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Abstract We consider solving the sound-soft scattering problem for the Helmholtz equation with the /-
version of the boundary element method using the standard second-kind combined-field integral equations.
We obtain sufficient conditions for the relative best approximation error to be bounded independently of .
For certain geometries, these rigorously justify the commonly-held belief that a fixed number of degrees of
freedom per wavelength is sufficient to keep the relative best approximation error bounded independently of .
We then obtain sufficient conditions for the Galerkin method to be quasi-optimal, with the constant of quasi-
optimality independent of k. Numerical experiments indicate that, while these conditions for quasi-optimality
are sufficient, they are not necessary for many geometries.
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1 Introduction

Integral equations are often used to solve acoustic, electromagnetic, and elastic scattering problems in
homogeneous media. In this paper, we consider solving the sound-soft scattering problem for the Helmholtz
equation in two or three dimensions using the standard second-kind combined-field integral equations. We
write these integral equations as

Agngv=1f (1.1)
and
Aknt =g (1.2)
The operators A;w and Ay, are defined by
/ 1 r 1 .
Ak-ﬂ = EI—I—D/(_IT]S]G Apny = 5]+Dk_1rlsk; (1.3)

where 1 € R\ {0} is the coupling parameter (which is usually taken to be proportional to k), S is the
single-layer operator, Dy, is the double-layer operator, and D is the adjoint double-layer operator (these three
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integral operators are defined by equations (1.10) and (1.14) below). The unknowns f and g are defined in
terms of the incident field by (1.11) and (1.13) respectively.

The equation (1.1) is the direct formulation, with the unknown v equal to the normal derivative on I" of
the total field, where I" denotes the boundary of the obstacle. The equation (1.2) is the indirect formulation,
and the physical meaning of ¢ is less clear than it is for v; it turns out that ¢ is the difference of traces of
certain exterior and interior Helmholtz boundary value problems (BVPs); see [12, p.132].

We consider the equations (1.1) and (1.2) as equations in L?(I"). Although there are several ways to
solve integral equations such as these, we restrict attention to the the Galerkin method, i.e. approximations
vy and ¢y are sought in a finite dimensional approximation space ¥y (where N is the dimension, i.e. the
total number of degrees of freedom). In this paper we consider the h—version of the Galerkin method, i.e.
¥ consists of piecewise polynomials of degree p for some fixed p > 0. In the majority of the paper I is
C?, in which case ¥ will be the space of piecewise polynomials of degree p for some fixed p > 0 on shape
regular meshes of diameter &, with & decreasing to zero (see, e.g., [40, Chapter 4] for specific realisations);
in this case we denote ¥y, vy, and ¢y by ¥, vy, and ¢y, respectively, and note that N ~ h’(d’l), where d is
the dimension. We also consider the case when I is the boundary of a 2—d polygon, and in this case ¥y will
consist of piecewise polynomials on a mesh appropriately graded towards the corners (we give more details
below).

In this paper we investigate the following two questions.

Question 1: What are sufficient conditions on N for

inwaefy/N Hv - WNHLZ(F) inwaG’VN H¢ - WNHLZ(F)

1.4
||V||L2(F) ||¢||L2(F)

to be bounded independently of k as k — <? (In other words, what are sufficient conditions for the relative
best approximation error to be bounded independently of k?)

Question 2: What are sufficient conditions on N for

v =yl and 10— onll2r)

inf,,, ey llv— WNHLZ(F) inf,, ev ¢ — WNHLZ(F)

(1.5)

to be bounded independently of k as k — «o? (In other words, what are sufficient conditions for the Galerkin
method to be quasi-optimal, with the constant of quasi-optimality independent of k?)

Answering both Questions 1 and 2 then gives us sufficient conditions on N for the relative errors

V=Y -
=l g 197 Ol (1.6)

IVl 2y 1012

to be bounded independently of k as k — oo.

Regarding Question 1: It is generally believed that, for both discretisations in the domain and on the
boundary, employing a fixed number of degrees of freedom per wavelength is sufficient to keep the relative
best approximation error bounded independently of k. However, to the authors’ knowledge, this has only
ever been rigorously proved for the Helmholtz equation posed in a 1-d interval, where an explicit expression
for the solution is available.

Using results about the large—k asymptotics of the solution to the scattering problem, we prove that a
fixed number of degrees of freedom per wavelength is sufficient to keep the quantity in (1.4) involving v
bounded independently of k when either the obstacle is a 2-d smooth, convex domain with strictly positive
curvature or the obstacle is a convex polygon. (Since we use results about the asymptotics of the solution of
the scattering problem, these results only apply to the direct formulation (1.1), where the unknown in the
integral equation is related in a simple way to the solution.) In 2-d the function v is a function of one spatial
dimension, and thus these results are also, in some sense, one dimensional. However, the behaviour of v for
these two geometries incorporates complicated features of the solution (rays hitting a point of tangency, rays
hitting corners) that are not found when the Helmholtz equation is posed in a 1-d interval.
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We also prove that, under the sole geometric restriction that I" is C?, the condition hk(@+1)/2 Slis
sufficient to keep both the quantities in (1.4) bounded independently of k. Although this is a more restrictive
condition than having a fixed number of degrees of freedom per wavelength (i.e. hk ~ 1), especially when
d = 3, the novelty is that this result holds for general domains (even those trapping domains where the
inverse of the Helmholtz operator blows up as k — o), and for both the direct and indirect formulations
(despite ¢’s lack of immediate physical relevance). These results are obtained by using the fact that the
integral operators A,’c’n and Ay 5 in (1.3) are compact perturbations of the identity when I" is C?, and then

proving new k—explicit bounds on the operators S, D}, and Dy as mappings from L") — HY(I).

Regarding Question 2: We prove that for C? star-shaped domains in 2- or 3-d, the quantities in (1.5) are
bounded independently of k if hkd+1)/2 < 1. (We expect that this result holds for general nontrapping
domains, but the currently-available bounds on the inverses of A;nﬂ and Ay for these domains are not sharp
enough in their k—dependence to prove this.) Combining this result with the results addressing Question 1,
we have that for C? star-shaped domains in 2- or 3-d, the quantities in (1.6) are bounded independently of k
if hk@D/2 <1,

We discuss the relation of these results to other existing results in detail in §1.2.2, but we note here that the
only other available bounds on (1.5) in the literature are valid when the obstacle is C* and piecewise analytic
with strictly positive curvature [45] or is a ball [4], [18]. (An error analysis of the zp—BEM on analytic
domains has recently been conducted in [28], [31]. However, since these techniques are geared towards a
p-BEM, they yield a more restrictive condition than hk(¢+1)/2 < 1 for k—independent quasi-optimality of the
h-BEM,; for more discussion see §4.2.)

We obtain the bound on the quantities in (1.5) using the classic abstract projection-method argument
going back to Anselone [2] and Atkinson [3]. This argument treats the operators A;{‘n and Ay, as compact
perturbations of the identity, as is standard. The novelty, however, is that everything can be made k—
explicit by using (i) recently-proved k—explicit bounds on the norms of (A;(’n)’l and A,:Tl, as operators

from L*(I") — L*(I"), and (i) new k—explicit bounds on the operators Sy, D}, and Dy as operators from
L*(I') — HY(I).

1.1 Formulation of the problem

Let Q C R? d =2 or3, be abounded Lipschitz open set with boundary I" := d€Q_, such that the open
complement 2, :=R?\ Q_ is connected. Let HllOC () denote the set of functions v such that v is locally
integrable on Q. and yv € H'(Q.) for every compactly supported y € C*(2,) := {y|q, : y € C*(RY)}.
Let 74 denote the trace operator from 2, to I'. Let n be the outward-pointing unit normal vector to Q_,
and let d; denote the normal derivative trace operator from Q. to I that satisfies d,"u = n- 7, (Vu) when
u € H2.(Q4). (We also call v, u the Dirichlet trace of u and 9, u the Neumann trace.)

Definition 1.1 (Sound-soft scattering problem) Given k > 0 and an incident plane wave u!(x) = exp(ikx -
a) for some a € RY with [a = 1, find u5 € C?(Q;)NH} () such that the total field u := u! + u5 satisfies

Au+kPu=0 inQ,, yu=0 onl,

and u® satisfies the Sommerfeld radiation condition,

W(X) —iku (X) 0<r(dl)/2)

as r := |x| — oo, uniformly in X := x/r.

It is well known that the solution to this problem exists and is unique; see, e.g., [12, Theorem 2.12].
The BVP in Definition 1.1 can be reformulated as an integral equation on I" in two different ways. The
first, the so-called direct method, uses Green’s integral representation for the solution , i.e.

u(0) =09~ [ Bx)9 u¥)ds(y). x€ 2. (17



4 I. G. Graham et al.

where @y (x,y) is the fundamental solution of the Helmholtz equation given by

eik‘xfy‘

——,d=3 1.8
ar|x —y|’ (18

i
d5/{("7)’) = ZH(gl)(k|x_Y|)7 d=2, ¢k(xvy) =

(note that to obtain (1.7) from the usual form of Green’s integral representation one must use the fact that u’
is a solution of the Helmholtz equation in £2_; see, e.g., [12, Theorem 2.43]).

Taking the Dirichlet and Neumann traces of (1.7) on I', one obtains two integral equations for the
unknown Neumann boundary value 9, u:

1
Skd, u= vyl (21+D;) o u=0au, (1.9)
where the integral operators S; and D), the single-layer operator and the adjoint-double-layer operator
respectively, are defined for y € L*>(I") by

sow0) = [ ax vy, Dy = [ “Hymasy), xer (o)

r
(when I is Lipschitz, the integral defining D, is understood as a Cauchy principal value integral; see, e.g.,
[12, §2.3]).

Both integral equations in (1.9) fail to be uniquely solvable for certain values of k (for the first equation
in (1.9) these are the k such that k? is a Dirichlet eigenvalue of the Laplacian in Q_, and for the second
equation in (1.9) these are the k such that k? is a Neumann eigenvalue). The standard way to resolve this
difficulty is to take a linear combination of the two equations, which yields the integral equation (1.1), where
v:=d, uand

f(x) =09, u (x) —inyu'(x), xecTl. (1.11)

Since Q, is Lipschitz, standard trace results imply that the unknown Neumann boundary value 9, u is
in H='/2(I"). When Q. is C?, elliptic regularity implies that 9, u € L*(I") (since u € H(€2)), but
&n* ue L2(F ) even when . is Lipschitz via a regularity result of Necas [36, §5.1.2], [29, Theorem 4.24
(ii)]. Therefore, even for Lipschitz 2, we can consider the integral equation (1.1) as an operator equation
in L2(I"), which is a natural space for the practical solution of second-kind integral equations since it is
self-dual. It is well known that, for 1 # 0, A;c’n is a bounded and invertible operator on L?(I") (see [12,
Theorem 2.27]).

Instead of using Green’s integral representation to formulate the BVP as an integral equation, one can

pose the ansatz

o aq’k(X7Y)

)= [ T s —in | @i(x¥)o()ds(y) (112

for ¢ € L>(I") and n € R\ {0}; this is the so-called indirect method. Imposing the boundary condition
y,u’ = —y,u’ on I leads to the integral equation (1.2) with

g =—vu (1.13)
and where Dy is the double-layer operator, which is defined for y € L?(I") by

8451( (X’y)
r on(y)

(as with D}, the integral defining Dy is understood as a Cauchy principal value integral when I” is Lipschitz).
Although the unknowns in the integral equations (1.1) and (1.2) are different, the identities

Dyy(x) = y(y)ds(y), xerI (1.14)

/(])Sky/ds:/ vSiods, and / q)Dky/ds:/ wD,¢ds, (1.15)
r r r r

for ¢,y € L*(I") (see [12, Equation 2.37]), mean that Ajpn and A} p are adjoint with respect to the real-valued
L?(T") inner product, and so in particular satisfy

and HA’1

HA/@UHLZ(F)HLZ(F) = HA;c.n HLZ(F)—>L2(F) kn HLz(F)HLz(F) = H(A;ﬁn)il HLZ(I“)—>L2(I“) ’
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In this paper we consider solving the integral equations (1.1) and (1.2) using the Galerkin method. Given

a finite-dimensional approximation space ¥y C L?(I"), the Galerkin method for the direct integral equation
(1.1)is

find vy € ¥y such that (AZ,HVN,WN)Lz(F) = (f, WN)L2<F) for all wy € . (1.16)

For the indirect integral equation (1.2), the Galerkin method is

find ¢y € ¥y such that (Ak7n¢N7WN)L2(r) = (g7WN)L2(F) for all wy € Y. (1.17)

1.2 Statement of the main results and discussion

This paper contains six main theorems (Theorems 1.1, 1.2, 1.3, 1.4, 1.5, 1.6). The first three (1.1, 1.2, and
1.3) give sufficient conditions for the relative best approximation error to be bounded independently of &
(and thus provide an answer to Question 1). The next two (1.4 and 1.5) give sufficient conditions for the
h—version of the BEM to be quasi-optimal, with the constant of quasi-optimality independent of k (and thus
provide an answer Question 2). The last one (1.6) gives bounds on the norms of Sy, Dy, and D;( as operators
from L?>(I") — H'(I"); these bounds are the main new ingredients used to prove Theorems 1.3, 1.4, and 1.5.

In what follows, ¥ is the space of piecewise polynomials of degree p for some fixed p > 0 on shape
regular meshes of diameter 4, with i decreasing to zero. As above, u is the solution of the sound-soft
scattering problem of Definition 1.1, and v := 9, u.

We use the notation a < b to mean a < Cb for some constant C that is independent of k, 17, and h. a 2 b
means b < a. Ifa <band b < a we write a ~ b.

1.2.1 Results concerning Question 1

Theorem 1.1 (Bound on the best approximation error for smooth convex domains) If Q_ is a 2-d, C*,
convex domain with strictly positive curvature then, given ky > 0,

inf, {1V =wallz2(ry S Ak [IVll2(r) (1.18)

Wi
for all k > kg. Thus, choosing hk < 1 keeps the relative best approximation error bounded independently of k.

The right-hand side of the bound (1.18) is not explicit in p. Nevertheless, using the same ideas used to
prove (1.18), one can show that inf,,, e, [V —wal|2(r) < (hk)PH1 [Vl z2(r) - Therefore, for fixed p, one still
requires ik < 1 for this bound to prove that the relative best approximation error is bounded independently
of k.

Theorem 1.2 (Bound on the best approximation error for convex polygons) Let 2_ be a convex polygon,
and let
M(u) := sup |u(x)|.
xeQ
If M(u) < 1 then there exists a mesh on I with O(N) points such that, with ¥y the corresponding space of
piecewise polynomials, given ko > 0,

. k
W;fel,fVNHV—WNHE(r) S N”V”LZ(I“) (1.19)
for all k > ko. Thus, choosing N 2 k keeps the relative best approximation error bounded independently of k.
(We give the details of the mesh in the proof of the theorem.)

Regarding the assumption M(u) < 1, the best currently-available bound on M (u) is

1/2
b

M(u) < k' (logk) (1.20)

[24, Theorem 4.3], but numerical experiments in [14] and [13] indicate that M(u) < 1. Furthermore, if
£_ is a star-shaped Lipschitz domain then the arguments in [35] can be used to show that, for any R > 0,
[ull;2(0p) < 1, where Qg := Q1 N {x: [x| <R}; this is consistent with M(u) < 1, but does not imply it.
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Theorem 1.3 (Bound on the best approximation error for general C> domains) If Q_ C R?, withd =2
or3, and I is C?, then, given kg > 0,

, _ (d+1)/2
inf, v =wall2(r) < hk IVllz2ry (1.21)

w

and
inf (|6 —wall 2y S AET 0] 2 (1.22)

Wn& 7

for all k > ko. Thus, choosing hk!4+1/2 < 1 keeps the relative best approximation error bounded indepen-
dently of k.

At first sight, it may seem surprising that Theorem 1.3 bounds the relative best approximation error
for both direct and indirect formulations with no restriction on the geometry (apart from I" being C?),
since [|v[|;2(r) is strongly influenced by the geometry. Indeed, if €_ is a star-shaped Lipschitz domain

then k/2 < ||v|| 2(ry S k (see §3.2), but if Q, contains an elliptical cavity then there exist a sequence of
wavenumbers 0 < k; <k, < ... with k;, — oo as m — co and a constant y > 0 such that ||v(| ;2 Z exp(Ykm)
for all m > 1 (see [6, Equation 2.33], [12, §5.6.2], [43, §1.2]).

The results of Theorem 1.3 become more understandable when we note that the results of both Theorems
1.1 and 1.3 use the standard approximation theory result that, for w € H'(I"),

Wigf//hHW_WhHH(F) ShHWHHl(r) (1.23)

[40, Theorem 4.3.22(b)]. The bound (1.18) is then obtained from the bound

IVl )y S &IV 2y (1.24)

for C*, convex domains with strictly positive curvature, and the bounds (1.21) and (1.22) are obtained from
the bounds

Wl ) S K2 W2y and 19y SKCD 2] (1.25)

for C? domains. The bound (1.24) is obtained using results about the large—k asymptotics of v from [32],
converted into a format suitable for numerical analysis in [18]. The bounds in (1.25) are obtained by using
the fact that v and ¢ satisfy the integral equations (1.1) and (1.2) respectively. Indeed, when I" is C? the
operators A;{’n and Ay, are compact perturbations of the identity, with Sy, Dy, and Dj all mapping L*(T") to

H'(I'). In Theorem 1.6 below we prove k—explicit bounds on the norms of Si, Dy, and D, from L*(I") to
H'(I'), and then taking the H' (I") norms of the integral equations (1.1) and (1.2) and using these bounds
essentially yields (1.25).

When Q_ is a convex polygon, v ¢ H ! (I') and thus we cannot use (1.23). Nevertheless, the bound (1.19)
is obtained from a result analogous to (1.23) where the H'-norm is replaced by a weighted H'-norm, %}, is
replaced by ¥y, and & is replaced by 1/N. The analogue of the bound (1.24) is then obtained using results
about the large—k asymptotics of v from [14], in a similar way to how (1.24) is obtained in the smooth convex
case.

To the authors’ knowledge, the only other Helmholtz BVP where rigorous results about the relative best
approximation error are available is the Helmholtz equation posed on a 1-d interval (with an impedance
boundary condition imposed at one end to ensure that the problem has a unique solution for all k). In this
case, the bound ||ul| 1 (o) < k[|ul|;2(q) can be verified using the explicit expression for the solution.

1.2.2 Results concerning Question 2
Before stating the two theorems concerning Question 2, we need to make the following definition.
Definition 1.2 (Star-shaped) If Q C R, d = 2 or 3, is a Lipschitz domain we say that it is star-shaped if

there exists a constant ¢ > 0 such that x - n(x) > ¢ for every x € I for which n(x) is defined. (This condition
is sometimes known as being star-shaped with respect to a ball; see, e.g., [34, Remark 3.5].)
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Theorem 1.4 (Sufficient conditions for the Galerkin method to be quasi-optimal) If Q_ is C* and star-
shaped (in the sense of Definition 1.2) and |n| ~ k then, given ko > 0, there exists a C > 0 (independent of k
and h) such that if

hkld+h/2 < ¢, (1.26)
then both sets of Galerkin equations (1.16) and (1.17) have unique solutions which satisfy
v —=vall2(r) Swlilrelfi/hHV*WhHLZ(r) (1.27)
and
H¢_¢/1HL2(F) SwigfthW—WhIIL«r) (1.28)

respectively, for all k > k.

The assumption in Theorem 1.4 that ©_ is star-shaped is there to ensure that || (4} , )71 (M) —I2(T) =

||A]:711 lz2(r)—r2(r) is bounded independently of k when |n| ~ k. The numerical experiments in [7, §5]
indicate that this property holds whenever €2_ is nontrapping, however the best currently-available bound on
I (A;cm)’] | 12(r)—12(r) for nontrapping domains has a positive power of k on the right-hand side; see (3.3)
below. (The argument leading to (1.28) can be repeated with this worse bound on |[(4} , )~ 2(T)—L2()
however this yields quasi-optimality under a more restrictive mesh threshold than (1.26).)

Combining Theorems 1.3 and 1.4 we obtain the following result.

Corollary 1.1 (Bound on the relative errors in the Galerkin method) If Q_ is C? and star-shaped (in
the sense of Definition 1.2) and || ~ k then, given ko > 0, there exists a C > 0 (independent of k and h) such
that if

hk<d+l)/2 S C7

then both sets of Galerkin equations (1.16) and (1.17) have unique solutions which satisfy

19— @nll2r) _ :

~

v =vullr2r

and (1.29)

~

IVl 2y 912

respectively, for all k > k.

Under a more restrictive mesh threshold we can sharpen the quasi-optimality estimates (1.27) and
(1.28) to show that the Galerkin solutions v;, and ¢, are asymptotically just as good as the best possible
approximations to v and ¢ from %,.

Theorem 1.5 (Sufficient conditions for the Galerkin method to be asymptotically optimal) If Q_ is C2
and star-shaped (in the sense of Definition 1.2), |n| ~ k, and h is a function of k such that

WGID2 0 a5 k— oo,
then both sets of Galerkin equations (1.16) and (1.17) have unique solutions which satisfy

||V7Vh||L2(F) and H¢ *d)hHLZ(F)
inf,, cv, ||V7Wh||L2(I“) inf,, ey, o 7Wh||L2(F)

—1 as h—0O0.

How sharp are these results? The numerical experiments discussed in §5 show that for a wide variety of
2-d domains, the quasi-optimality (1.27) holds even when ik < 1 These results suggest that the -~BEM does
not suffer from the pollution effect, but we do not see this from Theorem 1.4. (For more discussion, see §5.)

How do these results compare with other results about the ~—BEM in the literature? For second-kind
integral equations such as (1.1) and (1.2), there are several classical approaches to error analysis, all based, in
some sense, on the fact that each of A;c,n and Ay, is a k—dependent compact perturbation of a k~independent

invertible operator. (This can easily be seen when I is C!, since in this case Dy, Dy, and Sy are compact
[21, Theorem 1.2], but the result is true even when I is Lipschitz [14, Theorem 2.7], [12, Theorem 2.25].)
Although these classical approaches establish quasi-optimality for the ~—BEM applied to the integral
equations (1.1) and (1.2), the k—dependence of both the constant of quasi-optimality and the threshold after
which quasi-optimality holds has not been determined until now.

To the authors’ knowledge, there exist in the literature two sets of results that give k—explicit quasi-
optimality of the ~~-BEM applied to (1.1) and (1.2) (or any other integral equation used to solve the Helmholtz
equation). These are
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(a) results that use coercivity [18], [44], [45], and
(b) results that give sufficient conditions for quasi-optimality to hold in terms of how well the spaces 7},
approximate the solution of certain adjoint problems [4], [28], [31].

Regarding (a): in [18], A,’c’n and Ay, are proved to be coercive on L?*(I") when I is the circle or sphere,

N =k, and k is sufficiently large; i.e. it is shown that (for these domains) there exists a ky > 0 such that, with
n=k

A v W) | 2 W1y forall y € 2(I) (1.30)

and for all k > ko (and similarly for Ay ;). In [45] it is proved that (1.30) holds when _ is a C3, piecewise
analytic, 2- or 3-d domain with strictly positive curvature, n 2 k, and k is sufficiently large [45, Theorem
1.2]. By Céa’s Lemma, these coercivity results imply that, for these domains, the Galerkin solutions v, and
¢y, exist for any 2 > 0, and the error esimate

||V7 Vh||L2(F) S ( HA;{T[ ||L2(1—')~»L2(1—') ) W]ilrelf";/h HV*WhHLZ(F) (131)

and an analogous one for || — ¢y ||,2 (r hold for all sufficiently large k. To make the error estimate (1.31)
fully k—explicit, we need a k—explicit bound on ”A;an l2(ry—r2¢ry when N ~ k. When I" is a circle or
sphere and 1 ~ k, HA;W 22y ~ k'/3 [12, Theorem 5.12]. The best currently-available bound on
|4k nl22(r)—12(r) (When 1 ~ k) for smooth convex domains is [|A} p [|,2(ry—r2(r) ~ k'/2 [12, Theorem
5.14] (although this is unlikely to be sharp).

The quasi-optimality result (1.31) is quite different from (1.27); although quasi-optimality is established
in (1.31) without any mesh threshold, the factor in front of the best approximation error grows with
k. Nevertheless, the results (1.27) and (1.31) can be compared if we use the bound (1.18) on the best
approximation error for 2-d smooth, convex domains with strictly positive curvature. Combining (1.31) with
(1.18) and using the bounds on ||A§{7n lz2(r)—2(r) discussed above, we see that when I" is the circle the

Galerkin error is bounded independently of k (i.e. (1.29) holds) when & is sufficiently large and hi*/3 S L
We also have that when Q_ is a C*, piecewise analytic, 2—d domain with strictly positive curvature, the
Galerkin error is bounded independently of k when k is sufficiently large and 7k>/? < 1. This result for C*,
piecewise analytic, 2—d domains with strictly positive curvature is the same as that in Corollary 1.1, but the
result for the circle and sphere is slightly sharper than that in Corollary 1.1 (although Corollary 1.1 holds for
a much wider class of domains).

The final quasi-optimality result obtained via coercivity concerns a modification of the integral operator
A;C‘n, denoted by .7, that can also be used to solve the sound-soft scattering problem. This operator was
introduced in [44], and was proved to be coercive for all k > 0 when _ is a star-shaped Lipschitz domain.
Since || |2y -2y S k'/2, the error estimate

— 172 —
lv VN||L2(F)§k w}\llfelfI/N”V WN||L2(F) (1.32)

holds for the Galerkin method applied to this integral equation on these domains. The error estimate (1.32)
is similar to (1.31) (since they both come from Céa’s lemma), although (1.32) is valid for a wider class of
domains.

Regarding (b): this method (which is often attributed to Schatz [41]) was applied to the ~—~BEM in [4]
and to the 1p—BEM in [28] (using results in [31]). We discuss these results in more detail in §4.2, but note
here that, when applied to the ~—~BEM, these techniques yield a more restrictive condition than hk(d+1)/2 <l
for (1.27) and (1.28) to hold.

Finally, it is instructive to compare the results of Theorems 1.4 and 1.5 to results about the quasi-
optimality and relative error of the ~—FEM. The relevant results for the ~—~FEM in 1-d were obtained in
[26] (see also [25]). These authors considered the Helmholtz equation posed in a 1-d finite interval (with an
impedance boundary condition at one end of the interval to ensure that the solution exists for all k) and proved
that the ~~FEM is quasi-optimal in the H'-semi-norm, with the constant of quasi-optimality independent
of k, if hk? < 1 (this is shown in [25, Theorem 4.13] using [26, Lemma 3]), and numerical experiments
indicate that this result is sharp [26, Figures 7-9], [25, §4.5.4 and Figure 4.12]. Furthermore, these authors
showed that the relative error in both the H'-semi-norm and the L?>-norm is bounded independently of k if
hk3/? <126, Equation 3.25], [25, Equation 4.5.15], with numerical experiments indicating that this is sharp
[26, Figure 11], [25, Figure 4.13].
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In [30, Proposition 8.2.7] it was proved that the ~~FEM is quasi-optimal in 2— and 3—d (with the constant
of quasi-optimality independent of k) when /k> < 1 and the domain is such that the solution is in H> and
satisfies a certain stability estimate (when 2_ is star-shaped this stability estimate holds for the interior
impedance problem [30, Proposition 8.1.4] and the exterior Dirichlet problem [23, Proposition 3.3]). The
numerical experiments in [5, §3] indicate that, at least for certain 2-d problems, the relative error in the
L?-norm is bounded independently of k if hi3/? < 1, although this has yet to be proven. (We note, however,
that [46, Theorem 6.1] proves that, under the stability estimate mentioned above, the weighted H I_norms of
u — uy, and uy, are bounded by norms of the data in both 2- and 3-d if hk%/2 < 1.)

Comparing the best currently-available results about the quasi-optimality of the ~—~FEM and the ~-~BEM
for star-shaped domains in 2-d (given by [30, Proposition 8.2.7] and Theorem 1.4 respectively), we see that
quasi-optimality holds (with the constant independent of k) for the ~—FEM if hk> < 1 and for the ~~BEM if
hk3/? < 1, rigorously confirming the observation that the pollution effect is less pronounced for the ~~BEM
than for the ~-FEM. !

1.2.3 Bounds on ||Sk||L2(F)HH1(F)’ Dk”LZ(F)HHl(F)’ and ||D;(\|L2(r)ﬁH1(r)

The main new ingredients in the proofs of Theorems 1.3, 1.4, and 1.5 are the following bounds on the norms
of Sk, Dy, and D), as mappings from L*>(I") — H'(I").

Theorem 1.6 (Bounds on [|S||;2(r)—p1 (1) 1Pkl 2(r)—pt (r)> a0 | Dyl 20—t ()

(i) If T is Lipschitz then S is a bounded operator from L*(I") to H'(I") and, given ko > 0,

ISkl 20y oy S 14+K4D72 (1.33)
forall k > ky.
(ii) If I is C? then Dy, and D}, are bounded operators from L*(I") to H' (") with
1Dkl 2(r) o ry S 1K/ (1.34)
and
HD;CHLZ(F)HHI(F) Sk (1.35)
forall k> 0.

These bounds should be compared to the following bounds proved in [11, Theorems 3.3 and 3.5] on the
norms of Sk, Dy, and D}, as mappings from L?(I") — L?(I") for general Lipschitz Q_,

< pld=3)/2

ISellz2r)—z2r) 5 + Pkl S TR

d—1)/2

o P 2 ST +£4=D/2(1.36)
We see that the powers of k on the right-hand sides of (1.33), (1.34), and (1.35) are exactly one more than
the respective powers of k on the right-hand sides of the bounds in (1.36). The reason that the bound (1.33)
is not valid uniformly for k > 0 is that it uses the bound on ||Sk||;2(r)_2(r) in (1.36), and when d = 2 the
power of k in the latter bound blows up as k — 0 (but this does not happen to the bounds on ||Dg | ;2(r)—2(r)
and || D[l 2(ry—r2(r))-

The relationships (1.15) allow us to convert the bounds on Sy, Dy, and D;( as mappings from [? () —
H'(I") into bounds on these operators from H*~!/2(I") — H**1/2(I") for |s| < 1/2.

Corollary 1.2 (i) If T is Lipschitz then Sy : H~'/2(I") — H**Y/2(I) for |s| < 1/2 and, given ko > 0,
ISkl 172y st zry S 1KY (1.37)

forall k > ky.

1 Of course, if the goal is to compute the solution in (a subset of) the domain, then after using the ~~BEM one must evaluate the
integrals in Green’s integral representation (1.7) or the ansatz (1.12). This adds to the computational cost of the ~—BEM, but the question
“which of the ~~BEM and h—FEM achieves the goal of computing the solution with the least cost?” is independent of the question “to
what extent does each method suffers from the pollution effect?”
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(ii) If T is C* then Dy and D, are bounded operators from H*~\/(I") to H**'/2(T") for |s| < 1/2 with
1Dkl ggs—1/2(r) s +1/2r) S 14klTD/2 (1.38)

and

[oA S 14kUHD/2 (1.39)

Hsfl/2(F>HHs+l/2(1")
forall k > 0.

1.2.4 Results concerning Questions 1 and 2 for other boundary conditions

This paper is concerned with sound-soft acoustic scattering (i.e. the BVP has a zero Dirichlet boundary
condition), but here we briefly discuss whether results about Questions 1 and 2 exist (or can be obtained) for
other boundary conditions.

Regarding Question 1: Theorem 1.1, which concerns smooth convex domains, is proved using the
asymptotic results of [32] (adapted by [18] into a format suitable for our use). The techniques of [32] are also
applicable to the analogous BVP with zero Neumann or Robin boundary conditions (see [32, Sections 8 and
9]), and thus we expect results similar to Theorem 1.1 to hold for these BVPs (although with some non-trivial
technical work required to prove this). Theorem 1.2, which concerns convex polygons, is proved using
the asymptotics results of [14]. The analogous results for the corresponding BVP with a zero impedance
boundary condition were proved in [15, Theorem 2.1], and therefore these results could be used to obtain the
analogue of Theorem 1.2 for this BVP.

Regarding Question 2: to the authors’ knowledge, there do not yet exist any results concerning this
question posed for the standard combined-field integral equations used to solve the Neumann or impedance
problems (i.e. [12, Equations 2.73 and 2.77]). There do exist, however, results concerning this question
posed for certain modifications of the standard integral equations for the Neumann problem. Indeed, the
standard combined-field integral equations (both direct and indirect) for the Neumann problem contain the
hypersingular operator, and it is common to “regularise” this operator by either pre- or post-multiplying
by a smoothing operator (see, e.g., the literature review in [8, §1]). In [8], a k-explicit analysis of two such
(indirect) modifications is performed. In particular [8, Theorems 3.2 and 3.6] prove that these modifications
are continuous and coercive in L>(I") when I is the circle or sphere (with k-explicit bounds for the norm and
coercivity constant); Céa’s lemma can therefore be used to prove a result analogous to (1.31). As discussed
in §1.2.2, such a result does not quite answer Question 2, but it does give a bound on the relative error of the
Galerkin solution (i.e. the analogue of (1.29)).

Outline of paper. In §2 we prove Theorem 1.6 (we do this first as Theorems 1.3, 1.4, and 1.5 depend on this
result). In §3 we prove Theorems 1.1, 1.2, and 1.3. In §4 we prove Theorems 1.4 and 1.5. In §5 we give the
results of numerical experiments concerning Question 2.

2 Proof of Theorem 1.6 (k—explicit bounds on |[Si |21 (rys | Picll 2y — 1 r)» and
1Dl 2y —m (1))

We begin by recapping (i) some facts about the surface gradient and (ii) the method that was used to prove
the bounds (1.36) on |[Sk[|.2(ry—r2(r)» 1Pkl 2(r)—r2(ry> and 1Dyl 2y —12(r)-

Recap of facts about the surface gradient. Recall that for I Lipschitz there exists a unique operator V-, the
surface (or tangential) gradient, such that the mapping V- : H'(I') — (L*(I"))¢ is bounded and if w is C' in
a neighbourhood of I" then

Vw(x) = Vrw(x) —|—n(x)§—:(x) 2.1

for almost every x € I'. For an explicit definition of VI in terms of a parametrisation of I" see, e.g., [12,
Equation A.14]. The definition of V- implies that, for v € H' (),

Wl ry ~ IVEvll2 ey + VI 2y - (22)

Another property of V- that we use below is that, if I is C> and T(x) is a unit tangent vector to I" at a point
x € I', then 7(x) - Vrv(x) is the directional derivative of v along a curve with tangent 7(x). That is, given a
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point x € I" and tangent vector T(x), let C be the curve on I" passing through x with tangent vector T(x). Let
X, be a point on C such that the arc between x;, and x has length &, so x;, = X+ h%(x) + ¢ (h?). Then

T(x) - Vpv(x) = }1lim M (2.3)

—0 h

To obtain the bounds on Dy and D), we need the following lemma about the surface gradient of integral
operators.

Lemma 2.1 If ¢ € L'(I") and

(i) k(x,y) €C(I'xT),
(ii) forally € T, the map x — Kk(x,y) is in C'(I"\ {y}), and
(iii) Vrxk(x,y) € L7(I' x T\ {(x,y) : x=y}),

then

Vrx ( /F K("»Y)‘P(Y)dS(Y)) = /F Vrxk(x,y) ¢(y) ds(y).

Proof (Sketch proof) Fix x € I', and let T(X) be a unit tangent vector at x. With x;, defined above, we need to
show that

h—0Jr h

For € > 0 we split the integral on the left-hand side of (2.4) into the integral over I N B¢ (x) and the integral
over I' \ B¢(x). For the integral over I" N B¢ (x), the assumptions (i)-(iii) imply that x(x,y) is Lipschitz as a
function of x, and thus the integrand is bounded independently of 4. Therefore the integral over I' N B¢ (X)
tends to zero as € — 0. By differentiation under the integral sign (using the dominated convergence theorem;
see, e.g., [22, Theorem 2.27]) the integral over I" \ B¢ (X) equals

im [ (X o) asty) = [ 00V k) 0 ) () 4

/1._ T(x) - Vrxk(x,y) ¢(y)ds(y).
\Be (x)

By the assumption (iii) and another application of the dominated convergence theorem, this last integral
tends to the right-hand side of (2.4) as € — 0.

Overview of the Riesz—Thorin method. The k—explicit bounds (1.36) on [[Skll;2 (2 1Pkl i2(r)—12(r)s
and || D} [|;2(r)—12(r) Were obtained in [11] using the following idea. If T is an integral operator on I" with
kernel ¢(x,y), i.e.,

7900 = [ 1) 0()ds(y),

then, using the definitions of the L!- and L*-operator norms, it is straightforward to show that
Tl (ry—r (1) = esssup / |t(x,y)|ds(x), (2.52)
yelr JI

T\ oo _peo() = €SSSU / t(x,y)|ds 2.5b)
T 1= ()= (r) XGFP F|( y)|ds(y) (

(provided these integrals exist). The Riesz-Thorin interpolation theorem implies that

1/2 1/2
1Tl oz < <|T||umﬁu<p>) (||T|m%m<r>)

(see, e.g., [22, Theorem 6.27]), and thus a bound on ||T'|| 2 (I)—L2(r") can be obtained by bounding the integrals
on the right-hand sides of (2.5). In particular, if |¢(x,y)| < 7(x,y), where 7 is such that 7(x,y) = #(y,x), then

Il 12 < esssup [ 7(xy)ds(). 6
xel JI

To obtain a bound on |[Sk||;2(r)_z2(r)» We can apply the bound (2.6) with T = S and (x,y) chosen as
|®(x,y)|- On the other hand, to obtain a bound on ||Dg||;2(ry_ 21y We write Dy as Do + (D — Do) and
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apply (2.6) with T = Dy, — Dy; we do this because the singularity of Dy is too strong for the operator itself to
be bounded on L!(I") and L~ (I") for general Lipschitz I".

In this section, we obtain bounds on [|Skl|;2ry— g1 r)s |Pklli2(r)—mt (r)> @nd [|Dg |2 ry—p1 1y bY us-
ing the method above to obtain bounds on ||V (S —So)ll;2r)—r2(rys IVr(Dk = Do)llz2(ry—r2(r)> and
IVr (D} = Do)\l r2(r)—r2(ry- In [42, §1.2] it is shown that the bounds (1.36) can also be obtained using
Young’s inequality, and we note that the bounds on ||V (Sk — So) |l z2(r)—2(r)» IV (Dk — Do) |l 2 (ry—12(r)s
and ||V (D} — Dg)ll12(r)—12(r) that we obtain below can also be obtained using this alternative method.

Since we plan on bounding quantities involving S, Do, and D}, before we begin we recall that ®y(x,y) is
defined when d = 3 by the second equation in (1.8) with k = 0, and when d =2 by $y(x,y) := — ﬁ log|x—y].

Proof (Proof of the bound (1.33) on ||S||2(r)—g1 (ry) The fact that Sy : L*(I") — H'(I") for k > 0 follows
from the harmonic analysis results summarised in, e.g., [33, Chapter 15], [12, Theorems 2.15 and 2.16]. The
bound on |[Sk[| 2 (r)—p1(ry (1.33) follows by using (2.2) and combining the estimates |[Sk||,2r)—2r) <

k@=3)/2 (proved in [11, Theorem 3.3]) and
Ve Sell )2y S 14D, (2.7)

using the fact that, given ko > 0, there exists a C (depending on ky when d = 2) such that k4312 41 4
kld-1)/2 <C(1+ k<d’1)2) for all k > ky. To obtain (2.7), note that V- Sy equals the vector-valued boundary
integral operator defined by

Vs (s) = [ (Tuulry) -0 505 (5) ) 9(3)as(y), es8)

where the integral is understood as a Cauchy Principal Value; see [33, Chapter 15, §4]. When I" is Lipschitz,
the singularity in the integral on the right-hand side of (2.8) has the same strength as the singularity in
the integral defining Dy, and thus the bound [|VrSk — VrSoll2(ry—r2r) < k@=1)/2 follows in exactly the

same way as the bound ||Dx — Do||;2(r)—.12(r) S k(4=1/2 was proved in [11, Theorem 3.5] (indeed, the same
1(x,y) in (2.6) can be used for both D; — Dy and VS; — VrSp).

To prove the bounds on Dy and Dj, when d = 2 we need the following bounds on H 1(1) (t).

Lemma 2.2 (Bounds on the Hankel function H l(l) (1)) There exist constants ¢j >0, j=1,...,5, such that

o) - 1‘ < e, 29)

. !
‘(frf]f“(r) - 1) ' <copt'P eyt (2.10)
%er”(t) - 1’ <cut, and (2.11)

<ecs(1+1), (2.12)

forallt > 0. Furthermore, there exists a function h(t) that is continuous on [0,0) such that

?Hf”(r) —1=1h(t) (2.13)

forallt > 0.
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We postpone the proof of Lemma 2.2 until after the proofs of the bounds (1.34) and (1.35). To put the
bounds in Lemma 2.2 into context, we note that

1;751‘H1(1)(t)—1‘~z‘1/2 ast —oo and ~r*log(1/t) ast— 0,

and

. !
‘ <1§1‘H1(1>(t) - 1)

with the asymptotics as t — oo following from the asymptotics of H‘(,l) (t) as t — oo for v fixed [1, Equation
9.2.3], and the asymptotics as t — 0 following from the power series of Jy(f) and Yy(z) about r = 0 [1,
Equations 9.1.12 and 9.1.13]. Therefore, the bounds (2.9) and (2.10) are sharp as t — oo, but not as ¢t — 0,
and neither (2.11) nor (2.12) are sharp as either t — oo or t — 0.

The key point is that, although the bounds (2.9)—(2.12) are generally not sharp as t — oo and ¢ — 0, they
are valid for all # > 0. We need this property for the proofs below since we let r = k|x — y| and this quantity
can be arbitrarily small (since y can be equal to x) and arbitrarily large (since k can be arbitrarily large).

The reason we need two different bounds on each of i7”tH1(1) (t)—1and (%”IHI(I) (r) — 1) is the following.
We use these bounds to bound the kernels of V(D — Dy) and V(D) — Dj), and when doing this we
have two contradictory requirements. On the one hand, we would like large powers of ¢ in the bounds,
since, with t = k|x — y|, these would show that the kernel is well-behaved when y = x. On the other hand,
we would like small powers of ¢, since these would lead to small powers of & in the resulting bounds on
IVr (D — Do)l i2(r)—p1(ry and ||V (Dy — Do) |12 (r)— 1 (r)- The remedy is to use the bounds with large
powers of ¢, (2.11) and (2.12), to show that the kernels of the integral operators are non-singular, and then use
the bounds with small powers of ¢, (2.9) and (2.10), to obtain bounds with small powers of k on the norms.

Before proving the bounds (1.34) and (1.35), we state and prove one final lemma that we use in the
proofs of (1.34) and (1.35).

~i'2 ast—oo and ~tlog(1/t) ast—0,

Lemma 2.3 We have that

e (it—1)+1| <2t forallt >0, (2.14)
|e¥ (ir — 1) + 1| <5 foralli>0, (2.15)
and there exists a function g(t) that is continuous on [0, ) such that
el (it — 1)+ 1=rg(r) (2.16)
forallt > 0. Furthermore,
lel —1| <t and | —1| <2t forallt>0. (2.17)

Proof The bounds (2.14) and (2.15) are proved in [11, Lemma 3.4], and (2.16) follows from Taylor’s
theorem. To obtain (2.17), we observe that

el — 1] =2|sin(t/2)| = min (2,2 | sin(t/2)|) < min(2,1),

where we have used that |sinx| < x for x > 0. Since min(2,¢) < ¢ and min(2,7) < /2t, the bounds (2.17)
follow. (Note that the second bound in (2.17) is proved in this way in [11, Page 11].)

Proof (Proof of the bound (1.34) on ||Dg| 2y (ry) When I is C?, Dy : L*(I") — H'(I") for all k > 0;
see [37, Theorem 4.4.1]. (Note that [37, Theorem 4.4.1] is proved using [37, Theorem 4.3.1], which is valid
if the “surface I [is] regular enough”, however one can check that I" being C? is sufficient.)

We already have that || D[ ;2ry 2y S 1+ k(@=1)/2 for general Lipschitz domains from [11, Theorem
3.5], and so, by (2.2), we only need to show that

IVrDellz2ry -2y S 1 + k@12,



14 I. G. Graham et al.

Since
IVeDill 2y =2y < IV (D= Do)l 2y — 20y + IV Doll 2 (ry— 21
we only need to show that

||VF(Dk—D0)HL2(r)HL2(r) S 14 k@+D/2 (2.18)

for all k > 0.
Following the Riesz—Thorin method outlined above, we aim to prove (2.18) by applying (2.6) with
T = Vi (Dy — Dy). The definition of Dy (1.14) implies that

(D =D0)o(x) = [ x(x.y)0(3)ds(y),

where
_ 7i ik|x—y| (3 ol (X_y)'n(y)
K(xy) = - (e (ik|x —y] 1)+1) ST (2.19)
ford =3, and
(D (kx—y]) — 1) FZ¥) 0O
K(x,y) = P < 5 k|x —y|H; (k|x y|) 1> x—y[ (2.20)

for d = 2, where n(y) is the outward-pointing unit normal vector to Q_ aty € I'.
Our plan for the rest of the proof is as follows. We use Lemma 2.1 to show that

Vi (D — /VFXK %,y) 0(y)ds(y). @21)

We then find a K(x,y) such that K(x,y) is in L' (I") as a function of y, ¥(x,y) = ¥(y,x), and
IVrxk(x,y)| < K(x,y). (2.22)

The consequence of the Riesz—Thorin theorem (2.6) then implies that
IV (D _D0)||L2(F)—>L2(F) Sess SIPP/r K(x,y)ds(y). (2.23)
Xe

In rest of the proof, we use the notation a < b to mean that a < Cb where C is independent of k and
independent of x and y (so, in particular, any factors of |x — y| must be given explicitly in the bound).

We now need to verify that the assumptions (i)-(iii) of Lemma 2.1 hold. Since I is C?,nis C', and thus
the expressions (2.19) and (2.20) show that k(x,y) is continuous for (x,y) € I' x I', except possibly when
x =y. Writing (x —y) -n(y) as [x —y| (x/—\y) -n(y) and using the properties (2.16) and (2.13), we see that
K(x,y) is continuous for all (x,y) € I' x I', and thus the assumption (i) holds. The assumption (ii) follows
immediately from the expressions (2.19) and (2.20).

To prove that (iii) holds, we use (2.3) to find an explicit expression for T(x) - Vr xk(x,y) when 7(x) is
an arbitrary unit tangent vector to x € I". We make use of the fact that

k(x,y) = f(Ix—y[) (x=y) n(y), (2.24)
where
£(s) = —ﬁ (ei’“(iks— 1)+ 1) S% ford =3, (2.25)
and .
£(s) = % (Z’ksﬂf”(ks) - 1) slz ford = 2. (2.26)

Given a point x € I" and unit tangent vector T(x), let C be the curve on I" passing through x with tangent
vector T(x). Let x;, be a point on C such that the arc between x;, and x has length &, so x;, = X +hT(x) + O(h?).
By expanding |x;, —y|> = |(x; —X) + (x —y)|* and using Taylor’s theorem, we find that

Jxoy)

= | O(h*) ash— 0. (2.27)

X —y| = [x—y|+hT(x)
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With f(s) any differentiable function of s, Taylor’s theorem and the expressions (2.3) and (2.27) imply that

() Vi (i 31) = 700+ S 7 () @.28)
Furthermore,
2(x)- Vi ((x—y) n(y) = 2(x) n(y) = 2(x)- (n(y) ~n(x)) 2.9

Using (2.24), (2.28), and (2.29), we then have that

7(x) - Vrxk(x,y) = 7(x) - (;:i) S ([x=y))(x=y)-n(y)+ f(x—y])2(x)- (n(y) =n(x)).  (2.30)

Recall that our goal is to show that 7(x) - V xk(x,y) is bounded on I x I' \ {(x,y) : x =y}, for any tangent
vector T(x), and find a function k(x,y) such that (2.22) holds.

The case d = 3. Using the bounds (2.14) and (2.15) and the definition of f (2.25), we find that
1F() SK*s™h and  |f/(s)| SKkAsT? forall ks > 0.
Using these bounds in (2.30), along with the bounds

In(x)—n(y)| S|x—y| and |(x—y)-n(y)| S [x—y] (2.31)
(valid when I" is CZ; see, e.g., [17, Theorem 2.2]), we find that
|T(x) - Vrxk(x,y)| Sk*  forall (x,y) € [ xI" withx #. (2.32)

Since 7(x) was an arbitrary unit tangent vector, the bound (2.32) implies that V- xk(x,y) is bounded on
I' x '\ {(x,y) : x = y}. Therefore, we can use Lemma 2.1 to obtain that (2.21) and (2.22) hold with
K(x,y) = k%. The bound (2.23) then yields the bound (2.18) on ||V (Dy — Do) HLZ(I")_>LZ(I") when d = 3.

The case d = 2. Using the bounds (2.11) and (2.12) and the definition of f (2.26), we obtain that

k k(1+k k
OIS a6 s L franks >0

Using these bounds in (2.30), along with the bounds in (2.31), we find that
[7(x) - Vrxk(x,y)| S k+Kk|x—y| forall (x,y) € xI withx#y. (2.33)

Since T(x) was an arbitrary unit tangent vector, the bound (2.33) shows that Vi xk(x,y) is bounded on
' xTC\{(x,y):x =y}, and thus (2.21) and (2.22) hold with k(x,y) equal to the right-hand side of (2.33).
However, the consequence of the Riesz—Thorin theorem (2.23) then yields the bound

||VF(D/(_DO)||L2(F>HL2(F> §k+k2,

which is weaker than (2.18) when & is large. Having established that Vr xk(x,y) is bounded and thus that
(2.21) holds, we now seek a k(x,y) with milder growth in k.
Using (2.9) and (2.10), we obtain that

1/2

<L d / <i 13/251/2 % for all k 0
FOISS, ad (PGS 5 [+ 50 forall ks >o0.

Using these bounds in (2.30), we find that

k1/2

|7(x)- Vrxk(x,y)| S 12 |x —y|'/2 + x—y|i2

(2.34)
for all (x,y) € I' x I' with x # y and for all k > 0. Since
1
sup/ ——7ds(y) <o whend =2,
xel /I [x—y| /
using the bound (2.34) in (2.23) yields the bound ||V (Dx — Do) || ;2(ry—12(r) < k32 4+ k'/2. This bound then

implies the result (2.18) when d = 2, because there exists a C > 0 such that k2 4 j3/2 <C(1+ k3/2) for all
k> 0.
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Whereas a bound on || Dy ||;2(r)—z2(r) immediately yields a bound on ||Dy [|;2(r)—2(r), We need to do a
little bit extra work to obtain the bound on || D} [|;2(r)_ g1 () from that on Dy.

Proof (Proof of the bound (1.35) on ||Dy || ;2(r)—p1 (1)) The kernel of D; is identical to that of Dy except
that it involves n(x) instead of n(y). Inspecting the proof of the bound on || Dg||;2(ry_ g1 (1), We see that this

difference means that the proof of the bound for D), follows from the proof of the bound for Dy if we can
show that

[7(x) - Vrx((x—y) -n(x)| < [x—yl. (2.35)
Using (2.3), we have that

(2.36)

©(x)- Vra((x=y) n(x)) = (x—y)- bﬁ% n(h)hn()} |

Since I"is C%, nis C!, and the quantity in square brackets is finite; the bound (2.35) then follows.

Proof (Proof of Corollary 1.2) Let ¢ : H*(I') — H*(I") denote the operation of complex conjugation, i.e.,

Cu(x):=u(x), xerl,

so that € is an anti-linear bounded operator on H*(I") for |s| < 1. Then, if A* denotes the adjoint of a
bounded linear operator A on L?(I"), the relations (1.15) imply that

S;=¢S%¢ and Dj=9%D;6.
The relations (1.15) can then be written in terms of the duality pairing on I" as

(Sk¢,v)r =(¢,S;w)r and (Dy,¥)r =(¢,Dy¥)r. (2.37)

We concentrate on proving the bound on Sy (1.37); the bounds (1.38) and (1.39) on Dy, and D respectively
follow in a similar manner.
We begin by proving that

1Skl -1 (ry— 20y < WISkl 20y -y - (2.38)

Indeed, using (2.37) we have that, for y € L2(F ),

* <S*W>¢>F l[/,S ¢ r
IS¥l = Il = swp (Sl (wSiddr]
perxry,oz0 192wy ez on0 1002

< HW”H*I(F) HSk¢HH1(F)

6L (I), 90 9122
< HW”H"(F) ”Sk”Lz(F)HHl(F)'
Since L*(I") is dense in H~!(I") the last inequality shows that Sy : H~!(I") — L*(I") and that (2.38) holds.
We then have that
HSkHHs—l/Z(r)HHHl/Z(r) < HS/(”LZ(F)A»HI(F)

by interpolation (see, e.g., [29, Theorems B.2 and B.11]), and the result (1.37) follows.
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Proof (Proof of Lemma 2.2) We use the following integral representation of H, (1) ,

et

W — i [7
HO ([) = 7*61‘/0 de > 0, (239)

[39, Chapter 7, Equation 13.07], [38, §2.12, Equation 12.31], where the branch cut of (r — 2i)1/2 is taken so
that R(r — 2i)1/2 > 0 for r € [0,e0) (note that for this branch, 3 (r — 2i)'/2 < 0 for r € [0,)). Using (2.39)
and the facts that Hl(l)(t) = fHéU (1) and 1 =1 [;" e "dr, we obtain

it _ /°° e
—e "tH; '(t)—1=—t
5 € 1 () 0 rl/z(rf2i)1/2(r1/2(r72i)1/2+r*i)

Since 3 (r —2i)!/2 < 0 for r € [0,0), we have

3(r12(r—20)"24r—i) < -1 forrel0,e),

dr, t>0. (2.40)

and then

P2 0r =202 4 r—i)| > 32 (r—20) 24 r—1)| > 1  forre[0,e0). (2.41)
Using (2.41) and the estimate |(r — 2i)'/2| > v/2 for r € [0, ), we can estimate the modulus of the right
hand side of (2.40) by

=3 e*l‘l
t| ——5d
/0 (2r)1/2 '
and calculating this integral leads to the bound
iT _. 1 it

(which is [11, Equation (1.24)]). Combining this bound with the triangle inequality and the second bound in
(2.17) gives the bound (2.9).
To obtain (2.10), we first rewrite (2.40) as
i () it it /oo e
—tH; '(t)=¢" —e't d
2 1 (1) =" —e o rV/2(r—20)1/2(rV2(r - 2i)1/2 4 r —i) "
Differentiating both sides of (2.42) and estimating the integrals exactly as before, we obtain (2.10).
To obtain (2.11), note that the integral representation (2.40) gives

1>0. (2.42)

—rt

I i (1) /w c
—e "tH,'(t)—1| <t d
p e ) - st A= g =)
oo 1
<t d 2.43
- /() |P1/2(r —20)1/2(r1/2(r — 20)1/2 4 7 —i)| : ¢4

and the integral on the right-hand side of (2.43) is finite. Using this last bound, the first bound in (2.17), and
the triangle inequality, we obtain (2.11).
Differentiating (2.42) and using (2.43) and (2.44), we see that to prove (2.12) we only need to show that
/°° tre "dr
o r2(r—=20)12(r12(r - 20)1/2 4 r —i)
To prove (2.44) we split the integral over (0,c0) into integrals over (0,2) and (2,0) so that we can use
the inequality

<1+¢t, fort>0. (2.44)

(r—2i)"? > max(r'/?,V2). (2.45)
Considering the integral over (0,2) and using (2.45) and (2.41), we have
2 tre 'dr
/() rl2(r —20)1/2(r1/2(r —2i)1/2 1 —1)

where we have used the fact that exp (—s) < 1 for s > 0 to estimate the last integral.
For the second integral, we use (2.45) and (2.41) to obtain

1 2 { 1 2t
< [Tir e gy = —/ sPesds <t (246

/°° tre "dr

2 r2(r=20)12(P1/2(r — 20)1/2 4- 1 —i)

Combining the bounds (2.46) and (2.47), we obtain (2.44), and thus (2.12).
Finally, the claim (2.13) follows from (2.42) and Taylor’s theorem.

<: / e dr—e 2 <1, (2.47)
2
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3 Proofs of Theorems 1.1, 1.2, and 1.3 (concerning the relative best approximation errors)

The proofs in this section use upper bounds on [|A} p ||;2(r)—12(r) and |Akpll,2(r)—.12(r)» and the proofs

in §4 use upper bounds on [|(4} , )1 |l z2(r)—2(r) and HA;,I] l22(r)—r2(r)- We therefore give a summary of
these bounds here.

3.1 Recap of upper bounds on [|A}  [|,2(r)—z2(r) and || (1427,1)_1 | 2(r)—r2(r)

Theorem 3.1 (Upper bounds on [[A}  [|;2(r)—r2r) and [|Axn || 2r)—2ry 11D If Q- C RY, d=2or3,
and I' is Lipschitz then

A%n 2y = Ak |2y S 1HEED (1 + Z') : G.1)

forallk>0andn € R [11, Theorem 3.6].
Note that (3.1) follows from the bounds (1.36) discussed in §2.

Theorem 3.2 (Upper bounds on H(A;a,n)_l l22(r)—r2(r) and HA,:,% l22(r)—r2(r) [16], [43])

(i) If Q_ C R4, d =2 or3, is a Lipschitz domain that is star-shaped (in the sense of Definition 1.2) then

) ) 11k
1A% 220y = M2 -2y S <1+n> : (3.2)

forallk >0 [16, Theorem 4.3].
(ii) If Q. C R, d =2 or 3, is nontrapping (in the sense of [43, Definition 1.1]) or Q_ is a nontrapping
polygon (in the sense of [43, Definition 1.2]), then, given ko > 0,

_ _ k
) ey =iz 0 (14 ) 63

Sforall k> ko and n € R\ {0} [43, Theorem 1.10].

3.2 Proofs of Theorems 1.1, 1.2, and 1.3

We first prove lower bounds on v and ¢.

Lemma 3.1 If I is Lipschitz and v and ¢ are the solutions of (1.1) and (1.2) respectively, then, given ko > 0,

\Ivlle<r>2k(3“”/2 and ||¢||L2(F)Zk(1_d)/2 (3.4

forall k > ky.

Proof From the integral equations (1.1) and (1.2) and the definitions of f and g, (1.11) and (1.13) respectively,
we have that

HA;C,T] ||L2(F)~>L2(F) ||V||L2(F) 2 ||f||L2(F) = k”n/a\i n/k”Lz(F)
and
A |22y 191200 = N7 2y ~ 1.

Choosing 1 = 0 and using the bounds (3.1) on [|A} . [|,2(r)—r2(ry and [[Akpllz2(r)—2(r)» We obtain the
bounds (3.4).

Note that the upper bound on v for star-shaped domains, ||v||;2( < k, mentioned in §1.2, follows from

the bound (3.2) on || (A} n)_l l22(r)—12(r) and the fact that || f|;2(r) ~ k (when || ~ k). (In a similar manner,
we also have that ||| ;2 S 1.)
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Proof (Proof Theorem 1.1) As discussed in §1.2.1, if we can prove the bound (1.24) then the result (1.18)
follows from (1.23). Note that we only need to show that there exists a k; > 0 and C > 0 (with C independent
of k) such that

1% HH. <Ck||v||Lz for all k > ky, 3.5

since then, given ko > 0, we have that

||v||H1 <CIkHV||L2 for allka()’

C’ := max {C maxg<k<ia 1Vl r) }

ming, <<k, (KIVIle2r)

where

In [18, Theorem 5.4, Corollary 5.5] it is proved that there exists k; > 0 such that, for all k > kj,
v(x) = kV(x,k) exp(ikx-a), (3.6)
and the estimates
V(x,k)| S1 and |Dp V(x,k)|[ S 14 k=1)/3

hold uniformly for x € I', for all n > 1, where Dr x is any first order differential operator on I". Thus
VRl S1 and VeV (o)l S1 (3.7)
for all k > k;. Now, by differentiating (3.6) we obtain

Vixv(x) = k(iv(x)(ﬁ—(ﬁ-n(x))n(x)) n anv(x,k)exp(ikxﬁ)), 3.8)

and thus
Wiy < k(W2 +1VeV GOl ry)

Using the lower bound on v in (3.4) and the bound on V1V (3.7), we obtain that [v|;1 ) < k||v||;2(ry for all
k > ky. This implies (3.5), and so we are done.

Proof (Proof Theorem 1.2) We first introduce some notation. Let £2_ be a convex polygon with n sides
and let the vertices of the polygon be numbered P; to P,,. Let ®,, € (7,27) be the exterior angle at P,,. We
use the convention that P, ;| = P; and w, 41 = ;. Let I}, denote the side of the polygon connecting the
vertices P, and P, 1, let L,, denote its length.

We now recall some results about the behaviour of v on I'" that were originally proved in [14] and
recapped in [12, §3.3.1]. Let v(s) equal v(x, k) restricted I,, where s denotes the distance of x from P,,. We
use the following decomposition of v(s),

v(s) = Vols) + K[Vt ()6 + Vi (L —)e ™|, 5 € [0,L,] (3.9)

[12, Equation 3.36]. The function Vy(s) equals Vy(x, k) restricted to I,,, where

1
220 (x) on illuminated sides

Vo(x,k)={ 9n

0 on shadow sides,

where the shadow is defined to be such that n(x)-a > 0 (i.e. sides with grazing incidence are also in the
shadow). Given ko > 0, the functions V, (¢), m = 1,...,ny, satisfy the bounds

CL
<

n

(kt)%n+n

ifr<1/k (3.10)

for all k > ko and n > 0, where o, := 1 — /@, € (0,1/2) [12, Theorem 3.9], [14, Corollary 3.4]. Similar
bounds hold for V,, (t) with o, replaced by ¢,+1. Furthermore, given ko > 0,

n

M Gy

‘Vi ifr>1/k (3.11)

oM m
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for all k > ko and n > 0 [12, Theorem 3.10], [14, Theorem 3.2], and similarly for V,; (¢) after replacing o,
by Oy 1.
These results mean that, in a k—dependent neighbourhood of P,

Vi(s)~s % and  (V,5)(s)~s %1 ass—0,
(and similarly for V,; ) where the omitted constant depends on k. Therefore,
sPr|v,r(s)| and sPrY|(V,Y (s)] € L2(D) if B > Ot — 1/2.

This behaviour motivates the definition of the following weighted norm. Given f,,, m = 1,...,n,, with
O —1/2 < B <0, let

s
2 o 2
T

m=1

where

L /2 L
IvIZ ) = /0 2P u(s)[2ds + /L (L= (o) ds

] ::[2
+/ P (s) |2ds+/ (L — )Pt 22/ (s) 2 ds (3.12)
= =

The decomposition (3.9), the bounds (3.10) and (3.11), and the fact that f,, > a,, — 1/2 then imply that
VIl () < e

The appr0x1mation of such functions v by piecewise polynomials of fixed degree on graded meshes is
classical, with sample references being [10], [19]. The result [19, Lemma 2.10] implies that if the mesh on
I, is given by (s;)2Y,, with

=1’

Ly (i \™ Ly (N—i\™ ,
s,-:zzm(N> and sN+,-::Lm—2m( ¥ ) fori=0,...,N,

and g,, > —1/B, then

. 1
W}\III;E/NHV_WNHLZ(F) S NHVHL%,(F)v (3.13)

where Y is the corresponding space of piecewise polynomials of fixed degree. Recalling the beginning of
the proof of Theorem 1.1, we see that the result (1.19) follows from (3.13) if we can show that there exists a
k1 > 0 such that

||V||L%,( <Sklv HLz for all k > k. (3.14)

That is, with [, j = 1,...,4, defined as in (3.12), we need to show that, for every m,
h+h+h+1 SK V7 - (3.15)

We now bound each of the I; separately. Before we begin, we note that 2f3,, + 1 > 0 since 2a, > 0. Using
(3.9), we have that

Lin/2 L/2 Ln/2
L< / szﬁ’”\Vo(s)|2ds+k2/ s2ﬁm|v,;:(s)|2ds+k2/ PPy (L, —s)Pds.  (3.16)
0 0 0
Recall that Vy(s) is du! /dn restricted to I, and
ou! e
&—”(x) — ike™33. n(x), (3.17)
n

and thus the first term on the right-hand side of (3.16) is < k2. For the second term on the right-hand side of
(3.16), we assume that kL,, > 2, split the integral into integrals over (0, 1/k) and (1/k,L,,/2), and use the
bounds (3.10) and (3.11) to find that

"Lin/2 1k 2Bm "Lin /2 §2Bm
2 2B v+ ()12 ds < 12 (M) / /
e snmmmwu<m[ﬂ(mmm+w o
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(M) [ 1 12Bn KLy /2
< R (Mw)” [/ ! dt+/ tzﬁ'"ldt]
1

~ kZBm+1 0 tzam
S (M(u)) [kzﬁerl—'_k:| )
<k? (M(u))2 using the fact that 23,, + 1 > 0.

For the third term on the right-hand side of (3.16), we use the fact that kL,, > 2 and the bound (3.11) to
obtain

L2 Lnf2 2B

2 2Bm |y~ — 2 < k2 2/ 5

k/o Y (L) s SR (M) [ s
<Sk(M(u))?.

Therefore, putting the bound on the terms on the right-hand side of (3.16) together we have that
L S+ (M(u)’. (3.18)

In a similar way, we find that an identical bound holds for /,.
To determine the k—~dependence of I3 and 14, we need to estimate V' (s). Differentiating (3.9), we have that

v (s) = Vi(s) + k2 [ei’“v,; (s) —e oy —(L— s)} Yk [eikS(v,;)'(s) ey YL - s)] . (3.19)

The function V{(s) is the surface gradient on I, of (3.17), and thus ~ k2. Since our only lower bound on

IVll2(ry is [Vl 2(ry 2 k'/? (3.4), we need to estimate the term in (3.19) involving V(s) in way other than

Vi 2y S K2 < K2 ||| 2 (as this last inequality is too weak to give us (3.14)). Our plan is to express
0llL2(I;,) ~ L2(I) q y g p p

~

V{(s) in terms of Vy(s), and thus in terms of v(s), V, (s), and V,, (s). Taking the surface gradient of (3.17),
and recalling that n(x) is constant on I,, we have that

u! i ~ - u’
Ve (Ge 0) = -6 @on(0) - 1) = k(a2 G, )

where T(x) is a unit tangent vector on I,. If a- T(x) = 0 (i.e. the incident wave is perpendicular I,,,) then
V(s) = 0 and (3.19) implies that

V(5)] SR Vol ()] Vi (= )1 k[0 (L= 9) |1V ) 5)1. (3.20)
Ifa- 7(x) # 0 then V{j(s) = ikAVy(s) with A =a- T(x) (which is constant on each side). Therefore,
V(s) = ikA {v(s) —k(V,f (s)e™ + V(L — s)e_iks)} + ik [ei’“v,,j (s) —e BV (L, — s)}
k[ WY ()~ e (V) (L —5)]
and
V() S KIS+ R [V (5)]+ Vi (B = )l K[|V )+ 10 (Em=9)l] 32D
We proceed assuming that a- T(x) # 0 (and thus (3.21) holds); the argument in the case when a- T(x) =0

(and (3.20) holds) is almost identical.
Using (3.21) in the definition of I3, we have that

Ly /2 Ly /2
BSE [T ) Pas k[T (V)P 41V, (L - 9)) ds
0 0

-Lm/2
2[R (| 6P+ V) (L= ) ds. (322)
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Now, the first term on the right-hand side of (3.22) is < k2 ||v|| Usmg the bounds (3.10) and (3.11), the
second term on the right-hand side of (3.22) is

\ S ik 2B Lin/2 §2Bm+2 Ln/2  §2Bm+t2
<K*(M T T k(L, —s)
Sk (M(u)) /0 (ks)20m ds+/1/k ks ds+/0 k(Lm_s)ds

1 1 1

<4 2l il

SKH(M(u)) {kzﬁm” + X + k]

<K (M(u))2 since 2, +3 > 2.

Using the bounds (3.10) and (3.11) again, the third term on the right-hand side of (3.22) is
1/k k2 Ly /2 k2 Ly /2 k2
< kz M 2 / 2ﬁm+2 / 2ﬁ77z+2 d / 2Bm+2 d
~ ( ("‘)> { 0 (ks)20m+2 ds+ (ks)3 s+ o $ k(L —5))> S
2 2 1 1 1

SKE(Mu))?  since 2B, +1>0.

Therefore,
2 2
IS K W72y +K (M) + K (M () (3.23)
in a similar way, we find that an identical bound holds for /4. Using the bounds (3.18), (3.23) and their
counterparts for I, and /4, we have that

Db+ L+ 1y SK K (M) + K vl + 6 (M), (3.24)

If M(u) < 1, then the right-hand side of (3.24) is < k2||v||L2 + k3. Since ||v||L2 2 k from (3.4), the
bound (3.15) holds and the proof is complete.

Proof (Proof of Theorem 1.3) If we can prove the bounds in (1.25), then the results (1.21) and (1.22) follow
by combining (1.25) and (1.23).

To prove the first inequality in (1.25), we begin by choosing 11 = k and writing the integral equation (1.1)
as

1
§V+LkV:f,

where Ly := D), — ikSy. Since Ly : L*(I") — H'(I") when I is C* and f € H!(I"), we have that v € H'(I").
Using the triangle inequality

1
5 Wlan @y < WA lle oy + Ikl @0y oy W2 oy - (3.25)

The definition of f (1.11) implies that, when n =k, || |2y ~ k and || f| g1 (1) ~ k?, and then, using the
bounds in Theorem 1.6 we have that

iy S 2RO o]y ~ KD (K2 2 ).

The lower bound on |[v||;2(yy in (3.4) then implies the result on v in (1.25).
For the bound on ¢ in (1.25), we follow the proof of the bound on v and obtain the analogue of (3.25)

1911y S N7 [y 5210 20

Direct calculation shows that ||y, || 1) ~ k, and thus

1911y S K2 (KD 4 |2 r )

Using the lower bound (3.4) yields the bound on ¢ in (1.25).
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4 Proofs of Theorems 1.4 and 1.5 (quasi-optimality for i—version of the BEM)
4.1 Proofs of Theorems 1.4 and 1.5

In this section we assume that || ~ k, and write the combined potential operators A; n and Ay ) as A1+ Ly,

where A = 1/2 and L equals one of D} —inSy or Dy —inSy. (Since |1| ~ k the parameter ) does not appear
explicitly in the notation L;.) Therefore, the integral equation (1.1) becomes

(Al +Ly)v = f, “.1)

and (1.2) becomes (Al + Ly )¢ = g. In the rest of this section we only consider the direct equation (4.1), but
we note that the analysis for the indirect equation is identical.

We assume that I" is C2 and we consider the A—version of the Galerkin method, i.e. we seek v;, € ¥}, the
space of piecewise polynomials of degree p for some fixed p > 0 on shape regular meshes of diameter 4,
with & decreasing to zero. The Galerkin equations (1.16) can then be written as

((QLI+Lk)vh7wh)L2<F) = (f,wh)Lz(F) for all w;, € #},. 4.2)

If P, denotes the orthogonal projection from L*(I") onto ¥}, then the Galerkin equations (4.2) are equivalent
to the operator equation
(A +PyLy) vy = Pof 4.3)

[3, §3.1.2].
We begin with a simple, classical lemma.
Lemma 4.1 If
15}
—1
1 =P Lill 2y oy | A+ L) ™| 2y 2y < 5 (4.4)

for some & > 0, then the Galerkin equations have a unique solution, vy, which satisfies the quasi-optimal
error estimate

v =vall 2y <A1+ 8) (AT +Li) ™! ||L2(FH2(F) Wirelff// v —=wall 2 - 4.5)

Proof Since § > 0, the hypothesis (4.4) implies that

5
17— (/11+Lk)—1(M+Pth)||L2(F)HL2(F) < (1+6) <1. (4.6)

Using the fact that (I —A) is invertible if ||A|| < 1 (with ||(I —A)~"|| < (1—||A||)~"), the bound (4.6) implies
that (A1 + L)™' (Al + P,Ly) is invertible, with

1
—1
H(AI“V‘Pth) <AI+Lk)HL2(F)*>L2(F) S m: ]+5

Therefore, (A1 + B,Ly) is invertible with
[(AL+PyLy) ™ 2y 2 < (1+6) [(AL+L)~" 2y =220y - 4.7
Since
v—vy=v— (Al +PL) ' P.f
= (AL +PLe) ™ (Av = Pu(f — Lyv))
=A(AI+P,L) " (I— Py,
the result (4.5) follows from the bound (4.7).

The following corollary follows from Lemma 4.1 when we have an estimate of the smoothing power of
Ly.
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Corollary 4.1 If
N(K) = Ll 2 (ry -1 () <0 (4.8)

then, for any & > 0, there exists a Cs > 0 such that the condition
AN (k) || (AT +Ly) ™! 22y < Cs (4.9)
ensures that the quasi-optimal estimate (4.5) holds.
Proof By the standard approximation theory result (1.23), we have that
||(I_P]’l)LkHL2(F)~>L2(F) < hN(k) (4.10)

and so the result then follows from Lemma 4.1 (with Cg taken to be 6 /(1 + &) divided by the hidden constant
in (4.10)).

We now use Theorems 1.6 and 3.2 to get a k—explicit bound on the left-hand side of (4.9), and this proves
Theorem 1.4.

Proof (Proof of Theorem 1.4) Since Q_ is C?, the bounds on Sy, Dy, and D;< in Theorem 1.6 imply that,
given ko > 0,
Ll 2y oy S K2 (4.11)

for all k > k¢. Furthermore, since Q_ is star-shaped, the bound (3.2) implies that, given ky > 0,
[(A1+Le) ™! 2y 2y S 1

for all £ > ky. Using these two bounds, we see that there exists a C > 0 such that if hk(d+1)/2 < C then the
condition (4.9) is satisfied, and the result follows.

To prove Theorem 1.5 we use the classical “superconvergence argument” for second kind integral
equations; see, e.g., [9].

Lemma 4.2 Suppose that both the conditions (4.8) and

M(k) = |\(M+L;§)*1Lk|yL2(r) < oo (4.12)

—H\(I')

hold (where L} is the adjoint of Ly). Then the condition (4.9) is sufficient to ensure that the Galerkin equations
have a unique solution and furthermore there exists a Cy independent of h and k such that if

CohC(k) <1 (4.13)
then
nf. v =wllp2ry < v =vallp2r) < [1+CohC(k)] nf. v =wnl2ry (4.14)
where
C(k) = N(k) + (A + | Lill 2 (ry—r2(r) ) M (K).- (4.15)

Proof If we apply P, to (4.1) and subtract the resulting equation from (4.3) then we obtain
}L(Vh —th) = Pth(v—vh). (4.16)
Writing
lv— Vh”iZ(F) =(v—vp,v— PhV)LZ(F) + (v=—vn, Py — Vh)LZ(F)’ 4.17)

we see that to prove (4.14) we essentially have to show that the second term on the right-hand side of (4.17)
goes to zero more quickly than ||v — VhHiz ) This is done by taking the inner product of (4.16) with v — vy,

to obtain

A (v =, Pav=va) 2y = = (v =i B (V=) 121

= (vah, (I*Ph)Lk(vah))LZ(r) — (vathk<v7Vh))L2(1—)- (418)
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Using the Cauchy-Schwarz inequality and (4.10), we estimate the first term on the right-hand side of (4.18)
by
| (v = vis (1= POLEv = 1)) o oy | S RNGR) [V =l 72y - (4.19)

The second term on the right-hand side of (4.18) can be rewritten as

(V — vh,Lk(v — Vh))LZ(F) = (()LI+Lk)_1 (/'LI +Lk)(v — Vh),Lk(V — vh))LZ(F)
(AL + L) (v =), AL+ L) LV =vi)) 2y
(AL + Ly (v =), (I = B) AT+ L) Li(v=vn)) 12 5

where the last line uses the Galerkin orthogonality (4.16), i.e. the fact that P,(AI+ Ly )(v — v;) = 0. Hence,
using again the Cauchy-Schwarz inequality and (4.10), we have that

’ (V —vp, L (v — Vh)>L2(r)| Sh (A + ||Lk||L2(F)~>L2(F) ) M(k) lv—vp ||i2(r) : (4.20)

Therefore, using (4.19) and (4.20) in (4.18) and using the definition of C(k) (4.15), we obtain
|(v=vp, Py — Vh)Lz(r) | ShC(k) [lv— Vh”iZ(r) -
Finally, combining this with (4.17) and using the Cauchy-Schwarz inequality, we have that
(1= (Co/2)C(k)h) v =vallr2ry < [Iv—Puvll 2y
for some constant Cy. If the threshold (4.13) holds, then we have the result (4.14).
Proof (Proof of Theorem 1.5) This follows from Lemma 4.2 if we can prove that
M(k) Sk 4.21)

Indeed, using the bound (4.11) on L; as a mapping from L*(I") — H'(I") and (4.21) we find that
hkB4=1)/2 _, 0 ensures that Cy hC(k) — 0.
To bound M (k), we consider u and g related by

AI+L) 'Lu=g. (4.22)

This equation implies that if ||g[| ;1) < c|lul| 2 then M (k) < c. Now, from (4.22), (Al +Ly)g = Lyu, and
therefore, using (4.11), we find that

Allgllprry S K4FI2 (Ilgllem + IIMHLzm) : (4.23)

We now need to bound ||g||;2y in terms of [[ul|,2r). To do this we use the bound (3.2) on
[T+ 1)~ 21z and the bound (136) on [Lill 2y g ) to obtain 182y S et zqr S
kd=1)/2 |[u[| z2(r)- The result (4.21) follows from using this last bound in (4.23).

4.2 Comparison with the results of [4], [28], and [31]

As mentioned in §1.2.2, the papers [4] and [28] investigate quasi-optimality of the Galerkin method applied
to (1.1) and (1.2) using a method that obtains sufficient conditions for quasi-optimality to hold in terms of
how well the spaces ¥} approximate the solution of certain adjoint problems. This method is often attributed
to Schatz [41]; for examples of its use and further development see [20, §4], and the references therein.

We now compare the results of [4] and [28] to the analysis in §4.1. We focus on the indirect equation
(1.2), since this allows us to keep the notation consistent with that in [28], and we write A , as A1+ L; when
doing so links these results to the analysis in §4.1.

In [4], the method discussed above is used to prove that

19— onll2m) < ( [ Ak.n ||L2(F)—»L2(F) ) W;‘éfVN 10 —wnll2r (4.24)
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provided that
|Akn]l,2 (D)oL2() (1 — Py) (AT + L) 'L 2(r)2ry i sufficiently small, (4.25)

where Py denotes the orthogonal projection from L?(I") onto ¥y [4, Corollary 3.3]. Choosing ¥y = ¥, and
using the approximation result (1.23), we see that the condition (4.25) becomes

Ayl 2 ()2 M(K) s sufficiently small, (4.26)

where M (k) is defined by (4.12) (see also [4, Corollary 3.6]).
The presence of || Ak |22 (r) in the error estimate (4.24) means that this estimate will not give us
k-independent quasi-optimality for general domains (since for many domains [|Ayn [|;2(r)—12(r) grows with

k; see [11, §4], [12, §5.2.2]). However, when I is the circle or sphere and n = K23, lAk.n ”LZ(F)HLZ(F) <I;
see [4, Corollary 3.11], [12, Theorem 5.12]. Furthermore, there is some numerical evidence that, with this
choice of 1,

M) <k 4.27)

[4, Figure 3.1]. Therefore, if I" is the circle or sphere, n = K2/ 3 and (4.27) holds, then (4.24) and (4.26)
become

19~ 0nllzzry < inf 10— wilzzry  provided Ak 1.

The analysis in [28] treats Ay 5 as a perturbation of the k~independent, invertible operator Ag := 1 /2+
Dy — 1Sy, and employs the general method discussed above to obtain that

19— ol 2y Swlifel,fVNH(P = wi |l 2 (4.28)
provided that
| (1= Py)(Akg —A0)|| 2 ()2 s sufficiently small (4.29)
and
(1= Py) (A% )~ (A% —AD) |2 )z 1 sufficiently small (4.30)

(where the omitted constant in (4.28) contains ||Ag|| 12(r)—12(r)) [28, Theorem 3.8 and Corollary 3.10].
The novel decompositions of A p, Ak’_}r and their adjoints in [31] show that if ¥y = ¥}, , (the space

of piecewise polynomials of degree p on uniform meshes of mesh size k) and H(A,’;n)’1 li2(r)—r2(r) 18
bounded polynomially in k then the conditions (4.29) and (4.30) are satisfied when p 2 logk and hk < p [28,
Corollary 3.18]. These conditions on 4 and p can be satisfied with the total number of degrees of freedom
~ k91, and thus this result proves that the 4p—BEM does not suffer from the pollution effect. (Note that
the assumption tha.t [ (A% )1 l2ry—12(r) = ||A,:117 | 12(r)—12(r) is bounded polynomially in k is ensured for
nontrapping domains by the bound (3.3).)

Although the methods in [28] and [31] are geared towards the Ap—BEM (with the underlying assumption
that p will tend to infinity to obtain exponential convergence) we can take p to be constant and obtain
a condition on 4 for quasi-optimality of the ~—~BEM. Indeed, taking p to be constant and assuming that
||A,:711 l22(r)—r2(r) S 1 (as itis when Q_ is star-shaped by (3.2)), we find that [28, Theorem 3.17] implies

that (4.28) holds when if 7k® < 1.

We can use the results of the present paper to obtain better bounds on the quantities in (4.29) and (4.30)
for the h~-BEM. Indeed, using the approximation theory result (1.23), we see that if ||Ak_,17 l2r)—r2(r) S1
then the condition (4.29) is almost identical to (4.9). The bounds in Theorem 1.6 therefore show that the
condition (4.29) is satisfied if Ak™1/2 < 1 (and [|AL ) [lp2(r)—z2(r) S 1)- Similarly, we see that the condition
(4.30) is essentially the condition that 2 M (k) is sufficiently small, and then the bound on M (k) (4.21) (valid
when HA,:}] l22(r)—r2(r) S 1) implies that this is satisfied when hkd < 1.

In summary, the best result for the ~—~BEM that can be obtained from the results in [4], [28], and [31]
is that if Q_ is C? and star-shaped (in the sense of Definition 1.2) then the quantities in (1.5) are bounded
independently of k if #k¢ < 1; this is a weaker result than that of Theorem 1.4.
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5 Numerical experiments concerning Question 2

Our numerical examples involve the direct operator A;c,— « = 1/2+4 D} +ikSy, where the coupling parameter
7 is taken to be —k. The geometries considered are polygons, and we use the canonical element maps to
define the ansatz spaces 7, , of piecewise polynomials of degree p on uniform meshes .7, of mesh size .
The BEM operators D) and S are set up with an hp—quadrature with 10 quadrature points in each direction
per quadrature cell. Details of the fast quadrature technique employed are described in [27].

Denoting by P, , : L*(I') — ¥, the Galerkin projector, which is characterized by

(Ai,fk(u _Rzl,pu)av)LZU“) =0 forallv € 7, ,,

we approximate the Galerkin error [|7 — Pz, , ||;2(r)—z2(r) by the formula

HV_P%,pV”LZ(F)

=P pll2r)—2qr) = sup ; Pmax =5. (5.1)
02t mee IWI2(D)
As described in [28, §4], we evaluate for p € {0, 1} the expression
v—Pg |2
JI+2:=  sup W= Pl (5.2)
02 b IVII2(D)

using an appropriate SVD; /1 + y[% is therefore an approximation to the quantity involving v in (1.5) (see

[28, Lemma 4.1]). At the same time, the Galerkin matrix corresponding to the space ¥}, ,,, .. is used to get
estimates for the norms [[A} _; [l;2(r)—r2(r) and || (A;{?_k)_1 20y —12(r)-

Example 5.1 The geometry is the rectangle 2_ = (0,1/2) x (0,5) and the numerical results are presented
in Figure 5.1. By the star-shapedness of _ we have ||(A;(77k)’l lz2(r)—r2(ry S 1 (see Theorem 3.2) which
is clearly visible in Figure 5.1. Furthermore, Figure 5.1 suggests an even better bound than the estimate
||A§<’_kHL2(1—)HLz(F) < k'/2 given in Theorem 3.1. The values ¥ and ¥ computed according to (5.2) are
obtained on uniform meshes keeping kh fixed. Specifically, with L = 11 being the length of I", the number of
degrees of freedom per wavelength

N(p+1)

Lk

is Ny =2z for p =0 and 47 for p = 1. Despite using a uniform mesh (for a polygonal domain Q_), the
values of yp and 7y; are practically constant over a large range of values of k. The value y; is consistently
smaller than 7, reflecting the better approximation properties of the space ¥, | over the space #;. "

Ny =21

Example 5.2 The geometry is the C-shaped domain given by
Q_=((—=r/2,r/2) x (=r/3,r/3))\ ((—r/6,r/6) x (0,r/3)), r=1/2.

For different values of the parmeter m € 3N, we select the number of elements N and the wavenumber k
according to
B 3mn

N=20m, k=>-.
r

The choice of these wavenumbers is motivated by the analysis in [11, §5] where it is shown that
(AL )" l2ry—12r) 2 k%9 Figure 5.2 suggests that this estimate is sharp. At the same time, it con-

firms the bound [|Ax || 12— 12y < k'/2. The table presents for the cases p = 0 and p = 1 the values of
¥p given by (5.2) when keeping kh fixed. Specifically, the number of degrees of freedom per wavelength

Ny =228 where L = 4r is the length of T'; then, N; & 6.6 for p = 0 and Nj ~ 13.2 for p = 1. The
values ¥, are practically constant as k is increased, so the condition ki ~ 1 appears to be sufficient for
k—independent quasi-optimality. It is worth noting that, since || (A;C’_k)’1 |l 22(r)—12(r) grows with k, the
analysis in §4 suggests more stringent conditions on the relation between 4 and k than in the case of the
star-shaped geometry of Example 5.1 (although this analysis is only valid when I" is C?, and thus not when
£Q_ is a polygon as in these examples). "
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Fig. 5.1 Rectangular domain (see Example 5.1 for details)
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Fig. 5.2 C-shaped domain (see Example 5.2 for details)

900

Summary. The numerical experiments in these two examples (along with similar numerical results when I”
is a circle or an ellipse in [28, §4]) indicate that k—independent quasi-optimality holds when ik ~ 1, even
in some situations where the norm of the solution operator (i.e. || (Aﬁm)_1 |l 22(ry—12(ry) grows with k. This
should be contrasted with the well-known fact that sk ~ 1 is not sufficient for k—independent quasi-optimality
of the h—FEM, even when the solution operator is bounded independently of k. These observations about the
quasi-optimality of the ~—BEM have yet to be proved rigorously, however, with the analysis in §4 yielding
the more restrictive condition hk>/2 < 1 (in 2—d) for k—independent quasi-optimality (under the assumption

that [[ (A )~ -2y S -
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