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HIGH-FREQUENCY BEHAVIOUR OF CORNER SINGULARITIES IN
HELMHOLTZ PROBLEMS™

T. CHAUMONT-FRELET"* AND S. NICAISE?

Abstract. We analyze the singular behaviour of the Helmholtz equation set in a non-convex polygon.
Classically, the solution of the problem is split into a regular part and one singular function for each
re-entrant corner. The originality of our work is that the “amplitude” of the singular parts is bounded
explicitly in terms of frequency. We show that for high frequency problems, the “dominant” part of
the solution is the regular part. As an application, we derive sharp error estimates for finite element
discretizations. These error estimates show that the “pollution effect” is not changed by the presence
of singularities. Furthermore, a consequence of our theory is that locally refined meshes are not needed
for high-frequency problems, unless a very accurate solution is required. These results are illustrated
with numerical examples that are in accordance with the developed theory.
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1. INTRODUCTION

Time-harmonic waves are used in a wide range of applications including resource prospection, noise scattering,
radar, cloaking and medical imaging [11, 13]. Consequently, many efforts have been made to develop efficient
discretization techniques to approximate the solutions to such problems in an accurate and robust fashion.
Popular approaches to carry out such a discretization include the finite difference method (FDM) [40], the finite
element method (FEM) [12, 25] and the boundary element method (BEM) [14, 36].

For instance, wave propagation problems arising in scattering applications are set in the exterior of the scat-
terer. An inhomogeneous Dirichlet, Neumann or Robin-type boundary condition is prescribed on the boundary of
the scatterer to model the illuminating wave, while the Sommerfeld condition is imposed “at infinity” to prevent
non-physical ingoing waves (alternatively absorbing boundary conditions or perfectly matched layers are used
to approximate the Sommerfeld condition on the exterior boundary of a surrounding domain 2y [7, 16, 19]) and
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close the problem [13]. Scattering wave propagation problems thus naturally take place in non-convex domains.
As a result, when the scatterer is not smooth, the solution is singular close to its corners.

Motivated by these examples, we carefully analyze the singular behaviour of the solution around the vertices
of the boundary (for instance the vertices of a polygonal scatterer). This study is especially important, as the
presence of singularities strongly impact the performance of numerical methods. Indeed, in the general case,
the lack of regularity of the solution is numerically translated by a decreased convergence rate, unless especially
refined (graded) meshes are used [5, 33].

Here we focus on acoustic 2D Helmholtz operator —w?/%?% — A, with varying wavespeed # (corresponding
to heterogeneous media). Then, the singularities of the Helmholtz problem have the same form as the ones
of the Laplace operator —A. It allows us to use the vast literature on the subject (see for instance [22, 32]).
However, though the theory of singularities is very well established for the Laplace operator, an essential feature
is missing: the behaviour of the singularities with respect to the frequency w.

Indeed, numerical methods are very sensitive to the frequency. In particular, solving high frequency problems
accurately is a very computationally expensive task. This is linked to the fact that as the frequency increases, the
Helmholtz operator has additional negative eigenvalues, so that it is challenging to ensure the stability of discrete
numerical schemes. Intuitively, the solution is more oscillatory at higher frequencies, and these oscillations are
difficult to capture numerically.

In this paper, we focus on FEM discretizations. In this context, the difficulty to solve at high frequencies is
usually called the “pollution effect”: for high frequency problems, unless the mesh is heavily refined, there is
a gap between the interpolation error, and the error of the finite element solution. It means that the solution
obtained by the finite-element procedure is much less accurate than the best representation of the continuous
solution in the finite element space.

The “gap” between the interpolation and finite element errors is called the pollution error. On Cartesian grid
based meshes, the pollution error can be computed thanks to a dispersion analysis [3, 28]. Furthermore, there
exists an asymptotic range h < hg in which this gap disappears, and the finite element solution is almost as
accurate as the interpolant. The behaviour of hy = ho(w) with respect to the frequency is thus a key to analyze
the performance of the finite element method. When the domain is smooth, this analysis has been carried out
for Lagrange finite elements of arbitrary order p [30, 31], and it is known that hg ~ w™!1=1/P.

Of course, the regularity of the solution and the dependence of the Sobolev norms of the solution on w
play a central role in the above-mentioned analysis. As a result, it is not obvious how the singularities of the
solution can affect the pollution effect, in a domain with corners. For instance, a scattering problem with re-
entrant corners is discretized using a “plane wave” method in [4]. Therein, the authors propose a convergence
analysis, and characterize the asymptotic range h < ho(w) in which the pollution effect vanishes. Because of the
singularities and the use of uniform meshes, they obtain the condition that h < w=5/2, which is more restrictive
than the condition h < w™2 known for P; elements in smooth domains [30, 31].

Under minimal assumptions (namely the validity of a stability estimate and constant coefficients near the
corner points) and following [22, 32], we here propose a splitting of the solution into a regular part in H?({2)
and one singular function for each re-entrant corner. Our main achievement is a precise description of the
“amplitude” of the singularities depending on the frequency. We also show that the regular part of the solution
behaves as the solution of a Helmholtz problem in a smooth domain. These results are derived using slight
modifications of arguments used in an other context in [23]. Similar results have been obtained in [8, 9, 26]
using slightly different techniques in the context of BEM. However, our analysis allows us to treat more general
data and provide sharper estimates (we provide more details in the end of Sect. 3). In the context FEM, prior
works taking into account the singularities of the solution include [4, 20]. To the best of our knowledge, our
results are new, and we prove that our bounds are sharp.

Furthermore, we take advantage of the above-mentioned splitting to derive sharp error estimates for P; finite
element discretizations of the problem. In particular, we prove that the asymptotic range (and thus the pollution
effect) is not affected by the presence of singularities. The newly introduced splitting is the key to improve the
error estimates given in [4].
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We illustrate these results with numerical experiments. For P; elements, the numerical results are in
agreement with the theory. Furthermore, we numerically investigate higher order discretizations. Our main
observation is that, for high frequencies, the singularities only have a small impact on the numerical schemes.
In particular, unless a very accurate solution is needed, the use of graded meshes is not required.

Finally in order to show the large applicability of our assumptions, we check that the stability estimate holds
for various choices of domains and wave speeds 7.

Our work is outlined as follow. In Section 2, we precisely state the problem we consider and state our basic
assumptions (in particular a stability estimate in the H'(§2) norm). Sections 3 and 4 are dedicated to the
analysis of the singularities of the problem. The particular case of a disc sector featuring one singular corner
at the origin is first analyzed in Section 3. This result is then applied, by localization, to analyze the case of
a general polygonal domain in Section 4. We provide stability conditions and error estimates for finite element
discretizations in Section 5, and Section 6 is devoted to numerical experiments. In the appendices, we collect
some useful properties of Bessel functions and prove the stability estimate in some particular cases.

2. THE SETTING

In this work, we consider wave propagation problems modelized by the Helmholtz equation in a domain {2:

—%u —Au = f in §2,
Vu-n— %u = 0 on I, (2.1)
v = 0 on Ipi,

where f: 2 — C is a given source term, and Ip;, and Ipigs are two disjoint open subsets of the boundary 92
of £2 such that I'pj, U I'piss = Of2. In addition, w > 0 is the angular frequency, and ¥ : 2 — R is the wavespeed.
We assume that ¥ € C1(£2) satisfies 0 < #nin < ¥ < Fnax < +00 for two constants i, “max-

Classically, assuming that f € L%(£2), we recast (2.1) into the variational problem that consists in looking
for u € Hp, (£2) solution to

Bluw) = (fv), Vo e Hh, (2, 22)
where
B(u,v) = —w(¥ " 2u,v) — iw(¥ " u,v) pp, 4+ (Vu, Vo),
and
H}Dir(Q) ={ve H' () :vv=0on I'py},

~o being the trace operator from H'(£2) to H=(d12).

In most applications, the boundary I is imposed, and represents an obstacle or the basis of a cavity. On
the other hand, the boundary I is artificially designed to approximate the Sommerfeld condition. The aim of
our work is to analyze the singularities that can arise due to corners of the boundary I'p;,. We do not consider
singularities due to Ipigss, since one can usually design this artificial boundary to avoid reentrant corners and
thus, singularities.

The key technical assumptions required by our analysis are that close to each reentrant corner of Ipj,
the boundary is polygonal, and ¥ is constant. A part from these technical assumptions, general domains and
velocity parameters can be treated, as long as some stability estimate on ||u||1,; is available. In the following,
we rigorously summarize our main assumptions.
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FIGURE 1. Example of domains satisfying Assumptions 2.1 and 2.2.

Assumption 2.1. We assume that there exist two non negative constants o and wy (independent of w) such
that for all f € L?(£2) and w > wo, problem (2.2) admits a unique solution u € Hp_ ({2). Furthermore, we
assume that

wlullo,2 + |ul,e < C($2,w0, V)@ || fllo.2, (2.3)

for some positive constant C'(§2,wp, ¥) that may depend on 2, wy, ¥, but neither on w nor on f.

Assumption 2.2. The curves I and Ipi are piecewise C. If y is a point at which I'piss is not C*, then
the angle formed by Ip;ss around y is less than or equal to . Furthermore, there exists a set of points {x; }évzl
and a real number ¢ > 0 such that, for each point y at which Ip; is not C1, either (a) the angle formed by
I'piy around y is less than or equal to m, or (b) y = x; for some j € {1,..., N}, and Ip; is polygonal and ¥
is constant over B(x;,¢). Finally, we assume that either Ipir N Ipiss = 0, or that the angle formed by I'p;, and
I'bigs is less than or equal to 7/2 each time they meet.

Assumption 2.1 is satisfied in a number of applications, as illustrated by Figure 1. For the cavity problem,
we have adapted the proof from [18] in Appendix B.1 to the case of parameters ¥ such that dy,? < 0. The
proof for the non-trapping obstacle is classical when ¥ is constant. In Appendix B.2, we show that the result
is still valid as long as V¥ - x < (1 — ¢§)¥ for some ¢ € (0,1). Finally, we show that Assumption 2.1 holds for
some trapping obstacles by adapting arguments from [10].

Assumption 2.2 ensures that the singularities only take place on the corners of Ip;,, which is reasonable in
most applications, since the boundary Ipig is artificially placed. On the other hand, the assumptions that I'pi,
is polygonal and that ¥ is constant in a neighborhood of such corners is only technical, but mandatory for our
analysis. The domains presented in Figure 1 also satisfy Assumption 2.2.

Scattering of a plane wave by an obstacle immersed in a homogeneous medium is an important particular
case. In this scenario, one considers an obstacle K and a domain 20 O K. Then, the domain of interest is
2 = 2\ K with I'n;, = 0K and I'piss = 9§2y. We look for v solution to

—w?v—Av =0 in £,
Vv-n—iwv =0 on Ipjggs, (2.4)
v =g on Ipj,

where g(x) = e*d for some unitary vector d that represents the direction of the plane wave. While our
assumptions do not directly cover (2.4), we can introduce the function n(x) = e™*dy(x), where x € C®(£2) is
a cutoff function such that x = 1 in a neighborhood of I'p;; and x = 0 in a neighborhood of I'piss. Then, the
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FIGURE 2. The disc sector Dy r.

function w = v — 7 is solution to (2.1) with the source term
f(x) = e Ax(x) + 2iwe™>4d - Vx(x).
We note that such a function f belongs to L?({2) with
[ fllo,e < C(2)w. (2.5)

Since n € C*®(£2), u and v have the same singularities. As a result, our analysis also holds for plane wave
scattering problems satisfying Assumptions 2.1 and 2.2 if one uses (2.5) in the right-hand-side of the estimates.

When the domain (2 is convex, or smooth, one easily obtains a bound for the H2({2) norm of the solution
from (2.3) by applying a shift theorem for the Laplace operator. However, the domain we consider do not have
such shifting properties. The analysis of higher order derivatives of the solution must therefore be carried out
carefully, by explicitly analyzing the corner singularities.

3. THE CASE OF A DISC SECTOR

We consider a disc sector Dy, g C R? of radius R and opening 1. Its boundary is split into two parts Ipiss
and Ip;i corresponding respectively to the circular and straight portions of 0Dy g, see Figure 2. Hence, the

domain is defined by

0<r<R, 0<0<u},

Dy g = {(rcosf,rsinf)
and the boundary is specified as I'niss = Sy,r and Ipir = Io,r U Iy g, where

Sy,r = {(Rcosf, Rsin0) 0<0 <},

|
and
Ir={(r0) | 0<r<R}, Iyr={(rcosy,rsiny) | 0<r<R}.

For the sake of simplicity, we assume that 7 < ¢ < 27, and ¥ = 1, so that a singularity occurs at the
origin for the solution of problem (2.1) in D, r with the previous choice of I'piss and Ipi. We observe that
because the two angles where I'pigs and I'p;, meet are 7/2, the solution to the problem lies in H1+O‘_6(Q) with
a=m7/1 > 1/2 and any € > 0 (see below). Furthermore, since x-n = 0 on I, and x - n = |x| on i, We can
apply Theorem B.2, and we see that Assumption 2.1 is satisfied with o = 0.
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When the domain (2 is regular, it can further be shown that u € H?(2) and the semi-norm |u|s, ¢ is explicitly
controlled in terms of w. Here, we consider a domain D, rp with a re-entrant corner, so that in general, the
solution presents a singularity at the origin. Indeed, as mentioned before the solution belongs to H!T*~¢(Dy, )
for any € > 0, but not to H***(Dy, g). In particular this solution does not belong to H?(Dy, g) since a € (3,1).

Hereafter, we propose a splitting of the solution u into a regular part belonging to tir € H?(Dy g) and a
singular part S € H't*~¢(Dy g). We show that |ig|2p, , behaves as |ulz p, , when the domain is regular.
Furthermore, we provide a novel estimate for the semi-norm |S|14q—c-

In this section, we require some properties linked to Bessel functions that are established in Appendix A and
listed below.

Proposition 3.1. For all « € (1/2,1), there exists wg > 0 large enough such that the following properties hold

R
/0 | Jo (wr)|?rdr < C(a, R,wp)w ™t (3.1)
R
/0 |H? (wr))?rdr = Clo, Rywo)w ™ + O (w™?), (3.2)
Y (WR) +iY(wR) . .
T @R) +ida@R) O ((wr)™2). (3:3)
Jo ()Y (ew) — J. (ew) Yy (ew) = %, (3.4)

for allw > wy and € > 0.

3.1. Splitting of the solution

We propose a splitting of the solution w into a regular part i4p € H 2(D,N:g) and a singular part in
H't*=¢(Dy r). The singular properties of the Helmholtz operator are strongly linked to the ones of the
Laplacian. Hence, our analysis heavily relies on the theory developed by Grisvard [22]. More precisely, we
can state that the solution u of (2.1) in Dy g (with " =1 and the previous choice of I'p;, and I'pigg) can be
decomposed as

u= 1R + ¢, (f)x(r)r® sin(ad), (3.5)

where tip € H?(D, g) is the regular part, r® sin(af) € H**~¢(D,, g) represents the singularity of the solution,
¢u(f) € Cis a constant depending on the data of the problem, and x is a C* cutoff function that equals 1 in
a neighborhood of the origin and 0 close to IDjgs.

Decomposition (3.5) is especially useful when analyzing Laplace problems, as r* sin(a#) is a harmonic func-
tion. Also, this decomposition will be useful when analyzing the approximation properties of finite element
spaces. However, it is tricky to directly estimate the constant é,(f). As a result, we will use the decomposition

u=upr + c,(f)Jo(wr)sin(ad), (3.6)
with up € H?(Dy, r) and J,(wr) sin(af) represents the singularity.
As we detalil later, J, (wr) and r® have the same behaviour close to the origin, so that both functions can be

used to describe the singularity. The advantage of decomposition (3.6) over (3.5) is that the representation of
the singularity satisfies

(—w? — A) (Jo(wr)sin(ad)) = 0.
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As a result, decomposition (3.6) is easier to handle, and we shall use it to estimate ¢, (f). We easily recover an
estimate for ¢,(f) in a “post-processing” fashion.

In Theorem 3.2, we show that the solution w can be decomposed according to (3.5) or (3.6). Furthermore,
we give a relation between the constants ¢, (f) and é,(f). Also, in order to simplify the notations, we introduce

$(x) = Jo(wr) sin(ab), §(x) = x(r)r®sin(ad). (3.7)
Theorem 3.2. For allw > wo and f € L*(Dy gr), if u € Hy (Dy,r) is solution to (2.2), there exist a function

ir € Hf, (Dy,r) NH?*(Dy,r) and a constant ¢,(f) € C such that u = tg + é,(f)3.
Furthermore, there exists a function up € Hf, (Dy r) N H?*(Dy r) such that u = ug + c,(f)s, where

co(f) =2T(a+ 1w %Gy (f). (3.8)
Proof. The existence and uniqueness of u € HII“D;r(Df/Jv r) being established, we can look at u as a solution to

—Au = f in$,
v = 0 on Ipi,
Vu-n = g on FDiSSa

where f = f +w?u € L?(Dy.r), g = iwu € HY/?(Ipigs). !
As g belongs to H'/?(I'piss), by Theorem 1.5.2.8 of [22], there exists an element 1 € H?(Dy ) such that

Yoh = 0, Yo (VW . Il) = g = iwu on F’ (39)

with the estimate

lllz.c < CW RGNy oy, s = COL Rl

for some positive constant C(1, R) that depends only on ¢ and R. Hence by a trace theorem and estimate (2.3),
we deduce that

17ll2,0,.r < C(W, R,wo)w| fllo.Dy r- (3.10)

Since yon = 0, it is also clear that we have n € Hj(Dy,r) C Hp (Dy,r).
As a result, we see that v =u —n € H}, (Dy, r) is solution to

—Av = h in D¢7R
v = 0 on Ipy,
Vvo-n = 0 on Ipiss,

where h = f + w?u + An € L*(Dy r). This allows us to apply Theorem 4.4.3.7 of [22], stating that v €
span { H?(Dy gr),3}. Hence, there exist a function vg € Hp (Dy r) N H?*(Dy r) and a constant é,(f) € C
such that v = v + é,(f)3. Obviously, we obtain (3.5) by setting ug = vg + 7.

Once (3.5) is established, (3.6) and (3.8) directly follow from a careful inspection of the definition of J,.
Indeed, if we isolate the first term in the development of J,, we see that

wa

Jo (wr) sin(af) = Pt D)

r*sin(af) + ¢,

LAs usual, for s > 0, a function g belongs to H’S(FDiSS) if g, its extension by zero outside Ipjss, belongs to H*(0Dy, r).
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with ¢ € Hf, (Dy,r) N H?(Dy,g). .

3.2. Estimation of ¢, (f)

For each w > wy, it is clear that the mapping ¢, : LQ(D,/,,R) — C is continuous, and linear. Then, the Riesz
representation theorem implies the existence of a unique w,, € L?(D,; ) such that

co(f) = (fyws), Vf € L*(Dyr). (3.11)

Lemma 3.3. For allw > wy, w,, can be characterized as the unique element of L?(D., r) satisfying the following
conditions:

—w?w, — Aw, = 0 in D'(Dy r),
Vuw, -n+iww, =0 in (g%(FDiSS))/7
wy, = 0 in (H? (I'pi \ {(0,0)})),
(—w?ns — Ans), wy) =1,

where n € C*(Dy r) is any function such thatn = 1 in a neighborhood of the origin and n = 0 in a neighborhood
of I'piss. Further, here and below H3 (I'pir \ {(0,0)}) is the set of functions g € Hz (I'dir) such that its restriction

go (resp. gy) to Io g (resp. Iy r) belongs to H%(I(),R) (resp. ﬁ%(lwﬁ)).
Proof. First, let us prove that the function w,, € L?(D, g) defined in (3.11) satisfies conditions (3.12)—(3.15).

To prove (3.12), consider ¢ € D(Dy g), and define f = —w?¢ — A¢. By definition of f, it is clear that
= ¢r + co(f)s with ¢r € H*(Dy, g). But since ¢ € D(Dy, g), we must have ¢, (f) = 0. As a result,

Co(—w?p — Ad) = (—w’¢ — Ag,w,) = 0
for all ¢ € D(Dy, r), which is precisely (3.12).
To analyse the boundary conditions satisfied by w,,, we pick up an arbitrary function ¢ € C*°(Dy, r) such

that ¢ = 0 in a neighborhood of the origin, V¢ - n — iw¢ = 0 on Ipiss and ¢ = 0 on ;. Because ¢ is regular
near the origin, for the same reason as above, we have

Co(—w2p — Ap) = (—w?p — A, w,,) = 0. (3.16)

The pair (w,,, ¢) satisfies the assumptions of Corollary 1.38 of [32]; this corollary yields
/ (w“’A¢ - Aww¢) dz = <v¢ -1, ww>FDiss + <V¢ -, ww>FDir - <¢7 Vuw,, - n>FDiss - <¢a Vuw, - n>FDir'
D¢7R

Then, by (3.12), we obtain

0= (7w2q§ - Ag, ww)
= (V¢ -n,w,) — (¢, Vw, - n)
(Vo n,we)ry, + (V- 0,w0) ry,, — (6, Vo, - m) 1y, — (6, V- m)
iWw(P, Wo) Ipsee + (VO 1y w0) 1y, — (@ Vg, - 1) 1,
= (V¢ n,wy)ry, — (¢ Vw, -n+ iwwW>FDiss’
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for all ¢ € C*°(Dy, g) such that ¢ = 0 in a neighborhood of the origin and satisfying the boundary conditions of
Helmholtz problem (2.1). Since the traces of v = ¢|r,,.. and z = V- 0|, runs in a dense subset of H? (I'pgs)
and H2 (I'py, \ {(0,0)}), we deduce that

(2, Wa) 1, =0, Vz € H? (I \ {(0,0)}),
and
(v,Vw, -n+iww,)rp,.. =0, Yové€ fI%(FDiSS).

By duality, we obtain (3.13) and (3.14).
Let n € C*°(Dy, r) be a cutoff function like in (3.15). Clearly, because n = 1 near the origin, we have

ns =up + s,

with ug € H?(Dy, g). Also, A(ns) € L?*(D, r) and ns satisfies the boundary conditions of problem (2.1). As a
result, it is clear that

cw (~w?(ns) — Ans)) =1,
and (3.15) follows by definition (3.11) of w,,.

We now prove the opposite statement that a function v,, satisfying (3.12)—(3.15) is the function w,, defined
by (3.11). Indeed if u € H}, (Dy,g) is the unique solution of (2.2), then the splitting (3.6) is equivalent to

u=up+cu(f)ns,
with u}, € H?(Dy r) N Hf, (Dy r). This splitting and condition (3.15) satisfied by v,, directly yield

~(f,00) = (A + w’)u, v,)
= (A + w?)uf, v) — ol f).

Then the conclusion follows if we can show that
(A + w)up,v,) = 0. (3.17)

But it is not difficult to show that H*(Dy r) N Hf (Dy g) is dense in H*(Dy, r) N H}. (Dy, r), hence (3.17)
holds if and only if

(A + w?)w,v,) = / (Vw - nv, —wVo, -n) ,Yw € H*(Dy r) N H} (Dy.R). (3.18)
I'pir

But for w € H*(Dy r) N Hp, (Dy,r), for a cut-off function 7 as before, we clearly have
nw e W2’p(D¢vR),

for any p > 2 and furthermore nw and V(nw) is zero at the origin. Since v,, € L9(Dy r) and Auv,, € LIY(Dy r)
with 1 < ¢ < 2 such that 1/p+ 1/¢g = 1, we can apply Corollary 1.38 of [32] and find that

(A +w?) (), v,) = 0.
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On the other hand, since the angle between I'niss and Iy, is equal to 7/2, v,, belongs to H 2 far from the origin
and consequently by standard Green’s formula, we have

(A+w?)((1=nw),v) = /F . (Vw - nv, — wVu, -n).

The sum of these two last identities proves (3.18). O

As we consider a simple geometry, the analytical expression of w,, is available, as shown in the following
theorem.

Theorem 3.4. We have

Ya(wR) +iYa(wR) ; (w)} sin(af).

w,(X) = —a {Ya(uﬂ") - J(WR) +ido(wR) "

Proof. We are going to show that the function w,, defined above satisfies conditions (3.12)—(3.15). For the sake
of simplicity, let us write

§*(x) = Y, (wr) sin(ab),

so that

= o (s* B Y (wR) +iY,(wR) s)
Yo J(WR) +iJo(wR)" )"

We observe that by construction, both s and s* satisfy the Helmholtz PDE, as a result,

—w?w, — Aw, =0,

and (3.12) is satisfied. As w,, clearly belongs to L?*(Dy, r), we deduce that w,, belongs to
D(A,L*(Dy,r)) = {v € L*(Dy,r) : Av € L*(Dy,r)},
hence Theorem 1.37 of [32] gives a meaning of its trace on I'pi, as element of (H 2 (I, \ {(0,0)}))’. Furthermore,

since w,, € C®(R?\ (0,0)), it is clear that w,, = 0 on Ipy \ (0,0), and (3.14) holds.
Boundary condition (3.13) is also satisfied by construction. Indeed, if x = (Rcosf, Rsin ) € I'pss, we have

(Vs n +iws)(x) = w(J,(wR) + iJs(wR)) sin(af),
and
(Vs* - n+iws*)(x) = w(YL(wR) + iYs (wR)) sin(ah),

so that Vw,, - n + tww, = 0 on Ipjgs.
Hence it remains to show that (3.15) holds. We have

Y/ wR iYa wR
75 (7(,‘}2775 — A(US)y’LUw) = (7(")2775 - A(ns)’ S*) + JZEWR; IiJaEng

(—w?(ns) — Ans), s) -



HIGH-FREQUENCY BEHAVIOUR OF CORNER SINGULARITIES IN HELMHOLTZ PROBLEMS 1813

We are going to show that
(—w’(ns) — A(ns), s) =0, (3.19)

and

(—w?(ns) — A(ns), s*) = —é, (3.20)

which will conclude the proof. In spirit, the proof relies on simple integration by parts techniques. However,
because we manipulate functions with low regularity close to the origin, these integrations by parts have to be
done carefully.

The technique is then to subtract the ball B(0,¢€) from D, g, so that all manipulated functions are C*° on
Dy re = Dy r\ B(0,¢). Then, integration by parts is allowed on Dy g and the desired inner products are
recovered by letting e — 0.

The beginning of the proof of (3.19) and (3.20) is the same. Thus, let us set u = s or s*. Because s, u €
C>®(Dy Rr,e), and —w?u — Ap = 0, double integration by parts yields

/ (—w?ns — Ans)) p = / (V(ns) -np —nsVp-n).
Dy R,e

6Dw,R‘F

Since ns = V(ns) -n =0 on Ipjss, s = p =0 on Iy \ Be, and = 1 on By /3, we have

/ (—w’ns — Ans)) p = / (V(ns) -np—nsVu-n)
Dy, R,e 9B.
(

/ Vs -np—sVy-n). (3.21)
|x|=€,0<0<
Obviously, when p = s, the right-hand-side of (3.21) vanishes, so that
/ (—w?ns — A(ns)) s = 0,
Dy, r,e
and (3.19) follows since

(—w2(ns) — A(ns), s) = / (—wzns — A(ns)) s

Dw,R
= / (—w?ns — A(ns)) s
Dw,R
=li —wns — A .
lim - (—w?ns (ns)) s

On the other hand, to prove (3.20), since

Vs -n=wlJ, (ew)sin(af), Vs*-n=wY,(ew)sin(ah), on IB,
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by (3.21) with u = s*, we have

»
/ (—w?(ns) — A(ns)) s* = ew (J),(ew) Yy (ew) — Ja(ew)YO’((ew))/ sin?(af)de
Dy.Rr.e 0

Direct computations show that

P
/ sin?(af) = .
0 2a

Furthermore, recalling (3.4) from Proposition 3.1 we have

T (ew) Yo (ew) — Jo(ew) Y, (ew) = _i

enw’

and we obtain

1
s — As) st = — -
/DW( Ws— As)st =~

Then, (3.20) holds by letting € — 0.

Corollary 3.5. We have
|we, (x) + iaH P (wr) sin(ad)| < C(1h, R, wo)w /2| J, (wr)| sin(ab),

and

lwollo,.py r = C(¥, R,wo) (w_l/Q +0 (w‘3/2)> .

Proof. First, recalling (3.3) from Proposition 3.1, we have

Y!(wR) + iwYs(wR)
JL(WR) + iwJ,(wR)

=i+ 0 ((WR) ),

from which (3.22) follows.
Then, because of (3.22), we have

R R
lwol3 o, » = Cl&, Rywn) < / (B (wr) Prdr + O () / |Ja(wr)|2rd7“> .
o 0 0

Then, from (3.1) and (3.2), we have

[|we,

3,D,¢,,R = C(¢, R,wo) (wfl +0 (wfg)) ,

and (3.23) follows.

We are now ready to establish the main result of this section.

(3.22)

(3.23)
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Theorem 3.6. The estimate

lcw ()] < C(, R,wo)w™ /2| f

|0,D¢,Ra (324)
holds for all w > wy and f € L?(Dy.R).

Furthermore, estimate (3.24) is optimal in the sense that for all w > wo, there exists an f € L*(Dy, g) such
that

lew ()] = C(, R,wo)w ™2 fllo, 0y - (3.25)

Proof. By definition, for all w > wqy and f € L*(Dy, ), we have
lcw (D = 1(f;wo)l <[ fllo.ny rllwellony xs

and

|cw (We)| = (W, wy)| = wa”g,Dw,R'

But, Corollary 3.5 shows that
Cl(wv R7 wO)w_l/Q S ||ww||0,Dw,R S C2(¢7 R’ o‘)0)(“]_1/27 Yw Z wo,

assuming that wy is large enough. As a result, we have (3.24), and (3.25) follows by taking f = w,,. O

3.3. Behaviour of the regular part

So far, we have isolated the singular part of the solution v and described its behaviour with respect to the
frequency. To complete the analysis, we now investigate the regular part ar € H*(Dy, g).

Theorem 3.7. For allw > wo and f € L*(Dy gr), if u € H}, (Dy, r) is solution to (2.2), there exist a function
tr € H*(Dy,r) and a constant ¢,(f) € C such that

u=1ug~+ ¢,(f)Ss,
and it holds that
”ﬂRHZDw,R < C(va’ WO)UJHfHO,Dw,R-

Proof. We proceed as in Theorem 3.2 and use the lifting n € H}, (Dy, r) N H?*(Dy,g) satisfying (3.9). Then,
we let v = u — 7 so that

—Av = h in D¢7R,

Vo-n = 0 on IDig,

v = 0 on Ipy,

with h = Au — An = f + w?u — An.
But, v = vg + ¢, (f)3 with vg € H?(D,, g) satisfies

—A’UR = il in DwyR,
Vog-n = 0 on I b,

VRp = 0 on FDira
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with i = f 4 w?u— An—é,(f)As € L*(Dy. ). Then we see that vg is solution to a Laplace problem with mixed
boundary condition. Furthermore, since we have vy € H? (Dy,r), we can apply the a priori bound derived by
Grisvard in Theorem 4.3.1.4 of [22]:

lorlle.0,.n < CW, R) (Ihllo.oy e + lonllo.py.n ) -

By applying the Poincaré inequality, we further see that

lorllz.04n < €W R) (I1allo.py. + [0RI1D, 1) < CW, R

0,Dy r>

and it only remains to estimate the L?(Dy g)-norm of h. But, we have

17|

0,Dy. r < ||f||0’Dw,R +w2”u‘ 0,Dy. r + ||A,’7||07D¢,R + |éw(f)|HA§”0,Dw,R'

Also, one trivially has
||A§||0,Dw,R < C(w’ R))
further by (2.3) and (3.10), one deduces that

||u||07D¢,R < O(’L/)vRa WO)WAHJCHO,DWR’ ”AUHO,Dw,R < C(d)vRv WO)wa”O,Dw,R'

Hence, by (3.24), we finally get
1ollo,,. < €, Rowo) (14052 +0) 0,0

and the result follows. Indeed, since a < 1, we have 1 + w® /2 4w < C(wo)w. O]

As a conclusion, we summarize the key features of the presented splitting. First, the regular part o €
H?(Dy r) has the standard behaviour of the Helmholtz solution in the sense that |@g|2,p, , < Cw. Second, we
are able to isolate the singularity of u, that is represented by the function S = ¢, (f)3§ which only belongs to
HH“X—;(DMR) (for all € > 0). Furthermore, the behaviour of S is controlled as [S|i1a—c < Cw® /2[3|140_c =
C«wa—l 2.

The crucial observation is that the norm of the regular part grows faster for increasing frequencies than
the one of the singular part. As a result, we can expect the regular part to be “dominant” in some sense for
high frequency problems. In Section 5, we show that this observation has important consequences on numerical
methods. Roughly speaking, the singular part (and the low convergence rate) is “invisible” until an asymptotic
regime (for small mesh size) is reached. A particularly important consequence is that the “pollution effect”,
which is the main source of numerical error, is not affected by the singularity.

We finally mention that in the context of the integral formulation of problem (2.4), similar results have been
obtained for the singular behaviour of the solution close to corners [8, 9, 26]. Specifically, in Theorem 2.3 of [9],
a representation of the solution u as a series of Bessel functions is employed, whose first term corresponds to
our singularity function s. In fact, it is shown that the singular coefficient behaves as

»
cw:/ u(R,0)sin(ad)do,
0
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where u is the solution to the Helmholtz problem and R is a fixed radius, so that

|cw| < Csupul,
o)

where C' is a constant independent of w. It is further mentioned in [9] that the estimate

sup [u| < C,
2

is probably valid (as numerically observed), but that the sharpest available estimate is

sup Ju| < Cw/?In'/?w,
(]

so that the authors end up with the estimation |c,| < Cw'/? In'/2 w for the scattering Problem (2.4).

Though the singular decomposition we use is somehow similar to [9], our analysis exhibits the following
improvements:

To the best of our understanding, the Bessel series employed to represent the solution in [9] is only valid if u
satisfies the homogeneous Helmholtz equation inside {2 (with inhomogeneous boundary conditions), or at least
if the load term vanishes in a neighborhood of the corner. While this assumption is satisfactory for scattering
problems, our analysis handles arbitrary load terms, that are important in other applications.

The analysis of the authors from [9] is based on a bound of sup |u|, which is not always available or sharp.
On the other hand, we require a bound in the L?({2)-norm of the solution. As depicted in Appendix B, sharp
L?(02) estimates are available for a wide range of problems.

For the case of the scattering problem (2.4), we obtain the estimate |c¢,,| < Cw'/?, which is sharper than the
one obtained in [9]. We note that, however, this result is not fully satisfactory, in the sense that it is expected
that the optimal result for (2.4) is |c,| < C. Nevertheless, our analysis applies to a wider range of load terms,
and we provide example for which our bound is sharp. As a result, though our analysis is sharp for the general
set of problems we consider, it is not clear whether or not our result is optimal for the scattering problem (2.4).

1/2

4. THE GENERAL CASE

We now consider the general case of Helmholtz problems that satisfies Assumptions 2.1 and 2.2.
As previously mentioned, singularities can happen at the vertices of I'piy, and the solution does not belong
to H?(£2). However, we will prove that it admits a splitting

where ugp € H 2(.Q), N is the number of non-convex vertices of Ipi, and \S; is a singular function associated with
the corner x; of I'p;,. Furthermore, we estimate the norms of ug and S; in the same fashion than in Section 3.

In contrast to the case of a disc sector which features one singular point, each vertex x; of Ipsy for which
the interior angle ¢; is > 7 (also called a non-convex vertex) is a singular point in the case consider here. From
the analysis point of view, the main difference is that here, one must localize the functions representing the
singularities (see the definition of §; below (4.1)). In addition, we now consider the general stability estimate in

O(w?).
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4.1. Notations

In the following, we denote by x € C*°(R) a cutoff function so that x(p) = 1 if p < £/3 and x(p) = 0 if
p>20/3.
To each corner x;, we associate the singular function §; defined by

5;(x) = x; (x)r?j sin(c;6,), (4.1)

where x;(x) = x(r;j(x)), 7;(x) is the distance from x to x; and «o; = 7/%;.

We further write D; = 2N B(x;,{). One sees that D; is a disc sector centered at x;, of opening ; and
radius £. As a result, D; is obtained from D(t;, ) by rotation and translation. Hence, we are able to apply
results from Section 2 when localizing the analysis in D).

4.2. Splitting of the solution

By a localization argument, we give a splitting of the solution into a regular part in H?(§2) and N singular
functions, associated with each non-convex corner of Ipj,.

Theorem 4.1. For all w > wy and f € L*(R2), if u € Hp_ (£2) is solution to (2.2), there exist a function
ur € Hp, (£2) N H?(£2) and constants ¢l,(f) € C such that

N .
j=1
and it holds that
&) < C(2,w0, V) 72| fll0,0, (4.2)
forallj=1,...,N, while
lir|2.0 < C(2,w0, ) fllo.0- (4.3)

Proof. The proof heavily relies on a localization argument and the results of the previous section. Indeed for all
j=1,...,N, we set

Uj = xju.

Up to an isometric change of coordinates, we see that u; belongs to H }D (D¢j L), and is the variational solution

ir

of the problem (2.2) in Dy, 1 with data f; = x;f —2Vx; - Vu — uAx;, namely

—wjz.uj —Au; = f; in Dy, g,
Vu; -n—iwju; = 0 onSy, g, (4.4)
u; = 0 on I(),g U I¢j7g,

with w; = w/¥;, where ¥; is the constant value of ¥ over B(x;,¢). First let us notice that the estimate (2.3)
yields

1£illo.p; < C(£2,w0)w || flo,e- (4.5)
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Hence applying Theorem 3.2 to problem (4.4) one gets the splitting
uj = up; + &, (f)8;, (4.6)

with g ; € H*(£2;) and & (f;) € C. Furthermore with the help of Theorems 3.6 and 3.7 (and the estimate
(4.5)), one has

&, ()] < Cy wo)w™ 2 fillon, < C(2,00, ) 52| o0, (4.7)
and
g jll2.0, < C(¥;, L, wo)wl| fillo,2, < C(82,w0)w” | fllo, - (4.8)
Finally setting x =1 — Zj\;l X;j, we define U = xu. It is clear that we have
1Ullo,2 < llullo,e < ™! fllo.c (4.9)
and
U2 < |xl1collullo.e + [uli.e < C(2,wo, V)" fllo.c- (4.10)

We can also look at U as the solution of (2.2) in O with data F' = xf —2Vx - Vu — uAyx, where O is a smooth
domain corresponding to {2 where we have rounded the non-convex corners x; of {2 (without loss of generality,
we can assume that the boundary of O has two connected components [}, and Ipiss and that O C 2), namely

w2
~SSU-AU = F o0,
VU~n—%U — 0 on o (4.11)
U = 0 on I3,

We note that since U = 0 in a neighborhood of each x;, we have

[Ullo,0 = IU

lo.2, (U]

1,0 = [[U|1,0,
and thus

1Fllo,0 < C(£2,wo)w? || f

lo,0

from estimates (4.9) and (4.10).
By standard regularity results in O, one has U € H?(O) with

Ul

20 < C(O) (U

1o+ AUl +wlUlly 1y, ) -
Hence using a trace theorem, we find that

1Ull2.0 < C(O,7) (1 +w)|U

Lo +w?|Ulo,o + [IF]

0,0) -
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By the estimates (4.9) and (4.10), we conclude that

1Ull2.0 < C(2,7)w” | fllo, - (4.12)

Since u = U + Zjvzl u;, the conclusion follows from splitting (4.6), the regularity U € H?(O) and estimates
(4.7)—(4.12). O

For the sake of completeness, we provide an additional result for the case of velocity parameters ¥ that are
not constant close to the re-entrant corners of I'pi,. We state this result separately, since we do not believe it is
optimal: a factor w'/? is added in the estimate of the singular coefficient.

Theorem 4.2. We assume that 'y, and I'piss satisfy Assumption 2.2 but we allow ¥V to be a general C1($2)
function such that 0 < Vipin < 7 < Pmax < +00 for two fized values Vipin and Vax. Then, for allw > wy > 1/£2
and f € L*(2), ifu € H} (£2) is solution to (2.2), there exist a function g € H}, (£2)N H?(£2) and constants
¢l (f) € C such that

N

j=1
and it holds that
&) < C(2,wo, V)| fllo.2, (4.13)

forallj=1,...,N, while

lir|e,n < C(2,wo, V)| f

lo,02- (4.14)

Proof. Since the proof is similar to the one of the previous theorem, we only highlight the differences.
For each corner x;, we define a cutoff function p; such that p;(x) = 1 in a neighborhood of x; and p;(x) =0

if [x — x;| > w™'/? (remark that w=1/2 < wal/Q < ¢). We note that we can construct p; in such a way that

pjloco,.2 €1, Ipjliec.e < CW)WY2, |pjl2.0,0 < C1h))w.

Then for j =1,...,N, we set u; = pju, ¥; = ¥ (x;), and w; = w/¥;. As in the previous theorem, we see
that (up to an isometry) u; is solution to

2, . _ P ) i
—wiu; —Au; = f;j in Dy,
Vuj -n—iwju; = 0  on Sy,
u; = 0 on loeU Iy, e,

where
fi=pif—2Vp;-Vu—udp; —w* (¥ (x;)7> = ¥ 7?) pju.
Since ¥ =2 belongs to C''(§2), we can apply Taylor expansion, and find

[7(x) 7 = ¥ 2 (0] < Ix = x| lise,e < 2%lx = %5V |1oc,0 = C(F)x — x4.
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Since in addition p;(x) = 0 if [x — x;| > w™/2, and |p;]0.c0.2 < 1, we see that
|(7 ()72 =7 72) pj| < C(¥)w /2.
Then, we recall that by Assumption 2.1, we have
lullo.e < C(R2,w0, ¥ M flloe,  |ule < C(2,w0, V)| fllo,2.
so that

I fillo.2 < w2 fllo,0,

and (4.13) follows from Theorem 3.2.
We use the same arguments than in the previous theorem to show (4.14). O

5. FREQUENCY EXPLICIT STABILITY OF FINITE ELEMENT DISCRETIZATIONS

5.1. The finite element space
In this section, we investigate the discretization of problem (2.2) by linear finite elements. For the sake of
simplicity, we assume that Ip;, and Ipiss are polygonal. We consider meshes 7;, of 2 made of triangles K
satisfying
diam(K) < h, diam(K) < vp(K),

where + is a constant independent of h, and

diam(K) = sup |z —vy|, p(K)=sup{r>0|3z€ K; B(z,r) C K }.
z,ye K

The solution u € H}Dir(Q) to problem (2.2) is then approximated by a function u;, € V}, satisfying
B(up,vp) = (f,vn),  Von € Vi, (5.1)
where
Vi = {on € H,,, (2) | onlxc € PL(K); VK € T}
is the space of Lagrange linear elements build on 7. For more detail on the construction of V}, and its properties,

we refer the reader to [12].
In this section, we will consider meshes such that

wh < 1. (5.2)

This assumption is natural and means that the number of elements per wavelength is bounded from below. As
we shall see, more restrictive conditions on A must be imposed to ensure that the finite element error remains
bounded independently of w, so that we can assume (5.2) without loss of generality.

In order to simplify notations, we introduce the w—dependent norm

Ilol[I* = w?[[vllg o + 0] @: Vv € Hpy, (92).



1822 T. CHAUMONT-FRELET AND S. NICAISE

The ||| - ||| norm is equivalent to the standard H'(f2) norm (with a constant obviously depending on w). This
norm turns out to be the “natural” one to analyze the problem, since in view of stability estimate (2.3), the L?
and H' terms of |||u||| are “balanced” when u is a solution of the Helmholtz problem.

In the following, we denote by Z; the “quasi-interpolation” operator of Scott & Zhang [38]. We have Z, :
H} (2) = Vj, and it holds that (see Thm. 4.1 of [38])

v —Thole < C2,7)h ol (1=0,1). (5.3)
Furthermore, if v € Hf, (£2) N H?(£2), it holds that
|’U—Ih'U|[7Q < C(Q,’}/)h2_l|’U|27Q (1:0,1). (5.4)

5.2. Preliminary discussion

It is well known that the main source of error in numerical discretizations of high frequency problems is
numerical dispersion. This is known as the “pollution effect”: unless the mesh is heavily refined, the finite-element
solution is not quasi-optimal, it is “polluted”.

To simplify the discussion, let us denote by

_llu = Ty

Ifllo.e

the best approximation error. In a smooth domain, it is known [30, 31] that the parameter n is bounded as

nSwh,

~

for linear Lagrange elements. Our main achievement is to establish that
n S w2 (wh)* + W (wh), (5.5)

in a domain presenting re-entrant corners.

For 1D problems, when ¢ = 0, the behaviour of the finite element solution and the pollution effect have been
precisely analysed, see for instance [27, 28]. It is shown that if there are sufficiently many discretization points
per wavelength (i.e. n = wh is small enough), then

lla = unlll S (+wn?) [ fllo.e = (wh +w*h2) || fllo.c. (5.6)

The pollution effect is clearly visible in (5.6), where the pollution term wn? is added to the best approximation
error 7. For large w, the pollution term w>h? is dominant unless h is sufficiently small. This is called the
“pre-asymptotic range”, where the pollution error is the largest. On the other hand, the “asymptotic range” is
achieved when wn < Cj is small enough. Then, the finite element solution is quasi-optimal since wn? < Con.

If we insert bound (5.5) for non-convex domains into (5.6), we obtain

llu=wnlll S (n+wn®) | fllo,e
< (w‘lﬂwo‘h‘JK + wh + w?*h 4 W3h2) If

lo,02-

< (w_1/2waha + wh + w3h2> [ fllo, -

Hence, we see that the presence of singularities is reflected by the term w='/2w®h®. It is crucial to observe that
this term is only significant in an asymptotic range where h is small. More precisely, the term w~'/2w*h® is
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dominant only when w™/2w*h® < wh, which corresponds to h < W TE < w™2. Also, we see that the pollution
term w3h? is not affected by the presence of singularities. We thus conclude that the dispersive behaviour of the
finite element scheme remains unchanged in the presence of singularities. Furthermore, unless a highly accurate
solution is required, the problem can be solved without using special techniques to “resolve” the singularities.

Unfortunately, the authors are not aware of a proof of (5.6) for general meshes in 2D. Nevertheless, in the
following, we are able to give two interesting results.

First, we give asymptotic error estimates that are based on the so-called Schatz argument [37]. The method-
ology can be found, for instance, in [17] or [29]. Classically, if wn is small enough, the finite element solution
is optimal and it holds that |||u — up]|| < 1]/ f]lo.2- We show that the condition that wn is small is satisfied as
soon as w®t2h is small. Hence, the presence of singularities does not change the asymptotic range.

Second, though we are not able to prove a general pre-asymptotic error estimate like in [27], we can derive
a weaker version thanks to a method recently introduced in [21]. The method relies on the introduction of a
special elliptic projection. When applied in a smooth domain, it implies that if wh#n is small enough, then (5.6)
holds. Hence, it provides the same error estimate, but the condition whn < C' is imposed on the mesh step.
When linear elements are consider, this condition is equivalent to w3h? < C, so that we obtain an optimal bound
on the error. For higher p however, this condition is not optimal. Hereafter, we adapt this method to the case of
domains with singular points. Unfortunately, the elliptic projection used in [21] is affected by the singularities.
As a result, we can show that (5.6) holds, but only if wh®n is small enough (which is more restrictive than the
original condition whn < C for regular domains).

5.3. Interpolation of singularities

Before deriving our main results, we present an interpolation result for the singularity functions. The analysis
is subtle as s; € H 14+5(£2) holds for s < o, but not in the limiting case s = a. As a result, direct approximation
results in Sobolev spaces do not provide interpolation error estimates in O(h*). We will use a regularity result
from [6] involving Besov spaces giving the desired estimates.

Lemma 5.1. For =0 or 1, we have
13) = Tndjlio < C(2,y)n' 1, (5.7)

Proof. If we write s;(x) = r?j sin(a;6;) and 5; = x,s;, we see that As; = 0. Since supps; C D;, we observe
that 3; is solution to

7A§] = gj in .Q
{ 5, = 0 on 02, (5.8)

where
g; = —Vx - Vs; — Axs;.
We observe that Vyy and Ay are supported in B(x;,2L/3)\ B(x;,L/3). Since s; is smooth on that set, we
clearly have g; € L?(£2) and ||gj|lo,p, < C(£2).
The main ingredient of the proof is then Theorem 4.1 of [6], which gives a regularity result for the solution
of Laplace problem (5.8) in the Besov space
B = [H?(£2) N Hy (£2), Hy (2)]1-a,00

obtained by real interpolation. In particular, we can state that

185l Br+e < C(2)lg;l0.D;-
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Since Hj(2) C Hp, (£2), (5.3) and (5.4) hold for all v € Hj(£2). Hence the linear operator T' = (Id —Zj) is
linear and bounded from H}(§2) — H(£2) with norm My = C(£2,7)h!~! and from H?(2) N H}(2) — HY(N)
with norm M; = C(£2,7)h?*~!. Since B+ is an exact interpolation space (see, for instance [2]), we have that
T is bounded from B't® to H'(£2) with norm M, = M§M; = = C(£2,v)h' ="+ Tt follows that
lv = Znvlie < C(R,7AH |[v] prsa,

for all v € BT, and the result follows by taking v = §;. O

5.4. Asymptotic error estimate

We start by deriving an asymptotic error estimate. The first step consists in estimating the best approximation
error. The right-hand side of estimate (5.9) contains the quantity 1 introduced above and we conclude that here

n < C(2,wo, ¥, 7) (w”_l/Q(wh)o‘ —|—w"(wh)> .
Lemma 5.2. For ¢ € L*(12), define uy € Hp (2) as the solution to
B(ug,v) = (¢,v), Vo€ Hp, (£2).
Then we have

llg — Tuasglll < C(2,0,%,7) (w7 2(wh)® + 07 wh)) |60, (5.9)

Furthermore, estimate (5.9) also holds for the function u} defined as the unique element of Hll“Dn(Q) solution
to

B(v,u;) =(v,0), Yve€ H}Dir((}).

Proof. We recall that we have the decomposition
N
ug =g+ Y (93,
j=1
where §; = x(r;)r® sin(o;6;), ar € H*(£2) N Hp, (£2). Hence, since
N
ug — Inug = (g — Tniig) + Y &,(9) (55 — Tnd;) ,
j=1

we have
N
W M ug — Tnuglo < '™ | i = Tniirlie + Y1915 — Tndjlie | |
j=1

for I = 0,1. Recalling that wh < 1, we obtain from (5.4) and (4.3) that

W ag — Thirlo < C(2,7)w” ™ W2 agls o
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(2,w0, 7w 2 R ¢llo,02

<C
< C(02,w0,7)w  h|9]0,0- (5.10)

On the other hand, recalling (4.2) and (5.7), we have

N N
WY 1@ D15 = Tndile < C(2wo, )Y wi T2l g)lg g

Jj=1 J=1

N
< O(2,wo, w2 LY w0 ke g)

0,02
=1
Since wh < 1, we have w''h'=! < 1 and w h% < wW*h® for j=1,...,N.
N N
WY OIS — Tndjlie < C(2,wo,7)w” 2~ wh®|¢llo.0
Jj=1 j=1
< C(2,wo,7)Nw” 2w h% ||| 0,2
< C(Q,wo,'y)w”_l/Qwo‘ho‘H(bﬂoﬂ. (5.11)
Then (5.9) follows from (5.10) and (5.11). O

Thanks to the estimates of the best approximation error derived in Lemma 5.2, we obtain an asymptotic
error estimate by applying the Schatz argument [17, 29, 37]. A crucial observation is that the asymptotic range
is defined by the condition that w?*2h is small enough. This condition is the same than in the case of a smooth
domain. Then, in error estimate (5.13), the term w”~'/2w*h* is added in comparison to the case of a smooth
domain. As we discussed above, for high frequencies, this term is less important than the usual term wh unless
h is very small.

We also compare our results to the literature. In [4], a “plane wave” numerical method is analyzed, for
domains satisfying Assumption 2.1 with ¢ = 0. The authors consider uniform meshes made of squares, so that
re-entrant corners of angle 37/2 (o = 2/3) are allowed. The H°/3 norm of the continuous solution is estimated
without considering the singularities explicitly. As a result, the obtained asymptotic error estimate only holds
under the condition that w®/2h is small enough. In contrast, our asymptotic error estimate holds under the
less restrictive condition that w?h is small. We also mention [20], where the authors obtain an asymptotic error
estimate under the condition that w?h is small, and that the mesh is geometrically refined close to singular
corners.

Theorem 5.3. Assume that w®t2h is small enough, then problem (5.1) admits a unique solution uj, € Vj,.
Furthermore, the finite-element solution uy is quasi-optimal:

llu —un|l] < C(2,wo, 7, Y)|lu — Znull], (5.12)
and the error estimate
Il = wnll] < C(2,00, 7,7 (02w + wh) [ fllo,c (5.13)

holds.
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Proof. The proof uses the standard Schatz argument. Let w, € Vj, be any solution to (5.1). We introduce
¢ € Hp, (£2) solution to B(v,&) = (v,u — uy), for all v € Hp, (2), so that

lu—un|[§. o = B(u—up, &) = B(u — up, & — IE).
By definition of &, recalling (5.9), we have
lle = Tuélll < w0, #,7) (07 bt 0~ 2h) [lu = w0
and therefore

lu = unll§ o = B(u — un, & — Ing)
< CUO|lfw — unl] - 1€ — Zn&lll

< C( 2,00, 7,7) (w7 h + 020k ) [fu = wa |- llu = wno.0-

It follows that

= wnllo,o < C(2,w0,7,7) (w7 + w20 Jlju = up I (5.14)
Now, we write that
202
[[u = unl[[* < Re Blu—un,u —un) + = o=l o

min

2w?

= Re B(u — up,u — Zpup) + 7/—2||u —upl[§ 0
min

< C(@,w0, 7 N{lllw = unll] - Il = o]

2
+ ? (W w20k )l — w2,
and simplifying by [||u — ug|||, we obtain
2
{1 - C(2,wo, ¥ ,7) (w”+2h + w"H/Qwo‘ho‘) } [llu = unll| < C(2,wo, ¥, Y)|||lu — Zpul||. (5.15)

Recalling that wh < 1, since a > 1/2, we have w’t'/2w*h® < w?*2h. Hence, assuming that w’*2h is small
enough, we have

2 1
C(82,w0, 7 ,7) (w720 + w1 2wn®) < o,
and (5.12) follows from (5.15). Finally, (5.13) follows from (5.12) and (5.9).

The uniqueness of u, is a direct consequence of (5.13), and existence follows, since uj is defined as the
solution of a finite-dimensional square linear system. O

5.5. Pre-asymptotic error estimate

In the following, we derive a pre-asymptotic error estimate using the elliptic projection introduced in [21].
The projection Pru is introduced in Lemma 5.4 where we derived error estimates for u — Ppu. We emphasize
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that because of the singularities, L? error estimate (5.16) is different from the case of a smooth domain. This

is the reason why our pre-asymptotic error estimate is only valid under the condition that w®T3h!*® is small
enough.

Lemma 5.4. For u,v € H}Dir(ﬂ), we define
a(u,v) = —iw(¥ " tu,v) .. + (Vu, Vo),
as well as
lul« = Vla(u, u)l,
so that B(u,v) = —w?(¥ ~2u,v) + a(u,v). Then, we have
|a(u, v)| < |ul|v|s, Vu,v € H}Dir(ﬁ).
Furthermore, for each u € H}Dir(Q), we define its projection Prpu € Vi, as the unique solution to
a(vp, Pru) = a(vp,u), Youp € V.

Ifug € Hy (£2) solves B(ug,v) = (¢,v) for allv e Hy (£2) for some ¢ € L*(£2), then we have
w?l|ug — Pruglo.e < C(02,w0,7,7) (wHBhHa + WU+3/2+ah2Q) 90,02, (5.16)

and

g = Prtsgl < (@00, 7,7) (w7721 +w7 1) [[8]o,0- (5.17)

Proof. By using Poincaré inequality, it is clear that the map

w Jul, = Via(w, )] = \Jwlr =12} o+l

is a norm on Hp, ({2), equivalent to the usual H'(£2) norm (with a constant of equivalence depending on w).
As a result, a is a coercive and continuous sesquilinear form, and the existence and uniqueness of Ppu follow.
Furthermore, the multiplicative trace inequality shows that

ule < CW2,7)[[ulll-
As a result, Céa’s Lemma gives
lug — Prugls < C(2,7)][|ug — Tnugll],
and we conclude that (5.17) holds with the help of (5.9).

We establish (5.16) using an Aubin-Nitsche trick. We introduce £ € Hp, (£2) solution to a(¢,v) = (ug —
Prig,v) for all v e H}Dir(ﬂ). The existence and uniqueness of £ follows from the properties of a, and we have

lug — Prugll§.o = a(€, ug — Prug, §)
= a(§ — Pr&,up — Prug, &)
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<€ = Prélilug — Prugls
< CO2NNNE = Prélll - lug — Prug«
< C(02,V)hlug — Pruglo,elug — Prugl.
so that
wllug — Prugllo,e < C(2,7 )wh®|ug — Prugls < C(£2, 7 )wh®|||ug — Truylll,
and (5.16) follows from (5.9). O

The elliptic projection and its approximation properties being introduced in Lemma 5.4, we can follow [21]
to produce a preasymptotic error estimate in Theorem 5.5.

Theorem 5.5. Assume that w?t3h1t® s small enough, then there exists a unique solution up € Vj, to problem
(5.1) and it holds that

e — upll] < C(2,k, 7)o (wl/?waha +wh+ w3h2) 1£1lo.52- (5.18)

Proof. The proof relies on an Aubin-Nitsche type argument. We thus introduce & € H}Dir(Q) solution to
B(v,&) = (v,u — uy) for all v € Hp(£2). Then, we have

lw — unllg o = B(u—un,&) = B(u — un, § — Prk).
Thanks to the properties of Py, we have

B(u — up, & = Pré) = = (¥ " (u—un), & — Pr€) + a(u — up, § — Pré)
= _w2(7/—2(u - uh)7§ - Phg) + a(u - Ihu7£ - Ph§)7

so that
2 w?
lu = unllo.e < 7——llu = unllo,2ll€ = Puéllo.e +la(u — Ihu, € = Pré)]
min?
w2
< o lu=wunllo.elle = Prtllo.e + fu = Znul.|¢ = Prtl.
min?

As Lemmas 5.2 and 5.4 yield

w?||€ — Pré

Ilg = Pulll < C(2,w0, 7w (wh + w20k ) u = wllo,0,

|0,Q S C(‘Qa wo, 41/7 ry)wd (w3h1+0£ + w3/2+04h204> ||U - uh”O,Qa

and

o~ Tyl < C2,9)lfu— Tyull] < C(82,00,7,7)0” (h + w0~ %0h) | £l
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it follows that

lluw — uh||(2)’9 < C(R2,wo, ¥, y)w {(w3h1+a + w3/2+aw2“> lluw — uh||(2),9

2
# (oot 2n) U ol = wnloa |

and
{1 — C(2,wp,7)w” (w3h1+a + (w3+2ah4°‘)1/2)} lu = unllo,e
< C(2. ) (wh + w0 2%) | Flo o
We see that
W3t2apda _ B (w3h1+“)(3+2a)/3,
with

12c 34 2«
— —1-
p <3+2a a) 5 0

for 1/2 < a < 1. Hence, assuming that wot3plte ig small enough, we have

1
C(Q,WO, 7/,’)/)&)0 <w3h1+o¢ + (w3+2ah4a)1/2) < 57

and the previous estimate yields

lu —unllo,.o < C(£2,wo, ¥, vy)w” (wh + w_l/zwah")z Il fllo,5-
Since
w(wh + w_l/Qw"‘ho‘)2 <2 (w3h2 + w20‘h20‘) <2 (w3h2 + wh) ,
we obtain
wllu = upllo,0 < C(12,w0,7)w” (Wh* +wh) || fllo,e-
Finally, we have

2w?
A//rr211n
2w?
= ——|lu— uh||379 + Re B(u — up,u — Zpu)
min

< C(2,wo, ) (w?|lu— 1w

lllw = unll]* <

||w — uh||379 + Re B(u — up,u — up)

6.0+ lllw = unl[] - lllu = Znull])

and using the algebraic inequality, we obtain

= unll] < C(2,wo,7) (wl]lu — un|

0.2 +|llu—=Znull]).

1829
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Then, the result follows since
= Tuall| < C(82, w0, 1) (wh + w20k || o,

O

Error estimate (5.18) is called pre-asymptotic because it is valid in the range w*3h!*® < C which (in
general) is larger than the asymptotic range w®+2h < C. In error estimate (5.18), we see that the pollution term
w?t3h? is added to the best approximation error.

The validity range of (5.18) depends on «. The authors believe this is not sharp, and the dependence on
« is due to the particular proof techniques. Focusing on domains for which ¢ = 0, in the limit case o =
1/2, the condition wh!** < C is equivalent to w?h < C, so that the result is equivalent to asymptotic error
estimate of Theorem 5.3. On the other hand, in the limit case o = 1, w?h'T® = w3h? and we recover the usual
validity condition of smooth domains [21]. In the general case where 1/2 < o < 1, we obtain a pre-asymptotic
error estimate valid under a condition less restrictive than the quasi-optimality condition w?h < C, but more
restrictive than the validity condition w3h? < C of smooth domains.

6. NUMERICAL EXAMPLES

6.1. A model problem with an analytical solution

We first present a model problem that we will use below for which an analytical solution is available. The idea
is to consider a disc sector, as presented in Section 2. However, in order to avoid curved elements, we consider
a square with a re-entrant corner at the origin, namely the domain of computation is defined by

0, = {x: (rcosf,rsind) € R? | |x1| <1, |x2| <1,0<60 < f}’
a
with 1 < a < 1. The boundary of £2, is split up as
Ibiss ={x €02 ||x1| =1or |x2| =1}, Ipy= {(rcosﬂ,rsin@) €onN|f=0orf= E}.
a

We consider this problem for three different values of a: 4/5, 4/6, 4/7. These values correspond to domains
that are easily meshed, so that we can used structured meshes to solve the problem, as shown in Figure 3.
These meshes are not refined near the singularity. We also point out that our definition of {2, is consistent with
Assumption 2.2.

FIGURE 3. Structured meshes.
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FIGURE 4. Convergence curves for o = 4/5 with w = 27 (left) and w = 107 (right).

Furthermore, following Section 2, we will consider as analytical solutions slight variations of the function
V(%) = w2 ], (wr) sin(af) = w25, (x).

Note that 9, satisfies the homogeneous problem inside (2, and exhibits a singularity near the origin.

6.2. Asymptotic error estimates
The aim of this first numerical experiment is to illustrate asymptotic error-estimate (5.13) developed in
Theorem 5.3. Specifically, we consider the case where ¢ = 0 and demonstrate that the asymptotic convergence

rate, and the “resolution condition” w?h < C' are sharp.
We investigate the test-case presented above with the analytical solution

Pu(x) = Yo (x)x([x]),
where x € C*(R) is a cut-off function such that xy = 1 if 0 < |[x| < 0.2, x = 0 if |x| > 0.9, and x € P5 if

0.2 <|x] <0.9.
Then, we solve

—wu—Au = f in $,,
Vu-n—iwu = 0 on IDpiss,
u = 0 on Ipi,

with f = 2Vy - Vi, + Axt,. Because ||Jo(wr)|1,0, =~ w!'/?, we see that || f||r2(n,) ~ 1.
Figures 4 and 5 illustrate the convergence curves of the finite element error |||u — uy||| and of the best
approximation error |||u — wy|||, where the best approximation wy, € V}, is obtained as the solution to

w? (W, &) + (Vwn, VE) = w?(u, &) + (Vu, V&),  Vé, € V.

As expected, we see that the asymptotic convergence rate is in O(h®). Moreover, we see that the asymptotic
convergence rate is achieved faster for lower frequencies. Also, Figures 4 and 5 clearly depict the pollution
effect: for large mesh sizes, there is a gap between the finite-element error and the best approximation error.
Furthermore, this gap is more important for higher frequencies.

Next, we validate that the condition w?h < C is necessary for the finite-element solution to be quasi-optimal.
To this end, we first compute convergence curves as in Figures 4 and 5 for different values of w (ranging from
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FIGURE 6. h*(w) for a = 4/5 (left) and o = 4/7 (right).

27 to 207). Next, for each convergence curve, we define the value h*(w) as the largest value such that
u = unll] < 2|[Ju —walll, Vh <h*(w). (6.1)

Equation (6.1) means that finite element solution is quasi-optimal (uniformly in frequency), with the arbitrary
constant 2. Theorem 5.3 shows that a sufficient condition for (6.1) to hold is w?h < C which would correspond
to h*(w) ~ w2,

Figure 6 depicts the dependence of h*(w) on w. We see that h*(w) indeed behaves as w=2. As a result, we
have numerically observed that the condition on w?h to be sufficiently small is actually necessary for the finite
element solution to be quasi-optimal, and we conclude that Theorem 5.3 is sharp.

6.3. Pre-asymptotic error-estimates

We present two other experiments that focus on preasymptotic error estimates. Our aim is to investigate if

the condition

wrtipr < ¢ (6.2)

is sufficient to ensure that the hp—finite element error remains bounded independently of w. This condition is
known to be optimal in the case of smooth non-trapping domains (¢ = 0). A proof is available for 1D problems
[28], and 2D and 3D problems with Cartesian grids have been analyzed using dispersion analysis [3].

In the analysis presented above, we “almost” show that condition (6.2) is sufficient for the case of linear
elements. Indeed, error estimate (5.18) clearly shows that the finite element error is bounded independently
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of w as soon as w3h? is bounded. Unfortunately, we are only able to prove (5.18) under the more restrictive

condition that w3h!'*® is small enough.

For each experiment, we start by selecting an initial frequency wg. We empirically find a mesh size hg so that
the relative L? finite element error is about 5%, when solving problem (5.1) for the frequency wp. Then, we
validate condition (6.2) by solving problem (5.1) for increasing values of w, the mesh size h being constraint by
w2 PTI2P = 2P TIP3 and checking that the error remains bounded.

In the two experiments, the relative L2({2) error

lu —unllo.n

[[wllo,2
is measured.

6.3.1. Analytical solution

We investigate a test-case with an analytical solution, as depicted previously. We solve

—wu—Au =
Vu-n—iwu =
u =

0
g
0

in 2.,
on FDiss7
on FDirv

with g = V4, - n — iwih,,, so that the exact solution is u = v,,. Because |J,(wr)| < C(2,wo)w™ /2 on Ipig
when w is large, we see that ||gl|z2(ry,.,) < C(£2,wo) for all w > w.
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FIGURE 8. Zero-level sets of the real part of the solution of the scattering problem for w = 107
(left) and 207 (right).

FIGURE 9. Uniform (left) and refined (right) meshes for the scattering problem.

As we explained before, we solve the problem for different values of w by starting with an initial guess (wo, ho)
(fixed heuristically) and then impose the mesh size for higher values of w so that w?PT1h?P = wgp thp . We
employ three different values of p: 1, 2 and 6 and for this experiment, the heuristically determined values of
(wo, ho) are given by (3m,1/50),(147,1/50) and (187,1/10) for p = 1,2 and 6.

We present the dependence of the relative L2?(£2) error with respect to w on Figure 7. As shown there, the
error is bounded independently of w under the condition that w??T'h2P < C. As observed above, for the case
p =1, this is almost consistent with the pre-asymptotic error estimate derived in Theorem 5.5.

Figure 7 also shows that the error is more important for smaller values of «. This is not surprising, since in
this case the solution is more singular and furthermore, the domain of computation is wider. However, the error
is only increased by a constant factor that is about 3 between the largest and smallest considered values of a.
In particular, as predicted by our analysis for the linear case, the stability of the scheme is not affected by the
value of a.

6.3.2. Scattering by a triangle
The problem of scattering we consider reads
—u—Au = 0 in 2,

Vu-n—iwu = 0 on IDiss,
u = ey on Ip;,
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where e4(x) = exp (iwv - x), with v = (cos ¢,sin ¢) and ¢ = 7/3. The numerical solutions obtained for different
frequencies are depicted on Figure 8.

Instead of computing a lifting for ey, we weakly impose the inhomogeneous Dirichlet condition with a
penalization method [34, 35]. Hence, we modify the sesquilinear form B as

2

By, (un,vn) = B(up,vp) + Vup, - nﬁ+/ up VU - n + 2 Up TR,
FDir FDir h FDir

and we solve

2
Bh(uh,wh) = %/ €¢Uh, Yoy, € V}f (63)
I'pir

Though problem (6.3) is not directly covered by our analysis, similar error estimates can be obtained with
slight modifications of our arguments.

The domain of computations as well as the used meshes are depicted at Figure 9. The meshes are obtained
using the software triangle [39]. The mesh size is imposed as an area condition (|K| < h?/2) and the meshes
satisfy a minimal angle condition of 33 degrees. We also produce “refined” meshes by forcing the mesh to include
three additional points. Each of the three points is placed at a distance h/1000 of one vertex of the triangle. In
that way, the local mesh size at the singular points is 1000 times finer than the global mesh size in refined meshes.

Following our methodology, we impose the condition that w?’T1h? = wgp +1h(2)p 1. We use three different
values of p: 1, 3 and 4, and the associated couples (wq, ho) are (4m,1/50), (147,1/10) and (187,1/10). In order
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to evaluate the L?(§2)-norm error a “reference solution” is computed with a p + 1 finite element method on the
same mesh. Then, each solution is evaluated onto a 1024 x 1024 grid, and the L?({2) error is computed as the
I2-norm of this discrete vector.

We present the results on Figure 10. The error is bounded independently of the frequency for both uniform
and refined meshes. For low frequency simulations, refined meshes improve the precision of the finite element
method (up to a factor 3). However, we see that this improvement is greatly reduced for higher frequencies.
This is in agreement with our analysis, where we pointed out that the singular part of the solution is “less
important” for high frequencies.

7. CONCLUSION

In this work, we have analyzed the acoustic Helmholtz problem set in domains {2 where a Dirichlet boundary
condition is imposed on a part Ip;, of its boundary and an absorbing boundary condition is prescribed on the
remaining part IDjss. Our main assumption on the domain is that the solution depends continuously on the
datum, with a stability constant that grows as O(w?) where w is the frequency and o is a fixed exponent. As we
have illustrated, our assumptions are rather general, and handle a number of applications, including scattering
by a sound-soft (trapping or not) obstacle, or by a cavity.

Since the boundary Ip;, can feature re-entrant corners, the solution might become singular. We have proposed
a splitting of the solution of the Helmholtz problem with a regular part in H?(§2) and a singular function for
each corner of K. The regularity as well as the high frequency behaviour of each component of the splitting have
been rigorously analyzed. Our main conclusion is that in some sense, as the frequency increases, the “amplitude”
of the singularities vanishes before the amplitude of the regular part.

We have taken advantage of this splitting to derive sharp error estimates for finite element discretizations.
The different behaviours of the regular and singular parts in terms of frequency is visible in these error estimates.
The main conclusion is that if the frequency is high, numerical discretizations do not “see” the singularities
unless the mesh size is “small”.

Numerical experiments that focuses on non-trapping domains (o = 0) have been presented to illustrate the
above-mentioned error estimates. First we have checked that our resolution condition w?h < C for a small
enough constant C is necessary for the quasi-optimality of the P; finite element method. Secondly, in smooth
non-trapping domains, it is known that the condition w??*1h? < C is optimal to ensure that the finite element
error remains bounded independently of the frequency. We have numerically investigated if this condition is also
sufficient in our setting (in particular for the case of non convex domains with re-entrant corners). We conclude
that this condition is indeed sufficient. Furthermore, we have analyzed the dependence of the error with respect
to the singular exponent «, and we conclude that if the error does increase when « gets closer to 1/2, this
increase never exceeds one order of magnitude.

Future works will be guided towards edge and corner singularities of 3D scattering problems. Specifically,
corner singularities close to a conical point can be handled by replacing the singular function J,, (wr) sin(af) by
=12 J\(wr)h(v) where 7 is the radial variable, v = (0,) is the angular position and the couple (\,%)) is an
eigenpair of the Laplace-Beltrami operator on the cone [15, 22]. In addition, edge singularities can be analyzed
by combining the present analysis with Fourier transform in the direction tangential to the edge, as performed
in [23] for the Laplace operator. Finally, the analysis of other wave operators in 2D, like the time-harmonic
elastodynamic system (using the approach from [24]), would be considered.

APPENDIX A. BESSEL FUNCTIONS

Here, v € (1/2,1) is an arbitrary real number. Bessel functions of first and second kind are defined by

v I 2\
Jeo) = (2)° ;M (‘p4>
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and

Ju(p) cos(vm) = J v (p)
sin(v) '

Y.(p) =

Hereafter, we list well-known properties of Bessel functions that can be bound in Chapter 9 of [1].
For 0 < p <1, and v > 0, it holds that

2.0 < 7575 (5)

o)l < 7 (5)

The following expansions hold for large p

B 2 vmw _3/2
Ju(p) = ”;p cos (p -5 4) +O(p~7%),
2 . vmw _
Te) = =[5 sin (o= = 7) + 007,

With the above properties, one easily shows:

Lemma A.1. For allv € (1/2,1), there exists a constant C(v) such that
[ (p)l < C)p”,  [Yu(p)l < C(v)p™,

for all p € (0,1), and

forall p > 1.

We are now ready to prove Proposition 3.1.
Proof of Proposition 3.1. From Lemma A.1, we have

R wR
o [ Waten)rar = [ Wl pdp
0 0

1 wR
:/0 IYa(p)|2pd0+/ Ya(p)[*pdp
1
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1 wR
< C(a) (/0 IP’C“Izpder/1 |p1/2|2pdp>
< C(a) (22& +wR — 1)

< C(a){R+ (2_12a —1) wol}w.

The same estimate holds for J,, since p* < p~@ for p < 1 and (3.1)—(3.2) directly follow. In order to establish
the lower bound, we first write that

wR wR
[ 2@ Pde= [ 1P 0o
0 wR/2

Then, we have

HP (p) = \/Zexp{i (pf % - %)} +0 (pfs/z)

so that

2
|H((x2)(p)|2 2 ;p - M(O[, Ra wo)pi?)’vp 2 WR/2

As a result, we have

wR ) wR wR
[ @kt =2 [ o= e [ %

wR/2 wR/2 wR/2
R
> 22 M(a,wo)(wR) ™
T

> C(O[, Ra WU)wa

assuming that wy is sufficiently large.
We now prove (3.3). We start by writing

so that

! . _ l o . —3/2
J,(p) + i, (p) = “wp( smm—Hcosm)—&—(’)(p )
2

(cosk +isink) + O (p*?’/z)
mp

= i\/?pem +0 (p73/2> ,

=1
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and
Y. (p) +iY,(p) = ,/i (cosk +isink) + O (p_3/2)
v v P

VO <%l 1L
AT IR A G

Then, we have

and the result follows.
Finally, (3.4) is just the Wronskian of J, and Y, that is given by

L (0)Y1() = TL(p)Ye(p) = ﬂip,v;) > 0.

APPENDIX B. CHECKING THE STABILITY PROPERTY

Before investigating some special configurations, we may notice that the variational formulation (2.2) directly
yields

Lemma B.1. We have

v 2w?

Vel 0 < 2221713 0+ el (B.1)
and
w Y Hul® < (I £llo.2llullo,o- (B.2)

I'piss

Indeed this follows by taking v = u as test function in (2.2), and using Cauchy-Schwarz’s inequality on the
real and imaginary part.

B.1 Trapping cavities

Here we consider a cavity. We assume that 2 C (0,1) x (0, —L), where L denote the depth of the cavity.
The part of its boundary I'niss = (0,1) x {0} represents the “entrance” of the cavity. Furthermore, we assume
that the remaining part of the boundary of the cavity I'b;, can be divided into two parts I]% and IS, that are
respectively made of horizontal and vertical segments. In addition, we assume that ny = (0, —1) on I} . see
Figure 1 left for an illustration. Finally, we assume that

I

0.

8X2

Under these assumptions, we have the
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Theorem B.1. For all f € L*(£2) andw > 0, there exists a unique solution v € H}. (£2) t

we have
L2
3
lulloe < = ( ; m) o
1/2
ou 1 wL 2L2 wl 2
’ 6X1 0,02 B {2 ( + 7/m1n> + 47/1121”1 < + ”j/min) ||f||0,f)
and
ou L
il 5 .
’ 8X2 0,02 2 ( * 7/1'mn) Hf”O’Q

In particular, Assumption 2.1 holds with o = 2.

0 (2.2). Furthermore,

(B.3)

Proof. Using the identity 2 Re qS@xJE = Oy, |#|? that holds for sufficiently smooth complex valued functions ¢,

and integration by parts, we derive:

QRe/Qf((XerL)g;Jr L > :QRe/Q <—f;22u—Au> <(xQ+L)88_2+ ;u>

Y4 ou |
= 2w’ L)V =3 —|ul? 2/—
ou |? 2 —2),12
+ (xoa+L)|=—| —w’L 2 1
re. I%y Ibies
Then, since 0 < x9 + L < L and 0x,” < 0, we have
ou ||? du w?L
2| Ou 7l
195 0.0 0% 0,02 Aymm I'diss
and using (B.2), we obtain
ou ||? ou wL
2| =— <2L
o] <2t ||+ (1 5 ) Wl

)

If we denote by 7 the extension of u by 0 to £2 = (0,1) x (0, —L), we have & € H*(£2) and @ = 0 on (0,1) x {—L}.

For such a @ the Poincaré inequality

o1 Ju
o=t <2 5] -a22]
llullo %llo, o 7% 0.0 %2 ||o.
holds, so that
ou
3 ]
Haxz 0,2 < ymm) 7o %, 0,02

(B.6)
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and (B.5) follows. In addition, (B.3) directly follows from (B.5) and (B.6). Finally, using (B.1), we have

ou P
0

and (B.4) follows from (B.3). O

< |IVullg.o < I flo.ellulloe + —— 4// l[ullg
min?2

B.2 Non-trapping obstacles with smoothly decreasing wavenumber

Theorem B.2. Assume that VY -x < (1 —06)¥ for a fized 6 € (0,1). Furthermore, assume that x-n <0 on
Iy and x -1 > v|x| on Ipigs, for some v > 0. Then, Assumption 2.1 holds with o = 0.

Proof. Using Green’s formula and Rellich’s identity, we derive:

2
2Re/ fx- VU—QRe/ <—;j2u—Au>x-Vﬂ

=w /V |u|2+/ |Vu|2x-n—/ |Vu-n[?x -n
I'n; I'pir

iss

—w? Y 2|ul*x - n — 2Reiw ¥ tux - Va.
I'biss I'biss
Then, we denote by
m= inf |x|, M= sup %],
x€IDiss x€EN

and we remark that m > 0. In addition, we have
V- (”f/*2x) =27 (”V VY -x)>209" 2> 25”//ma2x,

by assumption on ¥
Recalling that x-n < 0 on I'p;, and x - n > v|x| > ym on I'pigs, it follows

2692 [0l o + Am [Vl ., < [
Diss
+2Mw V|| V).
I'Diss
We then employ Young’s inequality to get
M2 2
oMw [ 7l < 2L ¥ 2uf? + ’ym/ Vul?,
I'piss I'piss I'piss

so that

20,2

maX

M
2 <1+ > V2 u?
ym I'Diss

M

Muw _
< 2M||fllo,elul1,0 + —— <1+> ¥Vl
A//mm ym I'Diss
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Mw M
1+ —

qj/mln ym

M?  M2w? M\?
s<+%2Q+WJ 170+ ealul} 0+ exllul.

€1 min€2

for all €1, €2 > 0, where we have used (B.2) and again Young’s inequality. Furthermore, using (B.1), we have

a¥2 M2 M%w? M\? 261
25%ma2xw2”u”g,ﬂ < < 42 +—+ 7/2 1+ % ||f||(2),(2 + %n21m + €2 HUH(Q),Qa

€1 min €2
so that
2
20,2 { - 7/;;’{ ((2;1 Vo + 62) } w2\|u||(2))9 < (6147/“5”1 + J\E/[12 + i\gﬁ <1 + rj\/[> ) ||f||0 o
We select
wid 1)
S aoE T

so that

7/2 261 1
max 77/2 < =
25 <w2 m1n+€2> =9
and deduce that

WHU”O’Q S C(Q7w077/)”f||0797

with

N 4w? e V2 ym

1/2
Vinax [ €V | M2 M2w? M\?
(92,00, V) = (“m++i@+> .
min¢2
Then, it follows from (B.1) that
lul o < C(2,w0, M) fI3,0-

and the result follows.

B.3 Parabolic trapping obstacles

Inspired from [10], we here consider the case where the part of the boundary where we impose Dirichlet
boundary condition corresponds to a parabolic trapping obstacles. More precisely, according to [10], Definition
1.1, for two fixed positive real numbers Ry, R; such that Ry < R, we say that a domain {2_ of R? with boundary

I' is an (Ry, Ry) obstacle if

Z(xz) -n_(z) >0, for almost all x € I'py,
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where n_ is the unit outward normal vector in {2_ along I" and the multiplier Z is defined by
Z(z) = x(r)(0,1) Tza + (1 — x(r))z, VzeR?

where 7 is the distance from z to 0 and y is a C*! cut-off function defined by

X(r) = % <1+1/) (QT Rl(]jogo)Rl)» , V>0,

the function ¢ being defined by

1-t)3 -1 ifo<t<,
P(t) = -1 ift>1,
—(—t) ift <0.

Examples of (Rg, R;) obstacles from [10] are drawn in Figure 1.
In accordance with Theorem 1.7 of [10], we prove the next stability property.

"_E‘heorem B.3. Let £2_ be a (Ro, R1) obstacle such that Ry > 121Ry and fit R > Ry large enough such that
2 C B(0,R). Let O be any star-shaped domain (with respect to the origin) such that B(0, R) C O and consider
problem (2.1) in 2 = O\ Q2_ with I'piss = OO\ T, Ipiy = I', and ¥ = 1. Then the stability estimate (2.3) holds
with o = 2.

Proof. First, similarly to [10], Lemma 3.1, we use the Morawetz-type identity (see [10], Lem. 2.1) to the solution
u of problem (2.1) in 2 with

Zu =7 -Vu—iwRu+ au,

and

1
200=VZ - 4—8(1 —x(r)).

This yields (compare with the identity (3.6) from [10])
Re/ [20;Z;0;u0;u+ 2uVa - Vu — (2a — V - Z)(w?|u* — Vu|?)] dz + / (Z -n)|0pul* do
7 r

= 2Re/ Efd.%‘ + IDiss, (B?)
2
where

Ipiss = / [(Z -n)(2w?|ul® — |Vsul?) + 20> R|u|> — 2Re(Z - Vst + att)iwu] do.
I

We now estimate the right-hand side of this identity. Indeed by our assumption on O, there exist four positive

constants Cy, Cy,Cy and C3 such that

Ipiss < / [(2w?(R + Cp) + Crw)|u|? — Co| Vsl + 2C5w|Vsul|ul] do.
Ip

iss
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Hence by Young’s inequality we find that

IDiss S /
Ip

for all € > 0. Chosing € such that eC3w = C3, we obtain

IDiss S /
Ip

Hence for w large enough, we have proved that

1
[(QwQ(R + Co) + CLw)|ul? — Co|Vsu|* + eCsw|Vsul* + g03w|u|2 do,

iss

C3u?

|:2w2(R+Co) + Ciw + } lu|? do.

iss

Ipiss < C4w2/ |u|2 do,

I'piss

for some positive constant Cy independent of w. Now the definition of Z leads to
2Re [ Zuf do < ol flatellula + [ul.0) (B.3)
0
for some positive constant C5 independent of w. Now exactly as in the proof of Lemma 3.4 of [10], we have

Re/ 20, Z;0;u0;u + 2uVa - Vu — (2a — V - Z)(w?|u* — Vu|?)] dz + / (Z -n)|0pul? do
0 r

1
> 24
= 962 /Q|“| .

for w large enough. This estimate and (B.8) in (B.7) allow to obtain

lull < Co(wllulle + lul.o)llflle;

for some positive constant Cg independent of w. By (B.1), the previous estimate becomes

lull? < Cr(wllulle + 1fl2)lIflle;

for w > 1 and some positive constant C7 independent of w. Young’s inequality then yields

1 C2w?
Sl < (054 2 151

This leads to the conclusion due to (B.1). O
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