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HIGH-ORDER GALERKIN METHOD FOR HELMHOLTZ AND
LAPLACE PROBLEMS ON MULTIPLE OPEN ARCS*

CARLOS JEREZ-HANCKEST AND JOSE PINTO?

Abstract. We present a spectral Galerkin numerical scheme for solving Helmholtz and Laplace
problems with Dirichlet boundary conditions on a finite collection of open arcs in two-dimensional
space. A boundary integral method is employed, giving rise to a first kind Fredholm equation whose
variational form is discretized using weighted Chebyshev polynomials. Well-posedness of the discrete
problems is established as well as algebraic or even exponential convergence rates depending on the
regularities of both arcs and excitations. Moreover, our numerical experiments show the robustness
of the method with respect to number of arcs and large wavenumber range.
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1. Introduction. We present a spectral Galerkin method for solving weakly sin-
gular Boundary Integral Equations (BIEs) arising from Laplace or Helmholtz Dirichlet
problems on unbounded domains and whose boundaries are a finite collections of dis-
joints finite open arcs in R2. Such problems are of particular interest in multiple
contexts: in structural and mechanical engineering, wherein fractures or cracks are
represented as slits [31, 32, 4, 23]; in the detection of micro-fractures [1, 3] and even
for the imaging of muscular strains due to sport injuries [34]. For these applications,
one is interested in developing a numerical scheme that can robustly deal with large
numbers of arcs —from tens to thousands— for a broad range of wavenumbers —from
zero to several hundreds.

Following similar arguments to those presented for the single arc case [30], we
proved in [15] that the continuous volume problem for multiple arcs is uniquely
solvable when enforcing wavenumber-dependent conditions at infinity. In fact, the
volume solution is shown to be constructed as the superposition of single layer po-
tentials applied to surface densities over each arc and which are in turn obtained by
solving a system of BIEs. Numerical approximations of these boundary unknowns
are traditionally obtained via either the Boundary Element Method (BEM) [27] or
Nystrom-type strategies [5]. Though we opt for the former, for the type of applica-
tions considered, several issues hinder standard schemes’ performance. On one hand,
solutions at the continuos level are well known to exhibit square-root singularities at
the arcs’ endpoints [7, 11, 22]. Consequently, convergence of low-order uniform-mesh
discretizations is suboptimal with improvements relying on either graded [35] or adap-
tive mesh refinement [8], or on augmenting the approximation space [30]. Also, the
Galerkin matrices derived from first kind Fredholm formulations are intrinsically ill-
conditioned, thus heavily requiring preconditioning [13, 25]. Moreover, the minimal
number of unknowns to ensure asymptotic convergence increases with the wavenum-
ber [26] while matrix entries grow quadratically with the number of arcs in order to
account for cross-interactions. Hence, for our problems of interest, one can expect
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extremely large numbers of degrees of freedom when using mesh-dependent methods
and alternative ones must be sought after.

In [19] a spectral Galerkin-Bubnov discretization for a single arc was shown to
greatly reduce the number of degrees of freedom in comparison to the case of locally
defined low-order basis. Specifically, the approximation basis employed is given by
weighted first kind Chebyshev polynomials, where the weight mimics the singular
behavior at the endpoints. For this basis, we prove approximation properties, using
as main tool the asymptotic decay of the Fourier-Chebyshev expansions coefficients
of the solutions. With these tools, one can derive convergence rates for order p
polynomial approximations that only depend on smoothness of the excitations and
of the slits, with constants that may depend on the wavenumber. In particular, one
obtains super-algebraic convergence when both arcs and sources can be represented by
analytic functions. Interestingly, the convergence properties in [19] were established
by different tools to the ones presented here. Furthermore, the current work presents
a thorough analysis of the Helmholtz case and general arcs as well as a highly efficient
numerical implementation. Indeed, we follow the scheme introduced in [14] wherein
all integral kernel singularities are subtracted. This gives rise to smooth functions
and singular functions whose integrals are respectively computed via the Fast Fourier
Transform (FFT) [20] or analytically using a Chebyshev polynomial expansion of
the fundamental solution [9]. The resulting scheme delivers convergence rates with
respect to the polynomial order of the approximation depending on the regularity of
the geometry, begin super-algebraic when arcs are described by analytic functions.

Recently, Slevinsky and Olver [28] use a similar construction based on Cheby-
shev polynomials for more general problems but limited to line segments with focus
in the spectral properties of Nystrom-discretized operators. Hewett et al. [12] pro-
pose a different numerical method for which they also obtain super-convergence. Their
discretization basis captures explicitly the oscillatory behavior on a segment while em-
ploying a low polynomial order adaptive basis for the slow but singular part. Though
this splitting leads to impressive results especially for high-frequency, its use is re-
stricted to linear segments and not for general arcs. In this sense, our discretization
scheme can be used in a more general context.

The paper is organized as follows. Section 2 puts forward formal definitions and
properties needed throughout. In Section 3, we review some of the results presented
in [15], in order to obtain well-posedness of the BIE system. Section 4 gives details
on the Galerkin discretization method; in particular, we establish the convergence
rates for the discrete problem assuming regularity conditions on the data. Numerical
results and their corresponding discussion are found in Section 6. Finally, further
improvements on computational efficiency and compression are sketched in Section 7,
with appendices provided for technical lemmas.

2. Mathematical Tools.

2.1. General Notation. The set of extended integer values is denoted by N* :=
N U {o0}. We employ the standard O(-) and o(-) notation for asymptotics. Also, for
two sequences {ay }n>0, {bn }n>0, we say that both have the same asymptotic behavior
if lim,, o0 |anb, | exists and is different from zero. If so, we write a,, ~ b,. We also
use the notation a,, < b, if there exists a positive constant C' and an integer N > 0
such that a,, < Cb,, for all n > N.

Vectors are indicated by boldface symbols with Euclidean norm written as || - ||2;
other norms are signaled by subscripts. Quantities defined over volume domains will

be written in capital case whereas those on boundaries in normal one, e.g., U : G — C
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while u : 0G — C.

Let G C RY d = 1,2, be an open domain. For k € Ny, C¥(G) denotes the
set of k times continuously differentiable functions over G. Compactly supported
C*(G) functions are designated by C§(G). Denote by D(G) = C5°(G) the space of
infinitely differentiable functions with compact support on a non-empty measurable
set G. Duals are indicated by asterisks, e.g., the space of distributions is D*(G).
The class of p-integrable functions over G is written LP(G). Duality pairings and
inner products are written as (-,-) and (-,-), respectively, with subscripts declaring
the domain involved, if not clear from the context.

Let us define the canonical domain I' := (—1,1) x {0}. We say that a function
g: T — Cis analytic, if there exists a Bernstein ellipse of parameter p > 1, such that
g is analytic in the complex ellipse containing I' (¢f. [33, Chapter 8]). Throughout,
the class of all the analytic functions will be denoted by C OO(IAj) We remark that this
space is different from the space of infinity differentiable functions equally denoted.

2.2. Arcs. We briefly recall the geometrical notions introduced in [15]. We say
that A C R? is a regular Jordan arc of class C"™, for m € N*, if there exists a bijective
parametrization denoted by r : I' — A, such that its components are C™(T")-functions

and ||r'(t)||2 > 0, for all ¢ € T.

Assumption 2.1. For any A regular Jordan arc of class C™, there exists an exten-
sion to A with a C™-parametrization T : [0,27] — A, that is bijective in [0, 27) and
satisfies T(0) = ¥(2m) and ||¥'(¢)||, > 0, for all ¢ € [0, 27].

We consider a finite number M € N of C™-arcs, for m > 1, written {I';},, such
that under Assumption 2.1 their closures are mutually disjoint. We define

M
[=|JT; and Q:=R*\T.
i=1

Assumption 2.2. There are M disjoint domains §2; whose boundaries are given
by 0Q; =T, fori=1,..., M.

For m € N*, we say that the family of arcs I' is at least of class C™, if each arc
T'; is of class C™, and write I' € C™. Denote by r; the mapping between I" to an arc
I;,i€{l,...,M}. For a vector function g = (g1, ..., ga) such that g; : T; — C, for
i€{1,..., M}, we state that g is of class C™(T), if g; or; € C™(T'), for i € {1... M},
and denote g € C™(I).

2.3. Sobolev Spaces and Trace operator. Let G C R%, d = 1,2, be an open
domain. For s € R, we denote by H*(G) the standard Sobolev spaces in L?(G) and
by H} .(G) their locally integrable counterparts [27, Section 2.3]. We also use the
following Hilbert space:

U(x)
G) .
(G) 1+ [|x[|3 log(2 + ||x]|2) ©

which is a subspace of H} (G) [15, Lemma 2.8]. Under Assumption 2.1 for a Jordan
curve A, we also define

(2) H*(A) :={ueD*(A):ue H*(N)}, s>0,

(1) W(G):= {U € D* L*(@),VU € L2(G)} :

wherein % denotes the extension by zero of u to A. For s > 0, we can identify

3) H™*(A) = (H*(A))* and H™*(A) = (H*(A))".



4 CARLOS JEREZ-HANCKES AND JOSE PINTO

We will also need the family of mean-zero Sobolev spaces:
(4) iy (A) = {u e H*(A) : {u, 1) = 0}.

The following result was proved in [15, Lemma 2.7] and will be used to establish

convergence rates and error computations in our numerical experiments (cf. Section
6).

LEMMA 2.3. Let € H%(Fi), (NS ﬁ_%(l"i), andr; : T —T);. Then, we have the
norm equivalences:

N3 < NCoTil 3 e < U3,
o O ||worz||~,, o <l

H3(ry)
with generic positive constants ¢ and C.

For the finite union of disjoint open arcs I', we define piecewise spaces as
(5) H*(T) :={u e D*(T") : ulp, € H*(T;), i=1,...,M}.
From this definition, the identification:

H*(T) = H*(T1) x H*(T2) x --- x H*(Tpr)

follows. Norms and dual products are naturally extended by the previous identi-
fication, similarly for spaces H*(T") and Hifp, (T"), while H*(T") is understood as the
Cartesian product Hi\il H? (f)

Consider I'; and the induced bounded domain 2; with boundary I'; = 9€;. For
u € C*°(R?), we can set the Dirichlet trace:

(6) Tiu(x) =limu(x £ en;), Vxel,

where n; denotes the outward unitary normal vector to the closed curve fi with
dlrectlon of (r}y,—7}1). We will denote by v the restriction to T'; of the operator
%‘ , i.e. %iu =7; Uh“i, and if %- u = 7y; u, we denote y;u := 'yiiu. These definitions

can be extended to more general Sobolev spaces by density.

LEMMA 2.4 (Lemma 2.9, [15]). Fori=1,...,M, the operators ’yii :W(Q) —
Hz(T;) are bounded.

3. Boundary Integral Problem Formulation. We are interested in solving
the following family of volume boundary value problems in €. As explained, we will
first reduce these via suitable integral representations with unknowns densities over
the boundaries I'.

Problem 3.1 (Volume Problem). Let g = (g1,...,9x) € Hz(I') and consider a
bounded real wavenumber x > 0. We seek U € H} (£2) such that

(7) ~AU - K’U=0 inQ,
(8) 'yiiU =g; fori=1,..., M,
(9) Condition at infinity(x).



HIGH-ORDER GALERKIN METHOD FOR HELMHOLTZ AND LAPLACE PROBLEMS 5

The behavior at infinity (9) depends on « in the following way: if K > 0, we employ
the classical Sommerfeld condition:

(10) a—U—mUzo(Rfé) for R — oo,
or
where R = ||x||,. If K = 0, we seek solutions U € W(2), this last condition was
discussed in detail in [15, Remarks 3.9, 4.2 and 4.9]. Moreover, uniqueness of solutions
for Problem 3.1 was given in [15, Proposition 3.8 and 3.10].
For k > 0, we can express the volume solution U as

(11) U(x) =Y (SLi[s]N)(x), VxeQ,

i=1

where

SLIFN) ) = [ Gulx M)A ().

denotes the single layer potential generated at a curve I'; with fundamental solution:

-1

loglx—yl. k=0,
(12) Gelx,y) =4 77
SHi(lx—yl2) k>0

Here H}(-) denotes the zeroth-order first kind Hankel function [2, Chapter 9]. It is
direct from this representation that U solves (7)—(8) in Q. Also, by [15, Proposition
4.1] for k = 0 and by [24, Theorem 9.6 | for x > 0, U displays the desired behavior at
infinity when each ); is in the right functional space.

In order to find the boundary unknowns \;, we take Dirichlet traces of the sin-
gle layers potentials and impose (8). This induces the definition of weakly singular
Boundary Integral Operators (BIOs) as

1
3 ('yi‘"SLj [k] + ’yi‘"SLj [KJ]) = 7,SL,[k],

the last equation resulting from the continuity properties of the SL; across I'; for each
i=1,...,M (cf [27, 6]).

Problem 3.2. Let g € Hz(I'). For x > 0, we seek X = (A,...,A\y) € H 2(T)
such that

Lij[r] :=

(13) LKA =g,
or equivalently,
(14) (LI @)p = (8 P)p, VP eH (D),
where
L1 [/4/] £12[’§] LlM[H]
Loi[k]  Laa[K] Lom[s] | ~ 1
(15) LK) = _ i : H™>(T") — H>(T)
ﬁ]\/[.l [,‘f] £M2 [Ii] c. ,CM]\/[ [KZ]

_1
2

In the case k = 0, we look for A € ]ﬁl<0> (T).
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Remark 3.3. Problem 3.2 can be recast in the reference space H~#(I'): Find
AeH- ( ) such that

~

(16) LiHx=g.
wherein g; := g, or;, Eij is the BIO integrating over the reference arc T with integral
kernel G (ri(t),r;(s)), and unknowns A; := (A or;)/||r’|2.

Remark 3.4. Later on we will use the operator £;;[x] for the choice I'; = f, which
we denote by L[k]. Observe that the difference with respect to L[] relies on the
absence of parametrizations r; involved in the kernel. In the case of a single Jordan

arc with parametrization r, we will write £[k] = Ly[x]. In this case, and for k£ = 0,
one can deduce that the kernel function of the integral operator £[0] — L[0] is given
by
Buitos) e L 1o (IO = X(5)
|t — s

for which we have the following result.

LEMMA 3.5. Let m € N* with m > 1 and I be a single C™-arc. Then, for
(s,t) € [-1,1]2, the function E.(t,s) is a C™(T)-function in each of its components.

Proof. By Taylor expansion in ¢, we obtain
m—1

6,(t,s) = Z (t=s)™ 1’rm()Jr 15[ (t_g)::(m)(g)dé.

tfs t— !

j=1

This function admits m continuous derivatives in the ¢ variable. As mentioned at
the beginning of Section 2.2, Jordan arc parametrizations are inyective, and thus, the
function can only be zero if ¢t = s. However, as t approaches s, the above function
behaves as r/(s), which is not zero. Hence, ©,(t, s) does vanish and so Ey(t, s) is the
composition of C™-functions, despite there being an absolute value. 0

THEOREM 3.6 (Theorem 4.13 in [15]). For k > 0, Problem 5.2 has a unique
solution X\ € Hfé(F), whereas for k = 0 a unique solution exists in the subspace

~ 1
A€ H (). Also, we have the continuity estimate

(17) RV < CI,8)llgllys

A% (I) HE ()’

4. Numerical Analysis. We now describe a spectral Galerkin numerical scheme
for solving Problem 3.2 and establish specific convergence rates. For this, let us recall
an abstract definition of discrete or finite-dimensional spaces as in [29, 27].

DEFINITION 4.1. Let H be a Hilbert space. For k > 0, let {Hn} nen, be a sequence
of finite dimensional spaces, such that dimHy = (N + 1). We say that the sequence
of subspaces is a conforming discretization of H if Hy C H and Hy C Hy1 for all
N € N. Furthermore, if it also holds

— Il
U Hy  =H,

NeNy

we say that the sequence is a dense conforming discretization.

Let us define the discrete version of Problem 3.2:
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Problem 4.2 (Discrete Boundary Integral Problem). For x > 0, let {Hy}nen,
be a dense conforming discretization of H~2(T'). For g € H2(T'), we seek Ay € Hy
such that

(18) <£[I€]AN719N>F = <g,’l9N>F, v ’19]\/' € Hy.

1

For « = 0, we change H™2(T") for ]HI ©) 2(I") and accordingly the discrete spaces.

As in Remark 3.3, Problem 4.2 can also be reformulated in r. Here we consider
a sequence {HN} Nen, of dense and conforming discretizations of H~2 (L), for x> 0,

or ]HI< 0, ( ), for k = 0, and seek for a solution )\N € HN such that
(19) (EWAN. 9 ) = @On)p, ¥On ey,

where Z[m] and g are defined as in Remark 3.3.

THEOREM 4.3. For every bounded k > 0 and given a dense conforming discretiza-
tion {Hpy}ven ofH ( ), there exists a No € N such that, for every N > Ny, there
exists a unique solution of the discrete Problem j.2. Furthermore, if X denotes the
unique solution of the continuous Problem 3.2, then the best approximation error:

A= Anllg ) < CMTR)inf A=y s

holds for N > Ny, with a positive constant C that depends on the famzly of arcs

{T}M, and wavenumber k. For k = 0, the same result holds with H< 0y instead of
H~2(T), and similarly for the discrete spaces.

Proof. The proof follows standard arguments for coercive operators together with
the hypothesis concerning the approximation properties of Hy (¢f. [29, Theorem
8.11]). O

4.1. Approximation Spaces. We now construct a dense conforming discretiza-
tion for the spaces required in Problem 4.2. Certainly, one could use traditional
low-order bases built on the arc meshes and for which approximation properties are
well known. However, this would imply a large number of degrees of freedom to
solve problems with many arcs and/or large values of k. Thus, we opt for high-order
global polynomial bases such as weighted Chebyshev polynomials per arc. This finite-
dimensional bases were applied successfully for a single slit [19] and shown to largely
reduce the degrees of freedom for high frequency without losing stability [20, 21]. To
properly define these approximation basis, we start by introducing some technical
tools.

4.1.1. Fourier-Chebyshev expansions. Every function in C([—1,1]) can be
expanded as a Chebyshev series (¢f. [33, Theorem 3.1]),

(20)  f(s) =D fuTu(s), Vse[-1L1] with fo:=co(f,w 'Tp)z,

with ¢g = 7 and ¢, = 7/2 for n > 0. For a given N € N, the Fourier-Chebyshev

coefficients { fy, }nen, can be approximated using the FFT as follows:
(i) Construct a vector f¥ € CN*! with entries f(s)), for n = 0,..., N, and
where the s = cos(nm/N) correspond to the Chebyshev points of order N.
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(ii) Apply the FFT to a periodic extension of the vector V.
(iii) Extract the first N terms of the resulting vector and update the entries of
fN. Thus, after scaling the first and last terms by a factor of %7 we obtain

fn%féva ’I’LZO,...,N,

where =~ denotes numerical approximation.
As in the discrete Fourier transform —which is, in fact, an approximation of the
Fourier transform—, the above procedure is an approximation of the coefficients by
interpolation (cf. [20, 21] or [33, Chapter 1]).

Remark 4.4. By Theorem [33, Theorem 3.1|, only Lipschitz continuity is required
for a function to be expressed as a Chebyshev series. Moreover, the series converges
absolutely and uniformly.

An expansion similar to the one above holds for the fundamental solution Gy (x,y)

when k = 0 over I Specifically, for collinear vectors, i.e. x = (¢,0) and y = (s,0),
(s,t) € [-1,1]2, it holds [18, Theorem 4.4]

1 1 1
21 =——1 — s/ =—1og2 — T, ()T, .
(21) Go(x,y) = —5—log|t — 5| = ;log +Zm W) Tn(s), Vs#t

n>1

This series expansion converges point-wise for ¢ # s as the fundamental solution is then
smooth. We will heavily rely on this representation for our numerical implementation
(¢f. Section 5).

4.1.2. Single Arc Approximation. For an open arc, the density A; corre-
sponding to the solution of the Laplace problem for a single slit I';, can be represented
as [19, Section 2.7]:

St
(22) Ai ~ p; 2 (Cr+ Capi + 1),
where p;(x) := dist(x,9dT";) with x € T';, ¢ is a smooth function, and C; and C3
are positive constants. Hence, instead of using only polynomial approximations, one
1
should resort to functions that behave like p, *.

Let T (T') be the space spanned by first kind Chebyshev polynomials [33], denoted
{T,}N_,, of degree lower or equal to N over on I, orthogonal under the weight w1
with w(t) := /1 —12. With these, we can construct elements p!, = T, or; ' over
each arc I';, and thus spanning the space T (I';). For practical reasons, we define the
normalized space:

5 ox

We account for edge singularities by multiplying the basis {pi,}_, by a suitable

weight:
(24) Qn(Ly) == {g} :==w; 'l Py, € Tn(T0)},

wherein w; := wor; '. The corresponding basis for Qx (T;) will be denoted {¢}, }2_.
By Chebyshev orthogonality, we can easily define the mean-zero subspace:
Qn,0y(T3) == Qn(T) \ Qo(T's), spanned by {g;,})_;.
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4.1.3. Multiple Arcs Approximation. With the above definitions, we give
concrete proxies to the spaces Hy in Problem 4.2. Specifically, let us define

M
(25) B[] = 4 Hizt Qo) () for w
[LZ, Qn(Ty) for k > 0.

Remark 4.5. Though polynomial degrees in each arc could be selected differently,
the analysis remains the same as norms for H’%(F) are defined piecewise per arc.
In fact, we only need to check that for every ¢ = 1,..., M, {Qn(T;)}nen (resp.

~ ~ 1
Qn,0y(T')) is a dense discretization of H-=(T;) (resp. H o5 (T';)). In practice, the
polynomial degrees could be set depending on arc length for example.

With the previously defined discrete spaces, one can rewrite Problem 4.2 to obtain
the following discrete Galerkin linear system:

Problem 4.6 (Linear System). For x > 0, let N € Ny and g € H2(T) be the

same as in Problem 4.2. Then, we seek coefficients u = (uy, ... ,up) € CMN+D such
that
(26) Lxlu=g,

wherein we have defined the Galerkin matrix L[x] € CMN+)XM(N+1) with matrix
blocks L;; € CINFUX(N+1) whose entries are

(27) (Li[5)im = (Lij@h,ai )y » Vij=1,...,M, andV I,m=0,...,N,
and functions ¢, € Qn(T;) (resp. Qn 0y (T;) ), ¢ € Qn(T;) (resp. Qu,0)(T3) ). The
right-hand g = (g1, ..., ga) € CMW+D has components (g;); = <gi7 q})r_.

For a given N € Ny, the solutions of Problems 4.2 and 4.6, Ay and u, respectively,
satisfy the following relation:

N

(An)i = (w)hig inTi, forallie{l,..., M}
=0

PROPOSITION 4.7. For k > 0, the family {Hy[k]}nven s a dense conforming
~ ~1
discretization of H™2(T'). For k =0, the result holds in H o5 (T).
Proof. This is a direct consequence of Lemmas A.1 and A.2 (¢f. Appendix). 0O

Remark 4.8. The discrete problem can also be reformulated in T as Problems 3.2,

and 4.2. The problem becomes: find W = (U, ...,uy) € CMV+D such that
(28) Lxu=4g,
where

o~

(29) (T )i = (Liw™ Ty w10

with w(t) = /1 — t2, and right-hand term g = (g1, ..., dx) € CM¥PV+D with compo-
nents (g;); = <§“ w‘lTl>f. We have the corresponding series expansion:

. Vi,j=1,...,M, andVIm=0,...,N,

N
(An)i = Z(ﬁi)lw_lTl inT, forallie{l,...,M}
1=0
Notice also that by a simple change of variables u, g, L, defined as in Problem 4.6, are
equal to u, @, L. Thus, henceforth we drop the hat notation for this variables.
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4.2. Convergence Results. The above density property (Proposition 4.7) in
combination with Theorem 4.3 allows to conclude that when N goes to infinity con-
vergence occurs in the general context. However, this does not provide any insight on
convergence rates. Under regularity assumptions for both g and I', such estimates can
be found by analyzing simpler versions of the general Problem 3.2 -namely Problems
4.9 and 4.14 for single arcs— to then combine these intermediate results —Lemmas 4.13
and 4.20— for the general case of single and multiple arcs, Theorems 4.21 and 4.24,
respectively. Still, explicit convergence rates with respect to k are not analyzed and
we leave this as future work. o R

By Proposition 4.7, every function A in H —2 (T), can be expressed as a convergent
series:

(30) As) =w ™'Y A Tu(s), s€(—1,1),

n>0

Furthermore, we have an explicit expression for the norm when such representation
is used

31 HXH =S P,
(31) i1~

where dg = 1, and d,, = n~! for n > 0 [17, proof of Proposition 3.5].

4.2.1. Chebyshev Coeflicients Behavior: Laplace Case. We recall opera-
tors L]0] and L]0] defined over I' (¢f. Remark 3.4). In this subsection, we will consider
the pullback problem:

Problem 4.9. For m > 1 and given g € Cm(f) and a C"-parametrization r, we

~ ~_ 1 ~
seek A € H (T") such that

-~

(32) LIOJA=3§ onT,

which is equivalent to Problem 3.2 with k =0 and M = 1.

We aim to characterize the mapping properties of these weakly singular BIOs (defined
as in Section 3) acting on weighted Chebyshev polynomials.

LEMMA 4.10. Forn andl in N, it holds

s dn Th T
L0]—,— )= —0bn.
< ) w w> an"
Proof. Direct consequence of the kernel expansion (21) and the orthogonality
property of Chebyshev polynomials. 0

One can interpret this result as follows: given an element in A € H —3(D), its
image by £[0] is a function whose Chebyshev coefficients decay as O(n~'). The rest
of this section extends this idea to more general arcs.

LEMMA 4.11. For m € N*, let h : [-1,1]> — C be such that h(t,-) and h(-,s) are
C™(T)-functions as functions of s and t, respectively. Thus, we can write h as

M5 = 303 burTu(t)Th(s).

n=0 k=0

with coefficients decaying as follows:
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(i) if m < 00, by = O(min{n="™,k~™}).

(ii) if m = oo, there exists a p > 1 such that b,y = O(p™»{=m=k}),

Proof. Given that m > 1, for any s € [—1, 1], we can write the univariate Fourier-
Chebyshev expansion in ¢:

(33) h(t,s) = ian(s)Tn(t), Vitel-1,1].
n=0

In fact, the regularity of h(t,-) implies that the functions a,(s) belong to C™(T'), and
consequently, one can write down expansions:

(34) an(s) = burTi(s), Vse[-1,1], VneN.
k=0

If m < oo, by [33, Theorem 7.1], we have that b, < k=™, where the constant depends
on the m-th derivative of a,(s), which is bounded by the m-th derivative of h in s.

For m = 0o, we have by [33, Theorem 8.1] that b,;, < p,,; %, with p,, > 1. However,
the coefficients a,,(s) are given by

1
an(s) = cn / h(t, sy~ (0T, (£)dt,
-1

where ¢g = 7%, and ¢, = 271, for n € N. Hence, since h(t,-) is analytic in the
Bernstein ellipse of parameter p; > 1, denoted &,,, we have that, for every z € £,,,
we can write

an(z) =Y 27 /_ At OT, ()

where A, (t) are the coefficients of the power series of h(¢, -). From this last expression,
we have that a,, is analytic in £,, for every n, and thus, we can take p, = p; for every
n € Np.

The final result is obtained by repeating the above arguments —for m < oo and
m = oco— inverting the roles of n and k. ]

LEMMA 4.12. Let m € N* with m > 2 and h : [~1,1]2 — C be a C™(T)-function
per argument. Consider the integral operator taking as kernel the bivariate function
h:

(HF)(s) = /fh@, S f (),

Now, let = ﬁ_l/z(f) have the expansion A= wl ano anTy, ay, € C. Then,

the following asymptotic behaviors for Fourier-Chebyshev coefficients of HX, denoted

{UZ}ZGNO; hold

(i) ifm<ooand1l— L1 —e>0 for ane> 0, then v; = O(I=mF1+me);

(i3) if m = oo, there exists a p > 1, such that, v, = O(p~!).

Proof. By Lemma 4.11, we expand h(t, s) as the series Y o~ 372 o b T (£) Tk (s)-
Hence, by the Chebyshev polynomials’ orthogonality property, we can write

7T2 >
v = Z Z:Obnlan I>0.
n=
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Thus, by definition of constants d,, (31) and the series expression for H=1/2(T')-norm,
we obtain the following bound:

(35) [l S 1M -1 ja@y D Ibuil?dy ",V No.
n=0

The convergence result for m = oo is immediate from Lemma 4.11. For m < oo, using
again Lemma 4.11, it holds

|bnl‘2 S l—2mun—2m(l—u)’ v we (07 1)

With the above bound and the estimate d,, ~ n~1 (35), we arrive to

o0
(36) R DY N i S A

n=1
Since m > 2 by choosing 4 =1 — % — ¢, the series in the right-hand side converges
and we get the stated result. 0

With this, we can now estimate bounds for the Chebyshev coefficients of solutions

of the BIE associated to the Laplace problem for any sufficiently smooth single arc.
~ ~ ~_1 ~
LEMMA 4.13. For m € N* with m > 2 and g € C™(T'), let X € H o5 (T') be the

unique solution of Problem 4.9. If we expand X as
N=w! Z anT,,
n=1

we obtain the following coefficient asymptotic behaviors:
(i) If m < 00, ay = O(n~"+);
(i) If m = oo, there is a p > 1 such that a, = O(np~").

Proof. Since g € C’l(f), we can expand it as a Fourier-Chebyshev series with
coefficients g; leading to

(LI0JN) =g, VIeN.
Left-hand side coefficients can be computed by adding and subtracting the term E[O]X.
Then, by combining Lemmas 4.10, 4.11, 4.12 and 3.5, we obtain the following expres-
sion: ,

T aj ~

—_—— = VieN

41 + v ai, c NN,
where the coefficient v; corresponds to that in the expansion of (£[0] — EV[O])X By the
regularity conditions, it holds g; = O(l~™), and therefore,

72
Zall_l +u = O(l_m)
Hence, there are two alternatives: either (i) a; = O(I=™%1) and v; = O(I=™), or (ii)
both have the same decay order. As the first implies the result directly, we assume
the second alternative in what follows.

Let 3 < m < co. By Lemma 4.12 (i), we have that v; = O(I=™T1+™¢) and under
our current assumption, this implies that

aj = O(I~mFme),



HIGH-ORDER GALERKIN METHOD FOR HELMHOLTZ AND LAPLACE PROBLEMS 13

Since m > 3, we can choose € such that ZZOZI an is finite and a new estimate for v,
holds

00
v = Z iy, ST
n=1

Here, b,,; are the coefficients detailed in Lemma 4.11 for the function F, defined in
Remark 3.4 This last equality implies the result directly. For m = oo, the result is
retrieved in a similar manner.

The case m = 3 is slightly more complicated as one can not directly ensure that
the coefficients a; are summable. However, by Lemma 4.12, for a small § > 0, then
vy = O(172*+?), which implies that a; = O(I71*%). By re-estimating bounds on v;, we
now obtain that v; = O(173+2%). Hence, a; = O(I~%*?%) which are summable from
where one can argue as before. ]

4.2.2. Chebyshev Coefficients Behavior: Helmholtz Case. We will we
now consider the following single arc problem:

Problem 4.14. For m > 1 and given § € C™(T) and a C™-parametrization r, we
seck A € H~2(T) such that

~

(37) LIKA=3 onT,

which is equivalent to Problem 3.2 with x > 0 and M = 1.

One could see the Helmholtz case as a perturbation of the previous one, but this
perturbation is not smooth as the operator difference L[x] — £[0] (cf. Remark 3.4)
only has a C'-kernel, even for smooth arcs. Thus, we can not replicate the previous
arguments and need to examine in depth £[x]—£[0] in terms of Chebyshev coefficients.

Using [2, Formula 9.1.13], the kernel of £[«], given in (12), can be also be written
as

(38) Ciltss) = LHY (k(t) —x(5)5) = 3 2p Byl )t — s log 5| + vn(t, 5)
p=0

wherein r : I' — I'; is a suitable parametrization and

(39) =t (5) o
LOELCT

(40) Ry(t,s) := ( T
and g is C™-regular. Notice that the term |t — s|2P log |t — s is a C2?~1(T')-function
in each component. R

We begin by analyzing the Helmholtz case for I' following similar techniques
to those in [9]. To simplify notation, we define kernels G7(t,s) := z,Rp(t,s)[t —
s|*Plog |t — s| and their corresponding BIOs:

@mﬁ:A@mgmm.

Extensive use will be given to the following lemma:
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LEMMA 4.15. For p € Ny, we have

|t — s log|t —s| = > > b0 T (H)Ti(s)

n=0 1=0

where

W =@t =1 0+2,... 12
0 any other case.

Proof. We proceed by induction. As the case p = 0 was proven in Lemma 4.10,
we start by setting p = 1. By Lemma A .4, it holds

(41) t—sPloglt —sl = > > BITu(t)Tjniay(s).

j€{-1,0,1} n=0

Bounds for coefficients ﬂ(j ) are found by using Lemma A.4. Since in this case a,, :=
b2 ~ 2 (cf. Lemma 4.10), we obtain the stated result.

n

Assuming now that the result holds for p, we prove it for p + 1. Indeed,

[t = s*(jt — s|*log [t — s|) = [t — s|* Y Y b8 T (t)Ti(s

n=0 [=0

=lt—s® > fo (DT 425 51(5)

je{—1,0,1}» n=0

(42)

and we proceed as in the proof of Lemma A.4 to obtain the expansion. The asymptotic
behavior is obtained by a direct computation using expressions of Lemma A.4. 0

LEMMA 4.16. Let A € H~2(T) with expansion

oo
A=w! E a1y,
n=0

Then, the Fourier-Chebyshev coefficients of Ep[m]x, denoted {v'}ien,, are given by

o0

P _ p

v = 2p g b, 0n,
n=0

where the coefficients bY, are given by Lemma /.15, z, are defined in (39). Moreover,
it holds )
vy = O(172P72),

Proof. The representation is a direct consequence of the Fourier-Chebyshev ex-
pansion of A and the kernel function given by Lemma 4.15. The asymptotic behavior
is deduced as follows

1
00 2

Z(biz)zdﬁl

n=0

Z bnlan

with d,, coming from (31) and where the last inequality is obtained using Lemma
4.15. O

<My

|of] ~ -3 (@)




HIGH-ORDER GALERKIN METHOD FOR HELMHOLTZ AND LAPLACE PROBLEMS 15

With the above results, we can estimate the asymptotic order of the Chebyshev
coefficients of L£[x] — £]0], where L[x] is the weakly singular Helmholtz operator for
the special case I' = [. This bound turns out to be crucial in proving the convergence
of the proposed method.

LEMMA 4.17. For m € N* with m > 2 and g € C™(T'). Let A € H=2(T') be the
only solution of

LiKA=g,
which is a special case of Problem, 3.2 with I' = {f} and k > 0. Then, if a,, are the

series coefficients of X, the following asymptotic behaviors hold
(i) if m < 0o, an = O(n=™*1);
(i) if m = oo, there exists a p > 1 such that a, = O(np~™").

Proof. Consider first m < co. By the regularity of g, we have
(43) (LKA =g =001"™), 1€ N
On the other hand, using the integral kernel expansion and Lemma 4.10, for any
Q €N, with @ > 1, we derive

(44) (L[K]A) <+ Z vl + 0P,

R(Q)

where coefficients vlj are given by Lemma 4.16 and v, is the remainder of order

O(Z’QQ*%). Thus, if we choose ) as the upper integer part of %, we have that

w2 q il
(45) =7+ ol =00
j=1

The proof follows by induction in m. For m = 2, it holds
2
(46) ——=0(?),

which directly implies a; = O(I~!). For the induction hypothesis we denote Q(n) the
corresponding value of () given a natural number n. Then, the induction hypothesis
reads as: if

71'2 a Q(n)—1 )
47) Tt 2 v=oum,
=1

then a; = O(1="*1). Now, we prove for m = n+1 and for which we have two options:
Qn+1)=Q(n) or Q(n+1) = Q(n) + 1. If the latter is true, there is a new term of
order —n. Thus, without loss of generality we can assume that

(48) %%+§:ﬁ:oww
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By the induction hypothesis, a; = O(I="*!). Then, by definition of coefficients vlj
and Lemma 4.15, one has

le(n)il — O(ln—2(Q(n)—1))

and from (47) we obtain the desire order for q;. .
The case m = co employs the same argument. As a;/~! and Zj’;l v] cannot have
the same decay order, the only option is for both terms to decay geometrically. O

To end this section, we consider the Helmholtz case for arcs different from the
canonical segment. Our main ingredients here are the bounds for Chebyshev coeffi-
cients of the product of two functions. For one-dimensional C!-functions, this can be

done easily: let f(t) = > o, fuTk(t) and g(t) = >y, 91T1(t). One can write

t) = Z enCnTn(t)7 where e,, = [1 f(t)g(t) ZL((tt)) dt,

neNg

L ¢, =277, for n > 0. By replacing the series expansion for f above,

keNy

and ¢y = 7~
we derive

Using now Lemma A.3 and Chebyshev orthogonality, it holds

1 Tk)-‘rn(t) +T‘|kfn\(t) _ fk Gk+n g\k7n|
ka/ 2w(t) dt_22<++ )

C, Cll—
keNo keNo ktn k—n|

Consequently, we can estimate the decay of e, by the properties of f,, and g,. In two
dimensions we have a similar result.

LEMMA 4.18. Let m € N* with m > 2, p € N, and recall the definition of R,(t, s)
given in (40). Then, the series

(49) R,(t,s)|t — s|*Plog |t — s ZZCPT ), Y (ts)e[-1,1]%

1=0 j=0

holds, with coefficients

(e o) bpl
(50)  CH=2>_> T (nsis + P figl + Mnil s + Vil i-31)
n=0 1=0

with coefficients b, being those of Lemma 4.15 and r; j the Chebyshev coefficients of
R,(t,s). Moreover, the following asymptotic behaviors hold

(Z) Ifm < 00, CZ — O(min{i—min(rn,2p+1)’j—Inin(m,2p+1)}>;

(i) If m = oo, then C; = O(min{i~p+1) ;=Cprny,
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Proof. We proceed as in the one-dimensional case and assume, for simplicity, that
the Chebyshev polynomials are normalized, thus omitting constants c¢,,.
First, let us consider m < oo. The coefficients ij are given by

1,1 , ,
CP,:/ / Rp(t,s)|t—s\2plog|t—5|Tl(t) T](S)dtds

Y 1J-1 w(t) w(s)
0o 00 1,1
1 Tgei(t) + Tin—i)(t) Tigs(s) + Tji—jy(s)
= v, / Ry(t,5)~ d I dtds
(51) nzzog nl ] P( )4 U}(t) ’LU(S)
= Z Z fl(rnﬂ',lﬂ' + Tngii—j| T Tn—il,i+; T r\n—iMl—j\)'
n=0 =0

Now, we have to find the decay order for the different terms. Define the index set
I, :={l,l£2,1+4,...,1£2p}. By Lemma 4.15, we have the estimate:

(52) Cli~ > > U2 M (rngiang + Togifi—g| + Pinciliss + Flneilji—j))-
=1 nel,(l)

By Lemma 4.11, it holds

(53) Ty = O (min{v~™, 1~ ™"}), forv,peN,

and we can estimate each term in C’fj as follows, we provide details for the first two.
Define K1 = 3375, 3 cp )1 Tntigry. Assume that rpyi4; = O((1 +
4)7™), then

Ky S2p) 172 M1+ )™ = 0(™™).
=1

Alternatively, we can use that ry,4;;4; = O((n +14)~™) so that
KDY 3 U i) =06,
I=1 nel, (1)
Thus, we then conclude that
Ky =0 (min{i=™,;7"})

Now set Kp := > 2, Donel, ) 72 i) Let g g = O(([L— 41 +1)7™), we
obtain

o0
Ky Sy UMl —jl+ 1),
=1

where we added one to avoid infinity. Thus, we can split this last sum into two terms

J/2
Ky S 77 G =074+ Y (=gl + )7
=1 1>5/2

The first one is bounded as
i/2 i/2
DTG Sy S

1=0 =0
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whereas the second one
> =g+ ) S
1>3/2

Hence, we have
Ky = O(jim) + O(jf2p71) -0 (jfmin{m,2p+l}> )

If alternatively we use ry,1; ;—j = O((n +14)~"™), then

Ky S 177 Y nti) ™ =0G™).
=0

Combining both results yields
Ky = O (min{i ", j~ mnlm 2t )

The remaining two terms in (52) are bounded in a similar manner so that

Ks:=) > 17 i =0 (min{fm,fmin{m’%“})
1=0 nel, (1)

o0

K, = Z Z li2p71’r|n—i|,|l—j| ) (min{jfmin{m,Qerl}?if min{m,2p+1})
1=0 nel,(l)

Finally, considering all the bounds yields the stated result. The case m = oo follows
the same arguments. ]

LEMMA 4.19. For m € N* with m > 2, let T be a C™-arc and \ € H~2(T) have

the representation:
oo
A=w! Z anT;,.
n=0
Then, the Fourier-Chebyshev coefficients of EP[K]X, denoted {v} }ien,, satisfy

oo

p_ p

v = 2p E Clan,
n=0

where the coefficients C¥, are given in Lemma 4.18, z, are defined in (39), and the
asymptotic behaviors hold
(i) If m < 2p+1 and for € > 0 such that 1 — L — e >0, of = O(I=mF1+me)
- 1
(i) If 2p+ 1 < m and for e > 0 such that 1 — 2571 — € > 0, then
o = O(l_2p+(2p+1)€).

Proof. The proof follows the steps of Lemma 4.12 but by using Lemma 4.18
instead of Lemma, 4.15. 0
LEMMA 4.20. For m € N* with m > 2, let A € ff_%(f) be the unique solution of

Problem 4.1. Then, if the solution is expanded as \ = ZZO:O anpw 1T, the following
asymptotic behaviors for coefficients a,, holds
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(i) Ifm < 00, 4y = O(n="™+);

(i) If m = oo there exists a p > 1 such that a, = O(np™™).

Proof. We follow similar steps of those for Lemmas 4.17 and 4.13. For m < oo,
we have

(54) @HXf””+Zw+wf<wm

where vll are defined as in Lemma 4.19, and @ is fixed such that the remainder is
given by a C™(I')-function. Thus for e € (0,1 — L), vft = O(I=m*1+™me). Moreover,
we can assume that, for § € (0,1— 1), by Lemma 4.19, it holds v] = O(I=%+Z+1)9),
forall j =1,...,Q. The proof then follows that of Lemma 4.13.

The proof for the case m = oo is as the one presented in Lemma 4.17 with the
corresponding modifications. ]

4.2.3. Convergence rates for a single arc. From the decay proprieties of
Chebyshev coefficients, we can obtain bounds for the approximation error. First,
notice that by the norm equ1valence (cf. Lemma 2.3), we can do all the estimates
in T’ and transform A — X. On the other hand, we have the quasi-optimality result
(¢f. Theorem 4.3): there exists Ny > 0 and a constant C'(I', k) > 0, such that for all
N > Ny:

(55) IA=ANllg-1/2ry < C(T, k) inf

an€Qn (T

an HH 12T
For A we have an expansion of the form A = 3" a,w™'T,,. Hence, we can choose
qNn = Zn< N anw’lTn, and use the norm representation to estimate the error as

|an|2
(56) HA_QNHH 1/2(F Z n
n>N

Finally, using the bounds from Lemmas 4.20, and 4.13 for the behavior of coeflicients
an, we can establish convergence rates.

THEOREM 4.21. Let k > 0, m € N* with m > 2, " be a C"™-arc. For g € C"™(T),
let A be the unique solution of Problem 3.2. Then, there exists Ng € N such that, for
every N € N with N > Ny, there is a unique Ay solution of Problem 4.2 using the
discrete spaces detailed in Section j.1. Moreover,

e if m < oo, then

[A— )‘N”ﬁ—l/z(r) < C(T, k)N~
e if m = oo, there exist p > 1 such that

IA= ANl g-1/2r) < C(T, K)p N TVN.

|an‘2

Proof. Following the above discussion, we have to estimate ) . ~*-, where
the a, are characterized in Lemmas 4.20 and 4.13. Since these are decreasing, the
results follows from the following elementary estimation:

Z lan|? / (g) de,

where a(§) is a monotonously continuous decreasing function such that a(n) = |a,|.0
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4.2.4. Multiple arcs approximation. Since the existence of more than one
arc translates into perturbations of the Chebyshev coefficients with decay rates given
by arc regularity, convergence rates for the case of multiple arcs are given by those of
the single arc case. To see this, let us recall Problem 3. 2 for the case of two C™-arcs
pullbacked onto I': for g, go € C™(T), find A1, Ao € H~2(T') such that

By Assumption 2.2, the arcs cannot touch nor intersect. Hence, there is always d > 0
such that for all (x,y) € 'y x I'y, ||x — y||2 > d. This leads to the next result.

LEMMA 4.22. Let m € N* with m > 2 and consider two open C™-arcs fulfilling
Assumption 2.2. Then, for i = 1,2, there are \; € H*%(Fi) such that

and, for i # j, it holds

]X)l = Z by,

with asymptotic decay rates:
(i) if m < 00, by = O(min{n=",1"™});
(i) if m = oo, there is p > 1 such that by = O (pmint=m=1}),

Proof. As the distance between two disjoint arcs is strictly positive, the kernel
Gr(ri(t),r;j(s)) is C™ and the proof follows verbatim from Lemma 4.11.

LEMMA 4.23. Let £ >0, m € N* with m > 2, and I" be a family of C™ arcs. For
g € C™(T), let X be the only solution of Problem 3.2. Then, for A\; = 20LI ith,

AR
series erpansion Zn>N al w=IT,, it holds
o Ifm < o0, al, = (’)(n_m+1),
o Ifm = oo, there is a p > 1, such that al, = O(np=").

Proof. The proof is similar to that of Lemma 4.20, now taking care of cross-
interaction terms by Lemma 4.22 and using the same arguments from Lemma 4.13.0

THEOREM 4.24. Letk > 0, m € N* withm > 2, T a family of C"™-arcs, g € C™(T")
and X the only solution of Problem 3.2. Then, there exists Ng € N such that for every
N € N: N > Ny there is a unique Ay solution of Problem /.2 contructed with the
discrete spaces detailed in Section j.1. Moreover, the following convergence rates hold

(i) If m < oo, then

1A= Anllz < O, m)N~"

A2 =

(i) If m = oo, there exists p > 1 such that

IA=Axl s < CT, R N2VA.

4o
Proof. The proof follows that of Theorem 4.21, as the norm on ]IA%'I*%(F) is equiv-

alent to the Cartesian product of M times the space H ™2 (f), and the corresponding
bounds for the coefficients are established in Lemma 4.23. O
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Remark 4.25. In this section, we heavily used the fact that f € C™ implies f; =
O(I=™). However, this estimate is not optimal. For example, if f(™*1) ¢ L*([-1,1])
in distributional sense, then one can show that f; = O(I=™~!) (cf. [33, Chapter 7]).
This property is called bounded variation. Hence, if we require data not only to be
C™-continuity but to also have bounded variation in their (m + 1)-th derivatives, we
gain one additional power in our convergence estimates.

5. Matrix computations. We now explicitly describe numerically how to solve
the Problem 4.6 using the discrete spaces defined in Section 4.1. By definition (27),
the matrix entries are

(57) (LijlK)in = (Lij[K)a a7, -
In Remark 4.8, we showed that this can computed as
(58) (Lij A = (Ll ™ T w1y _.

For its implementation, we will distinguish between the cases when ¢ and j are equal
or not.

5.1. Case i # j. In this case, the kernel function associated with this operator is
smooth, and consequently, we can expand it as a Chebyshev series using the FFT. To
this end, we consider a two-dimensional version of the procedure presented in Section
4.1.1:

(i) Evaluate the function F(t,s) := G, (r;(t),r;(s)) in a grid of Chebyshev points

(tY,s)), obtaining a matrix F € C(NFD> N+,

(ii) For each row, we follow steps (i) and (ii) of the one-dimensional procedure

detailed in Section 4.1.1. This leads to the following expansion:

F(t,s) =Y an(s)Tn(t),
n>0

where the coefficients of the matrix are approximations at the Chebyshev

points, i.e. Fjn ~ an(z)), n=0,...,N.
(iii) We repeat the last step but with the columns of the new matrix F, i.e. the
same one-dimensional procedure for the functions a,(s), n = 0,..., N. The

matrix F is updated such that F;, ~ a;,, where
F(t,s) =Y > amTi(s)Tu(t).
1>0 n>0

Notice that this procedure requires 2(N + 1) FFTs. Ounce the expansion is ob-
tained, the integrals are computed directly using the orthogonality property of Cheby-
shev polynomials.

5.2. Case i = j. In this setting, we can extract the singularity by subtracting
the purely logarithmic term:

(59) Ri(t,5) = — 5 og |t — slJo(rx (1) ~ ri(s),),

and obtain two family of integrals:
1 1
00 fh= [ [ (Gulnn(s) - B T w Tis)deds,
—1J-1

1 1
(61) I, = / / Ri(t,8)w ™ T (t)w ™' Ti(s)dtds.
—1J-1
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Ficure 1. H™2(T") errors, for g(t) = [t|P. Values m are slopes of log,q(Error) respect to

log1o N. Errors are computed with respect to an overkill solution with N = 440.

Using the expansion [2, 9.1.13], we find that G, (r;(t),r;(s)) — Ri(t,s) has the
same regularity of r;, and thus we can compute I} as in the case i # j. For I?,,
we notice that Rj(t,s) is a product of two functions: —- log|t — s|, with known
Chebyshev expansion (21) and Jo(k [|r;(t) —r;(s)||y), which by [2, 9.1.12] has the
same regularity of r;. Thus, its Chebyshev expansion can be computed using FFT.
Finally, the Chebyshev expansion of R:(t,s) is computed using the technique shown

in Lemma 4.18.

Remark 5.1. The evaluation of the Chebyshev expansion of R (¢, s) can be accel-
erated by extrapolation techniques like de-aliasing [14].

6. Numerical Results. In what follows, we show experimental results confirm-
ing the convergence rates proven in Theorem 4.24. Moreover, we show the quick
computability of total fields, for different scenarios, by employing the FFT for the
integral representation formula.

6.1. Convergence results. Let us first consider the case of a single arc T and an
excitation g with limited regularity. Figure 1 presents convergence results for different
excitation functions. The first three are of the form g(t) = [¢|?, with p = 3,5,7. For
these, ¢ is at most in C?(T'). Hence, by Theorem 4.24, we should observe the following
error bounds:

Error :=[|A = An| 7- = O(N~PH).

)
However, as discussed in Remark 4.25, the function g has bounded variation and so
numerically it is equivalent to g € CP*!(T') when interpreting Theorem 4.24. Thus,
we have that the error as a function of N has a slope of p in logaritmic scale. The
fourth case has as right-hand side g(t) = t2, and, being an entire function, we observe
the corresponding super-convergence.

In Figure 2, we show results for geometries with limited regularity and smooth
excitation. Just as in the case of excitation of limited regularity, we obtain the con-
vergence rates stated in Theorem 4.24.

Lastly, we consider the case of multiple arcs and where the excitation function and
the geometry are smooth (see Figure 3). We observe exponential convergence in the
polynomial degree used per arc as predicted. We also observe that, as a function of «,
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Ficure 2. H™2(T) errors, for T' given by r(t) = (t,[t|P) and g(t) = t?>. Values m are slopes
of log o (Error) respect to log;g N. Errors are computed with respect to an overkill solution with
N = 440.
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(a) Geometry (b) Convergence H™ 2 (I')-norm

FiGUure 3. In (a), a smooth geometry with M = 28 open arcs, each with a parametrization
(at, csin(bt)) + cte, where a € [0.45,0.50], b € [1.0,1.5], ¢ € [1.0,1.3], and t € [-1,1]. In (b),
convergence for the corresponding geometry and different wavenumbers using as right-hand side the

trace of g(x) = exp —itkx -y, where k = k for k > 0, 0 = 5, y = (cosa,sina), and a = 7/4.
The x-axis denotes the number of polynomials used per arc. Errors are computed with respect to an
overkill solution with N = 500 per arc.

the errors are increasingly bounded by below. Our experiments shows that this effect
is caused by numerical pollution errors in the solution of the linear system, which is
currently solved by a direct method. For the sake of brevity, we will not attempt
to solve this anomaly, as it is a common issue when computing waves scattered by
disjoint domains (cf. [10]).

6.2. Field plots. Once the density A in Problem 3.2 is approximated by the

solution Ay of the discrete Problem 4.2, the field solution U of Problem 3.1 can be
also approximated by

M
(62) Uy =Y SLi[rIAY,
j=1
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Ficure 4. Total volume solution intensity for different arc numbers. Polynomial order per arc
was to set N = 150 for an incident plane wave, Ujp., with k = 10 in the direction (1,1). Color
scales have been normalized.

where the )\g\, are the discrete solution components corresponding to arcs I';. Eval-
uations of the potential SL; acting over the discrete basis in points not in I'; can be
obtained easily using the FFT as they are smooth functions —similar to the compu-
tations in Section 5. Once these are computed, the volume solution is reconstructed
by doing a matrix-vector product with the coefficients vector of the solution in the
discrete basis.

In Figures 4(a), 4(b), 4(c) and 4(d) show the normalized absolute value of the total
volume fields for four different geometrical configurations. The total field is defined
as Uy + Ujne, where U, is a plane wave with fixed wavenumber and whose trace
constitutes the excitation g. The number of curves M are 1,2,4 and 8, respectively,
corresponding to subsets of the curves presented in Figure 3

7. Concluding remarks. The present work presents a high-order discretization
method for the wave scattering by multiple disjoint arcs based on weighted polynomi-
als bases with proven convergence rates similar to the classical interpolation theory of
smooth functions. As an efficient solver for the forward problem, our method could be
easily used for solving optimization or inverse problems, tasks which are currently un-
der development. Still, for increasing frequencies and numbers of arcs, we remark that
the solution of the resulting linear system can become a bottleneck, thus requiring
further improvements.
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Appendix A. Technical Lemmas.

LEMMA A.1. The discretization (25) is conforming, i.e. Qn(T';) C H™2 (L)
~ 1
(resp. Qu,0)(T'3) C H o7 (T')).
Proof. For any (' € Qn(T;), by (24), the representation:

~ 1
i por;
(63) ¢'=

TS T
wi |[ei o,
holds, where p € Py (I'). By definition of dual norms, one can write

HClH 1 = sup 4<<i7 19>H%(Fi)
Ho2 () 9eHE (T,) ”ﬁHH%(Fi)
At the same time, it holds

(64) (¢ 0)p, :/f\/}f(ti)tz(ﬁori)(t)dtg ”ﬁ'L*(f)/det

< 1Py 0 g iy 1 0 il

where w(t) := /1 — 2. Applying Lemma 2.3, we only need to check that the H~2 (T)-
norm of w™! is finite, which was already proved in |16, Lemma 6.1.19]. The inclusion
for the mean-zero spaces is immediate from the Chebyshev polynomials’ orthogonality
property. ]

LEMMA A.2. The family {Qn(I':)} yen, s dense in f[‘é(l“i), while {QN,@) (Fi)}NeNI

~ 1
is dense in H (Ty).
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Proof. We only need to prove that there is a fix constant C' such that, for a given
€ >0 and ¢ € D(I;), there exists ¢* € Qn(T;) satisfying

ch ¢||H*§(F < Ce.
By [16, Lemma 6.1.20], there exists a polynomial p € Py (f) satisfying
1~

por;

w; [[xi o x|

Let ¢* = . Again, we take the dual norm
i <<Z - ¢5 19>F
[

9eHE (T;) Hﬁ”H%(Fi)

However, we can write

(¢ = 00y, = [ (€= )96
(65) I
= /f (w™ (O)p() — Tl (£) (B o 1:) (1)) (I 0 1) (t)dE.

By Lemma 2.3, there exists a constant C' independent of € such that

(¢'=0,9), <C 0| o™ B = Il (6 o) -3 ) < Cell?]

HE (Ty) (T) H2(T,)

and thus HCi — quw < Ce as stated.
For the family {QN (Ty) }NeN’

¢ € ﬁ<_0 (T';) and € > 0. there exists N € N and ¢’ € Qn/(I;), such that

by the previous result, we observe that, given

(66) Hci_quﬁ—%(ri) se
Thus, by the definition of the norm in H~2 (T;), it holds
<Ci’ 1>F,- = <Cl - o, 1>F,- < HCZ - ¢||ﬁ—%(1“,¢) ’

Hence, we can define ¢f := ¢* — T3]~ (¢%, 1), , where |T;| is the length of the arc T';.
Now, it is direct that ¢§ € Qu,y(I';) and

HCO (bHH’i(F < 2,

which gives the desired density. O

A.1. Some properties of Chebyshev polynomials. The next two identi-
ties follow directly from the explicit definition of Chebyshev polynomials as T}, (t) =
cos(n arccos(t)).

LEMMA A.3. Forn,k € Ny, let T,, and Ty denote two Chebyshev polynomials of
first kind. Then,



28 CARLOS JEREZ-HANCKES AND JOSE PINTO

TABLE 1
Coefficients used in Lemma A.3.

(1) (0)

n n
n=20 %ao ap — %al
n=1 —ap —+ ial —ap + %al — lag
n = %ao — %al + iag 7l(11 —+ ag — 50,3

1 1 1
n>3 4ap-2—50p-1+ 30n —50n-1+ Ay — 50p11
1

Moreover, for (t,s) € [—1,1]?, it holds
(68) [t—s?=1+ % (To(t) + Ta(s)) — 211 ()T (s).

LEMMA A.4. Consider a function of the form:

U(t,s) =Y anTn(t)T}—k/(5)-
n=0

Then,
= sPUEs) = S S BDT (O Ty (),
je{-1,0,1} n=0
wherein ) ) )
57(11) = Zan - §an+1 + ZanJer

and coefficients ﬂr(fl) and BELO) are given in Table 1 for n € Ny.
Proof. Using Lemma A.3, we have that

6= SPU(t,9) = S an(Ta(OTjai(5) + 3 T2 (T 10 (5) + T2y (T} s )
n=0

1 1
+1Tn(t)T||n—k|+2\ + ZTn(t)T\n—k—Q\

D11 (8) + T ()] D) () + Toga])

2
Observe that, for i € {1, 2}, the index sums

—k+i >k —k—i >k
(69) |n—k+i:{|n e Iln—k|—i|:{|n | ner

In—k—i| n<k, In—k+i n<k.

Employing this in writing [t — s|?U(t, ) as a series expansion, we find expressions for
different u,(s):
an ajy

ag ay az
w = Phesa®) + (a0 = 5) T (o) + (3= 5+ F) T-ai()
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ai da;  as ap az  as
up = (—ao + *) Tiktay(s) = (ao ot 2) Tawi(s) + (Z -5t Z) Tir—3(s)

ap a1 az az  ag

w=(5 =5+ F) M@= (5 et P) Teal)+ (F -5+ ) Te-al®

Ap—2 Gp—1 Qnp Gp—1 Ap41
tn = ( 2 Z) Tin-k—2/(s) + (_ g T T) Tin—x1(5)

[07% Ap41 Ap+2
+(Z_ 5 T )T’|n7k+2\(5)

for n > 3, yielding the stated result. ]
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