Chapter 2 ®
The Helmholtz Equation Qs

Studying an inverse problem always requires a solid knowledge of the theory for the
corresponding direct problem. Therefore, the following two chapters of our book
are devoted to presenting the foundations of obstacle scattering problems for time-
harmonic acoustic waves, i.e., to exterior boundary value problems for the scalar
Helmbholtz equation. Our aim is to develop the analysis for the direct problems to an
extent which is needed in the subsequent chapters on inverse problems.

In this chapter we begin with a brief discussion of the physical background to
scattering problems. We will then derive the basic Green representation theorems
for solutions to the Helmholtz equation. Discussing the concept of the Sommerfeld
radiation condition will already enable us to introduce the idea of the far field pattern
which is of central importance in our book. For a deeper understanding of these
ideas, we require sufficient information on spherical wave functions. Therefore, we
present in two sections those basic properties of spherical harmonics and spherical
Bessel functions that are relevant in scattering theory. We will then be able to derive
uniqueness results and expansion theorems for solutions to the Helmholtz equation
with respect to spherical wave functions. We also will gain a first insight into the
ill-posedness of the inverse problem by examining the smoothness properties of the
far field pattern. The study of the boundary value problems will be the subject of the
next chapter.

2.1 Acoustic Waves

Consider the propagation of sound waves of small amplitude in a homogeneous
isotropic medium in R? viewed as an inviscid fluid. Let v = v(x, 1) be the velocity
field and let p = p(x,t), p = p(x,t) and S = S(x, ) denote the pressure, density,
and specific entropy, respectively, of the fluid. The motion is then governed by
Euler’s equation
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the state equation
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and the adiabatic hypothesis
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where f is a function depending on the nature of the fluid. We assume that v, p,
p, and § are small perturbations of the static state v9 = 0, pp = constant, py =
constant, and So = constant and linearize to obtain the linearized Euler equation

ov 1
— + — gradp =0,
Py + P grad p

the linearized equation of continuity

ap .
— + ppdivv =0,
o1 po div v

and the linearized state equation

ap  df ap
— = — (po, So) — -
or = p (0, So) 5

From this we obtain the wave equation
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p
l»2

(o)

! =A
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where the speed of sound c is defined by

d
A= o (0, So).
ap

From the linearized Euler equation, we observe that there exists a velocity potential
U = U(x,t) such that
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v=— gradU
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Clearly, the velocity potential also satisfies the wave equation

1 92U AU
c? 12 o '
For time-harmonic acoustic waves of the form

U(x,t) = Re {u(x) e—iwt}

with frequency @ > 0, we deduce that the complex valued space dependent part u
satisfies the reduced wave equation or Helmholtz equation

Au+Kku=0

where the wave number k is given by the positive constant k = w/c. This equation
carries the name of the physicist Hermann Ludwig Ferdinand von Helmholtz (1821—
1894) for his contributions to mathematical acoustics and electromagnetics.

In the first part of this book we will be concerned with the scattering of time-
harmonic waves by obstacles surrounded by a homogeneous medium, i.e., with
exterior boundary value problems for the Helmholtz equation. However, studying
the Helmholtz equation in some detail is also required for the second part of our
book where we consider wave scattering from an inhomogeneous medium since we
always will assume that the medium is homogeneous outside some sufficiently large
sphere.

In obstacle scattering we must distinguish between the two cases of impenetrable
and penetrable objects. For a sound-soft obstacle the pressure of the total wave
vanishes on the boundary. Consider the scattering of a given incoming wave u’ by
a sound-soft obstacle D. Then the total wave u = u' + u®, where u® denotes the
scattered wave, must satisfy the wave equation in the exterior R3 \ D of D and a
Dirichlet boundary condition # = 0 on d D. Similarly, the scattering from sound-
hard obstacles leads to a Neumann boundary condition du/dv = 0 on d D where v
is the unit outward normal to d D since here the normal velocity of the acoustic wave
vanishes on the boundary. More generally, allowing obstacles for which the normal
velocity on the boundary is proportional to the excess pressure on the boundary
leads to an impedance boundary condition of the form



18 2 The Helmholtz Equation

9
M e ikau=0 ondD
Jv

with a positive constant A.

The scattering by a penetrable obstacle D with constant density pp and
speed of sound cp differing from the density p and speed of sound c in the
surrounding medium R3 \ D leads to a transmission problem. Here, in addition
to the superposition # = u' + u* of the incoming wave u’ and the scattered wave
u® in R3 \ D satisfying the Helmholtz equation with wave number k = w/c, we
also have a transmitted wave v in D satisfying the Helmholtz equation with wave
number kp = w/cp # k. The continuity of the pressure and of the normal velocity
across the interface leads to the transmission conditions

1 ou 1 odv
Uu=v, — —=— — onadbD.
p dv  pp dv

In addition to the transmission conditions, more general resistive boundary condi-
tions have been introduced and applied. For their description and treatment we refer
to [14].

In order to avoid repeating ourselves by considering all possible types of
boundary conditions, we have decided to confine ourselves to working out the basic
ideas only for the case of a sound-soft obstacle. On occasion, we will mention
modifications and extensions to the other cases.

For the scattered wave u*, the radiation condition

r—>0o0 r

a N
lim r ( ; —ikus> =0, r=lx|,

introduced by Sommerfeld [397] in 1912 will ensure uniqueness for the solutions to
the scattering problems. From the two possible spherically symmetric solutions

ezklxl e—tk\xl

|x| |x]

to the Helmholtz equation, only the first one satisfies the radiation condition.
Since via

{eikxl—fwf } cos(k|x| — wt)
Re =

x| x|
this corresponds to an outgoing spherical wave, we observe that physically speaking
the Sommerfeld radiation condition characterizes outgoing waves. Throughout the
book by |x| we denote the Euclidean norm of a point x in IR3.

For more details on the physical background of linear acoustic waves, we refer to
the article by Morse and Ingard [326] in the Encyclopedia of Physics and to Jones
[224] and Werner [421].
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2.2 Green’s Theorem and Formula

We begin by giving a brief outline of some basic properties of solutions to the
Helmholtz equation Au + k*u = 0 with positive wave number k. Most of these
can be deduced from the fundamental solution

1 eiklr—yl

x #y. 2.1)

Straightforward differentiation shows that for fixed y € R? the fundamental
solution satisfies the Helmholtz equation in R> \ {y}.

A domain D C ]R3, i.e., an open and connected set, is said to be of class C k
k € IN, if for each point z of the boundary d D there exists a neighborhood V; of
z with the following properties: the intersection V, N D can be mapped bijectively
onto the half ball {x € R3 : |x| < 1, x3 > 0}, this mapping and its inverse are
k-times continuously differentiable and the intersection V; N d D is mapped onto the
disk {x € R? : |x| < 1, x3 = 0}. On occasion, we will express the property of a
domain D to be of class C* also by saying that its boundary 8D is of class C¥. By
Ck(D) we denote the linear space of real or complex valued functions defined on
the domain D which are k-times continuously differentiable. By C*(D) we denote
the subspace of all functions in C¥(D) which together with all their derivatives up
to order k can be extended continuously from D into the closure D.

One of the basic tools in studying the Helmholtz equation is provided by Green’s
integral theorems. Let D be a bounded domain of class C! and let v denote the
unit normal vector to the boundary d D directed into the exterior of D. Then, for
u € CY(D) and v € C?(D) we have Green’s first theorem

/ (uAv + gradu - gradv) dx = / u—ds, 2.2)
D aD v

and foru,v € C 2(l_)) we have Green’s second theorem

av ou
/ (MAv —vAu)dx = / (u — —v —) ds. (2.3)
D aD av av

For two vectors a = (ay, az, a3z) and b = (by, by, b3) in R? or €3 we will denote
by a - b := a;b; + axby + azbs the bilinear scalar product and by |a| := +a -a
the Euclidean norm. For complex numbers or vectors the bar indicates the complex
conjugate. Note that our regularity assumptions on D are sufficient conditions for
the validity of Green’s theorems and can be weakened (see Kellogg [230]).

Theorem 2.1 Let D be a bounded domain of class C? and let v denote the unit
normal vector to the boundary 3 D directed into the exterior of D. Assume that u €
CXD)NC(D)isa function which possesses a normal derivative on the boundary
in the sense that the limit
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0
i (x) = lim v(x)-gradu(x — hv(x)), x € 9D,
v h—+0

exists uniformly on 0 D. Then we have Green’s formula

ou 0D (x,y)
u(x) = / {a— () P(x, y) —u(y) —}dS(y)
aD v

v (y)
(2.4)

—/ [auy) + un| @ pdy. xeD.
D

where the volume integral exists as improper integral. In particular, if u is a solution
to the Helmholtz equation

Au+ku=0 inD,

then

0P (x,y)

ou
u(x)=/w{5(y)¢<x,y>—u<y>m

}ds(y), x € D. 2.5)

Proof First, we assume that u € C2?(D). We circumscribe the arbitrary fixed
point x € D with a sphere S(x; p) := {y € R : |x — y| = p} contained
in D and direct the unit normal v to S(x; p) into the interior of S(x; p). We
now apply Green’s theorem (2.3) to the functions u# and @ (x, -) in the domain
D,:={yeD:|x — y| > p} to obtain

0 0D (x,
/ {—u (V) P(x,y) —u(y) M} ds(y)
aDUS(x:p) | OV v (y)

Z/ [au) +K2um | o, way.

Dy

(2.6)

Since on S(x; p) we have

eikp
D(x, = —
(x, y) anp
and
L\ et
grad, @ (x, y) = (— - lk) P v(y),
P P

a straightforward calculation, using the mean value theorem, shows that
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. 0D(x,y) du _
/}lino s {M y Tovly) av ) @ (x, y)} ds(y) = u(x),

whence (2.4) follows by passing to the limit p — 0 in (2.6). The existence of the
volume integral as an improper integral is a consequence of the fact that its integrand
is weakly singular.

The case where u belongs only to C 2(D) N C(D) and has a normal derivative in
the sense of uniform convergence is treated by first integrating over parallel surfaces
to the boundary of D and then passing to the limit d D. For the concept of parallel
surfaces, we refer to [104, 268, 311]. We note that the parallel surfaces for 0D € C 2
belong to C!. O

In the literature, Green’s formula (2.5) is also known as the Helmholtz represen-
tation. Obviously, Theorem 2.1 remains valid for complex values of k.

Theorem 2.2 If u is a two times continuously differentiable solution to the
Helmholtz equation in a domain D, then u is analytic.

Proof Let x € D and choose a closed ball contained in D with center x. Then
Theorem 2.1 can be applied in this ball and the statement follows from the
analyticity of the fundamental solution for x # y. O

As a consequence of Theorem 2.2, a solution to the Helmholtz equation that
vanishes in an open subset of its domain of definition must vanish everywhere.

In the sequel, by saying u is a solution to the Helmholtz equation we tacitly imply
that u is twice continuously differentiable, and hence analytic, in the interior of its
domain of definition.

The following theorem is a special case of a more general result for partial
differential equations known as Holmgren’s theorem.

Theorem 2.3 Let D be as in Theorem 2.1 and let u € C2(D)NCY (D) be a solution
to the Helmholtz equation in D such that

ou
u=—=0 onl 2.7)
v

for some open subset I' C dD. Then u vanishes identically in D.

Proof In view of (2.7), we use Green’s representation formula (2.5) to extend the
definition of u by setting

0P (x, y)

() }ds(y)

u
u(x) :=f {3— ) @(x,y) —uy)
aD\I" %

for x € (R®\ D) U I'. Then, by Green’s second integral theorem (2.3), applied to
u and @ (x, -), we have u = 0in R? \ D. By G we denote a component of R\ D
with I' N G # @. Clearly u solves the Helmholtz equation in (IR \ 9 D) U I" and
therefore # = 0 in D, since D and G are connected through the gap I"in9dD. O
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Definition 2.4 A solution « to the Helmholtz equation whose domain of definition
contains the exterior of some sphere is called radiating if it satisfies the Sommerfeld
radiation condition

. ou
lim r (— — zku) =0 (2.8)
r—00 ar
where r = |x| and the limit is assumed to hold uniformly in all directions x /|x|.

Theorem 2.5 Assume the bounded set D is the open complement of an unbounded
domain of class C? and let v denote the unit normal vector to the boundary 9D
directed into the exterior of D. Let u € C*(R3\ D) N C(IR* \ D) be a radiating
solution to the Helmholtz equation

Au+kKu=0 inR>\D,

which possesses a normal derivative on the boundary in the sense that the limit
ou .
— (x) = lim v(x)-gradu(x + hv(x)), x €dD,
av h—+0

exists uniformly on 0 D. Then we have Green’s formula

0D 0 _
mm=f {()af;° ;ﬂw¢ayﬂmwx xeR\D. (29

Proof We first show that
/ﬁwwzom,raw, (2.10)
Sr

where S, denotes the sphere of radius » and center at the origin. To accomplish this,
we observe that from the radiation condition (2.8) it follows that

Jii 3
K |u)? + 2k Im(u —)}d —/ "
8v S, 8

2

0
" ds > 0, r — o0,

/{_ %
S, v

ov

where v is the unit outward normal to S,. We take r large enough such that D is
contained in S, and apply Green’s theorem (2.2) in D, := {y e R*\ D : |y| < r}
to obtain

dii di
/ " —”ds=/ ” —”ds—k2/ |u|2dy+/ | grad u|?dy.
s, v ap OV D, D,

We now insert the imaginary part of the last equation into the previous equation and
find that
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du|? dit
lim 2w as = —ok Im/ u 2 gs. 2.11)
r—=00Js, av 9D dav

Both terms on the left-hand side of (2.11) are nonnegative. Hence, they must be
individually bounded as r — oo since their sum tends to a finite limit. Therefore,
(2.10) is proven.

Now from (2.10) and the radiation condition

D (x,y)

1
T a . ~ .k¢ 9 = 0 G 9 ’
) ikd(x,y) <r2> r— 00

which is valid uniformly for y € S, by the Cauchy—Schwarz inequality we see that

I ::/ u(y) {M - ik<1>(x,y)}ds(y) -0, r—o0,
S, v(y)

and the radiation condition (2.8) for u and @ (x, y) = O(1/r) for y € S, yield

I :=/ @(x,y){a—”@)—iku(y)}ds(y)ﬁo, r — oo.
S, Jdv
Hence,

0D (x,y) Ou
/ {u(y) BrTew ——(y)@(x,y)}ds(y):ll -0 -0, r— oo
S, v(y) dv

The proof is now completed by applying Theorem 2.1 in the bounded domain D,
and passing to the limit r — oo. O

From Theorem 2.5 we deduce that radiating solutions u# to the Helmholtz
equation automatically satisfy Sommerfeld’s finiteness condition

ulx)=0 (%) , x| = oo, (2.12)

uniformly for all directions and that the validity of the Sommerfeld radiation condi-
tion (2.8) is invariant under translations of the origin. Wilcox [428] first established
that the representation formula (2.9) can be derived without the additional condition
(2.12) of finiteness. Our proof of Theorem 2.5 has followed Wilcox’s proof. It also
shows that (2.8) can be replaced by the weaker formulation

)

with (2.9) still being valid. Of course, (2.9) then implies that (2.8) also holds.

ou 2

— —iku
r

ds >0, r— oo,
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Solutions to the Helmholtz equation which are defined in all of R? are called
entire solutions. An entire solution to the Helmholtz equation satisfying the radia-
tion condition must vanish identically. This follows immediately from combining
Green’s formula (2.9) and Green’s theorem (2.3).

We are now in a position to introduce the definition of the far field pattern or the
scattering amplitude which plays a central role in this book.

Theorem 2.6 Every radiating solution u to the Helmholtz equation has the asymp-
totic behavior of an outgoing spherical wave

ik|x]| 1
u(x) = {uoo(f) +0 (—)} , x| = oo, (2.13)
x| x|
uniformly in all directions X = x/|x| where the function us defined on the

unit sphere S* is known as the far field pattern of u. Under the assumptions of
Theorem 2.5 we have

—ik x-
Uoo(R) = — /aD {u(y) L (y)e—'“'y} ds(y), xeS%

4 av(y) ov
(2.14)
Proof From
2 2 £ !
x—yl=yxI°=2x-y+|y*=lx|-Xx-y+ O A
we derive
ik|x—y| ik|x| A 1
e _ e {elkx.y +0 <_)} i (215)
lx — vl |x| |x]
and
9 eik\x—y\ eiklx\ ae—ik)?-y 1
= + 0 (—) (2.16)
v (y) Ix =yl |x] v (y) x|
uniformly for all y € dD. Inserting this into Green’s formula (2.9), the theorem
follows. O

One of the main themes of our book will be to recover radiating solutions of
the Helmholtz equation from a knowledge of their far field patterns. In terms of the
mapping A : u — U transferring the radiating solution  into its far field pattern
U0, We want to solve the equation Au = u, for a given u. In order to establish
uniqueness for determining u from its far field pattern u, and to understand the
strong ill-posedness of the equation Au = uy, we need to develop some facts
on spherical wave functions. This will be the subject of the next two sections. We
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already can point out that the mapping A is extremely smoothing since from (2.14)
we see that the far field pattern is an analytic function on the unit sphere.

2.3 Spherical Harmonics

For convenience and to introduce notations, we summarize some of the basic
properties of spherical harmonics which are relevant in scattering theory and briefly
indicate their proofs. For a more detailed study we refer to Lebedev [293].

Recall that solutions u to the Laplace equation Au = 0 are called harmonic
functions. The restriction of a homogeneous harmonic polynomial of degree n to
the unit sphere S? is called a spherical harmonic of order .

Theorem 2.7 There exist exactly 2n + 1 linearly independent spherical harmonics
of order n.

Proof By the maximum—minimum principle for harmonic functions it suffices to
show that there exist exactly 2n 4 1 linearly independent homogeneous harmonic
polynomials H,, of degree n. We can write

n

k
Hy(x1,x2,x3) = Zan—k(xl,xz) X3,
k=0

where the a; are homogeneous polynomials of degree k in the two variables x; and
x3. Then, straightforward calculations show that H,, is harmonic if and only if the
coefficients satisfy

Aay—i+2

e e T
k(k — 1)

an—k =

Therefore, choosing the two coefficients a,, and a,_1 uniquely determines H,, and
by setting

n—j_j .
an(x1,x2) =x; 'x35, ap—1(x1,x2) =0, j=0,...,n,

an(x1, %) =0, @uoi(xi,x) =x]""Ix, j=0,...,n—1,
clearly we obtain 2n 4 1 linearly independent homogeneous harmonic polynomials
of degree n. O

In principle, the proof of the preceding theorem allows a construction of all
spherical harmonics. However, it is more convenient and appropriate to use polar
coordinates for the representation of spherical harmonics. In polar coordinates
(r, 8, ), homogeneous polynomials clearly are of the form

H, =r"Y,00, ),
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and AH,, = 0 is readily seen to be satisfied if

L 9 6 8Y"+ Lo, +n(n+ 1Y, =0. (2.17)
— — SIn _— nn = .
sin® 90 30 ' sin20 9¢? "

From Green’s theorem (2.3), applied to two homogeneous harmonic polynomials
H,, and H,, we have

— 0H 9H _
0:/ {H—  — }dsz(n—n’)/ Y, Y, ds.
2 Br Br S2

Therefore spherical harmonics satisfy the orthogonality relation

/S2 Y, Y,yds=0, n#n'. (2.18)

We first construct spherical harmonics which only depend on the polar angle 6.
Choose points x and y with r = |x| < |y| = 1, denote the angle between x and y
by 6, and set t = cos 8. Consider the function

I 1
|x — ¥ B V1 =2tr +r2
which for fixed y is a solution to Laplace’s equation with respect to x. Since for

fixed r with —1 <t < 1 the right-hand side is an analytic function in r, we have the
Taylor series

(2.19)

P, 2.20
m Z o 220

The coefficients P, in this expansion are called Legendre polynomials and the
function on the left-hand side consequently is known as the generating function
for the Legendre polynomials. For each 0 < r¢p < 1 the Taylor series

1 . 1-3---2n—1 .
- +Z—( D) o gind 2.21)
J1 = rexp(£if) — 24

and all its term by term derivatives with respect to r and 6 are absolutely and
uniformly convergent for all 0 < r < rp and all 0 < 6 < m. Hence, by multiplying
the Eq. (2.21) for the plus and the minus sign, we note that the series (2.20) and all
its term by term derivatives with respect to r and 6 are absolutely and uniformly
convergent forall 0 < r <rgandall —1 <t =cosf < 1. Setting & = 0 in (2.21)
obviously provides a majorant for the series for all 6. Therefore, the geometric series
is a majorant for the series in (2.20) and we obtain the inequality
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|Pa()| <1, —-1<t<1, n=0,1,2,.... (2.22)

Differentiating (2.20) with respect to r, multiplying by 1 — 2¢r 4 r2, inserting
(2.20) on the left-hand side, and then equating powers of r shows that the P, satisfy
the recursion formula

nm+DPyp1(t) —2n+ DtPy(t) +nPy—1(t) =0, n=1,2,.... (2.23)

Since, as easily seen from (2.20), we have Py(¢r) = 1 and P;(¢) = t, the recursion
formula shows that P, indeed is a polynomial of degree n and that P, is an even
function if n is even and an odd function if n is odd.
Since for fixed y the function (2.19) is harmonic, differentiating (2.20) term by
term, we obtain that
o0
3 {ﬁ % $in 6 w T l)P,l(cose)} P2 = 0.

Equating powers of r shows that the Legendre polynomials satisfy the Legendre
differential equation

(1=2)P'@) = 2P.(t) +n(n+ DP,(t) =0, n=0,1,2,..., (2.24)

and that the homogeneous polynomial " P,(cosf) of degree n is harmonic.
Therefore, P,(cos6) represents a spherical harmonic of order n. The orthogonality
(2.18) implies that

1
/ P,()Py(t)dt =0, n#n'.
-1

Since we have uniform convergence, we may integrate the square of the generating
function (2.20) term by term and use the preceding orthogonality to arrive at

1 dt > ! 5 o
_ = [P, ()] dt r".
/;11—21‘74‘}’2 r12=(:)/1 "
On the other hand, we have

1 o
dt 1 1 2
a1l =2tr+r2 r 1-r ;21—02n+1

Thus, we have proven the orthonormality relation

1
2
/;1 Pn(t)Pm(t)dtzzn—_H&,m, n,m=0,1,2,..., (2.25)
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with the usual meaning for the Kronecker symbol §,,,. Since span{Py, ..., P,} =
span{l, ..., t"} the Legendre polynomials P,, n = 0,1,..., form a complete
orthogonal system in L>[—1, 1].

We now look for spherical harmonics of the form

Y0, ¢) = f(cosh)e™?.

Then (2.17) is satisfied provided f is a solution of the associated Legendre
differential equation

2

(=) ") = 2uf (1) + {nm +1) - %} fo=o. (2.26)

Differentiating the Legendre differential equation (2.24) m-times shows that g =
Pn(m) satisfies

1—=2g"(t) —2(m + Ditg @) + (n — m)(n +m + 1)g(r) = 0.

From this it can be deduced that the associated Legendre functions

(2ym/2 d™ Py (1) 7

P (@) =1 - am

m=0,1,...,n, (2.27)

solve the associated Legendre equation for n = 0,1,2,.... In order to make
sure that the functions Y (0, ¢) = P)"(cos8) /™% are spherical harmonics, we
have to prove that the harmonic functions r"Y)" (0, ¢) = r" P)'(cos6) eMe are
homogeneous polynomials of degree n. From the recursion formula (2.23) for the
P, and the definition (2.27) for the P}, we first observe that

P} (cos6) = sin™ 0 ul}' (cos 6)

where u! is a polynomial of degree n — m which is even if n — m is even and odd
if n — m is odd. Since in polar coordinates we have

P sin™ 0 ™ = (x) +ixa)",
it follows that
Y0, ) = (x1 +ix2)" r" 7" uy (cos 6).
For n — m even we can write

%(n—m) %(n—m)
_ _ 1o my—
"Myt (cos @) = rt Z ay cos®* o = Z ai x32k (x%+x%+x§)2 (n—m)—k
k=0 k=0
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which is a homogeneous polynomial of degree n — m and this is also true for n —m
odd. Putting everything together, we see that the r" Y, (6, ¢) are homogeneous
polynomials of degree n.

Theorem 2.8 The spherical harmonics

2n+1 (n — |m|)! :
Y™, Pl (cos 0) ™ 2.28
0,9) = \/4:1 it m |)!n( )e (2.28)
form = —n,...,n, n = 0,1,2,..., form a complete orthonormal system in

L(S?).
Proof Because of (2.18) and the orthogonality of the ¢!”¢, the Y given by (2.28)
are orthogonal. For m > 0 we evaluate

b
=f [P (cos§)]* sinf df
0

by m partial integrations to get

m 1 m
/(1 2)m|:d P(t):| dr =/ P(z)d () dt,

where
d™ P, (1)
_ (42 n
gy =@ —nH" T
Hence
am . (n +m)! "
[— )= —— a,t .
drm & () n—my " *

is a polynomial of degree n with a, the leading coefficient in P,(z) = a,t" + - --.
Therefore, by the orthogonality (2.25) of the Legendre polynomials we derive

(n —m)! m _ : n _ : 2 g _
et A, —/_1%! P"(t)dt_/il[P"(t)] dt =

2n+1"°

and the proof of the orthonormality of the ¥, is finished.
For fixed m the associated Legendre functions P)* forn = m,m + 1, ... are
orthogonal and they are complete in L2[—1, 1] since we have

span{P,’n",.. P,Z’+n}—( —tz)m/2 span{l,...,t"}.
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Writing ¥ := span {Y,:" m=-n,...,n,n=20,1,2,.. } it remains to show
that ¥ is dense in L2(S?). Let g € C(S?). For fixed 6 we then have Parseval’s
equality

0 2
2 Y len®F = [ s, 0P dy (2.29)

for the Fourier coefficients

1 2 .
gm(0) = 2—/ g0, p)e " dy
T Jo

with respect to ¢. Since the g, and the right-hand side of (2.29) are continuous in 6,
by Dini’s theorem the convergence in (2.29) is uniform with respect to 6. Therefore,
given ¢ > 0 there exists M = M (g) € IN such that

/2”
0

for all 0 < 6 < m. The finite number of functions g,,, m = —M, ..., M, can now
be simultaneously approximated by the associated Legendre functions, i.e., there
exist N = N(¢e) and coefficients a;' such that

M

g0, 9)— Y gn®)e™

m=—M

2 2 5 M ) e
= 0, dp-—2 [% —
dp /0 180, ©)|”do—2m E lgm (0)] <1

m=—M

T N 2 &
/0 gm(g) - Z Cl;n P,,llml(COS 9) sinf df < m
n=|m|
forallm = —M, ..., M. Then, combining the last two inequalities with the help of

the Cauchy—Schwarz inequality, we find

2

7 27 M N )
/ f 20, ¢) — Z Z a™ P/™(cos6) ¢™?| sin@ ded6 < e.
0 0

m=—M n=|m|

Therefore, Y is dense in C(S?) with respect to the L? norm and this completes the
proof since C(S?) is dense in L2(S?). O

We conclude our brief survey of spherical harmonics by proving the important
addition theorem.

Theorem 2.9 Let Y)', m = —n,...,n, be any system of 2n + 1 orthonormal

spherical harmonics of order n. Then for all X,y € S* we have
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2n +1
47

Y @ YrG) =

m=—n

Pp(cosb), (2.30)

where 0 denotes the angle between x and 3.

Proof We abbreviate the left-hand side of (2.30) by Y (X, ¥) and first show that
Y only depends on the angle #. Each orthogonal matrix Q in R? transforms
homogeneous harmonic polynomials of degree n again into homogeneous harmonic
polynomials of degree n. Hence, we can write

n
Y™(QR) = Z amYX(®), m=-n,...

k=—n

S

Since Q is orthogonal and the Y," are orthonormal, we have
/ Y (Qx) Y,;”’(Q)?) ds = f Y (%) Y,{"’()?) ds = 8,
§? S?

From this it can be seen that the matrix A = (a,,x) also is orthogonal and we obtain

Y(QR.09) = Y Y am¥f®) Y am¥i() =Y YE®YEG) =Y. §)

m=—nk=—n I=—n k=—n

whence Y (X, y) = f(cos8) follows. Since for fixed y the function Y is a spherical
harmonic, by introducing polar coordinates with the polar axis given by y we see
that f = a, P, with some constant a,. Hence, we have

n
DY@ YE) = anPa(cos ).
m=—n

Setting y = x and using P,(1) = 1 (this follows from the generating function
(2.20)) we obtain

n
an= Y Y@
m=—n

Since the Y)" are normalized, integrating the last equation over S? we finally arrive
at4mwa, = 2n + 1 and the proof is complete. O
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2.4 Spherical Bessel Functions

We continue our study of spherical wave functions by introducing the basic
properties of spherical Bessel functions. For a more detailed analysis we again refer
to Lebedev [293].

We look for solutions to the Helmholtz equation of the form

u(x) = fklx|) Yy <| |>

where Y, is a spherical harmonic of order n. From the differential equation (2.17)
for the spherical harmonics, it follows that u solves the Helmholtz equation provided
f is a solution of the spherical Bessel differential equation

2@ + 2tf' (1) + (12 — n(n + D] f(r) = 0. (2.31)

We note that for any solution f to the spherical Bessel differential equation (2.31)
the function g(t) := /1 f(t) solves the Bessel differential equation with half integer
order n 4+ 1/2 and vice versa. By direct calculations, we see that forn = 0, 1, ...
the functions

0 (_1)ptn+2p

Jn(®) ::[72_(:)21’,;! BTG (2.32)

and

_ ( n) & (=DPerr—-t
Ya(t) == — g 22 pi(—2n 4+ 1)(=2n43)---(=2n+2p —1)

(2.33)

represent solutions to the spherical Bessel differential equation (the first coefficient
in the series (2.33) has to be set equal to one). By the ratio test, the function j, is
seen to be analytic for all 1 € R whereas y, is analytic for all # € (0, co). The
functions j, and y, are called spherical Bessel functions and spherical Neumann
functions of order n, respectively, and the linear combinations

hi2 = o £ iy,
are known as spherical Hankel functions of the first and second kind of order n.

From the series representation (2.32) and (2.33), by equating powers of 7, it is
readily verified that both f,, = j, and f,, = y, satisfy the recurrence relation

2
fortO+ foor )= 2L @0, n=1.2..... (2.34)
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Straightforward differentiation of the series (2.32) and (2.33) shows that both f;, =
Jjn and f, = y, satisfy the differentiation formulas

d | _
fart® = =" = (i i) =012, (2.35)
and
n+1 _ i n+1 —
" o) = {t f,,(t)}, n=12 ... (2.36)

Finally, from (2.31), the Wronskian
W (i (), yu (1)) = ju(0)y, (£) = yu (1) jy (1)
is readily seen to satisfy
, 2
W+ n W =0,

whence W (j, (1), y.(t)) = C/t* for some constant C. This constant can be
evaluated by passing to the limit # — O with the result

1
Jn@yp @) = Ju @) ya(t) = - (2.37)

From the series representation of the spherical Bessel and Neumann functions, it
is obvious that

t" 1
()= ——1+0 (-], , 2.38
W0 = 5o (140 (3)) ne 2.38)
uniformly on compact subsets of R and
1-3-.-2n—-1) 1
My —

uniformly on compact subsets of (0, co). With the aid of Stirling’s formula n! =
V2mn (n/e)" (1 + o(1)), n — oo, which implies that

(2n)!
n!

n
= 22+3 (g) (14o0(1)), n— oo,

from (2.39) we obtain

2 n
hfl”(t) =0 (5) . n— 0o, (2.40)

uniformly on compact subsets of (0, 00).
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The spherical Bessel and Neumann functions can be expressed in terms of
trigonometric functions. Setting n = 0 in the series (2.32) and (2.33) we have that

. sin ¢ cost
Jo(®) = 5 yo(t) = -

and consequently
ot

. 2.41
+it ( )

1,2
h"P (1) =

Hence, by induction, from (2.41) and (2.35) it follows that the spherical Hankel
functions are of the form

it

n
h;l)(t) — (_l-)n el_t 1 + Clpn

P
p=1
and

@ e — dpn

ho) =i" — {1 ——

W () — 1+ > pr

p=1

with complex coefficients ay,, ..., a,,. From this we readily obtain the following

asymptotic behavior of the spherical Hankel functions for large argument

1 ymn_x 1
2 @) = - (=5 -%) {1 +0 <?)} . 1= oo,
(2.42)
1 gy 1
A (1) = - e (=) {1 +0 (;>} .t — 0.

Taking the real and the imaginary part of (2.42) we also have asymptotic formulas
for the spherical Bessel and Neumann functions.

For solutions to the Helmholtz equation in polar coordinates, we can now state
the following theorem on spherical wave functions.

Theorem 2.10 Let Y, be a spherical harmonic of order n. Then

Un (x) = ju(klx]) ¥, (i)

|x|

is an entire solution to the Helmholtz equation and
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va(x) = VY (k|x]) Y, (| |)

is a radiating solution to the Helmholtz equation in R> \ {0}.

Proof Since we can write j,(kr) = k"r"w,(r?) with an analytic function w, :
R — R and since r"Y,(x) is a homogeneous polynomial in x1, x3, x3, the product
Jn(kr) Y, (%) for x = x/|x| is regular at x = 0, i.e., u, also satisfies the Helmholtz
equation at the origin. That the radiation condition is satisfied for v, follows from
the asymptotic behavior (2.42) of the spherical Hankel functions of the first kind.

O

We conclude our brief discussion of spherical wave functions by the following
addition theorem for the fundamental solution.

Theorem 2.11 Let Y)", m = —n,...,n,n = 0,1,..., be a set of orthonormal

spherical harmonics. Then for |x| > |y| we have

oiklx=y]

T =k hy! (k Y’”( )nk Y’"<—>. 243
r e =ik 3 KD ) b (o). e

n=0m=—n

The series and its term by term first derivatives with respect to |x| and |y| are
absolutely and uniformly convergent on compact subsets of |x| > |y|.

Proof We abbreviate X = x/|x| and y = y/|y|. From Green’s theorem (2.3) applied
to ul'(z) = ju(k|z]) Y"(2) with Z = z/|z| and @ (x, z), we have

L 0D (x, 2) Bun’" .
/|z=r{ (0 D - 2 , }ds(z>—o, x| > r.

and from Green’s formula (2.9), applied to v}’ (z) = hf,l) (k|z]) Y (2), we have

@ m
/ { mipy 20D By, }ds(z>=v;"(x>, x| > r.
|z|=r

av(z) v

From the last two equations, noting that on |z| = r we have

m

uy (2) = julkr) ¥,;" (2),

= kj, (kr) Y™ (%)

and

m

D .
0 (2) = KD (kr) Y 2), av"j @ = kh (k) Y7 3)

and using the Wronskian (2.37), we see that
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1

ikr2 lz|l=r

Y2 P(x,2)ds(2) = julkr) iV klx) V" (®), Ix] > 1,
and by transforming the integral into one over the unit sphere we get
/S Y@@ D) ds @) = ik jukr) D KIXD Y, x| > (244)

We can now apply Theorem 2.8 to obtain from the orthogonal expansion

D)=y > /Sz Y2 @ (x,r2)ds(2) Y (D)

n=0m=—n

and (2.44) that the series (2.43) is valid for fixed x with |x| > r and with respect to
y in the L? sense on the sphere |y| = r for arbitrary r. With the aid of the Cauchy—
Schwarz inequality, the Addition Theorem 2.9 for the spherical harmonics and the
inequalities (2.22), (2.38), and (2.39) we can estimate

3

m=-—n

RV (k|x]) YIUR) ju (KIYD YD)

|x|"

2n +1 . [y|"
< = P &IxD jnklyD) | = O(y . n— oo,

uniformly on compact subsets of [x| > |y|. Hence, we have a majorant implying
absolute and uniform convergence of the series (2.43). The absolute and uniform
convergence of the derivatives with respect to |x| and |y| can be established

analogously with the help of estimates for the derivatives j, and h,gl)/ corresponding
to (2.38) and (2.39) which follow readily from (2.35). O

Passing to the limit |x| — oo in (2.44) with the aid of (2.15) and (2.42), we arrive
at the Funk—Hecke formula

e 5. 4
/ eIy, (2)ds () = = ju(kr) Ya(R), RS r>0,
S2 l
for spherical harmonics Y,, of order n. Obviously, this may be rewritten in the form

i .5 ~ ~ 47‘[ . X
/Sze kel y,(2)ds(2) = = Ikl Y, (M) , xeR’. (2.45)

Proceeding as in the proof of the previous theorem, from (2.45) and Theorem 2.9
we can derive the Jacobi—-Anger expansion
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o0
ikxd _ Zin(zn + 1) ju(k|x]) Py(cos6), x € R3, (2.46)
n=0

where d is a unit vector, 6 denotes the angle between x and d and the convergence
is uniform on compact subsets of R.

2.5 The Far Field Pattern

In this section we first establish the one-to-one correspondence between radiating
solutions to the Helmholtz equation and their far field patterns.

Lemma 2.12 (Rellich) Assume the bounded set D is the open complement of an
unbounded domain and let u € C 2(]R3 \ D) be a solution to the Helmholtz equation

satisfying

lim lu(x)|?ds = 0. (2.47)

r=>00 Jiy|=r

Thenu = 0inIR?\ D.

Proof For sufficiently large |x|, by Theorem 2.8 we have a Fourier expansion
o0 n
w@) =y Y arxh ¥
n=0m=—n

with respect to spherical harmonics where X = x/|x|. The coefficients are given by
ay(r) = / u(rx)Y™(x) ds(x)
S2

and satisfy Parseval’s equality
o0 n 2
/ @) Pds =r*» " 3" |ar )|
lx|=r n=0m=—n

Our assumption (2.47) implies that
lim 2 |a? (][> =0 (2.48)
r—0o0

for all n and m.

Since u € C*(R?\ D), we can differentiate under the integral and integrate by
parts using Au + k?u = 0 and the differential equation (2.17) to conclude that the
a)} are solutions to the spherical Bessel equation



38 2 The Helmholtz Equation

d’a" 2 da” , n(m+1)
— kf— ——— = m __
dr? + rodr + ( “n

that is,
ay (r) = ot bV (kr) + B hS? (kr)

where o' and B are constants. Substituting this into (2.48) and using the
asymptotic behavior (2.42) of the spherical Hankel functions yields o} = B! =0
for all n and m. Therefore, u = 0 outside a sufficiently large sphere and hence u = 0
in R\ D by analyticity (Theorem 2.2). O

Rellich’s lemma ensures uniqueness for solutions to exterior boundary value
problems through the following theorem.

Theorem 2.13 Let D be as in Lemma 2.12, let 0 D be of class C 2 yith unit normal
v directed into the exterior of D, and assume u € C2(R3\ D) N C(R>\ D) is a
radiating solution to the Helmholtz equation with wave number k > O which has a
normal derivative in the sense of uniform convergence and for which

Thenu =0in R\ D.

Proof From the identity (2.11) and the assumption of the theorem, we conclude that
(2.47) is satisfied. Hence, the theorem follows from Rellich’s Lemma 2.12. O

Rellich’s lemma also establishes the one-to-one correspondence between radiat-
ing waves and their far field patterns.

Theorem 2.14 Let D be as in Lemma 2.12 and let u € C*(R3 \ D) be a
radiating solution to the Helmholtz equation for which the far field pattern vanishes
identically. Then u = 0 in R\ D.

Proof Since from (2.13) we deduce

1
/ lu(x)|?ds = f luoo(X)%ds + O (—) . — 00,
|x|=r S? r

the assumption us, = 0 on S? implies that (2.47) is satisfied. Hence, the theorem
follows from Rellich’s Lemma 2.12. O

Theorem 2.15 Let u be a radiating solution to the Helmholtz equation in the
exterior |x| > R > 0 of a sphere. Then u has an expansion with respect to spherical
wave functions of the form
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u(x) = Z Z a™ hV (k| x|) Y’”<| |) (2.49)

n=0m=—n

that converges absolutely and uniformly on compact subsets of |x| > R. Conversely,
if the series (2.49) converges in the mean square sense on the sphere |x| = R then
it also converges absolutely and uniformly on compact subsets of |x| > R and u
represents a radiating solution to the Helmholtz equation for |x| > R.

Proof For a radiating solution u to the Helmholtz equation, we insert the addition
theorem (2.43) into Green’s formula (2.9), applied to the boundary surface |y| = R
with R < R < |x|, and integrate term by term to obtain the expansion (2.49).

Conversely, L? convergence of the series (2.49) on the sphere |x| = R, implies
by Parseval’s equality that

o n 2
>3 [PwB)| fay < oc.

n=0m=—n

Using the Cauchy—Schwarz inequality, the asymptotic behavior (2.39) and the
addition theorem (2.30) for R < R; < |x| < Ry and for N € IN we can estimate

hD klx]) a <| I>H2
()]

>y

n=0m=—n

2
Y (k|x)
h" (kR)

n=0

R 2n
<CZ(2n+1)(| |>

for some constant C depending on R, Ry, and R,. From this we conclude absolute
and uniform convergence of the series (2.49) on compact subsets of x| > R.
Similarly, it can be seen that the term by term first derivatives with respect to
|x| are absolutely and uniformly convergent on compact subsets of |x| > R.
To establish that u solves the Helmholtz equation and satisfies the Sommerfeld
radiation condition, we show that Green’s formula is valid for u#. Using the addition
Theorem 2.11, the orthonormality of the Y," and the Wronskian (2.37), we indeed
find that

h(l)(kR)‘ a2

=0m=—n
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0P (x,y) Ou

=ikR*Y " D" ar D klx)) v, (|i—|) kW hDKR), jukR))

n=0m=—n

=> "> arhVklx) vy (i) = u(x)
x|

n=0m=—n

for |x| > R > R. From this it is now obvious that u represents a radiating solution
to the Helmholtz equation. O

Let R be the radius of the smallest closed ball with center at the origin containing
the bounded domain D. Then, by the preceding theorem, each radiating solution
u € C?>(R®\ D) to the Helmholtz equation has an expansion with respect to
spherical wave functions of the form (2.49) that converges absolutely and uniformly
on compact subsets of [x| > R. Conversely, the expansion (2.49) is valid in all of
IR? \ D if the origin is contained in D and if u can be extended as a solution to the
Helmbholtz equation in the exterior of the largest closed ball with center at the origin
contained in D.

Theorem 2.16 The far field pattern of the radiating solution to the Helmholtz
equation with the expansion (2.49) is given by the uniformly convergent series

l 1 <
oo = 7 ZW Z amy”. (2.50)
n=0

m=-—n

The coefficients in this expansion satisfy the growth condition

./ on m 2
Z(E) > ap]” < oo (2.51)
n=0 m=—n

forallr > R.

Proof We cannot pass to the limit x| — oo in (2.49) by using the asymptotic behav-
ior (2.42) because the latter does not hold uniformly in n. Since by Theorem 2.6 the
far field pattern u, is analytic, we have an expansion

o0 n
uoozz Z b y"

n=0m=—n
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with coefficients
by =/ Uoo(X) Y (X) ds ().
SZ

On the other hand, the coefficients a;;' in the expansion (2.49) clearly are given by

ar hV(kr) = /

u(rx) Ym(x)ds(x).
SZ

Therefore, with the aid of (2.42) we find that

b :/s lim re % u@rs) Y (%) ds(X)

2 r—>00
m
_ —ikr ey A Oy
= lim re u(@rx) Y"(x)ds(x) = — ,
r—00 2 n kintl

and the expansion (2.50) is valid in the L? sense.
Parseval’s equation for the expansion (2.49) reads

00 n
FZZ Z |azl|2

n=0m=—n |

W[ = [ eopdseo.

x|=r

From this, using the asymptotic behavior (2.40) of the Hankel functions for
large order n, the condition (2.51) follows. In particular, by the Cauchy—Schwarz
inequality, we can now conclude that (2.50) is uniformly valid on S2. O

Theorem 2.17 Let the Fourier coefficients b))} of us € L?(S?) with respect to the
spherical harmonics satisfy the growth condition

00 m  n
) (é_”R> AR 252

n=0 m=—n

with some R > 0. Then

o0 n
w(x) =k " bR (klx]) ¥ (i) x| > R, (2.53)

n=0 m=—n |x|

is a radiating solution of the Helmholtz equation with far field pattern u .

Proof By the asymptotic behavior (2.40), the assumption (2.52) implies that the
series (2.53) converges in the mean square sense on the sphere |x| = R. Hence, by
Theorem 2.15, u is a radiating solution to the Helmholtz equation. The fact that the
far field pattern coincides with the given function u, follows from Theorem 2.16.
|
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The last two theorems indicate that the equation
At = U (2.54)

with the linear operator A mapping a radiating solution u to the Helmholtz equation
onto its far field u is ill-posed. Following Hadamard [165], a problem is called
properly posed or well-posed if a solution exists, if the solution is unique and if
the solution continuously depends on the data. Otherwise, the problem is called
improperly posed or ill-posed. Here, for Eq.(2.54), by Theorem 2.14 we have
uniqueness of the solution. However, since by Theorem 2.16 the existence of a
solution requires the growth condition (2.51) to be satisfied, for a given function
Uoso in L%(S?) a solution of Eq. (2.54) will, in general, not exist. Furthermore, if a
solution u does exist it will not continuously depend on 1, in any reasonable norm.
This is illustrated by the fact that for the radiating solutions

i (x) = % A (k|x) Y, (1)

|x|

where Y, is a normalized spherical harmonic of degree n the far field patterns are
given by

1

kintlp Yy

Up,oo =

Hence, we have convergence u, oo — 0, n — oo, in the L? norm on S? whereas,
as a consequence of the asymptotic behavior (2.40) of the Hankel functions for large
order n, the u,, will not converge in any suitable norm. Later in this book we will
study the ill-posedness of the reconstruction of a radiating solution of the Helmholtz
equation from its far field pattern more closely. In particular, we will describe stable
methods for approximately solving improperly posed problems such as this one.
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