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Abstract

This paper studies the approximation of the solutions of the homogeneous
Helmholtz equation by finite dimensional spaces of plane, circular and spherical
wave functions. The main results are the proofs of:

e algebraic convergence in the domain size h in two and three dimensions;

e algebraic convergence in the number p of approximating functions in two
dimensions.

The approximation error is measured in weighted Sobolev norms; the depen-
dence of all bounds on the wavenumber is made explicit.

The proofs rely on an explicit formulation of Vekua’s theory for N-dimension-
al Helmholtz equation (N > 2) and on approximation properties for harmonic
functions.

The obtained estimates can be used in the analysis of the convergence of
several Trefftz-type finite elements methods.



Introduction

Standard polynomial finite element methods for the Helmholtz equation can be
computationally very expensive, in particular when the size of the domain is
much larger than the wavelength. This is due to the fact that a high number
of degrees of freedom are necessary in order to resolve the oscillations of the
analytical solution to be approximated.

A possible remedy to this problem is the use of Trefftz methods, where the
finite element spaces are made by functions that are solution of the (adjoint)
PDE in each element of the mesh.

For the homogeneous Helmholtz equation, different methods which exploit
this idea are available in the literature. A first example is the Ultra Weak Varia-
tional Formulation (UWVF) introduced by Cessenat and Després in [13]. Then
we mention the Discontinuous Enrichment Method (DEM, see for instance [21])
and the Plane Wave Discontinuous Galerkin method (PWDG, see [26, 28]),
which is a generalization of the UWVF. In all these methods, the approximating
spaces are made by plane wave functions, while in the Method of Fundamental
Solutions (MFS, see [8]), singular solutions of the Helmholtz equation are used
instead. Other methods employ plane wave functions modulated either by poly-
nomials or by partition of unit functions; the Partition of Unity Method (PUM,
see [5]) is based on this last approach.

The convergence analysis of each of these techniques requires a best ap-
prozimation estimate: the finite element space must contain a function which
approximates the analytic solution of the problem with an error that goes to
zero when the mesh size h is reduced (h—convergence), or when the dimension p
of the local approximating space is raised (p—convergence). This error is usually
measured in Sobolev norms and an accurate estimate of the convergence rate
with respect to the parameters h and p is also important.

Only few results of this kind for plane wave spaces are available in litera-
ture. The first one is contained in Theorem 3.7 of [13]: the proof was based
on Taylor expansion and only h-convergence for two-dimensional domains was
proved; moreover, the obtained order of convergence is not sharp. This result
has been exploited in [12], combined with a duality technique, to bound the
approximation error measured in L?-norm of the UWVF. A more sophisticated
result is Proposition 8.4.14 of [32]: in this case, p-estimates were obtained in
the two-dimensional case by using complex analysis techniques and Vekua’s the-
ory. A similar approach was used in [35] to prove sharp estimates in h for the
PWDG method; there, the dependence on the wavenumber was made explicit.
In [26, Prop. 3.12, 3.13], a best approximation estimate for general H?—functions
in two space dimensions was proved. This was used to prove h-convergence of
the PWDG method in both the L? and H'-norms in the two-dimensional case.

In this paper, we adopt a similar approach to the one in [32,35] and prove
some more general and sharper best approximation estimates in weighted So-
bolev norms. The major novelties are:

e the proof of sharp algebraic orders of convergence with respect to h in two
and three dimensions;

e the proof of explicit algebraic orders of convergence with respect to p in



two dimensions;
e an explicit dependence of all the bounding constants on the wavenumber;

e the proof of best approximation estimates for both plane wave spaces and
circular and spherical wave spaces.

These improvements with respect to [32] have been made possible by a more
explicit definition of the Vekua operators (see Definition 1.1.4), and by the use
of harmonic analysis techniques, instead of complex analysis techniques.

The final results (Theorems 2.2.1, 3.2.2 and 3.2.3) can be used in the analysis
of the convergence of all the above cited Trefftz methods.

The approximation theory presented here is not completely satisfactory: in
the three-dimensional case, two main gaps still have to be filled. Firstly, in
Theorem 2.2.1 we show algebraic p-convergence for the approximation of solu-
tions to the homogeneous Helmholtz equation by three-dimensional generalized
harmonic polynomials, but we can not prove a reasonable explicit order of con-
vergence. Secondly, we are not able to approximate a generalized harmonic
polynomial using plane waves with an explicit dependence on the number of the
approximating functions; this fact prevents us from proving p—convergence in
three dimensions (see Lemma 3.1.6).

The outline of this paper is the following. In Chapter 1, we introduce Vekua’s
theory for the particular case of the N-dimensional Helmholtz equation and we
prove some basic results. We also introduce a class of functions called general-
ized harmonic polynomials, that correspond to circular and spherical waves in
two and three dimensions, respectively. In Chapter 2, we prove best approxi-
mation estimates of homogeneous Helmholtz solutions by generalized harmonic
polynomials using harmonic analysis techniques. Finally, in Chapter 3, we use
Jacobi-Anger expansions to approximate generalized harmonic polynomials by
plane waves and obtain the final best approximation estimates of homogeneous
Helmholtz solutions by plane wave functions.

Theorem 1.1.5 was already stated in [41], but the proof given in this paper is
new; apart from Theorems 2.1.2; 2.1.4 and 2.1.8, all the other results presented
in this paper are new, although many ideas in the first two chapters come from
the work of M. Melenk (see [32,33]).



Notation

In order to prove inequalities with constants that are explicit and sharp with
respect to the indices, we need to fix the definition of Sobolev norms and semi-
norms. Equivalent norms give different bounds. We denote by N the set of
natural numbers, including 0. The definitions we need are the following:

Br(x0) = {z € RN, |2 — x| < 1}, B, = B,(0),
SNt =0B CRY,
a 6‘04 > N
b= g o |a|=;1aj Va=(a,...ay) €NV,

B =

|U|Ww(9) = Z /Q |D%u(z)|? dx )

a€eNN |a|=k
1 1
k P P
||UHWk,p(Q) = Z|U|€Vj,p(g) = Z /|Dau($)|pdx )
j=1 a€NN |a|<k 7
|U|k,9 = |“|ka2((2) )
lulle.o = llullyreq)

[ulyro(y = sup  esssup|D%u(z)|,
a€eNN |a|=k z€Q

||U||Wk,x(9): sup |U|Wj,oo(9)7
§=0,....k

N 3
[l o = | D™ |uff g, Vw>0, (1)
j=0
HI(D):={¢p € H (D): Ap =0} VjeN,
HI,(D):={u€ H (D): Au+w?u=0} VjeN, weC,
1 if | =0,
= — —3)!
n(N,1) : (21 + Nl! (;)(_l;)!zv 3)! 151, (2)
1 if | =0,
_JN if =1,
<N;il 1> - <N]\?11 3) it1> 2,

The last expression n(N, 1) is the number of the independent spherical harmonics
of degree [ in RY, see [36, eq. (11)] and [4, Prop. 5.8].



Chapter 1

Vekua’s Theory for the
Helmholtz Operator

Vekua’s theory (see [27,41]) is a tool for transferring properties from harmonic
functions (solutions to the Laplace equation) to solutions to general second
order elliptic PDE’s. The so-called Vekua operators (inverse one of another)
map harmonic functions to solutions of the second order elliptic PDE of interest
and vice versa. Their continuity properties are essential in order to make explicit
the dependence on the space dimension, on the considered domain and on the
parameters appearing in the PDE of constants in estimates.

The original formulation takes into account elliptic PDEs with analytic co-
efficients in two space dimensions. Some generalizations to higher space dimen-
sions have been made (see [14-16,24,29,30] and the references therein) but the
Vekua operators in these general case are not completely explicit.

Here, the PDE we are interested in is the homogeneous Helmholtz equation.
In this particular case, simple explicit integral operators have been defined in
the original work of Vekua in any space dimension N > 2 (see [39,40], and [41,
p. 59]), but there is no proof of their properties and, in our knowledge, these
results have never been used later on.

Thus, we will start by defining the Vekua operators for Helmholtz equation
and N > 2 and prove their basic properties, namely, that they are inverse to each
other and map harmonic functions to solutions of the homogeneous Helmholtz
equation and vice versa (see Theorem 1.1.5). Next, we establish their conti-
nuity properties in (weighted) Sobolev norms, like in [32], but with continuity
constant explicit in the domain shape parameter, in the Sobolev regularity ex-
ponent and in the product of the wavenumber times the diameter of the domain
(see Theorem 1.2.1). The main difficulty in proving these continuity estimates
consists in establishing precise interior estimates. Finally, we introduce the gen-
eralized harmonic polynomials, which are the mapping through the direct Vekua
operator of the harmonic polynomials, and derive their explicit expression. All
the proofs are self-contained and do not need the use of other results concerning
Vekua’s theory.



1.1 N-Dimensional Vekua’s Theory for the Helm-
holtz Operator
We will always consider a domain that satisfies the following assumption.
Assumption 1.1.1. Let D C RN, N > 2, be a bounded open set such that
e diam D = h;
e 0D is Lipschitz;

there exists p € (0,1/2] such that B,y C D;
o there exists 0 < pg < p such that D is star-shaped with respect to By, .

Not all these assumptions are necessary in order to establish the first results
of this chapter (see Remark 1.1.7 below).

Remark 1.1.2. If D is a domain as in Assumption 1.1.1, then
Bph cDC B(l—p)h'

The mazimum 1/2 for the parameter p is achieved when the domain is a sphere:
D = Bn.
2

Figure 1.1: A domain D that satisfies Assumption 1.1.1

Definition 1.1.3. Given a positive number w, we define two continuous func-
tions
Ml,Mg : D x [0,1) —>R,

Mi(x,t) = —# \/\/Eth J1(wlz|vV1 —t),

iw|x| \/EN73

> VI I J1(iwl|x|\/t(1 — 1)),

where Jy is the 1-st order Bessel function of the first kind.

(1.1)




Using the expression (A.1) in the Appendix, we can write

2k+2
)y

D* (5

My (z,t) = 571y

| | ’
= k!l (k+1)!
(w_l|>2k+2 7 & tk—}-%—l
2
Mo(e,t) =3 kL (k4 1))

Note that M; and M, are radially symmetric and belong to C*°(D x (0,1]); if
N is even, they are C'"*° in the whole domain.

Figure 1.2: The functions M;(z,t) and Ma(z,t) in two and three dimensions
with w = 50. Only a segment of D is represented.

M2(x,t)

Definition 1.1.4. We define the Vekua operator Vi and the inverse Vekua
operator Vo for the Helmholtz equation:

Vi,Va : L¥(D) — L=(D),
Vil¢l(z) = ¢(x) +/0 M;(x,t)p(tx) dt Vo € L®(D), a.e.z €D, j=1,2.
(1.2)

Notice that M;(z,-)¢(-z), j = 1,2, belong to L'([0,1]) for almost every
x € D; consequently, Vi and V5 are well defined. The operators Vi and V5
can also be defined from the space of continuous function in the domain C(D)



to itself, or from LP(D) to L?(D), with a sufficiently high p depending on the
dimension. We will call V;[¢] the Vekua transform of ¢.

In the following theorem, we summarize general results about the Vekua
operators, while their continuity will be proved in Theorem 1.2.1 below.

Theorem 1.1.5. Let D be a domain as in the Assumption 1.1.1; the Vekua
operators satisfy:

(i) Va is the inverse of Vi :
Vi[Valgl] = Va[Vilo]] = ¢ Voel>D).
(ii) If ¢ is harmonic in D, i.c.,
Ap=0 inD, (1.3)

then
AV @] +w*Vi[¢] =0  in D ;

if u is a solution of the homogeneous Helmholtz equation with wavenumber
w>01n D, ie.,
Au+w?u=0 inD, (1.4)

then
AVau] =0 inD .

Theorem 1.1.5 states that the operators V7 and V5 are inverse to each other
and map harmonic functions to solutions of the homogeneous Helmholtz equa-
tion and vice versa.

The results of this theorem were stated in [41, Chapter 1, § 13.2-3]. In
two space dimensions, the operator V; was introduced as a special case of the
general Vekua’s theory for elliptic PDEs; this implies that V; is a bijection
between the space of complex harmonic function and the space of solutions of
the homogeneous Helmholtz equation. The proof in higher space dimensions
is probably contained only in the part of the paper [39] written in Georgian,
that is not easy to obtain. The fact that the inverse of Vi can be written
as the operator V, (part (i) of Theorem 1.1.5) was stated in [40], and the
proof was sketched as an “easy calculation”, after reducing the problem to a
one-dimensional Volterra integral equation. Here, we give a completely self-
contained proof of Theorem 1.1.5 in its generality.

As in Theorem 1.1.5, in the following we will usually denote the solutions of
the homogeneous Helmholtz equation with the letter u, and harmonic functions,
as well as generic functions defined on D, with the letter ¢.

Remark 1.1.6. Theorem 1.1.5 holds with the same proof also for everyw € C,
i.e., for the Helmholtz equation in lossy materials.

Remark 1.1.7. Theorem 1.1.5 holds also for an unbounded or irreqular domain:
the only necessary hypotheses are that D has to be open and star-shaped with
respect to the origin. In fact the proof relies only on the local properties of the
functions on the segment [0, x].

The hypothesis of being star-shaped with respect to a ball (po > 0) will be used
only in the next chapters to prove approximation properties; here it is enough
that D s star-shaped with respect to the origin.



Theorem 1.1.5 can be proved by using elementary mathematical analysis
results. We proceed by proving the parts (i) and (i) separately.

Proof of Theorem 1.1.5, part (). We define a function
g:[0,00) x [0,00) = R,

g(r,t) = ;\J/\:;_tt Ji(wyrVr —t).

Note that if < t the argument of the Bessel function J; is imaginary on the
standard branch cut but the function g is always real-valued.

Using the change of variable s = t|z|, for every ¢ € L°°(D) and for almost
every x € D, we can compute

Wlol(e) = o)+ | e o (s ) s

|| ||

_ el [T VR 1 :
= ¢(x) —/O ERAT NOET Tl J1 (w\/m\/m - s) qﬁ(sm) ds

= 6lx) - / T el 6(s7ar) 5

Vilol(e) = o(o) + | e o (s ) s

||

_ “iolal [TV VR 1, -
= ¢(x) _/o 5 2] \/ﬁ 2l J1 (zw\/E\/le——S) ¢(Sm) ds

N—4

—ow)+ [ ekl oo ) s

because s < |z| and we have fixed the sign /s — |z| = iy/|z| —s. Note that
in the expression of the two operators the arguments of the functions g are
exchanged. Now we apply the first operator after the second one, switch the
order of the integration in the obtained double integral and get

o(z) + / T el o(s7) ds]

|| 7=
/Om ;;VT;: solos) [é(sﬁ) +/OS j:_;:g(z,s)éb(zlz—l) dz] ds

= é(2) + / : |; (906 121) = gl )6 (577 ) ds

z|

|z z% x [z 1
_/o W ¢(2m)/ g!](zas) g(|z[,s) dsdz.

Notice that V; [Vg [gbﬂ = VQ[Vl [gbﬂ, so we only have to show that V5 is right
inverse of V7.

Vi[Va[g]](x) =




In order to prove that V; [VQ [¢]] = ¢ it is enough to show that

g(t,r)—g(r,t):/trw ds Vr>t>0, (1.5)

S

so that all the integrals in the previous expression vanish, and we are done. Using
(A.1), we expand g in power series (recall that, for k > 0 integer, I'(k+1) = k!):

wirt (1) w2l (r — )
9rt) === Dy I+
1>0

from which we get

WQ r t (71)l w2l (7, _ t)l (7t)l _ Tl
> (=)

g(t,T) - g(r, t) = 22l [1 (l 4 1)[

(1.6)
>0

We compute the following integral using the change of variables z = f—:i and the
. . plq!

expression of the beta integral [ (1 — 2)P27dz = B(p+ l,g+1) = ————:

p gral [, (1-2) (p+1La+1) == "

/tT s(r—s)(t—s)kds = (=1)F (r — t)ITrH /01(1 — 2y 2F (ar+ (1 - 2)t) d2

= (=1)F (r —t)7+kFL %(T(k+l)+t(j+l))_

Thus, expanding the product of g(t, s) g(r, s) in a double power series, integrat-
ing term by term and using the previous identity give

JEEE

S

wirt 3 (—1)i+k 20+k+D) pd ¢k /T s*(r — s (t — s)* d
- 220+k+1) 41 (G + 1)K (k4 1)! s

S
J,k20

w2t —1) w2(j+k+1) itk (p — )T+ .
Z 22( ) ( ) (r(k+1)+t(j +1))

k1) (4 n N '
S B G DHE+ D (G + b+ 2)!

j+1

wrt r—t — . ) l ) )
_ J+1 4l—j—1 ) g
F S ararn s () e e (e ]

£ f - (l(il)? = (=) = ()] = gltr) — gl
I>1

) 2 1—j—1
(I=j+k+1) w?rt w r—t p DT e Jopd pl=i= . .
= | — t 1
4 2221 l+1|l|z; GEOla—j)! (r( J)+t(i+1))

thanks to the binomial theorem and (1.6), where the term corresponding to
I =0 is zero. This proves (1.5), and the proof is complete. O

Proof of Theorem 1.1.5, part (ii). Let ¢ € L>°(D) be a harmonic function, then
¢ € C=(D), thanks to the regularity theorem for harmonic functions (see,



g., [20, Theorem 3, Section 6.3.1]). We prove that (A + w?)Vi[¢](x) = 0. In
order to do that, we establish some useful identities.

We set r := |z| and compute
EM (x,t) =wV1l—t 0 —\/EN_2 wrvl—t Ji(wrv1l—1t)
or Awry1—1) | 2(1—1) !

5 ~N—2

A5 —% Jo(wrv1 —t),
-1 a 0?
AMl(l‘,t) , or Ml(ac t) or 2M1($,t)
w2 PN
ey (N Jo(wrv1 —t) —wrv1—t Ji(wrv1—1)),

(1.7)
where the Laplacian acts on the x variable.
Since M; depends on x only through r, we can compute

A(Ml(:c £o(t )) AM, (z,t) d(tz) + 2VM; (2, t) - Vo(tz) + My (z, t) Ad(tx)
= AM, (z,1t) d(tz) + 2§M1(z,t)f V| 40

L9 M ()

=AM (z,t) ¢(tz) + 2_8

)

because &-¢(tz) =z - qu
Finally, we define an aquhary function f : [0,h] x [0,1] = R by

fi(r,t) = \/ZN Jo(wrv1 —t).

This function verifies

9 NVE N
afl(ra t) = T Jo((d?"\/ 1-— t) + 271——{]1(&”’@)7
fi(r,0) =0, fi(r,1) =1.

At this point, we can use all these identities to prove that V;[¢] is a solution
of the homogeneous Helmholtz equation:

(A +w)Vig](2)
— Ad(z) + w2b(z) + /0 A(Ml(z,t)gb(tx)) dt + /0 WM, (z,t)p(tz) dt

=w?(x) —w / \/_ Jo(wrv1—t )aqﬁ(tx)dt

ot

N—-2 N-—-2
_ WQ/O <% Jo(wryI—1) — W‘/QE \}1__jt Jy(wrvI—1)

N—2
wr
LoVt

VI T Ji(wrv1 — t)) o(tx) dt

10



— o)~ [ (gt + g Ao )

o (960 - [Atro)] ) =0,

We have used the values assumed by ¢ only in the segment [0, 2] that lies inside
D, because D is star-shaped with respect to 0. Thus, the values of the function
¢ and of its derivative are well defined and the fundamental theorem of calculus
applies, thanks to the regularity theorem for harmonic functions.

Let now u € L?(D) be a solution of the homogeneous Helmholtz equa-
tion. Since the mentioned regularity theorem holds also for the solutions of the
homogeneous Helmholtz equation, then v € C°°(D). In order to prove that
AVh[u] = 0, we proceed as before. We compute

%Mm,t) - % Joliwr/H1 —1)), (1.8)
w2\/fN72 .

AMy(z,t) = 2V (N Jo(iwr/t(1 — 1)) (1.9)

—iwry/t(1 —t) Jy (iwry/t lft))) (1.10)

A (Ma(z, yu(tz)) = AMs(z, tu (m)+2_§M2(:¢ t)gt (tz) (1.11)

— Wt My (x, t)u(tz),
and we define the function

Falrit) = Vi Joliwr/A1 —1)),
which verifies
) N - Viiwr(l-20) -
&fg(r, t) = — Jo(iwr/t(1 —t)) N Ty J1(fwr/t(1 — 1)),
fa(r,0) =0, fa(r,1) =1.

We conclude by computing the Laplacian of Va[u]:
1
AValul(z) = Au(z) + / A (Ma(a. tyu(ta)) de
0

w2u(z)+w2/0 VI Jo(iwr t(kt))%u(m)dt

+ w? /01 ¢ (N Jo(iwr/tH(1 — 1))

1 .
—iwr\/ETjtJl(iwr t(1—1t))+ % Jy(iwr/t(1 = t) ) (tz)d

= —w?u(r) + w? /Ol(fg(r,t)aa (tx)—i— fgrt )dt 0.

11



Remark 1.1.8. With a slight modification in the proof, it is possible to show
that V1 transforms the solutions of the homogeneous Helmholtz equation

A¢+wip =0

into solutions of
A¢+ (Wi +w?)p =0

for every w and wy € C, and V5 does the converse.

1.2 Continuity of the Vekua Operators

In the following theorem, we establish the continuity of V4 and V5 in Sobolev
norms with continuity constants of the most explicit possible nature.

Theorem 1.2.1. Let D be a domain as in the Assumption 1.1.1; the Vekua
operators

Vi : "/ (D) — HJ (D),

Vo : H1,(D) — H/(D),
with H7 (D) and H,(D) both endowed with the norm [/l o.p defined in (1), are
continuous. More precisely, for all space dimensions N > 2, for all ¢ and u in

HI(D), j >0, solutions to (1.3) and (1.4), respectively, the following continuity
estimates hold:

IVilglll,0p < Ci(N) p 7 (L4 5)3N 8 & (14 (Wh)?) 16];0p, (112)

IValulll o p < Ca(N,wh,p) (1+5)2N"% & ||ul

jw,D jxw,D (1.13)

where the constant C1 > 0 depends only on the space dimension N, and Co > 0
depends also on the product wh and the shape parameter p. Moreover, we can
establish the following continuity estimates for Vo with constants dependent only
on N:

1-N 11w
IValullly,p < Cn o7 (1+ (@h))eE 2 (luly , + Rul, ) (1.14)
ifN=2,...,5 uec H(D),

Valulll, o p < Cn p 2 (L4 )21l (14 (wh)t) ed=Ph |y

J,w,D
(1.15)
if N=2,3,j>1,uc H (D),
2
(L=pwh)” 11,
IValulll o o) < <1+ (% e ) full o) (1.16)

if N >2, ue L¥(D).

Theorem 1.2.1 states that the operators V; and V5 preserve the Sobolev
regularity when applied to harmonic functions and solutions of the homogeneous

12



Helmholtz equation (see Theorem 1.1.5). For these functions, these operators
are continuous from H7 (D) to itself with continuity constants that depend on the
wavenumber w only through the product wh. In two and three space dimensions,
we can make explicit the dependence of the bounds on wh. The only exception
is the L?—continuity of V5 (see (1.14)), where a weighted H'-norm appears on
the right-hand side; this is due to the poor explicit interior estimates available
for the solutions of the homogeneous Helmholtz equation.

All the continuity constants are explicit with respect to the order of the
Sobolev norm and depend on D only through its shape parameter p and its
diameter h, the latter only appearing within the product wh.

In literature, there exist many proofs of the continuity of V4 and V5 in L>°—
norm (in two space dimensions); see, for example, [10,19]. To our knowledge, the
only continuity result in Sobolev norms is the one given in [32, Section 4.2]: this
holds for general PDEs and for norms with non integer indices, but is restricted
to the two-dimensional case, and the constants in the bounds are not explicit
in the various parameters.

In order to prove Theorem 1.2.1, we need some preliminary results. For here
on, if 4 is multi-index in NV, we will denote by D? the corresponding differential
operator with respect to the space variable z € RY.

Lemma 1.2.2. For { = 1,2, j >0 and ¢ € H’(D), we have

Veloll; p < 2165 p

+2(j +1)3N2 QJZ sup [ Me (- 6) |5 () Z/ / |DPg(tz)|” da dt.

k—o t€[0,1] \B1=k
(1.17)
Proof. From Definition 1.1.4, we have
|Velo \ < 2|¢| (Mg (z,t)p(tz)) dt dx
lee| =4
2
<2pfip+2 > // ( )DO‘ B Mg (z,t)DP p(tz)| dtdx
lee| =4 Bl
2
<oupenf [55 pou w3 (5 1ot ol e,

k=0 |8|=k

a>ﬁ
where in the second inequality we have applied the Jensen inequality and the
product (Leibniz) rule for multi-indices (see [1, Sec. 1.1]); here, the binomial
coefficient for multi-indices is (g) = Hfil (gz) We multiply by the number
(N;,rﬁzl) of the multi-indices 3 of length k in N%, in order to move the square
inside the sum, and we obtain

2
Velell, p <2165 5+
2

1 J
2 i+1)> (VY DP(t (O‘> D P M (x.t)] | dtd
Jo o030 X D’ | 30 () 10 e | atas
azh
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<2|¢l; p+20 + (¥ ZZ// |DPg(ta)|” dt da

k=0 |8|=k

2
0]

- sup [Me(o8) sy SUD () ;
te[0,1] Wimhe (D) | g 2k ;_:j B

a>f

the last factor can be bounded as

() < X 15

1B1=F | o= 1B1=F | o=
a>ﬁ a>ﬁ

<el - #laeN Jof =5} = (V3TN <& (NFITY).

E €Z£V:1 i

lee| =4

Finally, we note that, for every j € N, N > 2, we have

N+j—1 N+j—1N+j—-2 1+7 AN—1
_ < .
< N-1 ) N-1 N-2 s+t (1)
from which the assertion follows. O

Now we need to bound the terms present in (1.17). The next lemma provides
W3:>°(D) estimates for M; and M, uniformly in . The proof relies on some
properties of Bessel functions.

Lemma 1.2.3. The functions My and Ms satisfy the following bounds:

(I1-p)wh
HMlHLoo(Dx[o,l]) < %, (1.19)
1- 2h
sup My (1) ]y,00(py < ﬁ, (1.20)
tel0,1] 2
wJ
Sup IMi( D)lyieepy < & G+ (L—p)wh)  Vj=2 (1.21)
€lo,
2
(1 — ) wh 1 w
Mzl oo (pxj0,17) < % (=p)eh (1.22)
1-— w2 h 1
tSI[prl]|M2('at)|Wl,oo(D) <=0 ez (1=p)wh (1.23)
€lo,
w’ 1—p)wh
Sl[lopl] |M2('7t>|Wj,ao(D) S 2j—1 (] —+ ( g) > 4(1 p)wh VJ >9
te|o,
(1.24)

IN

w’ o (l=p)wh
sup Mo )y ) < (a L.
te0,1]

J+1
. <1+ ((1 _Z)w h) ) e%(l—p)wh

Proof. Thanks to the Remark 1.1.2, we have that sup,cp |z| < (1 — p) h.
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The L inequalities (1.19) and (1.22) follow directly from (A.4).
Since M; and Ms depend on z only through |z|, we obtain the W1
bounds (1.20) and (1.23):

0]
sup MOy = s |oan (o)
t€(0,1] whe(D) t€[0,1], z€D Iz
(A.6) 2l VE 2
< sup % JO( 1-1)
€o,1], 2
j#l€[0.(1-p)1)
(A<-3) (1—p)w?h
— 2 )
(A.6) W2z Ve
swp Mo Doy & s |V il AT 1)
te[0,1] tel0,1],
|| €[0,(1=p)h]
2
i (% (—p)h,

In order to prove (1.21) and (1.24), we define an auxiliary complex-valued
function

f(s) =5 Ji(s).
It is easy to verify by induction that its derivative of order k is
ak ak—l ak
@f(s) =k Osk—1 Jl(s) + s @Jl(s)

We can bound this derivative using (A.7) and the binomial theorem:

o
)
1,1 Zi_l(—l)” (’“n—l 1>J2m_k+2(s) +s 2% mzli:o(—nm (Z) Jom—11(8)
< (rblsl) | max )
(1.25)

The functions M; and Ms are related to f by

My(a.t) = L_t) FlelVIT),

2(1
\/EN—4
Ma(z,t) = D] fliwlz| /(1 = 1)),
so we can bound their derivatives of order j > 2:
oy O A(et)
sup LW eo( < sup Al L 1'7t ‘
te[0,1] wae(D) tef0,1], zep | Oz}

N—2

(VT =1’ f(

1—1)

< sup
te[0,1], z€D

2(1) (Ilv t)’
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(1.25), (A.3) (yJ ]
< S U+ pwh),

sup |M2|WJ\°°(D)
te(0,1]

N—-4

Vit . j Y
2@ = V=D e =

(1.25), (A4) (yJ ) (1—p)wh 3 (1 p)wh
S g (3+ 2 “ '

< sup
te(0,1], zeD

fliwlz]/E(1 1))

The last bound in the thesis of the lemma is obtained by modifying the last
step of this chain of inequalities. O

Remark 1.2.4. We can summarize the bounds of Lemma 1.2.3 for every j > 0
in less detailed estimates:

sup |M1('at)|W:voo(D) <o’ (j + (Wh)Q)a (1.26)
te[0,1]

up |Ma(, )| yprsoe () < @7 (14 wh) 3700, (1.27)
telo,

We forget the algebraic dependence on p because it will be absorbed in a generic
bounding constant. On the contrary, in a nice domain, p < 2 can be used to
reduce the exponential dependence on wh.

Remark 1.2.5. If the wavenumber w = wr+iwy is complezx, the following more
general estimates hold:

2
((1 - P)|W|h) e(1=p)|wr|h
4 )

L=p)wl*h 1w
Sup |M1(.7t)|W1,oc(D) %6(1 p)l I‘h,
te[0,1]

WP $(1-p)lwlh .
tsﬁ)pl] |M1(-,t)|WJ\oc(D) < 5 (_7 + (1 — p)|w|h) ez Vi > 2,
€10,

Ml oo (D x[0,1)

IN

2
(1—=p)lwlh 11— ))w
I3l oy < I o

(1= p)lwl*h
2

L(1=p)|wr|h
3=p)lwnlh

IN

sup |M2('vt)|wl,oo([))
te[0,1]

wld . 1—p)wlh\ z4_,w )
sup |M2('7t)|wj,oc(p) < 2|J—_|1 (] + %) 64(1 p)lw|h Vi > 2.
te(0,1]

Remark 1.2.6. By using the bounds in Remark 1.2.5, we can extend Theo-
rem 1.2.1 to every w € C, similarly to Theorem 1.1.5 (see Remark 1.1.6). In
fact, the case w = 0 is trivial, since Vi and Va reduce to the identity, while
in general, thanks to the Remark 1.2.5, Theorem 1.2.1 holds by substituting w
with |w| in the estimates and in the definition of the weighted norm (1), and
multiplying the right-hand side of (1.12) by eslwlh,
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Lemma 1.2.7. Let ¢ € H*(D), B € NV be a multi-index of length |3| = k and
DP be the corresponding differential operator in the variable . Then

1
/ / |D(tx)|” da dt (1.28)
0 D
1 2
Y yps —
5 p\2k+1 | D 5 ‘
K ||D%|f, , + (5) %1 HD%HLW(BPZ_,I) if 2k — N <0,

N-1
where K = 1og% if2k— N =-1, K = (%) if 2k — N < —1, |D| denotes
the measure of D and p is given in Assumption 1.1.1.

Proof. In the first case, we can simply compute the integral with respect to ¢
with the change of variables y = tx:

1 1
//|Dﬁ¢(tz)|2dxdt:/ / tQIﬁ\|Dﬁ¢(y)‘2d_]\szdt
0o Jp o Jip t
1 1

2
=i 1270 < r=w T

2
2% — N +1 N1 P78l

the set tD is included in D because this is star-shaped with respect to 0.

In the case 2k — N < 0, the integral in ¢ is not bounded so we need to split
it in two parts, treating the second part as before:

/Ol/D\Dqu(tx)]2 dxdt:/og/D’D%(m)f dxdt+/§1/D\D5qb(tx)]2 Az dt

g 1
o R L R R e LR

1 p\2k+1 2 bl 2
- 2k +1 (5) D] HDﬁ(bHL“(Bﬂ) +/p 12 "Dﬁ¢||0,tD dt,
2 bl

and the assertion comes from the expression

2
log — if 2k — N = —1,

1
/tQkiN dt = 1 2k—N+1 2
T e )<

N—-1
—) if 2k — N < —1.
p

2

O

Remark 1.2.8. We can reduce the bounds of Lemma 1.2.7 for every value of
the multi-index length k with the estimate

/Ol/D]D%(m)\Q da dt

2\ V! 2 p\2k+L | D| 2 (1.29)
= (5) 10%8].5+ (5) 2%+ 1 HD%”L*(B%)'
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From Lemma 1.2.7, it is clear that, in order to prove the continuity of V; and
V5 in the L?-norm and in high-order Sobolev norms, we need interior estimates
that bound the L*°-norm of ¢ and its derivatives in a small ball contained in
D with its L?>norm and H’-norms on D. It is easy to find such estimates for
harmonic functions, thanks to the mean value theorem (see, e.g., Theorem 2.1
of [23]).

Notice that it is not possible to avoid the use of interior estimates for the
continuity in H7(D) when j > % as the assertion of Lemma 1.2.7 may suggest:

in fact, Lemma 1.2.2 requires to estimate fol In |Dﬁ¢)(t:c)}2 dz dt for all the
multi-index lengths |8 = k < j, so we necessarily end up in the cases 2k — N =
—1 and 2k — N < —1.

Lemma 1.2.9 (Interior estimates for harmonic functions). Let ¢ be a harmonic
function in Br(x), R > 0, then

1

O < 7 191 i (1.30)
N
where |By| = (&2 is the volume of the unit ball in RN. If ¢ € H*(D) and
BeNY, |8 <k, t
N
8,112 1 2 8,12
%61 o,y < a7 (25) 1270l (L3

Proof. By the mean value property of harmonic functions (see Theorem 2.1
of [23]) and the Jensen inequality, we get the first estimate:

1

|Br(z)] Br(x)

1 2
= BB 1915, B () -

p(x)]* = mww‘_—— 6(y)[* dy

IBRr| JBg(2)

The second bound follows applying the first one to the derivatives of ¢, which
are harmonic in the ball B, (z) C B,y C D. O

Remark 1.2.10. The interior estimates for harmonic functions are related to
Cauchy’s estimates for their derivatives. Theorem 2.10 in [23] states that, given
two domains Q1 C Qo C RN such that d(1,002) = d, ¢ harmonic in Qa, for
every multi-indexr o

o Nlaf\"™
D%l < (“57) Iollimie- (1.32)

In order to find analogous estimates for the Sobolev norms, we can combine
(1.32) and (1.30) using the intermediate domain {x € RN : d(z,Q1) < 4} and
obtain

o N _lal—N 2
1D°¢llg 0, < Cnall™? a7 1]lg g, ,

but the order of the power of d is not satisfactory. In order to improve it,
we represent the derivatives of a harmonic function ¢ in B1 C RN using the
Poisson kernel P:

D) = [ 00 DiPw.do(z)  ye B YaenY,
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where the derivatives of P are taken with respect to the first variable (see (1.22)
in [4]). Rewriting this formula in y = 0 and then translating in a point x, if ¢
is harmonic in B1(x), we have

D*Y(x) = / Yz + z) DFP(0,2)do(z) Vo e NV,
SN*I
Given two domains 1 C Qs such that d(Ql, 8@2) =1 and 95 harmonic in Qs

o7l 0, = J, 1rderPaz= |

y=x+z ~
s [ (R an) bt as) < Cv

2
dx

/SN?1 d(x + z) DY P(0, 2) do(z)

00
0,02

where we have used the Jensen inequality and the Fubini theorem. By summing
over all the multi-indices of the same length and scaling the domains such that

Q1 C Qy CRY and d(21,00:) = d, we finally obtain

|¢|j+k,Q1 < C’N,j,k dik |¢|J7QQ ) j? k€ N. (133)

We will use the bicontinuity of the Vekua operator to prove an analogous
result for the solutions of the Helmholtz equations, see Lemma 3.2.1.

The main tool used to prove the interior estimates for harmonic functions
is the mean value theorem. For the solutions of the homogeneous Helmholtz
equation, we have an analogous mean value formula [18, page 289] but it does
not provide good estimates.

Another way to prove interior estimates for the solutions of the homogeneous
Helmholtz equation is to use the Green formula for the Laplacian in a ball, but
this gives estimates that either involve the H'-norm of « on the right-hand side
of the bound or give bad order in the domain diameter R.

A third way is to use the technique presented in Lemma 4.2.7 of [32] for
the two-dimensional case. This method can be generalized only to three space
dimensions, and does not provide estimates with only the L?-norm of u on the
right-hand side. On the other hand, it is possible to make explicit the depen-
dence of the bounding constants on wR. We will prove these interior estimates
in Lemma 1.2.12 and we will use them in the estimates of the approximation
error of a generic homogeneous Helmholtz solution by plane waves.

A more general way is to use Theorem 8.17 of [23]. This holds in every space
dimension with the desired norms and the desired order in R. The only short-
coming of this result is that the bounding constant still depends on the product
wR but this dependence is not explicit. We report this result in Theorem 1.2.11.

Summarizing: we are able to prove interior estimates for homogeneous Helm-
holtz solutions with sharp order in R in two fashions. Theorem 1.2.11 works in
any space dimension and with good norms (L?). Lemma 1.2.12 works only in
low space dimensions and with different norms but the constant in front of the
estimates is explicit in wR. Both techniques, however, allow to prove the final
best approximation results we are looking for with the same order and in the
same norms.

Theorem 1.2.11 (Interior estimates for Helmholtz solutions, version 1). For
every N > 2, let u € HY(Bgr(z0)) be a solution of the homogeneous Helmholtz
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equation. Then there exists a constant C > 0 depending only on the product wR
and the dimension N, such that

_N
[0l 3 ey < C@RN) Bl sy (1.34)

This is exactly Theorem 8.17 of [23]; with that notation, for the homogeneous
Helmholtz equation we have k(R) =0, A\ =1, A =N v =w and p = 2 (¢ is
not relevant for the homogeneous problem); see also [23], p. 178.

Lemma 1.2.12 (Interior estimates for Helmholtz solutions, version 2). Let
u € HY(Bgr(zo)) be a solution of the inhomogeneous Helmholtz equation

—Au—wu=f,

with f € HY(Bgr(wo)). Then there exists a constant C > 0 depending only on
the space dimension N such that

if N = 2:
||uHLoo(B§(mo)) <CR™! ((1 + W R?) |lully pre) + B 1VUllo, 51 (a0
RS o 5acen) ) - (1.35)
if N=3,4,5:
_N
ol g oy < € R (42 (il oy + BNVl )
B2 1o zagan) + B 19 o, (o)) (1.36)
if N=2,3:
_N
IVull oo (5 4 (20)) < C B2 (W2R lullo, B (w) T (1 +w’R?) IVullo, 5y (o)

RIS o, zagar) + B2 1V S o, 2agar)) (1.37)

Remark 1.2.13. In the homogeneous case, Lemma 1.2.12 reads as follows. Let
u € HY(Bgr(z0)) be a solution of the homogeneous Helmholtz equation. Then
there exists a constant C' > 0 depending only on the space dimension N such
that

if N =2,3,4,5:
_N
[0l (5 gy < € BTF (14 02 R2) ([l
2

0,Br(z0) +R ||vu||O,BR(z0))’
(1.38)
if N =2,3:
_x
IVull Lo (5 1 (w0)) < C R (WQR [ullg B (ag) + (1 +w?R?) ||VU||0,BR(IU)) :
(1.39)
Proof of Lemma 1.2.12. Tt is enough to bound |u(zg)| and |Vu(zo)|, because

forallz € Br (o) we can repeat the proof using Br (z) instead of Br(xo) with
the same constants. We can also fix g = 0.
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Let ¢ : RT — [0, 1] be a smooth cut-off function such that

and ¢ : RN — [0,1], pr(x) := go(%‘) Then

’ |.’L'| X 1 7" |.’L'| N -1 ’ |.’L'|
Vi =9 | = | = Ap =—0 | =]+ o —=].

We define the average of u and two auxiliary functions on Bp:

ﬂ:=ﬁ w)dy,  g@) = u(@) or(), @) = (u(z) - T) pr(x);
Rl JBg

their Laplacians are:

@) : = fi(@) + fa(a) + foa) == —Ag(x)

ety s N2 e ) — 20 () S (e

= - | (5h + St (3 ) = 2 () 5 - Vo)

+ (i) Wul@) + f(2)),
F(@) s = F1(2) + Tal@) + Fa(2) = —Ag(x)
1 "{(lx N-1 /(|x — ar: T

= - | (5h + S (3] o) - - 2 () 5 Vute)

+ (i) (@Pu(@) + f()).

The fundamental solution formula for Poisson equation states that, if —Aa =
bin RN, then

1
~ 5 log || N =2,
a(x) :/ O(z—y) b(y)dy, with &(x)= T 1
RN

2—N
— |z N > 3.
NV —2)[By] " =

(1.40)
The identity (1.40) holds for all b € L?(Bg), thanks to Theorem 9.9 of [23]. We
notice that

VN >2.

1 1
Vb (a)| = ] i ] =

) _ i
N R

We start by bounding |u(0)| for N = 2. In this case, it is easy to see that,
for all R > 0, we have

/ (log|a| — log R)® dz = = R (1.41)
We note that from the divergence theorem

[ f<y>dy:—/B Ag(y)dy:—/ Vg(s) nds =0,

OBRr
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because g = 0 in R? \B%R and, since f = 0 outside B%R then f has zero mean

value in the whole R2. )
We apply (1.40) with @ = g and b = f; using the Cauchy-Schwartz inequality,
the identity (1.41) and the fact that f has zero mean value in R?, we obtain:

1 ~ 1 _
O] = 90) = |~ [ (gl ~tog R)Fn) | < 3= /5 R 1oy,

1 1
< COneR <§ ”U”(),BR + R ”vu”o,BR +w? HU”o,BR + |f||0,BR> )

where the constant Cy,, depends only on N and ¢; in the last step we have

used the definition of f and the fact that gp’(%) = 0in Br. The estimate (1.35)
4

easily follows.

Proving all the other bounds (on |u(0)| for N > 2 and on |Vu(0)| for N > 2)
is more involved. We fix p, p’ > 1 such that % + 1% = 1. For a > 0, we calculate

4
7

R P
e} _ ap’, N—1
1" ) = ( Lo [ drdS)

1 (1.42)
SNfl o o N o N
— < | | ) R +p’ — CN7p/7aR +N P ,

ap’ + N

that holds if ap’ + N # 0, that is equivalent to (a+ N)p # N, for every N > 2.
We compute also

=

s

B N-1
Hq)”LP(B%R\BiR) =Cnp <|S |/lR
4

(2-N)p+N @=N)p+N\ » (1.43)
1
~ons i ((30) ()

_ 2—-N+X
- CN,p R P,

T(2_N)p TN_l dT)

for every p # %, N > 3, and the analogue

i v
VoL, =C SN*/ (1=Np pN=1q
Vel (B3 p\By ) N.p <| | ih r r T (1.44)

= Cy, RNTY,
that holds for every p # %, N > 2.

For all ¢ € H}(Bg), using scaling arguments, the continuity of the Sobolev
embeddings H{(B1) — LP(B;) which hold provided that 2 < p < ]\QI—JL, if
N >3 and 2 <p< oo, if N =2 (see [1, Th. 5.4,I,A-B]), and the Poincaré
inequality, we obtain

N ~ N ~
1l oy = RB? 19llzo(s,) < Cnp R (9]
< Cnyp R7 |[V¥]lo,5, < Onp R7 172 (V00 5, -

1,B;

(1.45)
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Now we can estlmate win the case N > 3. From the Holder inequality for the
pair of spaces L¥', LP, p > 2 (thus, p < 2), and the fact that fi=f=0in Bip

(see the definition of f), we can write

/RN ®(z)f(z)dz

< H‘I)Hm(BSR\B1 ) 1fr + Fall 1 (B \By

[u(0)] = 19(0)| =

R)

1@l ot (3 | Fll 2o () -
Using (1.43) to bound the LP—norm of ®, the continuity of the embedding of
L (Bsp \ Byig) into L*(Bgp \ Bip) (recall that 1 < p' < 2) with constant
|B%R \ B%R|ﬁ_% for the norm of f; + fo, the definition (1.40) of ® and (1.42)
with @ = 2 — N, which requires p > g, to bound the L —norm of ®, and

finally (1.45)which requires 2 < p < 5, to bound the norm of fa (recall that
f3 € H}(BR)), we have

[u(0)| < Cnp RPN |Ba |77

f1 +f2H

0,83 5\B1p

9N N
—l—CN,pR » R

HO,BR

Finally, using the definitions of the f;’s, [Vogr| < +C, and 1—17—1— ﬁ = 1 we obtain

_NAN _N_N 1 1
[u(0)] < Cnp R NT% R ™2 <§|uIIO,BR+§IIWIO,BR)
1

_N 1
+ OB (2 (9l + 19l + 552 Wl + 1o, )
< O B H (14 02R2) |lully g, + R (1+ 2 R2) [ Vully g,
R o, + B2 19 F o ) -

The previous argument for bounding |u(0)| requires that there exists p such that
Nep< N 2, which is possible only if N < 6; this is the reason of the upper
bound on the space dimension in the statement.

In order to conclude this proof, we have to estimate |Vu(0)|. We use the
same technique as before, after differentiating the relation (1.40) with a = g and
b= f. For every N > 2, thanks to (1.44), the embedding of L (BBR\B1R> into

L*(B3p \ Big), (1.42) with @ = 1 — N and (1.45), that require N < p < 25

we have
/ Vo (2)f(r)de
RN

< HV(I)HLP(B%R\B%R) 1f1+ szLp’(B%R\B%R)

2’

[Vu(0)] = [Vg(0)| =

+ HV(I)HLP/(BR) H?BHLP(BR)
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1-N+X e i
<CnpRTNT |Bz gl"’ 2”f1+f2||07B%R\B%R

4+ CnpR™" Ry 13|V

0,Br-
By using the Poincaré-~Wirtinger inequality, whose constant scales with R, to

bound [|u — |, g, We obtain

1N _ _ _
[Vu(0)] < Cxpp BF (R Ju =l g, + B [Vl s, )

N

+ CNopep R % (R*1 Hw2u + fHo,BR + HV(w2u + f)Ho,BR)
< Oy BF (@R |ullg g, + (1 + W) [Vully s,

RIS o5 + B2 IVl )
The requirement that there exists p such that N < p < % can be satisfied

only if N < 4. O

Lemma 1.2.12 is the only result in this section which we are not able to gen-
eralize to all the space dimensions N > 2. This is because in its proof we make
use of a pair of conjugate exponents p and p’ such that the fundamental solution
® of the Laplace equation (together with its gradient) belongs to )i (Bgr) and,
at the same time, H'(Bg) is continuously embedded in LP(Bg). This require-
ment yields the upper bounds on the space dimension we have required in the
statement of Lemma 1.2.12.

Combining the results of the previous lemmas, we can now prove Theo-
rem 1.2.1.

Proof of Theorem 1.2.1. We start by proving the continuity bound (1.12) for
Vi. For every j € N, N > 2, ¢ € H’(D), inserting (1.26) and (1.29) into (1.17)
with £ = 1, we have

J
Vilgll,.p < (21607 5+ 201+ 5PV 2e2 30 w2070 (= k + (wh)?)?
Js Js
k=0

NN,y D) o :
| <<;) |¢|k,D+ (5) m Z HD ¢||L°°(Bp2_h) )

|Bl=k

Then, using the interior estimates (1.31), we get

Vilgll;p < On (1+4)2N 71 el (14 (wh)?)

(ph)N ) P
k=0
<Cnpz (145 e 1+ wh)?) [6l;0.p

by the definition of weighted Sobolev norms (1), and because |D| < A" and
p < 1. The constant C'y depends only on the dimension IV of the space. Passing

24



from the seminorms to the complete Sobolev norms gives an extra coefficient
(1+ 7)*/? and the bound (1.12) follows.

In order to prove the continuity bound (1.13) for Vs, we proceed similarly.
For every j € N, N > 2, u € HJ,(D), inserting (1.27) and (1.29) into (1.17) with
& =2, we have

J
Valull; p < [2 Jul}.p +2(1+ )N 72¥ Y W T (1 4 wh)Ze (oo
k=0

2\ p\2k+1 | D 2 :
() o (9 355 X 1074l

|Bl=Fk

(1.34) Ny
C(N,wh,wph) (1+ j)2 e’

. 1
J 2
) 2G—k) (1=~ 2k1_|D| 2
LZ_Ow ] (p O oy ) Mk

< C(N,wh,p) (1+ 7)1 el |yl

Jyw,D -

Again, passing from the seminorms to the complete Sobolev norms gives an
extra coefficient (1 + j)*/? and the bound (1.13) follows.

Now we proceed by proving the bounds (1.14), (1.15) and (1.16) for V2 with
constants only depending on N.

For the continuity bound (1.14) for the V5 operator from H!(D) to L?(D),
we repeat the same reasoning as above. If u € HL (D), N = 2,...,5, using the
definition of V3, (1.22), (1.29) and (1.38), we have

=

IN

Valulllo, p

1
2|u|§7D+2|M2||ioc(DX[071])/O /D|u(t:v)|2 dxdt]

2 N-1
2 (Wh)Q 11— p)w 2 2
[2|“|0,D +2 (—4 e3(1—p) h) [(; HUHO,D

N
2

IN

+ 211 Coton) 1+ Cont?) (o + 21V ) H

1N 11— p)w
<Cnp = (L4 (wh)) ez (Jlully p + ph [Vully p )

which immediately gives (1.14).
Let us prove now (1.15). To this aim, given a multi-index 8 € NV we need
to bound HDBUHLOO(B ) If |B] = 0, for N = 2,3,4,5, we simply use (1.38) and
ey

2

get

| D? (1.46)

UHL“(BM) - H“”L%(B%h)
2

(1+ w?p?h?) (IIUHO,D + ph IIVUHO,D) :

N
2

< Cn(ph)”
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If |B] = j > 1, we note that there exists another multi-index o € NV of length
|a] = j — 1, such that for N = 2,3 and u € H/, (D) it holds

HD uHLoo(B o) < |IVD%ull poe on) (1.47)
< Cn(ph)™ % (w2ph 1D ullg p + (1 + (wph)?) [VDully p ).
thanks to (1.39). Notice that the restriction to N = 2,3 in this proof is due to

the use of (1.39). Again, inserting (1.27) and (1.29) into (1.17) with £ = 2 gives

J
|“|§,D+ (1 +j)3N—2 o2 sz(j—k)(l +wh)2eg(1—p)wh
k=0

(it 501 S [0l )|

|Bl=k
<Cn (1 4 §)2N-1ed (1+wh) ei(1=p)wh

sz(g k)< 1- N|u|kD+p2k+1|D| Z ||D u||L°°(B h)>‘| ’
=0 |B|=Fk

Valull, p < Cv

=

and thus, as a consequence of (1.46) and (1.47), we obtain
Valull; p < On (1+ )31 el (14 wh) e 1=)wh

- D) :
e (P R (CPR T LY

D
+Zw2(] k) 1-N <|u|kD+p2k(N+k 1)|hN|
k=1

1
2

2
: (WQPh |u|k71,D +(1+ W2P2h2) |“|k,D) ) ]
<Cy (1 +])% -1 p% e (14 wh) ei(1=p)wh

2
W (14w h2)? (|Jully,p + b [Vl )

NI

i ‘ 2
+ Zw2(J_k)(1 + k)Nt (th |u|k,17D + (1 +w?h?) |u|k,D) ‘|
k=1

<Cy (1+4j)*N-3 p% ¢/ (14 wh) e3Pk

(14 (wh)?) ¥ [[ull? p + (wh)? + (wh)®) w20~V Juf?

=

J
+(Wh)22 2=k |U|k 1D+ 1+ (wh)? ZWQ(J g |u| ]
k

=1
<Ov 1+ 7377 e (1+ (wh)t) e300 Whuun

Jyw,D >
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where the binomial coefficient comes from the number of the multi-indices |3| =
k and is bounded by (1.18). As before, passing from the seminorms to the
complete Sobolev norms gives an extra coefficient (1 + j)'/? and the bound
(1.15) follows.

Finally, we prove the continuity of V5 in the L°°-—mnorm stated in (1.16).
Thanks to the definition of V5 and (1.22), we have

IVallll g 0y < (14 1Mzl (o1 ) el 2w ()

2
(1 =p)wh)” 1 w
< <1+%62(1 p)wh ||UHL°°(D)7

that holds for every ¢ € L*°(D) and for every N > 2. This proves (1.16) and
the proof of Theorem 1.2.1 is complete. (|

1.3 Generalized Harmonic Polynomials

We want to use Vekua’s theory to derive approximation estimates for the so-
lutions of the homogeneous Helmholtz equation using finite dimensional spaces
of particular functions. The approximating functions we want to use are the
generalized harmonic polynomials.

Definition 1.3.1. Given D C RY, we denote with PL(D) the space of the
ordinary homogeneous polynomials of degree L € N defined in the domain D.
The subspace of harmonic polynomials is denoted as

HY(D) = {P e PL(D): AP =0}.
Its image under the operator Vi is
HE(D) = i[HE(D)] = {Q € LX(D) : 3P € H(D) st. Q= [P]}.
The elements of HE(D) are called generalized harmonic polynomials of degree L.
Notice that PL(D), HE (D), HL (D) are vector spaces of dimensions
dim P*(D) = dimH°(D) = dimH’ (D) = 1,

N+L-1
dim]P’L(D)< ;_1 )
2L+ N — _3)1
FN-DLEN-F
T (N —2)!

dimH" (D) = dimHS (D) = n(N, L) = (

(see (2) and [36, eq. (11)]). In particular, if N = 2 then dimH’ (D) = 1 and
dimHE(D) = 2 for L > 1, while if N = 3 then dim HEZ(D) = 2L + 1.

Thanks to the results of the previous sections, the generalized harmonic
polynomials are solution of the homogeneous Helmholtz equation with wave-
number w and belong to H*(D) for every k € N, so they are also in C°°(D).

In order to write explicitly the generalized harmonic polynomials we prove
the following lemma for homogeneous functions.

27



Lemma 1.3.2. If ¢ € L*(D) is an l-homogeneous function withl € R, 1 > —&,
i.e., there exists g € L2(SN1) such that

z 1
=g( .e. D
0@ =g(i) el aeweD,
then its Vekua transform is
+4-1
N 2 z
Vi[o)(z) = F(l + —) — EJ(i) ||~ Jiyn_q(wlz]) ae xeD.
2 w :L'| 2
(1.48)

Proof. Using the Beta integral fol to(1 —t)bdt = %, a,b > —1, we

can compute directly the Vekua transform from the definition of Vi:

mwmd%ﬁﬁ+/lQQuw>muﬁm

320
(—1)7 (el T I+ Y G +1)
:g(_l) ol 1_; J'((j+1))' F((Z+N)

(|i) ]! 1+ZM r(z+5)

=1 k! r(l+ +k)

e >wz”k<””}r<~§>

= k'F(l+ s

)2k+l+%—1

T N - (—1)F %
e Pat e (3) g

>0 k!r(l+%+k)

=r(eeg) (3) o) et i

The condition [ > —% is necessary to compute the integral f tl+__1(1 —

t)7 dt. 0

As a consequence, the general (non homogeneous) harmonic polynomial of
degree L and its Vekua transform can be written, in terms of spherical harmonics
and hyperspherical Bessel functions (see the Appendix), by

n(N,l)

:i > am ol Yzm(%) (1.49)

=0 m=1
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L n(N,l)

Vi[P)(z) =25 ) al,mr(ug) (%)Hglm,m(l |)Jl+wfl(wlwl)

=0 m=1
L n(N,)

ST S e (143) (2) i () i,
(1.50)

If N = 2, identifying R? = C and using the complex variable z = re!¥, using
directly (1.48), we have

L
= Z ap rlth et (1.51)

l=—L
L |
Vi[P(z) = > a |l <%) e Jy (wr). (1.52)
l=—L

If N = 3, we use the definition of spherical Bessel function (A.8) to get

L

-y Z o 2l Yim (7). (1.53)

1=0 m=—1
n (4 3) (%)lﬁvm(%)jmm) (1.54)

T
:i Z o @ (i)l Vi (1) i),

where {Y] ;m }m=—1,...; are a basis of spherical harmonics of order /, and we have
used I'(I+3) = % which follows from I'(s+1) = sI'(s) and T'(1) = /7.
This means that the generalized harmonic polynomials in 2D and 3D are the
well-known circular and spherical waves, respectively.

MN

1.3.1 Generalized Harmonic Polynomials as Herglotz Func-
tions

In this section, we define an important family of solutions of the homogeneous
Helmholtz equation: the Herglotz functions (see [17, Def. 3.14]), and we see that
the generalized harmonic polynomials belong to this class. This result could be
used to prove approximation properties for plane waves, as in [32, Prop. 8.4.14].
In the following, we will adopt a different approach: by using the Jacobi-Anger
expansions, we can directly correlate the generalized harmonic polynomials to
the plane waves and find in this way sharper bound in an easier way. On
the other hand, we report the result on generalized harmonic polynomials as
Herglotz functions for the sake of completeness.

Definition 1.3.3. Given a function g € L?>(SN~1) we define the Herglotz func-
tion with Herglotz kernel g and wavenumber w as the the function in C>(RN)

wy(z) = /SNI g(d) e“*1do(d) r e RN, (1.55)
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Figure 1.3: The real and imaginary parts of the 2-dimensional generalized har-

monic polynomials V;[z!], 1 =0,...,4, w =10, in [-1,1]%
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The Herglotz functions are entire solutions of the homogeneous Helmholtz
equation; it is known that they are dense in HX (D) with respect to the H*(D)-
norm or the C°° (D) topology, where D is a C*~!:! domain; the proof is given
in Theorem 2 of [45]. In part (iv) of Theorem 2.2.1 we will prove that the
generalized harmonic polynomials, which are Herglotz functions, are dense in
HE(D) in two and three dimensions. This means that, for k > 2, we slightly
generalize the result of [45] to domains that satisfy only Assumption 1.1.1: we
weaken the regularity assumption C*~1! to Lipschitz continuity, but we require
the star-shapedness.

Lemma 1.3.4. Let P be a harmonic polynomial of degree L € N in R? or RY,
N > 3, defined as in (1.51) or in (1.49), respectively. Then the corresponding
generalized harmonic polynomial V1[P] is a Herglotz function wy with Herglotz
kernel

] -
"= l;La |217|T <%> - N=2
L n(N,0) Ny (N _

-5 o LHED (v v

W
=0 m=1

Proof. We only have to use the Jacobi-Anger expansion and the summation
theorem for spherical harmonics to verify that the Herglotz functions with these
kernels correspond to (1.52) and (1.50), respectively.

In two space dimensions with the polar coordinates z = r e’¥ we have

2 12|
wg(z) :/ Z |l|| eilG eiwr(cos1ﬁ.,sind})~(cos€,sin0) de
g "or \iw
l
_ Z |l|' < )| / ilG eiwrcos(v,bfe) de
0
(A.15) i |l|' ( >|l/ lez 7/ il (—0)
¢ Jl/ wr do
= l'ez
L |l|' LI . CLE
= Z Z ( > Z‘l Jl/(WT) ezlw/ ez(lfl )6 de
VezZ 0
L N |
= Z ap |I! <;) Ji(wr) e = Vi[P](2),
l=—L

where in the second last step we have used the identity fo% =10 4 = 27 6. 1.
In higher space dimensions, we use the orthonormality of the spherical har-
monics fSN—l }/l,m}/l’,m’ = 5l,l’5m,m’:

/sN . inw - (l:ﬂi)v (_72 ! <3)l Yi.m(d) €7 do(d)

7 T;nwl) r(l+ﬂ)

)
/z v ()

=0 m=1

W
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n(N,l')

ST (- sV (w|x|)Yy,mr(|—z|) Yir o (d) dor(d)

I’>0 m'=1
(N (8 1) 2n%
-2 (X)
Ly Ny /2 ZN\
£ e ) () vl
"2 iP)(w),

where in the second last step we have used the formula [SN~!| = 272 /T (%)
O
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Chapter 2

Approximation by
Harmonic Polynomials

We want to provide hp-estimates for the approximation of solutions of the ho-
mogeneous Helmholtz equation using finite dimensional spaces of generalized
harmonic polynomials. Thanks to the continuity of the Vekua operator and
its inverse, in order to find approximation estimates for HZ (D) in HJ (D) it
is enough to derive approximation estimates in Sobolev norms for HZ(D) in
HI(D). This means that we have to approximate harmonic functions using har-
monic polynomials, with respect to both decreasing diameters h and increasing
orders L.

In Section 2.1, we state three theorems in this direction: i) Theorem 2.1.2
(Bramble-Hilbert argument), which gives sharp error estimates with respect to
h in every space dimension (these estimates do not converge in the polynomial
degree L); ii) Theorem 2.1.4 (which is Theorem 2.9 of [33]), where sharp esti-
mates both in h and L are established in the case N = 2 (its proof is based
on complex analysis techniques and thus can not be extended to N > 3); 4ii)
Theorem 2.1.10, which gives hp-estimates for every N > 2, but the dependence
of the algebraic order of convergence in L on the shape of the domain is not
explicit.

In Section 2.2, we use the continuity of the Vekua operators in order to
state analogous results for the approximation of solutions of the homogeneous
Helmholtz equation by generalized harmonic polynomials. Theorem 2.2.1 con-
tains the main results of this chapter.

2.1 Approximation of Harmonic Functions

2.1.1 h-Estimates

The first result is Bramble-Hilbert theorem, as presented in [11, Lemma 4.3.8].
We rewrite the proof for harmonic functions, in the Hilbert case (p = 2) and
making explicit the dependence of the bounding constants on the degree of the
approximating polynomial and the order of the norms.

We introduce the averaged Taylor polynomials, following [11, Section 4.1].

33



Definition 2.1.1. Let ¢ € H™ YD), with D as in Assumption 1.1.1, and ¢
be a smooth cut-off function such that

wpv =B [ =L Wl < Cloo)

with C' independent of po and h.

Lety € Bpon- If T, [0)(®) = 3 01<m LD*G(y)(x — y)* is the value in x
of the Taylor polynomial of order m of ¢ centered at y, we define the averaged
Taylor polynomial of order m of ¢ as

Qmé(x) = / T (8](2) $(y) dy

PO

/ S 1 Dfy) (r —9)* () dy.

Boon |o¢\<m

(2.1)

Q™ is a polynomial of degree at most m — 1 and it is possible to define it
for every ¢ € L'(B,,1) (see [11, Proposition 4.1.9]).
For every multi-index S such that |8] < m — 1,

DPQ™¢(x) = /B > L D*¢(y) %'ﬂ), (x—y)* 7 P(y) dy (2:2)

- / 2 l' Do (y) (x —y)" v(y) dy (2.3)

Boon || <m— Iﬁ\
— QnPIDAg(a).

This fact, with the linearity of Q" implies that if ¢ is harmonic then the
polynomials Q"¢ are harmonic for every m € N:

AQ™ ¢ = Z Q% ZQ’” 25 2¢ Q" A =0.  (24)
The version of the Bramble-Hilbert theorem (see [11, Lemma 4.3.8]) we need
is the following.

Theorem 2.1.2 (Bramble-Hilbert for harmonic functions). Let D be a domain
as in Assumption 1.1.1 and ¢ € H™(D) be a harmonic function. Then the
harmonic polynomial Q™ ¢ approrimates ¢ with the estimates

|¢ Qm¢|JD SCpoN (1+.7) h’m J |¢|mD j:()a"'vmv (25)

where the constant C depends only on py and N, but is independent of h, m, j
and ¢.

Proof. If j = m the thesis is trivial: (¢ —Q™¢|,, p = |¢],, p- Then, assume
0<7<m.
For z € D, we compute

h
_ hm
/ |z — 2" Ndz§|SN71|/ N N dpe = | SV —
D 0 m
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If f € L*(D) we define

) = /D & — 2"V £ (2)] d,

then for every m > 0:

ol = [ ([ o= 176a) dz)de
< [([re=amiera) ([ -7 a) a »
< [ ([ r=am a) et as 157

h2m
SISV — 5 I lo.o-

Proposition 4.2.8 of [11] states that

o(z) — Q" o(x Z / i' (x — 2)* k(z,2) D¢(2) dz x €D,

o=

where C; is the convex hull of {z} U B,;, (that is a subset of D because this is
star-shaped with respect to B,,5) and

1, \" 1\"
|k(z,2)| < Cn .y (1+—h|x|) |z — 2|7 < Cny (1+—) |z — 2|7V,
Po Po

where the constant Cy y is independent of m, ¢, pp and h.
We restrict ourselves to a domain D with diam D = h = 1.
For j = 0, we have

I — Q™ ¢llo.p <m o

|a]=m

\" 1
SmCN,w(l—f-—) Za

Po o=

/ (x — 2)* k(z,2) D¥¢(2) dz
Cy

0,D

[l Do) s
D

0,D

(26) |SN i pa
< mCON oy Z m D ‘b”op

la|=
(1 +m)N—1
NN
(L% 1Y
because a! > (| %] !)N where |-] is the integer part, and thanks to the (1.18)

that controls the number of the multi-indices of length m.
For 0 < j < m, we obtain

< CN,po,p 19l,n.0 < CNopow 0], (2.7)

N

(2.2)

6-Qml,p = | S |06 - QI D|;

|Bl=j
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2
(2.7) 2 P
< Cnpow | D 1D°0l, s p| S ONpow A+0)F [0l
|Bl=

Finally the assertion holds for a generic domain D by a standard scaling argu-
ment. O

2.1.2 p-Estimates in Two Space Dimensions

The second theorem is Theorem 2.9 of [33]. Its proof uses complex analysis
techniques and thus that cannot be directly generalized to dimensions higher
than two: R? is identified with C and the harmonic function to be approximated
is considered as the sum of a holomorphic function and the complex conjugate
of another holomorphic function. These two functions can be approximated by
complex polynomials and their conjugates.

Definition 2.1.3. We say that the domain D satisfies the exterior cone condi-
tion with angle Aw, A € (0,1] if for every z € C\ D there is a cone C C C\ D
with verter in z and congruent to

Co(dm,r) ={z € C|0<argz < Arm, |z| <r}.
A convex domain satisfies the exterior cone condition with angle 7 (A = 1).

Theorem 2.1.4 ( [33, Theorem 2.9]). Let D € R? be a domain as in As-
sumption 1.1.1 that satisfies the exterior cone condition with angle Aw and
¢ € H*L(D), k integer > —1. Then for every L > k there exists a harmonic
polynomial Pr, of degree L such that

log(L + 2)

Ak+1—j)
L+2 ) |¢|k+1,D j=0,...,k+1,

(2.8)

1

where the constant C' depends only on k and the shape of D.

The term (L + 2)~**+1-J) gives the algebraic convergence of the approxi-
mation when the degree of the polynomials is raised. These orders are sharp
as shown in the numerical examples provided in [33, Section 2.4]. The speed of
convergence can be improved when the singularity is located on a convex corner
of the domain (see [33, Corollary 2.13]) and becomes exponential when the error
is measured on a compact subset (see [34, Section 2.5]).

For complete polynomial spaces, the term (log(L+2))***1=9) can be avoided
in the best approximation spectral estimates, but it is not guaranteed that,
given a harmonic function, this sharper estimate is attained with a harmonic
polynomial.

2.1.3 p-Estimates in N Space Dimensions

In two space dimensions, there are several results concerning the approximation
of harmonic functions by harmonic polynomials; see for example [43]. Since
all the proofs are based on complex analysis techniques, only very few of them
have been generalized to higher space dimensions. The proof of the density of
three dimensional harmonic polynomials dates back to the work of Bergmann
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and Walsh (see [9,38,42]) but the first estimates of the order of convergence are
much more recent (see [2,7]).

The technique used by Melenk in the proof of Theorem 2.1.4 is based on
a deformation of the harmonic (holomorphic in two dimensions) function to a
function defined in a larger domain. Then, a classical result gives exponen-
tial convergence in the original domain, since it is compactly contained in the
enlarged one; the dilation reduce the speed of convergence to an algebraic order.

In order to exploit the same idea in higher space dimensions, we need a
result that gives exponential convergence in compact subdomains with a suitable
dependence on the size of the extended domain. This result is provided by [6]
and reported here in Theorem 2.1.8. This fact allows to prove Theorem 2.1.10
below, which generalizes Theorem 2.1.4 to higher space dimensions. For L large
enough, both statements give an algebraic order of convergence in L equal to
A(k+1— 7). The main difference between the two results is that the geometric
constant A for N > 3 is not explicit, even for convex domains. This fact prevents
the hp-estimates from being fully explicit. We are currently investigating how
to find an explicit bound for A, at least for (three dimensional) convex domain,
by revisiting the proof of Theorem 2.1.8 given in [6] in this particular case.

In order to apply the compact subset convergence theorem, we need to re-
quire that our domain D is the interior of the complement of a John domain.
We report the definition of John domain, according to [6].

Definition 2.1.5. A domain Q C RY is called a John domain if RN \ Q is
nonempty and compact and there is a constant 0 < J < 1 such that for every
y € Q there exists a locally rectifiable curve v(s) C €, parametrized by the
arclength, with ¥(0) = y and v(00) = oo, such that d(y(s), RN \ Q) > sJ, for
every positive S.

In two dimensions, if (2 is a John domain with constant J, then the interior of
its complement D = R? \ Q, satisfies the exterior cone condition with constant
A = 2/rarcsinJ. The converse is not true, in general, but it depends on the
star-shapedness of D.

Remark 2.1.6. Let D C RN be a domain as in Assumption 1.1.1; the exterior
RN\ D is a John domain with constant J > po/p: for everyy ¢ D it is possible
to choose the curve v of Definition 2.1.5 as the half line y(s) = (1 +s/|y|)y. In
two dimensions, the cone {B,,s/,(7(s))}s>0 lies outside D, as shown in Figure
2.1.

Lemma 2.1.7. In any dimension N > 2 an open bounded set D C RY s
convex if and only if the interior of its complement RN \ D is a John domain
with constant J = 1.

Proof. If D is convex, we suppose without loss of generality that 0 € D. For
every y ¢ D the curve v(s) = (14 s/|y|)y satisfies Definition 2.1.5 with J = 1.

We prove the converse by contradiction: we assume D to be non-convex and
RN\ D to be a John domain with .J = 1. Since D is non-convex there exist w;
and we € D such that (w; +w2)/2 ¢ D and since D is also open there exists
r € (0, |w; — wa|/2) such that B, (wy) U B,(w2) C D. We assume without loss
of generality that wy = (0,...,0, 2) and wy = —wy; z > r follows.

By definition of John domain, there exists a curve y(s) in the arclength s
such that v(0) = (w1 +ws)/2 = 0 and d(v(s), By(w1) U Br(w3)) > s for every
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Figure 2.1: The exterior of D is a John domain with J = pg/p. Given a point
y = v(0) inside the re-entrant corner, the curve v(s) is the dashed half line.

real s > 0. We fix s, = 22/r — r and we have that v(s.) € B,, because 7 is
parametrized by the arclength. We have:

Sx < d(V(S*)’BT(wl) U Br(wQ)) < sup d(yaBr(wl) U BT(w2))
=d((5+,0,...,0), By(w1) UBp(w2))  =](5+,0,...,0) —wi| — 7

1
z

=4/s24+22—r \/—2+7’2222+227’
r

\/z4+7’2(r2 — 22) r<z 22

5 —r < — -7 = S,
T T

that is a contradiction because the last inequality is strict. This implies that if
J is equal to 1, then D must be convex. O

We report Theorem 1 of [6], where the best approximation error for har-
monic functions with harmonic polynomials in the L*°—norm on the domain D
is bounded in terms of the L>°—norm of the harmonic functions on an enlarged
domain. We will use the following notation:

D° = {z e RN : d(z, D) < 6h}.

Theorem 2.1.8 ( [6, Theorem 1]). Let D C RN be an open set such that its

exterior RN \ D is a John domain. Then there exist constants p > 0, b > 1,

g >0 and C > 0 depending only on D, such that, for every é € (0,1), for every
& harmonic in D°, and for every polynomial degree L > 0, it holds

: _ —p 1—L(5h)1

16— Pl < C GNP 07 M ey, (29)

We cannot expect that the function ¢ we want to approximate can be ex-

tended outside the domain D because a singularity can be present on the bound-

ary of D. In order to use this Theorem 2.1.8, we need to introduce a function
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T¢ defined on a neighborhood of D such that: i) T'¢ has the same regularity
of ¢; i) is harmonic; i) T'¢ approximates ¢ in the different Sobolev norms.
In the next lemma we build a function that satisfies this requirements using a
technique analogue to the one used in [33, Lemma 2.11].

Lemma 2.1.9. Let D CRY be a domain as in Assumption 1.1.1, ¢ € H*1(D),
keN, e € (0,1/2). Denote by D D D the enlarged domain

1 €
D, := D=(1+—|D,
1 ( +1€)

— €

and by T;[p](x) the functions defined on D, by

Ti[¢)(x) := T(lltle)m[(b](:c) = Z é D% ((1 — e):c) (ex)™ 1=0,...,k

lev| <1
(2.10)
Then:
(1)
pohe<d(D,0D.) <2he; (2.11)
(i) there exist a constant Cy j independent of €, D and ¢ such that
k
ITel@lllo,p, < Cne D (eh)' |8l p s (2.12)
=0
(iii) for every multi-index 3, |8 < k
o~ (18]
oo =Y () da-grinopie, e

=0

which also implies that if ¢ is harmonic in D then Ty[@] is harmonic in
De;

() if ¢ is harmonic in D, there exist a constant Cn i independent of €, D
and ¢ such that

|6 — Thldll, p < Ok po” () ™77 [6],41 Vji=0,... k (2.14)
J

Proof. Ttem (i) follows from the bound

pohe 1 1 he
< < < — < — = <
pohe < 1 d(D,dD.) < sup d(:z:, T 690) < h(l 1) 1 2he,

—€ z€D —€ —€

where the second inequality is proved in [32, Appendix A.3] (due to the slightly
different definitions of D, the € of [32, Appendix A.3] corresponds to our =).
The bound (2.12) in item (7i) is straightforward:

HTk[qb]Hﬁ,Deé/D s ’Do‘qﬁ((l—e)x)r|ex|2‘0‘|dx(#{a:|a|§kz})

¢ lal<k (al)?
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2|e]

(1—e¥

e > e [ W] |12 (#{o: lal <K})

el <
k

I=|a|

< Onk Z (eh) 2l |¢|1D

=0

For item (%ii), we proceed by induction on |3|. For the case |8| = 1, given
m € {1,...,N}, we denote e,, = (0,...,0,1,0,...,0) € NV and by a,, the
———

m—1

m~th component of «; then

(1—-¢

Dy, Tild)(z) = ) o (De, D)6 ((1 = €)z) ()
|al<k
+ Z % D¢ (1 — €)z) e, (ex)* ™™
lo|<k

TET (1— ) Ti[Da dl(x) + Y %

[vI<k—1
= (1 —¢€) Tx[Ds,, ¢)(z) + € Ty—1[Ds,, ¢)(2),

DYt ((1— e)z) (ex)?

(2.15)
this gives (2.13) in the case |3| = 1. Now we proceed by induction for 2 < |3] <
k. Let assume that (2.13) holds for every multi-index ~ such that 1 < |vy| <
|3] < k. Given S, there exists m € 1,..., N and v € NV such that 8 = v + e,n;
then

DPT¢] =Du, D'Tile] =" > ("
=0

mngug%lon |B]—1 |6| 1
( ) "1 —elPI=1=t D, T, [D7¢|

[8]—
(2.15) Z <|ﬁ| 17 1) (1 — )P [(1 — €) Tuoa[DP¢)] + € Thmy—1[DP¢]]

18
= <|f|) e (1— )=t Ty [DP ]

where the last identity follows from Pascal’s rule (j ;1) + (g:i) = ({)

In order to prove (2.14) of item (iv), we fix a multi-index § and a integer [,
0 <1< |B| =7 < k. From the formula for the remainder of the multivariate
Taylor polynomial, we have

1D% — TiealD?4][;
2

= M.’I]EQ ! _ f\k=l panp —c A\ T
/D > o ()/0(1 H)F "t D*DPG((1 — e+ te)x) dt| d

la|=k—1+1
< Ck,N (h6)2(k7l+1)

£)2(k=0) anpb e te Qz
/0( t) > /IDD¢1 +te)z)|” dzdt

|a|=k—1+4+1
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1
< Ck,N (hG)Q(k_lH)/O (1 — )2 |¢|i7l+1+j,(176+te)D dt,

where the seminorm on the right-hand side is well defined, though ¢ belongs
only to H¥T1(D), because since it is harmonic, it is C° in the interior of D.
Thus,

|DP¢ — Ty—i[D

(1.33) 1 o(i_
< Chy (he)2t= l+1>/ (1 - £2¢Dd((1 - e+ t)D,dD) 2V 192, dt
0

o,

< Crn pg 7 (he)? k=) |¢|i+1,D )

because (1 — € + te)D is star-shaped with respect to B, p(1—ctte), d((l — €+
te)D 8D) > poh(1—t)e thanks to [32, Appendix A.3] and the remaining integral
is [ (1— )20 dt < 1.

Flnally we use the fact that the sum of the coefficients in (2.13) is equal to 1
and obtain

6 = Tldll; p < Y [|[DP0 — DPTRlg]|,

|Bl=4
j .
SN (]) ¢ 0ot 0o Tidni)
181=3i oP
j .
<3 (1) -0 0o Tl
|B|=j 1=0

<Cin po” (he)kt1=I [P
O

This lemma allows to apply Theorem 2.1.8 to harmonic functions with given
Sobolev regularity in D, regardless of their possibilities of extension outside this
set. For L large enough, the obtained order of convergence is algebraic and
depends on the difference between the norms on the right- and left-hand side
(namely, k+ 1 — j), and on a parameter A that depends on the geometry of the
domain. The following theorem is the three-dimensional analogue of the two-
dimensional result given in Theorem 2.1.4. Without any further assumption on
D, we cannot expect to find a fully explicit speed of convergence. As mentioned
before, estimates of A at least for convex domains are under study.

Theorem 2.1.10. Fiz k € N and let D ¢ RN, N > 2, be a domain as in
Assumption 1.1.1. Then there exist three constants:

C > 0 depending only on k, N and the shape of D,
q >0, b>1 depending only on the shape of D

such that

for every L > max{k, 29} and for every ¢ € H* (D) harmonic in D,
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there exists a harmonic polynomial P of degree L that satisfies

6 — P|; p < C (L—W“—J’) oy LW“*%)) |0l541,0
’ T (2.16)

VO<j<k, VXe(log2/logL,1/q).

If the degree L is large enough, 1—\q is positive, the second term on the right-
hand side is smaller than the first one and the convergence in L is algebraic with
order A(k + 1 — j). The coefficient A depends only on the shape of D (through
the constant ¢ of Theorem 2.1.8).

Proof of Theorem 2.1.10. Firstly, we fix three small positive constants €1, €, €3
in the interval (0,1/2) and define €, :=1— (1 —€1)(1 —€2)(1 —€3) < €1 + €2 + €3.
For every domain 2 we can define

Q= L Q Q= 1 Q = L Q
€’ 1—61 ’ € 1—62 ¢ (1—61)(1—62) ’
Q/// — 1 Q// — 1 Q — 1 Q
€T l—e3 ¢ (I—e)(l—e)(l—e3) 1—€
A 1
Q:==-Q.
h

For every function f defined on 2, we also define f(z) = f(hi) on Q.

Thanks to Remark 2.1.6, we can apply Theorem 2.1.8: for every T' € H7 (D)
and harmonic, there exists a harmonic polynomial PZ of degree at most L such
that

‘Tpr‘ < Cy, h¥i TfPL‘ A
J,D 3D
(1.33)
(2.11) ‘ TIPS
< N h277 (poﬁl)_J T—PLH R
0,D!
< COn,; W39 |DlJ3 ~J T—ﬁLH
< Civy 0F7 DI (poer) o
(2.9) 1 5
: N . TN
< Oy ph¥i ~Je;P pLed ‘TH
= N,j,D <1_€1> (po€1) e, Lee (D21
(1.30) . b Le ¥l
< Cy,ph (poe1) PP b %2 € T 0.0
—j —j —pp—Lel —%
< CN,j,D h™7 e’y P b2 ¢q 2 HTHO,D;”'
(2.17)

Now we define B
¢ = ¢ - Qk+1¢7
where Q**1¢ is the averaged Taylor polynomial of ¢ from Definition 2.1.1. We
choose

T = Tk[d)]

from Lemma 2.1.9, using € = €,. Let PL be the polynomial that approximate T
on D from Theorem 2.1.8 as above, so that (2.17) is satisfied. Finally we define

Pt =Pl + Q"¢
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that is a harmonic polynomial of degree at most L, because k < L and thanks
0 (2.4).
These definitions allow to gather all the approximation results proved so far
in the following estimate:

|¢7 PL‘j,D _ ‘g?hL Q"+l — Pl — Qkﬂ(b‘w

<[6-Tuld)| _ +|Teld) - P
73,D J,D
(2.14) _x
(2<17)C’Nkp0 (6 h)k-‘,—l g ’ +C h~ J627632 ’Tk[(;;]H
f+1,D N,j, D bLe 0,D!’
(2.12) . e ey
k+1— 1 %2 %3 2" I-
< CN,J71€7D <(€*h) o ¢‘k+1D bsz Ze ] ‘ )
(2.5) el et &
; LR T S B R T L opkti=i g
< CN,j,k,D <€* + pLeg ;6*> h ¢‘k+1,D
- —p —%
kbl 61 62 63 k+1—j
< CnjkD <€* j +T> W Pl

Now, for every A € (log2/logL,1/q) we can fix ; = €3 = €3 = L™* < 1. This
gives

L “A(k+1—7) LAGHPHE) t1—j
¢ — P |]D—CN,j,k,f) L +W h 1Plks1p o

and we obtain the thesis. O

2.2 Approximation of Homogeneous Helmholtz
Solutions

Now we are able to bound the error in the approximation of solutions of the
homogeneous Helmholtz equation by generalized harmonics polynomials. These
estimates guarantee the convergence in the diameter h and in the degree L. We
only have to combine the results of Theorems 1.2.1, 2.1.2, 2.1.4 and 2.1.10.

Theorem 2.2.1. Let D C RY be a domain as in Assumption 1.1.1, k € N and
u € HETY(D) be a solution of the homogeneous Helmholtz equation (1.4) in D.
Then the following results hold.

(i) h-estimates:
For every N > 2 and for every L < k there exists a generalized harmonic
polynomial Qr, of degree at most L such that, for every j < L+ 1, it holds

e = Qulljp <C (1+L)FN RS L py (218)

where the constant C' depends only on wh, p, po and N, but is independent
of L, j and u. In particular, this holds when Qp = V4 [QL‘HVQ[UH , where
Qs u| denote the averaged Taylor polynomial of degree L+ 1 of Va[u]
(see Definition 2.1.1 and Theorem 2.1.2).
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(ii)

(iii)

(iv)

h-estimates, explicit in wh:
If N = 2.3, for every L < k there exists a generalized harmonic polynomial
Q1 of degree at most L such that, for every j < L+ 1, it holds

lv = Qrlljw.p

<O (14 L)W (14 (wh)?T8) e3O=0h REFIT )|
(2.19)

where the constant C depends only on p, pg and N, but is independent of
h, w, L, j and uw. Again, this holds when Qp =V [QLJrl‘/Q[uH.

Explicit hp-estimates in two space dimensions:

If N = 2 and D satisfies the exterior cone condition with angle At (see
Definition 2.1.3), then for every L > k there exist a generalized harmonic
polynomial Q' of degree at most L such that, for every j < k+1, it holds

I = Q1.0

A(k+1—7)
<O (1+ (wh)*0) et ek (Lg@ + 2))

L+2 W7 ullygy o,
(2.20)

where the constant C depends only on the shape of D, j and k, but is
independent of h, w, L and u. This holds when Q% = V4[P'V], where
P'L is the harmonic polynomial approzimating Va[u] provided by Theorem
2.1.4; notice that (2.20) holds also for k = —1.

hp-estimates in two and three space dimensions:

If N = 2,3, for every L > max{k,tp}, where tp is a threshold depending
only on the shape of D (see Theorem 2.1.10), there exist a generalized
harmonic polynomial Q' of degree at most L such that, for every j < k+1,
it holds

flu— LHJ‘,W,D

) ) ) 2.21
<C (1 + (wh)3+6) 63(1—p)wh [ AEH1=G) pE+1—] ||u||k+1wD, ( )
where A > 0 depends only on the shape of D and the constant C' depends
only on the shape of D, j, k and N, but is independent of h, w, L and u.
In particular, this holds when QY = Vi[P"*], where P"* is the harmonic
polynomial approzimating Valu] provided by Theorem 2.1.10.

Proof. In order to prove both items (i) and (%), we choose the same Qp =
V1 [QF V3 [u]], and we use the continuity of the Vekua operators (1.12), (1.13),
(1.15) and the Bramble-Hilbert Theorem 2.1.2. For every N > 2 we have

2
HU*QLHJ‘,W,D

(1.12)

< C(1+5)°M*e? (14 (wh)? Zw% D |Valu) - Q¥ Walull,

(2.5) )
< O+ )N 1N (1 + (wh)?)?
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J
ST LN R
=0
< OO+ )N (14 (wh) )2 RED Va2,

(1.13) AN+1,25 p2(L+1-j) 3N—1,2(L+1) 2
< Conyp (147) h (L+1) ||u||L+1,w,D

< C(1+ L)™NOHD 2D Yl b
and for N = 2,3 we obtain
lu = Qrll} o p < COL+ )N (14 (wh)*2)? RPEFD V)7,
(-S ca +j)4N+1€2j(1 + (wh)j+2+4)2 R2(L+1—7)
_ 3 w
(LA )N 2EEA Um0t 7
< C(L+ LN T T (14 (wh)7+0)? RPEAD) 30 |7,
Items (i4) and (iv) can be proved in a similar way by choosing Q} = V;[P'L]

and Q7 = Vi[P"F], with P'L and P"L approximations to Va[u] provided by
Theorems 2.1.4 and 2.1.10, respectively. For N = 2 we have

(1.12) j
o= Qulup < CO+7)7e¥ 1+ wh)?)? D w2 [Vafu] - PE[]
=0

(2.8)
< Cipp (1+ (wh)? Zw% Dppi=h
=0
log(L + 2)\ A¢+10 ,
\ 132 Valullyy1.p

) log(L +2) 22 (k+1-7) » 5
< Cjpp (L4 (wh)*2)? (ﬂ R Volullp

(1.15)
<0y pp (14 (wh)H0)2ed 0

2X(k+1—7)
. log(L + 2) J B2 2
L+2 k+1,w,D>

while for N = 2,3 we obtain

(1.12)
2 2
lu = Q7w < C A+ ¥ (1+ (wh)? Zw2(3 D\ Valu] - P"E|;

(2.16)
S C]kﬁ N (1 + Wh ZWQ(J l)h2(k+1 D L—Qk(kf"l‘l 2 |‘/2[ ]|k+l D
=0
(1+ (wh)*2) L7220 20120 Vol

<CngN

(1.15)
< Cpppy (L (wh)H0)2e3 (P L2 204 10) 2

O
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Chapter 3

Plane Wave Approximation
Estimates

In order to approximate a generic solution of the homogeneous Helmholtz equa-
tion by using a finite dimensional space of plane wave functions, we proceed in
two steps: first, we approximate the homogeneous Helmholtz solution by a gen-
eralized harmonic polynomial, then we approximate the generalized harmonic
polynomial by a linear combination of plane waves.

The first step has been dealt with in Chapter 2, and we study the second
one in Section 3.1. Since we have to link plane waves to circular and spherical
waves, the proof of the approximation estimates relies on the use of the Jacobi-
Anger expansion and on a careful bound of all the resulting terms. This proof
is closely related to the existence of a basis of the plane waves space that does
not degenerate for small wavenumbers.

For the two dimensional case, a stable basis was already introduced in [26].
Here, with the same technique based on the Jacobi-Anger expansion and the
definition of the generalized harmonic polynomials, we introduce new stable
bases both in two and three dimensions. By using these new stable bases, we
derive best approximation error estimates for generalized harmonic polynomials
in plane wave spaces. More precisely, in two space dimensions, we can prove
error estimate with sharp algebraic order of convergence in h, the diameter of
the domain, and a faster than exponential speed of convergence in p, the number
of plane waves used (see Lemma 3.1.3). In the three-dimensional case, we are
able to prove only h—estimates (see Lemma 3.1.6).

In Section 3.2, we combine these results with the ones obtained in Chapter 2
and get approximation estimates for solutions of the homogeneous Helmholtz
equation by using plane waves. We prove sharp h—estimates in two and three
dimensions and hp—estimates in two dimensions. All the speeds of convergence
are algebraic and the rates are given explicitly in terms of the Sobolev regularity
of the approximating function, the number of plane waves in the approxima-
tion space and the order of the Sobolev norm used to measure the error (see
Theorems 3.2.2 and 3.2.3).
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3.1 Approximation of Generalized Harmonic Po-
lynomials by Plane Waves

We fix p € N, p > 1, different directions {dj}x=1
approximating plane wave space

p in SN=1 and define the

.....

p
PWw,p(RN) = {U S COO(]RN) : U(ZL') = Zak eiwz-dk, o € (C} .
k=1

We will always choose

q
p = dim PW,,,(RN) => "n(N,1)
1=0
= dim{ N—dimensional harmonic polynomials of degree < ¢}.

for some g € N. This means

J2¢+1 in two dimensions ,
(g+1)2 in three dimensions .

We will see that we need at least p plane waves in order to approximate all the
generalized harmonic polynomials of degree at most g.

We study only the interesting cases N = 2,3, but it is clear that everything
can be extended to higher space dimensions.

3.1.1 Stable Bases

It is well-known that the plane waves Galerkin matrix associated with the L?(D)
inner product is very ill-conditioned when the wavenumber is low or when the
size of the domain is small. In fact the plane waves tend to be linearly dependent
in the limit w — 0. In order to cope with this problem it is possible to introduce
a basis for the space PW,, ,(R") that is stable with respect to this limit. For
the two dimensional case, a stable basis was already introduced in [26, Sec. 3.1].

In three dimensions, thanks to the Jacobi-Anger expansion and the definition
of the generalized harmonic polynomials, we can easily find a stable basis for
PW,, »(R3).

We fix ¢ € N, p = (¢ + 1)? and the p directions {d; m}—o
define PW,, ,(R?) such that the p x p matrix

g; |m|<t that

.....

M = {Ml,m;l’,m’} 1=0,...,q, |m|<l, = {Yi,m(dl’,m’)} 1=0,...,q, Im|<l, (31)

I'=0,...,q, ‘m/lgl/ '=0,...,q, |m/\§l/

is invertible.

Since vector indices are often denoted by a pair of integers separated by a
comma (e.g., di ), here and in the following we use the semicolon to sepa-
rate the row and column indices of second order matrices (e.g., M m.1/ m’). The
components of vectors and matrices will be denoted by round brackets with sub-
scripts, whenever their names are composite (e.g., (Md);m or (M=) m m)-
The superscript ~¢ will be used to denote the transpose of the inverse (i.e.,
M=t = (M~1Hh).
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We define the p elements of PW,, ,(R?)

D(1+3) 2\ -
@) = S (2) S E g e
'=0,....q, (3.2)

|m/|<U/

1=0,...,q, Im| <L

We can compute with (A.16):

bl (@) = 4 Fi+s) (z)l > i jitwlal) Y ()

2m v leN m
i <
> (M mrtm Yy ()
I'=0,...,q,
| <t

- % 2y [z’l il Yim ()

£ 30 ele) Vi () 30 O DT ()

: x|/, -
I>q, I'=0,...,q,
|| <I |m/|<U/
(1.54) T _
=" |:|x|l Yl,m(m)} + O(Wq+1 l)w—)Ov

thanks to to the asymptotic properties of the spherical Bessel functions (A.10)
and to

Z (M_l)l’,m’;l,in,m(dl’,m’) = Z (M_l)l’,m’;l,m(M)l:m;l/’m/
r__ [
i i

The functions b ,,, constitute a basis in PW,, ,(R?); since
(@) “=H ol Yiom (1)
x

uniformly on compact sets, this basis does not degenerate for small positive w
and its mass matrix is well conditioned.

In two dimensions, using this same technique, it is possible to define a stable
basis in a simpler way than in [26]:

1l a
2 .
bi(x) := (=) v || [ = A7y emdr =g, 3.3
(@)= (i) it (2) e PRRNCY)
where v, = 1if I > 0 and y; = (—1)! if | < 0, the plane waves directions are
d; = (cos0;,sin6;) l=—gq,...,q, d; # dy, Vi#Ek,

and the matrix A is

l=—q,....,q -
l/

;l/}ll/:—q,...,q = {eiiml/}



With this definition, using the polar coordinates z = r(cos,sinv), we can
easily prove that

11 q
2 . 7 5 e
= (=)' [u! (;) (il Ji(wr) e + E it Jr(wr) e'!? g (A7) e 0

|1>q I'=—q

The existence of a stable basis and the proof of the convergence of the plane
wave approximation require the matrices A and M to be invertible. This is the
case if and only if the sets of directions {d;} or {d;,,} (in two or three dimensions,
respectively) constitute a fundamental system for the harmonic polynomials of
degree at most ¢q. In two dimensions, if the directions d; are all different from
each other, this is always true, as we will see in the proof of Lemma 3.1.3. In
three dimensions, we prove in the following two lemmas that there exist many
configurations of directions that make M invertible and provide an example.

Lemma 3.1.1. Let the matrizc M be defined as in (3.1). The set of the con-
figuration of directions {dim}i=o,...q, Im|<i that makes M invertible is a dense
open subset of (S?)P.

Proof. The spherical harmonics Y} ,,, = Y7, (sin 6 cos ¢, sin 0 sin ¢, cos ) are po-
lynomial functions of sinf, cos 6, siny, cosp, and the same is the determinant
det(M) : (S?)? — C. This implies that it is continuous and then the pre-image
[det(M)]~1{C\ 0} is an open set.

The existence of at least one configuration of directions {di,m }i—o,....q; |m|<i
such that M is invertible is guaranteed by a simple generalization (to non con-
stant degrees n) of Lemma 6 of [36], or by Lemma 3.1.2 below. Since a trigono-
metric polynomial is equal to zero in an open set of R?? if and only if it is zero
everywhere, then det(M) is zero only in a closed subset of (S2)P with empty
interior, which means that M is invertible on a dense set. O

Lemma 3.1.2. Given q € N, let the p = (q+ 1)? directions on S? be chosen as
dim = (sin@l COS ©¥,m, Sin 0 sin @y m, cos@l)

foralll=0,...,q, Im| <!, where the ¢+1 colatitude angles {0, }i1=o.... 4 C (0,7)
are all different from each other, and the azimuths {p1m}i—o,....q;im|<i C [0,27)

satisfy o1.m 7 Pi,me for every m #m'.
Then the matriz M defined in (3.1) is invertible.

Proof. We define

c; = cos 6, l=0,...,q,
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N [ D= m)!

m=A T ). ml<i<q

We notice that the values ¢; are all different in (—1,1) and, thanks to (A.14), it
is possible to write the elements of the matrix in the form
My m = Nigm P (c) €0 m

where P/" denote the Legendre function of order m associated with the Legendre
polynomial of degree I (see (A.12)).

For every m € {0,...,q}, we define the square matrix of dimension ¢—m+1
{ }j =m,....q — {DmPl(Cj>}j:m ..... q»
l=m,..., q l=m,..., q

where D™ P, are the m*™ derivatives of the Legendre polynomials of degree I
defined in (A.11) and constitute a basis of the space of the polynomials of degree
g — m. If the vector n € R9~™*! belongs to the kernel of S™, i.e., S™n = 0,
then we have

0=( ZD Py(cj) n Vi=m,....q

that means the polynomial > ;. D™P,(z)n of degree ¢ —m has ¢ —m + 1
distinct zeroes. This implies that n = 0 and hence the matrix S™ is invertible.
This fact also implies the invertibility of the matrices

{R l}] mo..qg = (—1)" diag ({(1 - C }J =m,.. 7<1) S™ - diag ({Nl,m}l:m7~~~,Q)

l=m,....q
={(=1)"™ Nim (1 - c?)% D”B(Cj)}g:mmq
=m,...,q
(A.12)
=" {Nim P™(¢) }j=m..a m=0,...,q,
yeesd

where P/™ are the associated Legendre functions. Similarly, also the matrices

{R }J —m,...,q = diag ({(1 - C?)%}j:m,---7q) -5

( z

m)! 2
=¢N_m 1—c¢%)2 D™P(c
{ ! ( —l—m)'( ) l( j)} =m,..., q
l=m,..., q
(A.12) _
= {Nl,—m Pl (Cj)}]:m, »q m = 1’ » 4,
=m,....q
are invertible.
We fix a vector € in CP such that
(M) = > Vi (dir ) &m =0 VI=0...,q, |m'| <.
1=0,...,q
Im|<l
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If we show that &, = 0foralll =0,...,q and m = —I,...,l, then M* (and
thus M) is invertible and the proof is complete.
We define the functions

q
am(0) = Z &.m Nim P (cos0) Vm=—q,...,q, € (0,7m), (34)
I=|m|
so that, owing to (A.14), we have

a
(Mtf)l’,m’ = Z am((gl,) eimtpu’m/ =0 v = 0,.. 4, |m/| < .
m=—q
(3.5)
The last expression in the case I’ = ¢ reads

q

D am(by) emramt =0 Vm'=—q,...,q

m=—q

Thus, the function 337 _ a5 (0,) €™ is a trigonometric polynomial of degree
q in the variable ¢ with 2¢g 4+ 1 zeroes, so its coefficients vanish:

am(0g) =0 Vm=—q...,q. (3.6)

Take m = g; thanks to (3.4) and (A.13), we have

—~

2q)!
24 ¢!

0=aq(0y) =&, Noyg P,?(COS 0q) = 4.9 Ng,q (=1)7 (1- cos” Gq)%,

that implies &, , = 0 and also a4(8) = 0 for every 6 € (0,7). Similarly we can
prove that §; _, = 0 and a_4(0) = 0 for every 6 € (0, ).
Now we proceed by induction on the index m decreasing from ¢ — 1 to 0:

&m =0 m < |m| <l<q, (A)

induction hypotheses
P {amw]—)o m| <7 < j < q. (B)

We have already verified the induction hypotheses at the initial step = ¢ — 1:
&+q = 0 and a,,(0,) = 0 for all |m| < ¢ (see (3.6)), and in particular for all
|m| <qg-—1.

Let us suppose that (A) and (B) hold for a fixed m € {0,...,¢g — 1}. We
have to prove

Eim =0 m=|m|<l<q, (A7)

induction assertions . ,
am(0;) =0 Im| <m = j. (B7)

The equation (3.5) for I’ = reads

am (O77) eimemm! = (), vV im'| <m,

NgE

m=—m

since, thanks to (A) and (3.4), an,(f7) = 0 for |m| > m. This is a trigonometric
polynomial in ¢ of degree ™ having 2m + 1 zeroes {@m.m’ }m/=—m,... 7, S0 it is
identically zero and a,, (0m) = 0 for every |m| < m, that is (B’).

yeery
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Thanks to (B) and (B’), for every j € {m,..., ¢} holds

0= i lmPl (cosb,) i jﬁ
I=m I=m

and the analogous is true with the index —m. Since R*™ are invertible, we
have (A’) and the induction argument is complete.

We conclude that all the coefficient & ,,, are equal to zero, thus M is invert-
ible. O

Figure 3.1: A graphical representation of the backward induction on the index
m in the proof of Lemma 3.1.2 with ¢ = 8 and p = 81. At the step m = 4 the
coefficients in the grey squares are zero (hypothesis (A)). The induction step
shows that also the coefficients in the two boxes are equal to zero (assertion

(A7)
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Lemma 3.1.2 provides a quite general class of configurations of plane wave
directions {di,m }1—o,....q; |m|<: that renders the matrix M invertible. This implies
the existence of a stable basis in PW,, ,(R?) and allows to prove the approxima-
tion estimates in Section 3.1.3. In order to fulfill the hypotheses of Lemma 3.1.2,
the directions have to satisfy only the following geometric requirement: there
exists ¢ + 1 different heights z; € (—1,1) such that exactly 2j + 1 different
vectors dy ., belong to SZN {(z,y,2), 2 = 2j}j=0.....q

An example of directions satisfying this condition with ¢ = 3 is shown in
Figure 3.2.

3.1.2 The Two-Dimensional Case

In two space dimensions, thanks to the Jacobi-Anger expansion and the spe-
cial properties of the circular harmonics Y;(8) = e? (see Section A.1 in the
Appendix), we are able to approximate a generalized harmonic polynomial in
PW,, ,(R?), with approximation error estimates that converge both in h and in
p. The order of convergence with respect to h is sharp, as can be seen from
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Figure 3.2: A choice of directions {di,m }i—o,....q; |m|<: that satisfies the hypoth-
esis of Lemma 3.1.2 with ¢ = 3, p = 16. Notice that 1 direction belongs to level
0, 3 directions to level 1, 5 to level 2 and 7 to level 3.

dz-2,...,d2,
dss,...,ds,
di1.1,d10,d1.1

simple numerical experiments [12, 25,26, 35]. The proof given below simplifies
the one given in [35], and also gives the convergence in p.

We prove a completely explicit estimate of the L*°—norm of the approxima-
tion error.

Lemma 3.1.3. Let D C R? be a domain as in Assumption 1.1.1. Let P be a
harmonic polynomial of degree L and let

{di = (cosb,sin ) b k=—q,...q

be the different directions in the definition of PW, ,(R?), p = 2¢ + 1. We
assume that there exists 0 < 6 < 1 such that

2
min |0, — 6, > =5 (3.7)
J,k=—gq,...,
7k
Let the conditions on the indices
1
0<K<L<gq, L—K+1§{%J, (3.8)

be satisfied. Then there exists a vector o € CP such that, for every R > 0,
q

‘/I[P] - Z (077 eiwz-dk S C(w557p7h7R7Q7K7 L) ||P||K,w,D ) (39)
k=—q
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where we have set, for brevity,

63 e% ! wR
Cw767 7h7R7 aK,L — 1 (QL\/L+1)eT
(s0p 1o 1) wipl®s] <2\/§52>
1
(@R (L4 (wh)E) BT ——
( ) (@+1)%
Proof. We write the polynomial
L
P(z) = Z ap i1l et
I=—L
with the usual identification R? = C and z = re*¥. We have
q
Vl[P](Z) _ Z g eiw(rcos1/;,rsin1/;)»d,C
k=—q
(1.52) L 2 LI i )
= Z a |l|l <_> ezli/) J|l\(‘*”")* Z a ezwrcos(wfek)
l=—L w k=—q
(A.15) = o\ ) d )
= Z ap |I! <;> e g Jy(wr) — Zil Ji(wr) e Z ay e 0k
l=—L ez k=—q

where v, = 1if I > 0 and 4, = (—1)" if [ < 0 thanks to (A.2). Define the p x p
matrix A by

A= {A k=g, =1 Yh=—q....ts
and the vector 5 € CP by

N
AL — ) l=—-L,....L
,Bl: a/l|| (w) 1 i B y 44y
0, l=—q,...,.—L—-1,L+1,...,q.

The matrix A is non-singular because it is the product of a Vandermonde matrix
and a diagonal matrix:

A= {e_ijek}jzo,___72q - diag ({eiqe’“}k:_q7,,,7q) =V4-Dy.

=—q,....q

By choosing the p—dimensional vector « as the solution of the linear system
Aa=p,
we have
q . . . q .
Vl[P](Z) o Z g ezw(rcosw,rsmw)-dk — Z L Jl(wr) et Z Qg eleek,
k=—q [l|>q k=—q
and thus the L°°—norm of the error is controlled by

q
Vi[P] = > ay e < sup 2 [@)] |A7Y, 18l - (3.10)

" te[o,wR] 1=

k=—q L (BRr)
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We have to bound each of the three factors on the right-hand side of (3.10).
The first factor is the easiest one:

sp S0 S sup Z()

te[0,wR] I>q te[0,wR] I>q
A\ t\’ 1
< sup <—) <—) Nl (3-11)
tef0,wr] \2 (Q+1)!j§0 2) ()

wR\ e
- <7> (q+ D!

For ||A*1 || 1» We observe that the 1-norm of the inverse of the diagonal matrix
D 4 is one, while the norm of the inverse of the Vandermonde matrix V4 can be
bounded using Theorem 1 of [22]:

AL < IVl 1Da L < v ([Vall

< 1+ e
p, max 11 =i — =0 -

With simple geometric considerations, it is easy to see that, under the con-
straint (3.7), the product on the right-hand side is bounded by its value when

2
9::934—155 $=—q,...,q,
p

and the maximum is obtained for £k = 0. A simple trigonometric calculation
gives

o . 4
0 = 3 contor ) 23 Y2 o gy = gl

because 1 — cost > =5 Z 12 for every t € [—m,7]. This leads to the bound
- 2p P
A < . 3.12
47 = 1 555 = @ ar 12
T

In order to bound ||3||;, we need to bound from below the Sobolev seminorm
of order m of P for every m = 0,...,L. Recalling that B,, C D and taking
into account the expression of P, we have

2

Z aj |J|' \j\fKeijw
(5] =

‘.7‘ O7Bph

2

P2
PEo > |3

O,Bph

L

ph — s -/ 27
:/ 3 (|,|“J“a’)||g||"/||3 I ; T\j\+|j’|72m/ G-I 4y 1 dr
—m). —m).
0 171 ! ! 0

o (g1H* (ph)*almmaD)
- Z | (1] =m)D)? 203l =m+1) (3.13)

l7l=m
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where in the last step we have used the identity

27
/ U= dep = 27 550 .
0

All the terms in the sum on the right-hand side of the previous bound (3.13)
are non-negative, so we can invert the estimate. Thus, considering (3.13) for
m = |l| < K and m = K, we obtain, respectively,

11 ,
|| < NI 1Ply.p if |l <K,
_ |/ _
|az|§i(|l| Ol VIl = K+ 1 |P| if K <|l|<L.
vro (U (ph)lH= K KD

We plug these bounds into the definition of the coefficients of £, with K < L:

L 2\ 11
180 = > il (Z)

l=—L

K
1 2\ 1
< ——(2) P
‘l_zKﬁph<w) [Plin.o

L 0 =
s %<2) (1] — KT K+1|P|K,D

Wl w (ph)lH—K+1
oK +1 ( 1\" ki1 woy (3.14)
< ~V  \wn 2872 BP0 p
L2 2 LKW VI—K +1 P
T = T _ a1 K,D
ﬁ pL—K-l-l Mot (Wh)l )
2L+1 K-1 L

.(\/K—_H+(L—K)(L—K)! L—K+1)} 1Pl g o0 -

Now we can combine the bound of the sum of the Bessel functions (3.11)
with the one of ||A~!||; given by (3.12) and the one of ||B]|, given by (3.14);
inserting everything inside (3.10) gives

Wi[P] - zq: ay e dr g2{(%)q+l %} . {W}

k=—q Lo (Bp)

2L+l _ _
.{Wm U1+ (wh)™h) L+1(LK+1)!} 1Pl 5 .0

1) wR)1 e S~
S{(saz) () (q!>2<q+1>!}
L+1
{ﬁ W (L4 (@h) ™) VI (L_KH)!} 1Pl.o
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(3.8) 2 1\? w
- ﬁ(g) (2VIFT) e wry
mTpl 2

platl|y
1+ (wh)_L) it % 1Pl g -

The Stirling formula says that
V2ry/nne e T < pl < Y 2m/n n”efneﬁ, n>1.

We use it to bound

i ol O G )l i L
() (q+1) (q+1l)3
)

+
922q+1 +1 2q+3 (g+1 ( )""
g (g (%) °

q+1)?

=

3 1
3t =3 .~ DT Tog |

27 (q+ 1)3(q+1)+7

For ¢ > 3, since the exponent in the last factor on the right-hand side of the
last inequality is negative, we get
P!
(@) (g+ 1)~

For ¢ = 1,2, one can see directly that the same bound holds true, thus we can
use it for any ¢ > 1 and obtain

26— (2\/_62) (q+1)*%.

q 3 5 q
iwx-dg € €2 (L ) whi
— Qg e < 2°VL+1)ez
kzq ' il ] (my)
= L>(BRr)
1
S(WR)T (14 (wh)™F) BT ——5 |Plljwp s
(g+1)= o
this concludes the proof. O

Notice that, thanks to the properties of the polynomials, the assertion of
Lemma 3.1.3 holds for every R > 0, which is not related to the size of D.

Lemma 3.1.3 provides the order of convergence of the approximation error
both in h and p. We will see in Section 3.2 how to link this bound to the general
Sobolev norm of the error and to the Theorem 2.2.1.

Remark 3.1.4. When § = 1 in (3.7), we have uniformly spaced directions
0; = 0o+ 2n jin S'. In this case, we see that ||A71H = HthH =1:
P 1 Pl

q

q
7t —1 et —1
(AA ) = Z e il0; gik0; _ Z i(1—k) (00 + 22 5)

Jj=—q Jj=—q
—i(l—k)Zrp
o—i(l=k)Bo ,il—k) =g 1—e _
_ © 1 —Z(l k) 2r 0 l # k?
p =k
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In this case, the bounding constant in Lemma 3.1.3 becomes slightly smaller, but
the orders of convergence remain unchanged:

q 7 1 q
Z iwx-dy €6 €2
— af € P
= e e

k=—gq Lo (Bp)

w 1
: (QL\/L n 1) e (WR)™ (14 (wh) L) KK T 1Pl ks
q 2

a+1 g 4
usmg Equl;‘ < es (%) A (g+ 1)_#. The constant has been reduced by a factor

e 24 [ ~ 224,

Remark 3.1.5. We can modify the condition (3.8) with L — K +1 < a(q+1),

€ (0,1). This allows to choose higher order generalized harmonic polynomials
in the final p-estimate and modify the constants in Theorem 3.2.3 and in Remark
3.2.4. However, this does not affect the general order of convergence of the
approximation by generalized harmonic polynomials.

3.1.3 The Three-Dimensional Case

Now we would like to prove an approximation estimate similar to Lemma 3.1.3 in
a three-dimensional setting. In two dimensions we were able to prove the order
of convergence with respect to g using a sharp bound on the norm of the inverse
of the matrix A, since this is of Vandermonde type. In three dimensions the
corresponding matrix is M, defined in (3.1), we can guarantee its invertibility
(Lemmas 3.1.1 and 3.1.2) but not bound the norm of M ~! with a reasonable
dependence on ¢. This is the reason why here we have only h and not p estimate.

Lemma 3.1.6. Let D C R3 be a domain that satisﬁes Assumption 1.1.1, P be a
harmonic polynomial of degree L < q, p = (q+1)* and {di,m }i1=0,....q; jm|<1 C S*
be different directions of the basis plane waves of PW,, (D) such that M is
invertible. Then there exists a vector a € CP such that

E Nm ezwm di,m

L>(BR)
V3 (L+1)7 un R
et q+1—-L 1
= 27rp% 2¢—L gl e (wR) HM Hl ”PHLwDa

(3.15)
for every R > 0.

Proof. As in two dimensions we write the polynomial

L

Z Z arm || Ylm(l |)

=0 m=—1
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and we use the Jacobi-Anger expansion:

qwx-dys g,
>y gy €T m

I'=0,...,q;
|m/|<U
154 L
(A 16) (204 1)
3 an (—w) Eo ¥ () iwle)
=0 m=—1
l
7471'2 il jl(w|1'|) Z }/l,m<| |) Z al/,m/ }/l,m(dl’,m/)
1>0 m=—t "V y_o,.. @
\m|<l'
l
= —dr Y i jwlz]) Yl,m(| |) Z i Yo (i),
I1>q+1 m=-=l ' !'=0,.., q;
|m \<l/

(3.16)

where the vector a € CP is the solution of the linear system M - o = g with

l
1/ 1\ @+1)
Bl _ E (%) Tal,m, lZO,,L, |m| Sl,

0, I=L+1,...,q; Im| <L

(3.17)

Now we can bound the coefficients a; ., with the norms of the polynomial
P, denoting r = |x|:

2
2 8K 2 ! l K x
|P|K,DZ —KP Z Z alm Yim( )
or 0,Bpn I=K m=—1 - K)! ] 0.B
»DPph
- 0 Il —2K
/o Z Z Z Z W m TN — K)
1=K m=—1U'=K m/'=-U'
: / Yi.m(d)Yyr s (d) dd 72 dr
Z Z | |2 ) (ph)Q(liK)Jrg
= Lm ))2 2(0-K)+3

thanks to the orthonormality of the spherical harmonics. This gives:

(1—K)N\2(0-K)+3
1! (ph)l=K+3

0<K<I<L. (3.18)

|al,m| < |P|K,Dv
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Now, for every dy n,y and for every € D we have

l

2 l

Z |Yl,m(dl’,m’)|2

m=—1

(A.8) !

1 3 i) Y Vi () Yim dirn)
1>q+1 m=—1 | |
x
< 4w Z 2w|x’ I+1 L (wlz) ’ Z Ylm(| |)
1>q+1 m=—1

ay /— (w|x|)l+% 2 +1
1
2w|x| z> +1 + %) 2tz dm

J
\

w|xT

j:l;q—l Z3 (wm)quli (T 2(q+j+1+ %)
-2 \2 = T+i+1+3)

q' 24 wR
~ (2¢+1)!
(3.19)
where we have bounded the sum of the spherical harmonics with (2.4.105) of [37]
and used
(g+7+3) 1 1 q! 224+1

Tgii11+3) T@iitd) Tt G+  VaRa+ DITG+1)

Now we plug (3.19) in (3.16) with the definition of 8 and the bound (3.18)
on the coefficients a; ,, with K =1:

L*(Br)
1

< sup o fr Y i jiwlal) Y Yz,m(| l)mm(dl/m/) e,

e BT e
mi=—l,. 1
gl 20 ny 1
2q+ i B = a8l
(3.17)
" et Y 3 IV (LY By ey
= oy W €’ 4zl 2w Il (ph)?
gt 1) s =l 2w I (ph)s WP 1
V3 q120 (2L+1) un LN
on gr1-1 B" L—1 -1
S e ¢ @R : zz;(%"' D Pl M7,

V3 ¢l2¢ (2L +1)!
- 47Tp% (2q+ 1)' 2L L 1)

(2L + )WWITTeE (wR)T LRS 1Pl 227,

60



!
V3 (L+1)f2F T g+1- LR

2 1

o 27rp% q! 24 (2g+1)! €’ (wR) HM Hl ‘PHLwD
49 ¢l ¢!
V3 (L+1)? .n R
AL g+1—r 1 1

= 27Tp% 29—L ¢! e (wR) ||M H1 ”PHLwDa
where we have used the monotonicity of the sequences [ > (22114{!1[)!! and 1
(2041)! ’

ann

In the last chain of inequalities we have bounded each coefficient a; of P
using the seminorm of the same order |P|; p, that means we have used (3.18)
with K = [. This makes the proof simpler but ties together the order of the
norm on the right-hand side and the degree of the polynomial. In the case of the
h-estimate this fact does not affect the final result; when a bound on HM ’1H
will be available, in order to obtain an useful p-estimate, this proof has to be
modified following the line of Lemma 3.1.3.

3.2 Approximation of Homogeneous Helmholtz
Solutions by Plane Waves

In order to use Lemma 3.1.3 and Lemma 3.1.6 to approximate a solution of the
homogeneous Helmholtz equation in PW,, ,(RY), we need to link the Sobolev
norms to the L*°—norm of the error. This is done in the following lemma, that
generalizes the usual Cauchy estimates for harmonic functions to the Helmholtz

case. The result is a simple consequence of the continuity of the Vekua trans-
form.

Lemma 3.2.1. Let ¢ be a harmonic function in H’(Bp), j €N, w >0, N > 2
and D a domain as in Assumption 1.1.1. Then we have

1N ; Loh 1 N _s
Vilélllj o0 < Cng 7= 7 (L (wh)*) 2" BT 7T |[Vi[@]ll oo, - (3-20)
where the constant C' depends only on N and j.

Proof. Remark 1.1.2 implies that d(D, 9By ) > ph. Using the Cauchy estimates
for harmonic functions and the continuity of the Vekua operators we have

(1.12) L
Vildll;p < COnp = (1403 el (14 (Wh)?) (8]0

<Cnjp 7 (1+ (wh)? ZWJZWZD

<Cnjp 7 (14 (wh)? Zwﬂ L |6l (o

(1.32) J . N _
< Ongpm (L4 h)?) S w ™ h% (0h) @]l o)
=0

1N ; N_j
<Cn;p =2 71+ (wh)y™) h27J ||¢HL°¢(Bh)
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(1.16) on By, _ . . 1 ;
< Cngp (L wh)) et VA e )

where in the last step, the exponential has coefficient 1/2 because ball By, has
diameter 2k and shape parameter p(By) = 1/2. O

Now we can state the two final results: the approximation estimates for
homogeneous Helmholtz solutions in H7,(D) with plane waves in PW,, ,(D),
with respect to h for N = 2,3 and with respect to both i and p for N = 2 only.

Theorem 3.2.2 (h-estimates, N = 2,3). Let u € HX+Y(D) be a solution of
the homogeneous Helmholtz equation in a domain D C RN, N = 2,3, satisfying
Assumption 1.1.1. Fiz g > 1, set

f2q+1  fN=2
C | (g+1)? ifN=3,

and let the directions {dy}x=1,..p, C SN~ be such that the matriz

k=1,..., p

is invertible. Then for every 1 < L < min(q, K), there exists a« € CP such that,
for every j < L,

p
u— E akezwz‘dk
k=1

7T_3

< C (L4 (wh)*ate) eGadh pEHT )y g

J,w,D

(3.21)
where the constant C > 0 depends only on q, j, L, N, p, po and the directions
{di}, but is independent of w, h and u.

Proof. Let @ be the generalized harmonic polynomial of degree at most L equal
to @, from Theorem 2.2.1, item (7). V2(Q) is the averaged Taylor polynomial
of V3[u], as in Theorem 2.1.2. From Lemmas 3.1.3 and 3.1.6 with R = h, we
know that there exists vector a € CP such that

p
Q _ E akelwz»dk
k=1

L°°(Bp)
(3.9),
(3.15) oh L L1
< COwvprigdi) € 2 (Wh)T™" + (wh)?) b 2w |V2[Qll L w0

wh _ N
<Cvpralay €2 ((wh)I™F + (wh)?) KET172 V2@l 141,00
< Cwpratay €7 (L+ (wh)?) REFIZS

- [HV2[U]HL+1,W,D +Valu] = V2[@ll 11 0.0

(2.5) o O Ll
< CNopLugddiypo) € 2 (14 (Wh)?) R > Valulll gy w0

(1.15)

N
< CO(,p,L,g,{d}p0) €

(3+3(1—p))wh (14 (wh)*) pEH1=2 lull 41,0, -

62



Now we use the triangle inequality and the approximation results from Theo-
rem 2.2.1 and from Lemma 3.2.1 with ¢ = V2[Q — >°¥_; ae™ ™ x]:

p p
w— § akezwz-dk Q _ § akezwz-dk
k=1 k=1

(2.19),
(3.20) ) .
<O (1+ (wh)+0) e A=l pLtd=d ||

p
Q- Z akeiwz‘dk
k=1
7

< C (14 (wh)iTrt8)e T-dpwh L= HU||L+1,w,D'

<lu=@Qlljwp +
jw,D

J,w,D

+C (1+ (wh)ith) ezh &=

L (By)

O

Theorem 3.2.3 (hp-estimates, N = 2). Let u € HEXT1(D) be a solution of
the homogeneous Helmholtz equation in a domain D C R? satisfying Assump-
tion 1.1.1 and the exterior cone condition with angle At (see Definition 2.1.3).
Fiz g > 1, set p=2q+ 1 and let the directions {dy = (cosO,sinb)}k=—q,...q
satisfy the condition (3.7).

Then for every L satisfying

1
0<K<L<gq, L—K—i—lS{%J,

there exists a € CP such that, for every 0 < j < K,

p
U — E akezwz-dk
k=1 jw, D

<log(L + 2))““1‘”+ oo L1 ed (1+wh)) ul
. —_— U ,
L+2 g+1 \ 2v262p2 g+1 K+lwD

(3.22)
where the constant C > 0 depends only on j, K and the shape of D, but is
independent of q, L, §, w, h and u.

<C e(%f%p)wh (1 + (wh)j+8) pE+LI=]

Proof. Let @ be the generalized harmonic polynomial of degree at most L equal
to Q) from Theorem 2.2.1, item (%ii).

Since V3[Q] approximates Va[u] as in Theorem 2.1.4, we notice that, for
K>1,

Val@lll k.0 < IValulll o, p + [IValul = V2@l . p
(2.8), j=k+1=K
< (1+0) ||V2[U]||K,w,D (3.23)
(1.15)
< O (1 @h)!) ed M ul e
where C' depends only on K and the shape of D.
Finally, we combine all the ingredients, in the case K > 1:

p p
U — E akezwmdk
k=1

Q- Z akeiwmdk

k=1

<lu-— QHJ‘,W,D +
Jsw,D

Jw,D
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(2.20),
(3.20)

Loy 20 pen ((log(L+2)\ MY
C(KJ,[)) (1+(wh)]+6) 64(1 p)wh <7)

L+2

R ||uHK+1,w,D

p
Q _ E akezwm»dk

k=1

+ C(j,p) (1 + (wh)j+4) eéwh pi=d

L (By)

3. ,
( log(L + 2)>”\(K+1_J)

R

Il ©o

)s
h

IN

. i+6\ 2 (1—p)wh
Clac g py (L (wh)5) exte ( L+2

A ||“HK+1,w,D

5 q
° j wh —j
+Cip) (m) 28 VI +1)(1 + (wh)THi+4) ewh pE+1-

1
'E;FSQIW|WHQWK%D

(3.23) (1+g(1_p)yuh(1_+ (wh)7+8) pE+1-d

Clb,j) €

(log<L+2>)“K“‘j’+2L Lri( e agem)
L+2 g+1 \2v282p2 g+1 K+lwD:

If K =3 =0, in (3.23) we have to use (1.14) instead of (1.15), so that (3.23)
becomes

IVa[Qlllg,p < O+ (wh))ez P (|fullg p, + P ful, ).

The rest of the proof continues as in the case K > 1 until the last but one step.
For the last step, since

w|[Va[Qlllo.p < O+ (Wh))eR APk (lully  + A ful, 1)
< C(1+ (wh)!)ez=P%" (1 4 wh) |lull, , p
< C(1+ (wh)Med TP ||yl

we get exactly the same conclusion as in the case K > 1. |

Remark 3.2.4. In the two-dimensional case, if

q+1 q+1
K< 1—|— | =|—
<oi- |5 =[5

we can choose

1
L:K—l—i—{%J

and we get the simpler estimate

p
U — g e <C
k=1

e
— Y(K,D.j)
J,w,D

(2—3p)wh (1+ (wh)jJrS) hKJrl*J-
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ME+1—j s
log(K +1+ | 2£2])\ ™ ”+ e (1+wn))’ I
1 u w.D "
1 252p5 /q+1 K+1,w,D

The second term within the curly brackets converges to zero in q faster than
exponentially, the first one only algebraically.
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Appendix A

Special Functions

A.1 Bessel Functions

We denote the usual Bessel functions of the first kind by J,,(z) and the spherical
Bessel functions of the first kind by j,(z). The first ones are defined, for every
v,z € C, as

© (1)t 2\ 2t+v
MO =Y e () (A1

where T' is the gamma function. When v ¢ Z and z belongs to the segment
[—00,0], J,(2) is not single-valued. When v € Z, J, is an entire function.
We list some properties of these functions (references can be found in [31,44]):

J_k(2) = (=D J(2) VEk €Z, (A.2)
Im (Jx(t)) =0,  Re(Ju(it)) =0 Vk €Z, t €R,
|Jk()] <1 VkecZ t cR, (A3)
el™=l 7121\ 1
Jo(0) =1, J(0) =0 Vkez\ {0},
2 = 3 (e (2) ~ o (2), (A5
% (szk(z)) = 2P0 1(2),
) )
&JO(Z) = —J1i(2), 9 (zJ1(2)) = 2Jo(2), (A.6)
o' 1 « !
—J(2) ==Y (D)™ ) Jam—ik(2). (A.7)
AL 5 mZ:O <m> I+k

The last equality can be easily proved by induction from (A.5).
The spherical Bessel functions are defined as

A =\ = oy o) (A8)
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These functions are a particular case of the so-called hyperspherical Bessel func-
tions (see [3] p. 52):

‘ B 00 (71)75 22t+k B
J’iv(z)*; @ON(N +2t+2k—2)11 (N —4)! z= "

Ji(2) = ji(2), r(z) = ji(2).

The asymptotic forms of the Bessel functions for small arguments are:

1 (z\F ) 2k k!

A.2 Legendre Functions and Spherical Harmo-
nics
For every natural [ the Legendre polynomial of degree [ is defined as

Bi(t) = 2%, %[(f - 1'. (A.11)

The associate Legendre function are

m _1\ym " l+m
P = (-0 - Oopey = EH 0 Ty,
P () = (=)™ 8 1 Z;: P (t) 0<m<L.
(A.12)
From these follows
Plt) = (1) (;l—ll): (1—12)3, Pl_l(t):%“ (1-)7  VIeN. (A.13)

For every N € N, N > 2, the N-dimensional spherical harmonics are a set of
complex functions {Y} m}i>0,m=1,....n(n,) defined on SN=1 that constitutes an
orthonormal basis of L2(SN~1). The set {|x|lYl7m(|§—|)}m:1
the space of the homogeneous N-dimensional harmonic polynomials of degree
l.

n(N,1) is a basis of

yeery

If N =2, the number n(2,!) of linearly independent spherical harmonics of
degree [ is 1, if [ =0, and 2, if [ > 1; we will use only one index [ running over
Z and define

Vi (') = e? vl € Z.

If N = 3, the number of linearly independent spherical harmonics of degree [ is
n(3,1)=2l+1,soweuse m € {—1,...,1}:

% P/"(cos ) "™ (A.14)

Yi,m(d):
leN, m=—l,...,l, d= (sinfcosp,sinfsiny,cosd) € 52,
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where P/" is an associated Legendre function.

Other useful identities are the Jacobi-Anger expansions, combined with the
addition theorem for spherical harmonics, see [3,17,36]:

errent = ildi(z) e, (A.15)
isy4
"= (2 +1) i Gir) P ) (A.16)
1>0
l —_—
=4r Y i) D Yim(@©Yim(®m) V& meS? r>0,
1>0 m=—1
n(N,l)
e = (N =2 [SYTH Y TGN ) Y Yim(€)Vim () (A.17)
>0 m=1

VéE ne SN >0 N> 3.
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