75—
135.

25. W. McLean, Strongly elliptic systems and boundary integral equations,
Cambridge University Press, Cambridge, 2000.

26. Frédéric Nataf, Interface connections in domain decomposition methods, in
Modern methods in scientific computing and applications, NATO Sci. 75, Kluwer
Academic Publishers, Dordrecht, 2002.

27. Emmanuel Perrey-Debain, Jon Trevelyan and Peter Bettess, On wave

boundary elements for radiation and scattering problems with piecewise constant
impedance, IEEE Trans. Ant. Propag. 53 (2005), 876-879.



472 C. TURC, Y. BOUBENDIR AND M.K. RTAHI

28. Y. Saad and M.H. Schultz, GMRES: A generalized minimal residual algo-
rithm for solving nonsymmetric linear systems, SIAM J. Sci. Stat. Comp. 7 (1986),
856-869.

29. O. Steinbach and M. Windisch, Stable boundary element domain decompo-
sition methods for the Helmholtz equation, Numer. Math. 118 (2011), 171-195.

NEW JERSEY INSTITUTE OF TECHNOLOGY, DEPARTMENT OF MATHEMATICAL SCI-
ENCES AND CENTER FOR APPLIED MATHEMATICS AND STATISTICS, UNIV. HEIGHTS.
323 Dr. M.L. KiNG JR. BLvD., NEWARK, NJ 07102

Email address: catalin.c.turc@njit.edu

NEW JERSEY INSTITUTE OF TECHNOLOGY, DEPARTMENT OF MATHEMATICAL SCI-
ENCES AND CENTER FOR APPLIED MATHEMATICS AND STATISTICS, UNIV. HEIGHTS.
323 Dr. M.L. KiNG Jr. BLvD., NEWARK, NJ 07102

Email address: boubendi@njit.edu

NEW JERSEY INSTITUTE OF TECHNOLOGY, DEPARTMENT OF MATHEMATICAL SCI-
ENCES AND CENTER FOR APPLIED MATHEMATICS AND STATISTICS, UNIV. HEIGHTS.
323 Dr. M.L. KiNG Jr. BLvD., NEWARK, NJ 07102 AND KHALIFA UNIVERSITY OF
SCIENCES AND TECHNOLOGY, DEPARTMENT OF APPLIED MATHEMATICS AND SCI-
ENCES, P.O. Box 127788, ABU DuaBi, UAE

Email address: riahi@njit.edu, mohamed.riahi@kustar.ac.ae



