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Vekua theory for the Helmholtz operator

A. Moiola, R. Hiptmair and I. Perugia

Abstract. Vekua' operators map harmonic functions defined on domain in R? to solutions of elliptic
partial differential equations on the same domain and vice versa. In this paper, following the original
work of 1. Vekua, we define Vekua operators in the case of the Helmholtz equation in a completely
explicit fashion, in any space dimension N > 2. We prove i) that they actually transform harmonic
functions and Helmholtz solutions into each other; iz) that they are inverse to each other; 4ii) that
they are continuous in any Sobolev norm in star-shaped Lipschitz domains.

Finally, we define and compute the generalized harmonic polynomials as the Vekua transforms
of harmonic polynomials. These results are instrumental in proving approximation estimates for
solutions of the Helmholtz equation in spaces of circular, spherical and plane waves.

Mathematics Subject Classification (2010). 35C15, 35J05.

Keywords. Vekua transform, Helmholtz equation, generalized harmonic polynomials, Sobolev con-
tinuity.

1. Introduction and Motivation

Vekua’s theory (see [20,36]) is a tool for linking properties of harmonic functions (solutions of the
Laplace equation Au = 0) to solutions of general second-order elliptic PDEs Lu = 0: the so-called
Vekua operators (inverses of each other) map harmonic functions to solutions of Lu = 0 and vice
versa.

The original formulation targets elliptic PDEs with analytic coeflicients in two space dimensions.
Some generalizations to higher space dimensions have been attempted, see [10-12,18,23,24] and the
references therein, but the Vekua operators in these general cases are not completely explicit.

Here, the PDE we are interested in is the homogeneous Helmholtz equation Lu := Au+w?u = 0.
In this particular case, simple explicit integral operators have been defined in the original work of Vekua
in any space dimension N > 2 (see [34,35], [36, p. 59], and Fig. 1), but no proofs of their properties
are provided and, to the best of our knowledge, these results have been used later on only in very few
cases [9,25].

Vekua’s theory has surprising relevance for numerical analysis. Several finite element methods
used in the numerical discretization of the Helmholtz equation Au+w?u = 0 are based on incorporating
a priori knowledge about the differential equation into the local approximation spaces by using Trefftz-
type basis functions, namely functions which belong to the kernel of the Helmholtz operator.

Examples of methods using local approximating spaces spanned by plane wave functions x +—
ewrd g e SN=1 are the Plane Wave Partition of Unit Method (see, [4]), the Ultra Weak Variational
Formulation (see [8]), the Plane Wave Least Squares Method (see [32]), the Discontinuous Enrichment
Method (see [16]), and the Plane Wave Discontinuous Galerkin Method (see [19,22]). Other methods
are based on generalized harmonic polynomials (Fourier-Bessel functions), like the Partition of Unit

Hlja Vekua (1907-1977), Soviet-Georgian mathematician
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3. Notice that formula (13.9) may be generalized to the case of a space
of any number of dimensions. In fact, the formula

UXqy ooy Xy) = U(KY, .., %)

! L(n-2) 2
-f Ug(Xqts. .. 2y l) t° ﬁJo(mh-t) dt, (13.14)
o]

The formula (13.14) also can be inverted, in fact,

uo(xl, coesXy) =ulng, ..., x)
1 \
w3 [ gty xt) 2070 L oovidop) Y (13.17)
o VET-2)

FIGURE 1. Two paragraphs of Vekua’s book [36] addressing the theory for the Helm-
holtz equation

Method of [29], the version of the Least Squares Method presented again in [32] and the method of [6],
or on Hankel functions, like the Method of Fundamental Solutions of [5)].

The convergence analysis of each of these techniques requires best approzimation estimates: the
finite element space must contain a function which approximates the analytic solution of the problem
with an error that tends 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 explicit estimation of the convergence rate with respect to the parameters h
and p is very desirable.

In the case of plane waves, only few approximation estimates are available in the literature. A
first one is contained in Theorem 3.7 of [8]: 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. A more sophisticated result is Proposition 8.4.14 of [27]: in this case, p—estimates were
obtained in the two-dimensional case by using complex analysis techniques and Vekua’s theory. A
similar approach was used in [30] to prove sharp estimates in h for the PWDG method in 2D; there,
the dependence on the wave number was made explicit. In order to generalize and make precise the
results of [27] and [30], it is necessary to study in more details the basic tool used: Vekua’s theory. This
paper is devoted to this purpose: the results developed here will be the main ingredients in the proof
of best approximation estimates by circular, spherical and plane waves. This has been done in [21]
and greately improved in [31].

We proceed as follows: in Section 2, we will start by defining the Vekua operators for the Helm-
holtz equation with 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 2.5). Next, in Section 3, we establish their continuity properties in (weighted) Sobolev
norms, like in [27], but with continuity constants explicit in the domain shape parameter, in the
Sobolev regularity exponent and in the product of the wavenumber times the diameter of the domain
(see Theorem 3.1). The main difficulty in proving these continuity estimates consists in establishing
precise interior estimates. Finally, in Section 4, we introduce the generalized harmonic polynomials,
which are the mapping through the direct Vekua operator of the harmonic polynomials, and derive
their explicit expression. They correspond to circular and spherical waves in two and three dimensions,
respectively.

All the proofs are self-contained and do not need the use of other results connected with Vekua’s
theory. Theorem 2.5 was already stated in [36], but the proof given in this paper is new; all the
other results presented in this paper are new, although many ideas come from the work of M. Melenk
(see [27,28]).
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We conclude this introduction by fixing some notation used throughout this paper.

1.1. Notation

In order to prove inequalities with constants that are explicit and sharp with respect to the indices,
we need precise definitions of Sobolev norms and seminorms, because equivalent norms give different
bounds.

We denote by N the set of natural numbers, including 0. We set

B(z9) = {z € RY | |z — x| <7}, B, = B,.(0), SNl =9B, c RN .

We introduce the standard multi-index notation

N glal N
D(b:m, |OC|ZZOZJ VOé:(O[]_,...,OéN)ENN, (1)

and define the Sobolev seminorms and norms
1
P

e = (X [ IDu@rac)

a€eNN |a|=k
P P
- ZMW - = / Dou(e)dz |
aeNN |a|<k
|U|k,Q = |U|Wk,2(9) ) HU”/@@ = ||unk,2(Q) )
[ulyyre(y = sup  esssup|D%u(z)],
a€eNN Ja|l=k z€Q
[l ) = P Sup |u|WJ°°(Q) ’
and the w—weighted Sobolev norms
& 3
el o0 = | @™ Julig Vw>0. 2)

§=0
We denote the space of harmonic functions and of solutions to the homogeneous Helmholtz equation,
respectively, by
H)(D):={¢ € H (D): Ap =0} VjieN,
HI, (D) :={u€ H (D): Au+w’u=0} VieN weC.
Finally, we denote the number of the independent spherical harmonics of degree [ in RY (see [33,
eq. (11)] and [3, Prop. 5.8]) by
1 if 1 =0,
n(N,l):=< (2l+ N —=2)(I+ N — 3)!
(N -=2)!

ifl>1. ®)

2. N-Dimensional Vekua Theory for the Helmholtz Operator
Throughout domains satisfy the following assumption.

Assumption 2.1. The domain D C RN, N > 2, is a bounded open set such that
e D is star-shaped with respect to the origin,
e and there exists p € (0,1/2] such that B,, € D, where h := diam D.

Not all these assumptions are necessary in order to establish the results of this section (see
Remark 2.7 below).



4 A. Moiola, R. Hiptmair and I. Perugia

Remark 2.2. If D is a domain as in Assumption 2.1, then
Bph CDCcC B(l—p)h-

The mazimum 1/2 for the parameter p is achieved when the domain is a sphere: D = B%,

FIGURE 2. A domain D that satisfies Assumption 2.1

Definition 2.3. Given a positive number w, we define two continuous functions My, My : D x[0,1) = R
as follows

N—2
Mo, 1) = =202 Vi Ji(w|z|VI—1),

2 \/—
e (4)
Ms(x,t) == Zw|x| Vi Ji(iwlz|\/t(1 =)

where J; is the 1-st order Bessel function of the first kind, see Appendix A.

Using the expression (60), we can write

e () ey
Mife,t) = =477 (k!2(13+ )] !

2k+2
(|T) (1- ) th+E -1

K (k+1)!

Note that M; and M are radially symmetric in  and belong to C°°(D x (0,1)); if N is even, they
have a C*°-extension to RY x R.

Definition 2.4. We define the Vekua operator Vi : C(D) — C(D) and the inverse Vekua operator
Vo : C(D) — C(D) for the Helmholtz equation according to

1
WWW0=M@+AJ%WMMMMt VreD, j=12 (5)

where C(D) is the space of the complex-valued continuous functions on D. V;[¢] is called the Vekua
transform of ¢.

Notice that t — M;(z,t)é(tz), j = 1,2, belong to L'([0,1]) for every x € D; consequently, V;
and V5 are well defined. The operators V7 and V5 can also be defined with the same formulas from the
space of the essentially bounded functions L (D) to itself, or from LP(D) to L?(D), with p sufficiently
large, depending on the spatial dimension N. In the following theorem, we summarize general results
about the Vekua operators, while their continuity will be proved in Theorem 3.1 below.
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Theorem 2.5. Let D be a domain as in Assumption 2.1; the Vekua operators satisfy:
(i) Va is the inverse of Vi:
Vi[Vel]] = Va[Vile]] = ¢ VoeCD). (6)
(ii) If ¢ is harmonic in D, i.e.,
Ap=0 in D, (7)
then
AVil[d] +w™ilg] =0 i D.
(iii) If u is a solution of the homogeneous Helmholtz equation with wavenumber w > 0 in D, i.e.,
Au+w?u =0 in D, (8)

then
AVzu) =0 in D .

Theorem 2.5 states that the operators V3 and V5 are inverse to each other and map harmonic
functions to solutions of the homogeneous Helmholtz equation and vice versa.

The results of this theorem were stated in [36, Chapter 1, § 13.2-3]. In two space dimensions, the
operator V7 followed from the general Vekua 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 fact that the inverse of V; can be written as the operator Vs (part (i) of
Theorem 2.5) was stated in [35], and the proof was skipped as an “easy calculation”, after reducing
the problem to a one-dimensional Volterra integral equation. Here, we give a completely self-contained
and general proof of Theorem 2.5 merely using elementary calculus.

As in Theorem 2.5, 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 2.6. Theorem 2.5 holds with the same proof also for every w € C, i.e., for the Helmholtz
equation in lossy materials.

Remark 2.7. Theorem 2.5 holds also for an unbounded or irreqular domain: the only necessary hypothe-
ses are that D has to be open and star-shaped with respect to the origin. In fact the proof only relies
on the local properties of the functions on the segment [0, x]. For the same reason, the singularities of
¢ and u on the boundary of D do not affect the results of the theorem.

Theorem 2.5 can be proved by using elementary mathematical analysis results. We proceed by
proving the parts (i) and (i) separately.

Proof of Theorem 2.5, part (i). We define a function
g:10,00) x [0,00) = R,

wy/rt
rt) = ——— Ji(wvrvr —t).
Note that if r < ¢t the argument of the Bessel function J; is imaginary on the standard branch cut
but the function ¢ is always real-valued.
Using the change of variable s = t|z|, for every ¢ € C(D) and for every x € D, we can compute

Vlsl(e) = o) + | e Er)o (st ) oy s

=l )2 s N2 x x
:as(x)—/o % El % ﬁ ACNENEEE) ¢(SH) ds

1The proof in higher space dimensions might be contained in the Georgian language article [34] that is hard to obtain.
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= o) - | M ) 6(s7a7) 5

S z\ 1
Y N-3
= ¢(z) — /OI il s vl L Jp (z’w\/gx/|x| — s) ¢(s|i—|) ds

2 |z] || — s |z

= o)+ | T s o) (s 57 ds

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

o+ [ gt el o (o) ds]

_/Owlxslﬁ g(|z|, s) [¢(s%)+/os %g(z,s)¢(z|z—|) dz] ds
—oe)+ [ s (ool el ) (575 as

ja N oy ol g
_/O |$|¥ ¢(2m)/ gg(z,s) g(|z],s) dsdz.

The exchange of the order of integration is possible because ¢ is continuous and in the domain of
4

integration [s~12"1g(|z[,8)g(z, s)| < % s |z| e“*! thanks to (63), so Fubini theorem can be applied.

Notice that Vi [Va[¢]] = Va[Vi[¢]], so we only have to show that V5 is right inverse of V4. In

order to prove that Vi [V2[¢]] = ¢ it is enough to show that

Vi[Va[g]](x) =

g(t,r)—g(r,t)z/trw ds Vr>t>0, (9)

so that all the integrals in the previous expression vanish, and we are done. Using (60), we expand g
in power series (recall that, for & > 0 integer, T'(k + 1) = k!):

w?rt (D! w2t (r —t)!
9(rt) === >y (+1 (10)
1>0

from which we get

wrrt (=)' (r—t) ((—=t)" =)
t,r) — t) = . 11
g(t,r) —g(r,t) 4 Z 2201 (1+1)! (11)
1>0

We compute the following integral using the change of variables z = i;_’; and the expression of the

| g!

beta integral fol(l —2)P29dz=B(p+1,9+1) = m
T 1
/ s(r—s)(t—s)kds = (=1)F(r—t)TF+! / (1—2)72F (2r + (1—2)t) dz
t 0

41 k!

_ (_l)k(,r,_t)j+k+1 m

(r(k+1) + t(j+1)).
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Thus, expanding the product of g(¢, s) g(r, s) in a double power series, integrating term by term and
using the previous identity give

[ oot

S

S

(10) w? rt 3 (=1)7 Tk WD 4 ¢k / s(r—s)(t—9)" |
4 —~ 220K 51 (5 + 1)V AL (B + 1)! s
(—1)7 w2UTht1) pi gk (p — )itk

(12) wrt Z (
S 4 e RO G DR+ D+ R+ 2)!

r(k+1)+t(j+1))

(I=j+k+1) w?rt Z W (r —t)! ll_zll! (—1)7 79 gl=3-1
4 P+ e G+ D =)

(r(l—j) +t(j+1))

>1

w?rt (r —t)! = . . l S
— J+1 pl—j—1 ) g
1 22211—#1'1'2[ (g+1> Tt +<j)( ) }

>1 Jj=

w?r w? (r —
= ! > o5 (l(+1)t!)” [t =)+t + (=1 = (—r)]
1>1

(11)

= g(t,T‘) - g(?“,t),

thanks to the binomial theorem and (11), where the term corresponding to I = 0 is zero. This proves
(9), and the proof is complete. O

Proof of Theorem 2.5, part (ii). Let ¢ be a harmonic function, then ¢ € C*°(D), thanks to the regu-
larity theorem for harmonic functions (see, e.g., [17, Corollary 8.11]). We prove that (A+w?)Vi[¢](z) =
0. In order to do that, we establish some useful identities.

We set r := |z| and compute

9 9 S
—M ) =wVv1—t — vVi—-t J V31—t
gl M@t =w dwryiD | 20—t " wr )
5 FN—2
(6%) _whVE Jo(wrvI —1),
2 (13)
N-129 9?
AMy(z,t) = Tli(zat) + WMl(%t)

wQ\/zN—Q
- (N Jo(wrv1 —t) —wrv1 —t Ji(wrv1—1)),

where the Laplacian acts on the = variable.
Since M7 depends on x only through r, we can compute

A(M1 (z, t)qS(ta:)) — AM,(2,1) ¢(tz) + 2V M (2, 1) - Vo(tz) + My (z, ) Ad(tz)

= AM, (2, t) ¢(tz) + 2 Ml(x,t)f V| 40

9
Ol

— AM (2, 1) oltz) + 25 My (1)

0

ot

because %qﬁ(t:z:) =z-Vo
tx
Finally, we define an auxiliary function f; : [0, k] x [0,1] — R by

filr,t) = \/ZN Jo(wrv1 —t).
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This function verifies

8 N—-2 N .
1) = % Jo(wrv1 —t) + ;ftil_‘jtbfl(wm),
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 4+ wHVi[d)(2) = Ag(x) + w?d(x) —I—/O A(Ml(x,t)(b(ta:)) dt —I—/O WM,y (x, t)o(tz) dt

= w¢(z) — w? /0 Vi Jo(wrv1 — t)%qb(tx) dt

N-=2 N—2
—w2/1 <M Jo(cur\/l—t)—WT\/E -t Ji(wrv1 —t)
0

2 R
+MJ(LUT\/1—15) o(tz) dt
o/T—1

—ota) — o [ (Argee) + g Ao )

— (o) - [ B2 ) =0,

t=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.

Now, let u be a solution of the homogeneous Helmholtz equation. Since interior regularity results
also hold for solutions of the homogeneous Helmholtz equation, we infer u € C*°(D). In order to prove
that AVzlu] = 0, we proceed as before and compute

0 wQT\/fN_2 .
mMQ(I’, t) = f JO(ZLU'I"\/ t(l - t)),

5 AN—2
AMy(z,t) = % (N Jo(iwr/T(T — 1)) — iwr/A0 — 1) Jy (iwr/2(1 — t))) ,
A (My(z, t)u(tz)) = AMs(x, t)u(te) + 2;%M2(x,t)%u(tx) — WA My(x, t)u(te),
and we define the function

fa(r,t) = \/ZN Jo(iwr/t(1 —t)),

which verifies

) CNVETE Vi iwr(1 —2t)
EfQ(Tv t) = — Jo(iwry/t(1 —t)) — mﬁ(wﬂ"m%
fa(r,0) =0, fa(r,1) = 1.

We conclude by computing the Laplacian of Va[u]:

AValu](z) = Au(z) + /O 1 A(MQ(Q:, t)u(t:z:)) at

= —w?u(z) + w? /1 Vi Jo(twr~/t(1 — t))%u(tx) dt
0
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N—2
4o /1 ‘/2 (N ol /AT 1)
0
—iwr\/f%Jl(iwr\/t(l —t)) + M J1(Gwr/t(1 — t))) u(tx) dt

vV t v1i—t
2 2 [ 9 9 —
= —wu(r)+w /0 <f2(7“, t)gu(tx) + afg(’f‘, t)u(tx)) dt =0. O

Remark 2.8. With a slight modification in the proof, it is possible to show that Vi transforms the
solutions of the homogeneous Helmholtz equation

A¢+widp=0
into solutions of
A¢ + (Wi +w’)p =0

for every w and wg € C, and Va does the converse.

3. Continuity of the Vekua Operators

In the following theorem, we establish the continuity of V7 and V5 in Sobolev norms with continuity
constants as explicit as possible.

Theorem 3.1. Let D be a domain as in the Assumption 2.1; the Vekua operators
Vi H(D) = HL(D) , Va:HL(D)—H (D),

with H7 (D) and HI (D) both endowed with the norm [l 0,p defined in (2), are continuous. More
precisely, for all space dimensions N > 2, for all  and u in HI(D), j > 0, solutions to (7) and (8),
respectively, the following continuity estimates hold:

1-N

VAl < C1(N) p 2 (L4 )3V &7 (14 (wh)?) [1¢ll,0,p (14)

IValulll; . p < Co(N,wh,p) (1+5)2N7% & |Jull (15)

Jyw,D

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

1-N

Valulllg p < Cw 9™

(14 @h)) e (Jully , + bluly ) (16)
if N=2,...,5, uec H(D),

1-N . 1 31— p)w
Valull; 0 <Cnp 2 (145N 71l (14 (wh)!) 2072 Jul|, (17)
if N=2,3,j>1, ue H (D),

and the following continuity estimates in L -norm:

Wity < (1 20 Y o, (18)

2
(1 —pwh 11—p)w
(=P c3a-an e (19)

if N>2, ¢, ue L®(D).

|%Muwm<0+
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Theorem 3.1 states that the operators V3 and V5, preserve the Sobolev regularity when applied
to harmonic functions and solutions of the homogeneous Helmholtz equation (see Theorem 2.5). For
such 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 Vs
(see (16)), 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 the literature, there exist many proofs of the continuity of V4 and V5 in L°°-norm (in two
space dimensions); see, for example, [7,15]. To our knowledge, the only continuity result in Sobolev
norms is the one given in [27, 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.

Since the proof of Theorem 3.1 is quite lengthy and requires several preliminary results, we give
here a short outline. In Lemma 3.2, a direct attempt to compute the Sobolev norms of V¢[¢] shows
that two types of intermediate estimates are required. The first ones consist in bounds of the kernel
functions M; and M, in W3*°—norms; these are proved in Lemma 3.3. The second ones are interior
estimates for harmonic functions and for Helmholtz solutions: the former are well-known and recalled
in Lemma 3.8, while the latter are proved in Lemma 3.11. Since we want explicit dependence of the
bounding constants on the wave number, this step turns out to be the hardest one. Finally, we combine
all these ingredients and prove Theorem 3.1.

From here on, if 8 is a multi-index in N, we will denote by D? the corresponding differential
operator with respect to the space variable z € RY; see (1).

Lemma 3.2. For £ =1,2, 7 >0 and ¢ € H¥(D), we have

VI < 2168 426+ D265 3" sup [Me(a0)ysome -

=0 t€[0,1]
> / / |DPg(ta)|* dedt. (20)
1Bl=k
Proof. From Definition 2.4, we have
2
dx

[Velgl] , < 21l5

| D (Mg (x, t)p(tx)) dt

la|=3
2

<2, +2 > // < )Da B Me(z,t)DP p(tz)| dtda
B<a

la|=3

<2|¢|jD+2//

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 () = Yy, (5)-

We multiply by the number (N th— 1) of the multi-indices 8 of length %k in N¥, in order to move the
square inside the sum, and we obtaln

J
Velo | <2|<;5|JD+2//HlZNJF’“1
k=0

2
dt dz,

k=0 8|=k

55 a5 ()0
a>ﬂ
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2

2 o e
YD) Y <6> | D Me(x,t)| | dt da
|Bl=Fk la|=3
a>f
<2|¢5 p +2G + (¥ Z > / / | D (k)| dt da
k=0 |3|=k
2
«
. sup |M5(-,t)|2 koo sup ( > :
te[0,1] Wi—k.oo (D) \B]=k alz_j B
a>p
the last factor can be bounded as
FESE ORIy Eo—
1BI=FK o= il s 02, At s
O¢>,6’ 0¢>,8
<e - #{aeNV, |o| =4} =& ("FETT).
Finally, we note that, for every 7 € N, N > 2, we have
N+j5-1 N+j—1N+j-2 1+ AN—1
_ < (1 21
(N—1> N-1 N-2 s+ (1)
from which the assertion follows. O

Now we need to bound the terms present in (20). The next lemma provides W7 >°(D)—estimates
for My and Ms uniformly in ¢. The proof relies on some properties of Bessel functions.

Lemma 3.3. The functions My and My satisfy the following bounds:

2
(I-p)wh
||M1||L°°(D><[O,1]) < %7 (22)
1-— 2h
sup |M1(Jt)|W1,oo(D) S %7 (23)
te[0,1] 2
W .
tS}(lJpl] |M (5 ) oo (py < 5 G+@A=pwh) Vj=>2 (24)
€10,
2
1—plwh 11w
1Mol oo (Do) < % e3(1=pwh (25)
1-p)w?h
sup |M2(',t)|W1,oo(D) S % %(1 p)wh (26)
te[0,1] 2
w’ o (I=p)wh\ s74_,. _
tSEJpl} [ M2, )i (D) < 557 <J + 2 etl=Ph > 2, (27)

Proof. Thanks to Remark 2.2, we have that sup,cp |z| < (1 — p) h. Now, the L*>°-inequalities (22)
and (25) follow directly from (63).
Since M; and My depend on x only through |z|, we obtain the W1° bounds (23) and (26):

0
sup |M1(-,t)|W1,oo(D) = sup —Ml(fat)‘
t€[0,1] te[0,1], zeD ||
(65) wl|z tN_Q 1-— w? h
P A A T
tel0,1],

|z|€[0,(1—p)R]
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(65) w2|x|\/EN_2 '
sup [Ma(, )|y (py < sup I — Jo(iw|z|/t(1 —t))
t€(0,1] tef0,1],

|z|€[0,(1—p)h]

2
(6<3) (1 — p2) w h e%(l—P)Wh'

In order to prove (24) and (27), we define the auxiliary complex-valued function f(s) = s Ji(s).
It is easy to verify by induction that its derivative of order k is
ok ak—l ok
TFE) =k Ti(s) + 5 ().

We can bound this derivative using (66) and the binomial theorem:

‘8 kf ‘k 9k—1 Z < )ng kt+2(s 2k Z < )ng_kﬂ(s)‘ (28)

<(held)_ max )

.....

The functions M; and M5 are related to f by

\/iN—2
2(1— 1)

SV
Ma(z,t) = D) fliwlz|\/t(1 = 1)),

so we can bound their derivatives of order j > 2:

M (x,t) = — flwlz|V1=1),

Sup [Milyseepy < sup
€[0,1] te[0,1], z€D

aj
WM“‘”’“\

\/EN2

2(1-1)

< sup
te[0,1], zeD

(28), (62) (y7

(o.)\/ ) f(w|z|v1—1)

(II\/ t)7

N—4

. j
tSEJI,)l] |M2|ijoo(D) = te[(fll]l,pmeD 2\(/1_ —1) (/81 = t))J 8(iw|x|\§t(17—t))j J(iwlal Vi1 =)
(28)7§(63) ;j‘l (j N (1 —;)wh) 2=pyh 0
Remark 3.4. With less detail the bounds of Lemma 3.8 for every j > 0 can be summarized as:
t:}zﬁ] | M, t)|WJF°°(D) < w (J + (wh)Q), (29)
tSl[%Jpl] |Ma (-, )i (py < w’ (14 wh) ei(=Ph, (30)
€10,

We ignore the algebraic dependence on p because it will be absorbed in a generic bounding constant.
In a shape regular domain, a precise lower bound for p € (0, %] can be used to reduce the exponential
dependence on wh.

Remark 3.5. By performing some small changes in the proof of Lemma 3.3, we can extend Theorem 3.1
to every w € C, similarly to Theorem 2.5 (see Remark 2.6). In fact, the case w = 0 is trivial, since
V1 and V, reduce to the identity, while in general, Theorem 3.1 holds by substituting w with |w| in the
estimates and in the definition of the weighted norm (2), and multiplying the right-hand side of (14)
by e21“l" (see Remark 1.2.5 in [21)).
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Lemma 3.6. Let ¢ € H*(D), 3 € NV be a multi-index of length |3| = k and D? be the corresponding
differential operator in the variable x. Then

1 9 .
! ) ST | L2 P if 2% — N >0,
/ / |DPo(ta)|” dadt < e N2 (D] " |

N-1
where K = log% if2k—N=-1, K = (%) if 2k — N < —1, |D| denotes the measure of D and p

18 given in Assumption 2.1.

Proof. In the first case, we can simply compute the integral with respect to ¢ with the change of

variables y = ta:
//\D%tx dzdt = //WI\D% |

_2k—N+1|| QSHOD’
the set tD is included in D because D 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\D%(mNQ dwdt:/g/ | D% g (tx)|” dxdt—i—/l/ D p(tx)|” dadt

< [ DD+ [ D

1 p 2k+ _ 9
= 5es (O DD+ [N (DR e
2 2

and the assertion comes from the expression

2
1 log — if2k—N=—
p
/tQk_N dt = - (B)Qk—N+l o\ N-1

Remark 3.7. We can improve the bounds of Lemma 3.6 for every value of the multi-index length k
with the estimate

! 2 2\ V! 2 p\2k+1 |D|
| [iprotof awae< (2) 0o+ (5)7 5o 10%6 5y D

2

From Lemma 3.6, it is clear that, in order to prove the continuity of Vi and V5 in the L2-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 L2-norm and H7-norms in D. It is easy to find such
estimates for harmonic functions, thanks to the mean value theorem (see, e.g., Theorem 2.1 of [17]).

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 3.6 might suggest: in fact, Lemma 3.2 requires to estimate
fo fD ‘DBQS tx |2 dz dt for all the multi-index lengths |3| = k < j, so we inevitably confront the cases
2k — N =—-1and 2k — N < —1.

Lemma 3.8 (Interior estimates for harmonic functions). Let ¢ be a harmonic function in Br(z),
R >0, then

1
@I < Zr g 191620 (32)
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2

where |By| = F(ﬂﬁ—i—l) is the volume of the unit ball in RN . If ¢ € H*(D) and B € NV, |3| < k, then
2

1 2\"
15600y < 17 () 12"l @)

Proof. By the mean value property of harmonic functions (see Theorem 2.1 of [17]) and the Jensen
inequality, we get the first estimate:

1

2
()" = Bal)] Sy

cb(y) dy

2 1 2
S dy = ——
> |BR| BR(I)¢(y)| ) RN |Bl| ||¢||07BR(1)
The second bound follows by applying the first one to the derivatives of ¢, which are harmonic in the
ball B%(x) C By, CD. O

Remark 3.9. The interior estimates for harmonic functions are related to Cauchy’s estimates for
their derivatives. Theorem 2.10 in [17] states that, given two domains Q3 C Qo C RN such that
d(Q1,002) = d, if ¢ is harmonic in Qa, then for every multi-index « it holds

||
o Nla
100l < (a7) 16limie- (31)

In order to find analogous estimates for the Sobolev norms, we can combine (34) and (32) using
the intermediate domain {x € RN : d(z,Q1) < £} and obtain

ID“Gllg 0, < Cn,alQu]™2 d™1*1="2 9|3 ¢,

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

D) = [ 60 DEP)dals)  y€ i YaenY,

where the derivatives of P are taken with respect to the first variable (see (1.22) in [3]). Rewriting this
formula in y = 0 and then translating in a point z, if 1 is harmonic in B1(x), we have

D*(z) = /SJH Y(x +2) DSP(0,2)do(z) ¥V aeNV,

Given two domains Q1 C Qs such that d(Ql, 8@2) =1, zquS 18 harmonic in Qg, 1t holds
2
HD“¢ ’ / 1DG(x)|? dar = / / d(x + 2) DIP(0, 2) do(2)
0 Ql Ql SN-—1

dx
y=otz N-1 2 « 2
< 18T o y)|* dy ) [DYP(0,2)|” do(z) < Cn.a

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 Qo C RY and d(Q1,002) = d, we
finally obtain

é

A
0,822

—k .
|¢|j+k,Q1 < CN,jJC d |¢|J,Q2 ) s ke N. (35)
We can use the bicontinuity of the Vekua operator to prove an analogous result for the solutions

of the Helmholtz equations; see Lemma 3.2.1 of [21].

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 [14, page 289] but it does not provide good estimates.
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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 u 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 [27] for the two-dimensional case.
This method can be generalized only to three space dimensions, and does not provide estimates with
only the L2-norm of u on the right-hand side. On the other hand, it is possible to make the dependence
of the bounding constants on wR explicit. We will prove these interior estimates in Lemma 3.11.

A more general way is to use Theorem 8.17 of [17]. This holds in every space dimension with the
desired norms and the desired order in R. The only shortcoming 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 3.10.

Summarizing: we are able to prove interior estimates for homogeneous Helmholtz solutions with
sharp order in R in two fashions. Theorem 3.10 works in any space dimension and with only the
L?-norm on the right-hand side. Lemma 3.11 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 3.10 (Interior estimates for Helmholtz solutions, version 12). For
every N > 2, let u € HY(Bgr(z0)) be a solution of the homogeneous Helmholtz equation. Then there
ezists a constant C' > 0 depending only on the product wR and the dimension N, such that

N
[l oo (B g (2o)) S CWR,N) R lully (20 - (36)
2
Lemma 3.11 (Interior estimates for Helmholtz solutions, version 2). Let u € H'(Bg(z0)) be a solution
of the inhomogeneous Helmholtz equation
—Au — w?u = f,

with f € H'(Br(z0)). Then there exists a constant C > 0 depending only on the space dimension N
such that

el e (5 5 (o) < C R ((1 + w2 R) [ullg g me) + B IVl o) (37)
2
RS o5 (o)) for N =2,
_N
HUHLOO(BE(M))) <CR™Z ((1 +w?R?) (HUHO,BR(:E()) +R ||VUH0,BR(IO)) (38)
2

+R2 Hf”OBR(mg) + R3 va”OBR(mO)) fOTN = 37 47 57

(39)

:Eo)

_N
IVt o (5 () < C R (&RHUHO_BR(ID)+(1+W2R2) 1Vully, s ¢
2

R o oy + BNV o mauyy)  for N =2.3.

Remark 3.12. In the homogeneous case, Lemma 3.11 reads as follows. Let v € H'(Bgr(zo)) be a
solution of the homogeneous Helmholtz equation. Then there exists a constant C' > 0 depending only
on the space dimension N such that for

N=2,3,4,5:
_N
[ull oo (B g (o)) < C BT (14 wW?R?) (l[ullg prae) T B IVUllg By o)) (40)
2
N=203:

2 This is exactly Theorem 8.17 of [17]; with that notation, for the homogeneous Helmholtz equation we have k(R) = 0,
A=1,A=+Nv=uwand p=2 (q is not relevant for the homogeneous problem); see also [17], p. 178.



16 A. Moiola, R. Hiptmair and I. Perugia

_N
IVull oo (5 () < C B (wZRHuHO)BR(zO)+(1+w2R2) HWHO,BR@O))- (41)
2

Proof of Lemma 8.11. 1t is enough to bound |u(zo)| and |Vu(zo)|, because for all © € Br (x0) we can
repeat the proof using B () instead of Br(zp) with the same constants. We can also fix zg = 0.
Let ¢ : RT — [0, 1] be a smooth cut-off function such that

1 rl <31
w(ﬂ={ e

0 |r[>3,

and pr : RN = [0,1], pr(z) := cp(%). Then

! |J?| T 1 " |J?| -1 / |$|
\Y = (Z) = A (N Al
or(r) = <R) R|x|’ or(z) Rﬂ7 <R + R|z| v R

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

_ 1

U= — u(y) dy,
Bal S, "

J— xT X xr
=- [ﬁw”(f) + m‘#(%)} (u(z) — ) — 2@’(%)m V() + o (i) @u) + f(@).
The fundamental solution formula for Poisson equation states that, if —Aa = b in RV, then

1
—— loglz| N =2,

ow) = [ Ba—p)b)dy with @@ =] o (42)
N2 Y

The identity (42) holds for all b € L?(Bpg), thanks to Theorem 9.9 of [17]. We notice that

VN >2.

1 1
Vo ()| = \ d \ =

. _ )
NTB oV |~ N8|

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|z| — logR)2d:z: - (43)
Br 2
We note that from the divergence theorem

fy)dy=— [ Agly)dy=- Vg(s)-nds =0,
Br Br OBRr

because g = 0 in R? \ Bsp and, since f = 0 outside By p then f has zero mean value in the whole R2.
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We aupply~ (42) witha = gand b = f ; using the Cauchy—Schwarz inequality, the identity (43) and
the fact that f has zero mean value in R2, we obtain:

01 = 1o0) = |~ [ (gl ~1og R)Fr) | < 3= /5 R sy,

1 1
< COnR <ﬁ HUHQBR + R HVUHO,BR +u’ ”uHo,BR + ”f”O,BR) )

where the constant C'y , depends only on IV and ¢; in the last step we have used the definition of f
and the fact that go’(%) = 0in Br. The estimate (37) 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 l + l, = 1. For a > 0, we calculate

1™ Lo () = </N / ror N = 1drds>

SN 1| at+d a+N—-&
_(ap—i-N) R = Onprolt "

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

1
3R
”(I)HLP(BSR\B1 ) = CN;P < SN 1|/ (2—N)p PN-1 dT)

(/3 NENPEN o\ @-NpEN (45)
=Cn, |SV Y7 ((ZR> - (ZR) )

p
_ 2—-N+
- CN,p R L

/

(44)

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

S

SR

1Y% 1o, iy ) = O <|SN-1| o dr>
4 4

iR
_ 1-N+L&
- CN,p R L

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

Then, for all ¢ € H(Bg), using scaling arguments, the continuity of the Sobolev embeddings

H}(By) < LP(B;) which hold provided that 2 < p < 28 if N > 3, and 2 < p < oo, if N = 2

(see [1, Th. 5.4,1,A-B]), and the Poincaré inequality, we obtain

ﬁ ~
16l Loy = B? 1¥llLo(B1) < COnp
< Cnyp R¥ |Vlop, < ONpRp““ IV llo.5,, -

(47)

Now we can estimate u in the case N > 3. From the Holder inequality for the pair of spaces
L¥'| LP, p > 2 (thus, p’ < 2), and the fact that f; = fo =0 in Bip (see the definition of f), we can
erte

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

/RN () f(x) dz

< Hq)”LP(B%R\B%R) f1 + f2||LP’(B%R\B%R) TPl Lo By 3l Lo (Br)-
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Using (45) to bound the LP-norm of ®, the continuity of the embedding of L?' (Bap \ Big) into
LQ(B%R \ Bip) (recall that 1 < p’ < 2) with constant [Bsp \ BiR|§_% for the norm of f; + fa, the
definition (42) of ® and (44) with o = 2 — N, which requires p > %, to bound the L?'-norm of ®, and

finally (47)which requires 2 < p < ]\QZ—JL, to bound the norm of f3 (recall that f3 € HZ(Bg)), we have

[u(0)] < COnpRZN*5 | By 7 72

fi +f2HO +CN7;DR2_% Ry H1I7%

B3 \B
$r\Pn

VA

0.Br
Finally, using the definitions of the f;’s, [Vpgr| < £C, and -+ = 1 we obtain

N N

_ N _ 1 1
|U(O)| SON,p,ng2 N+p R» ™2 (ﬁ HUHO,BR + E ||VU|O7BR>

_N 1 1
+ O F (29l g, + 19 5, + 507 [l 5, + 5 1.5,

_N
<O B ((1+2R2) Jullg g, + R (1+ 22 [Vl 5, + B |l + B 19 o5, ) -

The previous argument for bounding |u(0)| requires that there exists p such that % <p< %,
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 (42) with @ = g and b = f. For every N > 2, thanks to (46),
the embedding of Lp/(B%R \ Bip) into L2(B%R \ Bip), (44) with a =1 — N and (47), that require
N<p< %,wehave

Vu(0)] = [V5(0)] = \ [, v

IVl 3y 11 + ol (g vy 0+ IV @l ) [ Fs )

NN 11—
< Cn RN [Bagl? 2| f1+ 2

N _N,{_N _ =
0,B3 p\B1p +ON,10R1 » RvtiTa IV f3llo,Bx-
a4 4

By using the Poincaré-Wirtinger inequality, whose constant scales with R, to bound [lu —ul|, 5, we
obtain

Vu(0)] < Crvpp RH (R Ju =g g,y + B IVl 5, )
+CONpe R*% (R_l HWZU + f||07BR + HV(w2u + f)H07BR)
< O R¥ (0 Rlluly g, + (1 + 22 [Vl g, + Rl + B 195 .5,) -
The requirement that there exists p such that N < p < % can be satisfied only if N < 4. O

Lemma 3.11 is the only result in this section which we are not able to generalize 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 L¥' (Bg) and, at the same time, H'(Bg) is continuously embedded in LP(Bg). This requirement
yields the upper bounds on the space dimension we have required in the statement of Lemma 3.11.

Combining the results of the previous lemmas, we can now prove Theorem 3.1.
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Proof of Theorem 3.1. We start by proving the continuity bound (14) for V;. For every j € N, N > 2,
¢ € H’(D), inserting (29) and (31) into (20) with £ = 1, we have

J
Vilell; p < l2 1617 p +2(1 + 5N 262 3" w20 (j — &+ (wh)?)”
k=0

o\ V-1 p\2k+1 | D 5
' <<;) 9l + (5) 2k + 1 |;kHDB¢”L°°<BPZ_h>

Then, using the interior estimates (33), we get

1
2

Viloll, p < O (L+ N1 e (11 (wh)? [Zw"’“ Rl )|¢|le

<Cnp = (L+5)V e (14 wh)?) 6l

by the definition of weighted Sobolev norms (2), and because |D| < A" and p < 1. The constant C
depends only on the dimension N of the space. Passing from the seminorms to the complete Sobolev
norms gives an extra coefficient (1 4 5)'/2 and the bound (14) follows.

In order to prove the continuity bound (15) for V4, we proceed similarly. For every j € N, N > 2,
u € HI (D), inserting (30) and (31) into (20) with £ = 2, we have

J
Valull, p < lz ul? p +2(1 + )N 72 " W TR (1 4 wh)Ze3 (1mp)eh
k=0

NV, p\2k+1 | D 9
’ ( (;) |u|k,D + (5) 2% +1 X_:kHDﬂuHLoo(B%)

(36) D 3
< C(N,wh,wph) (1+j)* [Zuﬂ(] k) < Rl (,olh)|N> |U|i,D]

1
2

< C(N,wh,p) (14 7)2 1 ¢ ul; o p-
Again, passing from the seminorms to the complete Sobolev norms gives an extra coefficient (14 5)/2
and the bound (15) follows.

Now we proceed by proving the bounds (16), (17) and (19) for V5 with constants depending only
on N.

For the continuity bound (16) 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 V&, (25), (31) and (40), we
have
1
2

1
2 2 2
|vz[u1||o,p<[2||u|0,D+2||M2|Lw(Dx[O,m | [ utea) dxdt]

2 N—-1
@h)® 101 pye 2
< 2||u|§,D+2< ) H(2) g p

p

[N

N
2

+ D1 (oh) % (14 o)l + 19l ) ) H

<Cn p 7 (L (Wh)Y) ex PR (Jlullo p + ph [Vl )
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which immediately gives (16).
Let us now prove (17). To this end, given a multi-index 8 € N~, we need to bound || Dul|, .

If |B| =0, for N =2,3,4,5, we simply use (40) and get

y = HUHLOO(Bﬂ) (48)
2

(Bpn)®

|

_N
< Onlph)™ ¥ (1 + w202 (Ilullp + o [Vl p ) -
If |B] = 7 > 1, we note that there exists another multi-index o € N¥ of length |a| = j — 1, such that
for N =2,3 and u € HJ,(D) it holds

127 e,y < IV D"y h
2

_N o @
< Cn(ph) ™% (w2ph IDullg p + (L + (wph)?) [VDully p ).
thanks to (41). Notice that the restriction to N = 2,3 in this proof is due to the use of (41). Again,
inserting (30) and (31) into (20) with & = 2 gives

J
|u|§)D + (14532 % sz(j_k)(l + wh)ze%(l_”)Wh
k=0

1
2
( - N|u|kD+p2k+l|D| E HDﬂuHLm )ﬂ

|8]=k
<Oy (145)3N"1 el (14 wh) ei-pIwh

| 1
; 2
30 (4 i+ 101 S [0 )]
k=0 )

d

Valull; p < Cw

|Bl=k

( 9), we obtain

and thus, as a consequence of (48) an
\ER el (14 wh) ed(1=p)wh

Velull; p < On (14 5)2N

2
@|mp+ L+ (lully o9l ) )

|D|
+I;w (G- k)p (|U|k +p2k(N+k 1) =

[N

2
. (w20h|u|k_17D+(1—|—w2p2h2) |u|,€7D) )]

m\w

<Cn (14+7)2V 71 p™ = & (14 wh) et-Pwh

. 2
W (1402 (|lullg,p + 1 Vully )

| 1
j . 217
+ Zw%—k)(l + k)Nt (wzh lulp_yp+ (14 w?h?) |u|k,D) 1
k=1
<Oy (L+§)N73 "2 ¢ (14 wh) ef(-p)h

2 9 i
(14 @h)?)" W |lullg p + (Wh)? + (wh)®) I~ Jul}
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[N

J

+ (wh) ZwQ(J k+1) |u| 1D+ (14 (wh)? Z G=F) |u|z7D
k=1 h=1

<Oy (L+5)2N73 "7 & (14 (wh)*) e 0=09h ||y
where the binomial coefficient comes from the number of the multi-indices || = k and is bounded by

(21). As before, passing from the seminorms to the complete Sobolev norms gives an extra coefficient

(1+4)*/? and the bound (17) follows.
Finally, we prove the continuity of V; and V4 in the L>°-norm stated in (18), (19). Thanks to the
definition of V; and V4, the bounds (22) and (25), we have

IVilgll ey < (1 1Ml e o ) 190 )

(o )

(1—pwh)” 1 w
Wl oy < (1 L2 0o,

that holds for every ¢, u € L°°(D) and for every N > 2. This proves (18) and (19), the proof of
Theorem 3.1 is complete. (I

jw,D >

18]l 1 (y -

4. Generalized Harmonic Polynomials

Vekua’s theory can be used to derive approximation estimates for the solutions of the homogeneous
Helmholtz equation by using finite dimensional spaces of particular functions, the generalized harmonic
polynomials, for instance.

Definition 4.1. A function v € C(D) is called a generalized harmonic polynomial of degree L if its
inverse Vekua transform V3[u] is a harmonic polynomial of degree L.

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

Let u be a solution to the homogeneous Helmholtz equation in D, and let P, be an approximation
of the harmonic function V3 [u] in the space of harmonic polynomials of degree at most L in a suitable
Sobolev norm, for which an estimate of the approximation error is available. Then, using the continuity
of V1 and Vs given by (14) and (17), respectively, one can derive an approximation estimate for
u—V1[Pr] (V1[Py] is a generalized harmonic polynomial) in a suitable w—weighted Sobolev norm (see
Chapter 2 of [21]). This also implies that, if D is such that the harmonic polynomials are dense in
H*(D) for some k, then the generalized harmonic polynomials are dense in H* (D).

In the next section, we show that the generalized harmonic polynomials in 2D and 3D are circular
and spherical waves, respectively.

4.1. Generalized Harmonic Polynomials in 2D and 3D

In order to explicitly write the generalized harmonic polynomials, we prove the following lemma.

Lemma 4.2. If ¢ € C(D) is an l-homogeneous function with | € R, | > —%, i.e., there ezists g €
L2(SN=1) such that

o) =9(ip) el VaeD,

then its Vekua transform is

vilelw) =11+ ) (f)l+ o((5) 1ol gy (elal) o e D, (50)
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Proof. Using the Beta integral fol to(1—t)bdt = %&’;1) a,b > —1, we can directly compute the
Vekua transform from the definition of Vi:

vl =o((5) et + [ o(i5) (el Mooy

- (| |)|x|l (1+/ thl(:z:,t)dt)

=7 r(z+%+y+1)
—j+1 _1)k e i
= g(l I)W H,;k!r(zfgzk) P(Hg)
T (_1)k (%)Qk N
:g(m) |x|lZ—F(l—|—5)

oM T(1+ 5 +k)

N N 7o\ (—1)F (%)2’““%—1
F(H ) (| |)|5€|1_? (—) ];0

w RD(1+ 5+ k)

=15 (2) o) b s

The condition | > —% is necessary to ensure a finite value of the integral fol gre-l(1—¢)yPd. O

As a consequence, the general (non homogeneous) harmonic polynomial of degree L and its
Vekua transform can be written, in terms of spherical harmonics Y; ,,, (see [2,33]) and hyperspherical
Bessel functions j{¥ (see the Appendix), by

L n(N,0)
=33 v laf Ylm(| I) (51)
=0 m=1
L n(N,) +45-1 -
WP = el 3 Y S0 a0+ ) (2) 7 Vi () sy telel)
=0 m=1

% 11 Zz OZ”(N” arm T (1+ %) (2)1 }/lm(%‘) iV (wlz]), N even,
2 o S i T 1+ 5) (2) Yim () 3P @lal), N odd.

If N = 2, identifying R? = C and using the complex variable z = re'¥, using directly (50), we have

(52)

L
= Z ap !l e, (53)
I=—L
L N
WIPIE) = 3 arlit (2) et iy o). 64)

l=—L
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If N =3, we use the definition of spherical Bessel function (67) to get

33 el v (), )

=0 m=—1

V1 [P)(z) = %Z Z ai,m F(H—%) <%)l ﬁm(li—l) Ji(wlz|) (56)
=0 m=-1
L l l
=5 3w B () V() dtetal

=0 m=—1

where {Y] . }m=—1,...; are a basis of spherical harmonics of order I, and we have used T'(l + )

%, which follows from I'(s + 1) = sT'(s) and I'(3) = /7. This means that the generalized
harmonic polynomials in 2D and 3D are the well-known circular and spherical waves, respectively.

4.2. Generalized Harmonic Polynomials as Herglotz Functions

In this section, we define an important family of solutions of the homogeneous Helmholtz equation: the
Herglotz functions (see [13, Def. 3.14]), and prove that the generalized harmonic polynomials belong
to this class. This result can be used to prove approximation properties of homogeneous Helmholtz
solutions by plane waves, as in [27, Prop. 8.4.14].

Definition 4.3. Given a function g € L?(SN~1) we define the Herglotz function w, with Herglotz
kernel g and wavenumber w as the the function in C*°(R") defined by

wy () = /S () e da(a) 2 €RY. (57)

The Herglotz functions are entire solutions of the homogeneous Helmholtz equation; it is known
that they are dense in H¥ (D) with respect to the H*(D)-norm or the C*°(D) topology, whenever D
is a C*~11 domain; the proof is given in Theorem 2 of [38]. As already mentioned, if D is such that
the harmonic polynomials are dense in ¥ (D), then the generalized harmonic polynomials, which are
Herglotz functions, are dense in H% (D). This means that, for k& > 2, we generalize the result of [38]
to weaker assumptions on the domain D (see Section 1.3.1 and Theorem 2.2.1 of [21] for details).

Lemma 4.4. Let P be a harmonic polynomial of degree L € N in R? or RN, N > 3, defined as in (53)
or in (51), respectively. Then the corresponding generalized harmonic polynomial V1[P) is a Herglotz
function wy with Herglotz kernel

mn 1] .
9(0) = Z |27|T (W> e N =2,

l=—L

g(d) = in%l)al,m w (3>le,m(d) N >3.

w
1=0 m=1 2m

Proof. We write the Jacobi-Anger expansions combined with the addition theorem for (orthonormal)
spherical harmonics, in two and N dimensions, see [2,13,33]:

ettt =N il (t Vo, teR, (58)
LEZ
n(Nl
TSN — (N =2 [SV Y S G Z Yim ()Y (1) (59)
>0

VéE ne SN >0, N> 3.
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These series converge absolutely and uniformly on compact subsets of R™Y. Now we only have to use
these formulas to verify that the Herglotz functions with the kernels written above correspond to (54)
and (52), respectively.

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

2
1! o , .
wg(z) :/ ag u <Zw) zl0 ewr(cosq/;,smw).(0059781n9) a0
0

I=—L
_ Z |l|' 3
N < iw
1 p2m
(58) |l|' 2 / i10 ! il (Y—6)
o8 = g Jy v de
. vl Sy | e Zz 1 (wr) e

l'eZ

12\ aw [77 ey
=Y Sa g (5) e et [T etrna
2 \iw 0

l=—LUEL

1l0 w}rcos(d; 0) de

L 1|
DSl (2) gnen e @ nipe)

l=—L

where in the second last step we have used the identity fo% =190 49 = or 0. In the previous
chain of equalities, we could exchange the order of summation and integration because the serie in I’
converges uniformly and absolutely in [0, 27], thanks to (63).

In higher space dimensions, we use the orthonormality of the spherical harmonics f GN-1 Ylmm
- 5l7l’5m7m’:

L n(N,) F(H—%) N |
wy () Z/SNi1 Z Um — <—) Yi.m(d) "% do(d)
=0

me—1 2m 1w
L n(N,l) F(l 4 ﬂ) !
(59) 2 2
= m — | Yi,.(d
fou 2o X oo —r () Yo
n(N,l")
(N =2 ISV Y @lal) Yiea (157) Vo (@) do(d)
>0 m'=1
L n(N,l) l
(N — 21 N (2) TN\
= al_,mF l+— - }/l.,m TN (w|x|)
1"(%) ; — ( 2) w (|x|)
52), (68
CIL VP (),
where in the second last step we have used the formula [S¥=!| = 273 /T (¥). O

Lemma 4.4 also gives an easy formula to compute the Vekua transform of any Herglotz function
wy, given the expansion of its kernel g in harmonics.

Appendix A. 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

e (1)t 2\ 2t+v
Tu(2) :tg%t! T(t+v+1) (5) ’ (60)
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where T' is the gamma function. When v ¢ Z and z belongs to the segment [—o0,0], J,(z) is not
single-valued. When v € Z, J,, is an entire function.
We list some properties of these functions (references can be found in [26,37]):

J_x(2) = (=1)FJi(2) Vk €z, (61)
Im (Ji(t)) =0,  Re(Ju(it)) =0 Vk €Z, t €R,
|[Je ()] <1 Vk e€Z, t €R, (62)
ellmz| 12\ " 1
7)1 < 5y (7> vus-liec, (o9
Jo(0) =1, J(0) =0 Vkez\ {0},
B 1E) = 5 (a2 = Joa(2)), (649
% (szk(z)) =X T 1(2),
0 0
5,0z =~Nh(z), o= (2i(2)) = 2Jo(2), (65)
o' 1 < !
—Jk(z) =5 ) (=)™ Jom—14k(2). (66)
a7k 9 mZ::o <m) 2m—l+k

The last equality can be easily proved by induction from (64).
The spherical Bessel functions are defined as

™

3nlz) = \ o= Ty (2) (67)
These functions are a particular case of the so-called hyperspherical Bessel functions (see [2] p. 52):
N 2) o0 (=1)t 2264k A=Y Teyn1(2), N even,
] zZ) = = — N
k S (26)!1 (N + 2t + 2k — 2)!! VE A Jeyn 1(2), N odd,
Ir(2) = Gk (2), Ji(2) = Gi(2).
The above equality is proved using (60) and
[(m+ 2) 2m+!
@m) =2™m!,  (2m+ 1)l = Llmt9) 2" N (68)
VT
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