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Abstract. We introduce the equivalent sources for the Helmholtz equation and estab-
lish their connections to the naturally induced sources for the sound-soft, sound-hard,
and impedance obstacles for the inverse scattering problems of the Helmholtz equation.
As two applications, we employ the naturally induced sources to improve the bound-
ary integral equation formulations for the obstacle scattering problems, and develop
a unified, straightforward approach to establishing boundary conditions governing the
domain derivatives of scattered waves for the soft, hard, and impedance obstacles.
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1 Introduction

The subject of this paper is on the forward and inverse obstacle scattering problems for
the Helmholtz equation. We will introduce the notion of naturally induced sources in the
scattering by an obstacle, and use it to reformulate the standard boundary integral equa-
tions for the forward scattering problems. We also use it to establish a unified approach
to the domain derivatives for the inverse obstacle scattering problems.

An equivalent source for a time harmonic wave ug in a domain D is made of monopoles,
dipoles, or their combination on the boundary which reproduces the wave in the domain.
The problems of determining the equivalent sources given ug is referred to as the interior
(scattering) problems. There are three standard interior problems for the monopoles,
dipoles, and their linear combination.
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If the domain is the support of an obstacle, of sound-soft or sound-hard or impedance
type, the scattered wave can be expressed as the potential of the single or double or
combined layer, respectively. These monopole, dipole, and combined sources are referred
to as the naturally induced sources for the soft, hard, and impedance obstacles, respec-
tively. Thus, for instance, double-layer potential for the exterior Neumann problem of the
Helmholtz equation employs the naturally induced (dipole) sources, whereas combined
potential for the exterior Dirichlet problem does not.

The interior-exterior connection. We will establish connections between these inte-
rior and exterior problems by identifying the naturally induced sources for the soft, hard,
impedance obstacles with the equivalent sources of monopole, dipole, combined types,
respectively. There are two applications of the interior-exterior connection.

Reformulate scattering problems. It is typical in the scattering problems that wg
arises from known sources outside D, so both ug and 0,ug are available on the boundary.
We will make use of this flexibility and employ the equivalent sources to rewrite boundary
integral equations for the exterior problems. The reformulated problems are more con-
venient to solve, or their solution - once obtained - easier to process, than the standard
approaches.

Domain derivatives. The calculation of domain derivative, or more generally of the
Frechet derivative of the scattered wave with repect to perturbation to the bundary of
the obstacle, is an essential step for the inverse obstacle problem. With the help of the
equivalent sources, we will present a unified, straightforward approach to establishing
boundary conditions for the domain derivatives of the scattered waves off the soft, hard,
and impedance obstacles. The domain derivatives for these three scattering problems, and
for the transmission problem, have already been characterized by a number of authors,
initiated by the work of Kirsch [3]; see Haddar and Kress [4] for a quite complete description
of the existing work.

Organization of paper. Section 2 provides preliminary tools. Section 3 introduces the
equivalent sources and naturally induced sources, and makes the interior-exterior connec-
tion. In Section 4 we reformulate the obstacle scattering problems. Section 5 presents
a straightforward, unified approach to calculating the boundary values of the domain
derivatives for the soft, hard, and impedance obstacles.

2 Analytic machinery

Let D be a domain and k& > 0 be the wave number. Throughout the paper, we work with
smooth boundary 0D; we also assume that the incident wave ug is generated by sources
away from the boundary, so that the classical theory for layer potentials holds and that the
scattering solutions are smooth. This section summarizes basic facts for layer potentials
and perturbational properties of the boundary 9D.
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2.1 Jump conditions

Denote by G the fundamental solution of the Helmholtz equation

Aw+kw=0 =zeD, (2.1)
o  Ho (k] — €]) :
LHo(k||lx — & inR
— 4 ’ )
Gla, &) = { ekle=€l /(4n|x — €]), in R3. (22)
Let p, g be the single and double layer potentials of smooth density o
p(z) = - G(z,£) o(8) dS(8), (2.3)
0G(x, §)
q(x :/70'56155. 2.4
@ = | Tl e©dso (24)
We have the four well known [1,2] jump conditions across the boundary
pr—p-=0, Onqgy —0nq- =0, q+—q- =0, Oppy —Opp- = —0. (2.5)

Lemma 2.1. Let p, q be the single and double layer potentials of a smooth density o. Let
W, A be scalars. Then

(10 +1A) (g +ixp)(x") = (10 + 1)) (g +iXp)(z7). (2.6)
Proof. Using all four jump conditions we have

(1O +1iX) [ng +iXpl(zh) = [p?0ng +ipAdpp + in g+ (iX)?p] (z)
,u28nq +ipuAN(Opp —0) +iuA(qg+o0)+ (i)\)Qp} (x7)
10 Onq + it ADpp + i Ag + (iX)?p] (z7)

1O +iA) g +iApl(x7),

N T

where in the second step we have used (2.5). This completes the proof of this lemma. [

2.2 Surface perturbation

Let £ = x(0,0) be a point on the smooth surface I' = {x(s,t)} locally parameterized by
the arclength s,t of the two normal sections at £ along the two principal directions 71, 75.
Denote by k1, ko the curvatures at £ of the two sections; thus k = (k1 + k2)/2 is the mean
curvature. We orient 79, 79, and the unit normal n of I" at £ so that

n=m X Ty, [Tl, 7'2] = [1‘3, .%'t], [ns, nt] = [Iil’rl, KVQTQ]. (2.7)

Given a smooth function A : I’ — R! and a real number €, we perturb I by ek in the normal
direction to obtain I'. = {z. = z(s,t)+eh(s,t) n(s,t)}. Straightforward calculations along
the principal directions yield
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Lemma 2.2. Let dS = dsdt be the surface area element at a point & € I'. Let dS. =
Je ds dt be the surface area element at the corresponding point & = E+chn on the perturbed
surface I'c. Then

[Osze,Ox:] = [(1+cehki)T +ehsn, (1 + chko)To +chin ], (2.8)
Dse X Opre = (1 +2ehr)n — chor) — ehymy + O(£2), (2.9)
J(&) = |05 x Qx| = (1 +2eh k) + O(e?), (2.10)
J (h; &) =: dJ:() = 2kh, (2.11)

de |,
n'(h; &) =: dne(£) = —hgT1 — hyTo. (2.12)

de |

Lemma 2.3. Let V be the surface gradient opertor on I'. Then the Helmholtz equation
(2.1) becomes

(02 + 260y, + V2 + k] w = 0. (2.13)

Sketch of the proof: Parameterizing the neighborhood of the surface by

y(r,s,t) = x(s,t) + rn(s,t), =z €D, (2.14)
we rewrite the Laplacian in the orthogonal curvilinear coordinates (r,s,t)

02 + 2K0, + 02 + O} (2.15)

3 The equivalent sources

We introduce the equivalent and naturally induced sources, and use them to establish
connections between the interior and exterior scattering problems.

3.1 The interior problems: equivalent sources

Let us refer to the sources outside D, which generate the incident wave ug, as the primary
sources. As is well known, it is possible to use equivalent sources on 9D to reproduce the
same incident wave ug inside D; the Green’s representation theorem

9G(x,€)
on(§)

for example, does it with monopole density 0,ug and dipole density ug on 0D.
We introduce three interior problems as to determine the equivalent sources «, 3, and
~ such that their corresponding single, double, and combined layer potentials all match

wio) = [ (anuo@) G ) — uol€) ) as(© (3.1)
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up inside D
w(@) = /8 G(w8) ale)ds, veD, (3.2)
wo(z) = /a ] % B(¢) dS. €D, (3.3)
wolz) = /8 ) [% L NG, )| 1(6)dS, zeD, (3.4)

with A # 0 a real number. As is well known, the three problems have unique and smooth
solutions, see [1], or see the proof of Theorem 3.1.

3.2 The exterior-interior connection

Let D be the domain of the obstacle, and ug be the incident wave. Let v; and u; = ug+vj,
j = 1,2, 3 be the scattered and total waves for (i) sound-soft (ii) sound-hard (iii) impedance
problems:

Avj(z) + k*vj(z) =0, =€ R*\D, (3.5)
up =0, Opue =0, (O, +iNus3=0, z€dD.
Together with the Sommerfeld radiation condition at the infinity, these boundary value

problems are well-posed for real numbers k£ > 0, A # 0. It follows immediately from the
Green’s representation theorem

0G(,¢)
In(§)

and [1], Section 3.7, that the scattered waves can be expressed as the layer potentials of
single, double, and combined types

w0 == [ (8©) 6.9~ u(© ) asto (3.7)

’Ul(x) = BDG(xjf) a(&)dsv (38)
B 0G(z,€)

va(z) = /a L (3.9)
B 0G(z,§) e .

) = [ [—W) L iAG(,©)] e(€) ds, (3.10)

and that the densities are
a=—0u1, b=ug, c¢=us. (3.11)

Definition 3.1. The densities a, b, ¢ are referred to as the naturally induced sources for
the sound-soft, sound-hard, and impedance obstacles, respectively.
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The three exterior obstacle scattering problems of determining the naturally induced
sources a, b, ¢ are identical (up to a sign) to the three interior problems of determining the
monopole, dipole, and combined equivalent sources.

Theorem 3.1. Let k > 0, A # 0 be real numbers, and 0D be smooth. Let o, 3, and v be
the equivalent sources of monopole, dipole, and combined types for the incident wave ug.
Let a, b, c be the naturally induced sources. Then

a=—-a, b=-0, c=-—9. (3.12)

Proof. These are direct consequences of the jump conditions (2.5): vy, 9,v2, and (9, +i\)vs
are all continuous across dD. To illustrate, we only prove the last one, and it remains to
verify the impedance boundary condition for v. Indeed,

(On +iX) v3(z™T)
= —(Op+iN) /BD[ +z/\G( ,5)] v(§) dS
= — (6 —l—z)\/a [ + iNG (x ,5)] v(§) dS
= —(On +iN) up(z™ (8 + i) uo (),

where in the second step we have used (2.6). This completes the proof of this theorem. [

4 Equivalent source method for obstacle scattering

We will use the equivalent sources to rewrite boundary integral equations for obstacle
scattering. The reformulated problems are more convenient to solve, or their solution
easier to process, than the standard approaches. The integral equations we present here
are not structurally new, but they explore the flexibility in reinterpreting the incident
wave as the boundary data to rearrange the solution process.

Therefore and again, we assume that the incident wave wg is generated by known
sources away from the boundary, so that both ug and d,up can be evaluated on the
boundary. For simplicity, we assume that & > 0, X\ # 0, i 7% 0 are real numbers.

4.1 Sound-soft problem

The problem is to determine density a of (3.8), which according to Theorem 3.1 is to
determine the equivalent monopole source « of (3.2). Applying 0, + iu to (3.2) from the
interior side of 0D we obtain the second kind integral equation for «

alx)/2 + /E)D [% +iuG(x, &) | a(é)dS = h(x), (4.1)

with  h = (9, + ip)ug,
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or (I + K"+ ipS)a = 2h in the standard operator form - the adjoint of the well known
combined potential equation, where p is the combination coefficient of the single and
double layer potentials. A nonzero, real y makes (4.1) uniquely solvable [1]. This equation
was previously used by Burton and Miller [5]. Thus a second kind integral equation, free of
resonances, has been gained in spite of our using single layer potential. The scattered wave
(3.8) is easier to process, such as taking derivative on or near the boundary numerically,
than the standard combined potential approach to the sound-soft problem.

4.2 Sound-hard and impedance problems

In the following treatment, the sound-hard problem is a special case of the impedance
problem with A = 0; we will thus only consider the latter.
We restrict  on 0D in (3.4), and obtain the second kind equation for -y

[ one) HING@0)] A0S = wa), (4.2)

or (—I + K +i\S)y = 2ug, which is the adjoint of the single-layer approach to the
impedance problem. Since the equation always has a solution v = wug, resonances occur if
and only if k is an interior Dirichlet eigenvalue.

The advantage, in the absence of resonance, is obvious: the impedance condition
is treated as if the Dirichlet condition is typically treated with the combined potential
equation; no hypersingularity, no regularization required.

To remove the spurious modes, whose number is finite, we may choose the same number
of interior points {z;, j = 1: p}, and augment (4.2) with the p additional equations

a2+ [

oD

0G5, 8) | i\ .
/aD[ an(€) +iAG (x5, €) | v(£)dS o(z;) (4.3)

each arising from a monopole source at x; inside D. In practice, some fixed number of
interior points will be employed, whether or not k is an interior Dirichlet eigenvalue. The
resulting over determined, but consistent, linear system can be solved directly with QR
factorization, or iteratively with conjugate gradient method for the normal equations.
The augmenting equations (4.3) are very similar to the null field method, except that

here we do not put all the points in the interior, so that the equations (4.2) and (4.3) are
still of the second kind.

5 Domain derivative of scattered waves

We present a unified, straightforward approach to deriving boundary conditions for the
domain derivatives of the scattered waves off the soft, hard, and impedance obstacles.
As noted in Section 1, these derivatives have already been characterized, see [4] for an
extensive list of existing work.
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In agreement with Section 2.2, we denote by 0D, = {x. = x + chn|z € 0D} the
perturbed boundary, by v. the perturbed scattered waves, and so on, so that the perturbed
(3.8)-(3.10) can be expressed by the single formula

ve(w) = /8 i [1n-(€) - Ve, G2, &) + NGz, &)|0-(6) J(€) dS = Ma(o)  (5.1)

for the three cases

v =1, 0 = —0phuy, w=0, A=—i (soft), (5.2)
V= Uy, 0 = Us, nw=1,A=0 (hard), (5.3)
v =103, 0= U3, p=1, AeR! (impedance). (5.4

Assuming their existence and smoothness, we now derive boundary conditions for the
domain derivatives

v'(hyx) =: dv;ix) . (5.5)

of scattered waves v1, v, v3 for the sound-soft, sound-hard, and impedance obstacles.

Theorem 5.1. Let k > 0, A # 0 be real numbers. Let OD and h : 0D +— R be smooth.
Let uj = ug +vj, j = 1,2,3, be the total waves of the sound-soft, sound-hard, impedance
obstacle D. Then the domain derivatives v;-(h; -), should they exist and be smooth, are
themselves scattered waves off the obstacle D and subject to the boundary conditions

vi(h;x) = —h(x)dyu(x), (5.6)
Opvh(h;z) = V- [h(m)ﬁm(m)] + k2h(z) ua(z), 5.7
(On + NV (hiz) = V- [h(@)Vug(@)] + (k* — X2 = 2i\k) h(x) us(z), 5.8

where V is the surface gradient.
Proof. For x ¢ 0D, differentiate (5.1) with the chain rule to obtain

dM,
V' (h;x) = 75(65)
de =0

_ / o (€) (! (h:€) - Ve + ph 62 + iNh 0, Y G (2, €) dS + Mo (o + 0 J'),
oD

where v denotes the normal n(§), as opposed to n(z). Using (2.12) and (2.13) to process
the first two terms, and integrating by parts using the Gauss surface divergence theorem,



982 P. S. Meyer, M. Capistran and Y. Chen / Commun. Comput. Phys., 1 (2006), pp. 974-983

we obtain
| @ tne) - Ve+ hoE} G as

= / o(&){ = Vh- Ve —h (260, + Vi + k?) }G(z,£) dS
oD

_ / [ (69h) ~ 200 w0, — (V2 + K)o } G(x, £)dS
oD

= — [ V- (hV0o) + kho + 2ho k3, } G (x, £)dS,

oD

where in the second step we have used (2.12)-(2.13) and in the third step we have used
the Gauss theorem. Thus,

V'(hyz) = Mo(o' +0J') + / {(z)\ — 2uKk)ho0, G — u[v : (hﬁa) + kth]G}dS.
oD

Observe that v'(h;z) = 0, z € D, since v(x) = v-(z) = —ug(x), z € DN D.. Now bring =
back to the boundary, and use jump conditions to simplify; thus for x € 0D

V' (ki) = (hyat) =o' (haT) = [V (ks x)| = [Mo(o’ +0J')] +

+ [ / {GX = 2um) ho 0,6 — pG[V - (V0) + K*ho] }dS] .

oD

By taking the normal derivative on the boundary we have

(1t O+ iNV (hy2t) = {(,u On, + i\) My (0'/ +o J’)J +
+ [(u@n iy /8D {Gx=2uk) 1o 0,6~ GV - (WV0) + ko] | dS] .

The first part vanishes since (9, + iA)My is continuous across the boundary due to
Lemma 2.1. The second part has four terms, of which only two jump across the boundary

(10O, + iA)V (hy ™)
0G(,¢)

= [/BD {i)\(z‘)\ — 2uk) ho “on(@) " 12[V - (hVa) + k*ho] % }ds}

= 12V (hVo) + (1P k* = X\* — 2ip M) ho.
Now (5.6)-(5.8) follow immediately from (5.2)-(5.4) O

In the proof the smoothness of ¢’ is assumed, which is valid because

dve(xe)
de

doyve(xe) A 2ED ] g o (5.10)
de e=0 de e=0 ’ .

where A : C(0D) — C(9D) is the Dirichlet-to-Neumann map.

= V' (h;z) + hov(z) (5.9)

e=0
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Remark 5.1. By Theorem 5.1, the domain derivatives v}(h;-) can be obtained as solu-

tions of boundary integral equations for the sound-soft, sound-hard, impedance scattering
problems for the obstacle D; see, e.g., [1] for more details on these boundary integral
equations.
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