A modified transmission eigenvalue problem for
scattering by a partially coated crack
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Abstract

We consider the detection of changes in the surface impedance of a
partially coated crack, which we infer from the shift in a target signature
arising from a modified interior transmission eigenvalue problem. We
study this problem in a general setting in which the properties of the
scattering medium are encoded in a Dirichlet-to-Neumann operator T,
and we provide sufficient conditions for 7" that imply desirable properties
of the eigenvalues of this problem. We conclude by placing scattering
by a partially coated crack into this general framework and investigat-
ing the sensitivity of the associated eigenvalues to changes in the surface
impedance with a series of numerical examples.
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1. Introduction

Many materials are covered in a thin coating in order to protect them from
external factors, and the ability to evaluate the integrity of these coatings is
an important problem in the field of nondestructive testing. In particular, we
investigate the detection of changes in the material properties of an infinite
cylinder with an open arc I' in R? as its cross section. We assume that I' is a
perfect conductor coated on one side by a material with surface impedance o,
and we collect far field data of the scattering by this cylinder of time-harmonic
E-polarized electromagnetic incident fields. This scattering problem may be
modeled as a mixed boundary value problem for the Helmholtz equation in R?
in the exterior of the open arc I', which is often referred to as a crack. We
acknowledge the realistic possibility that this crack is embedded in a possibly
inhomogeneous and anisotropic background medium [20], but for simplicity we
assume that no such medium is present.
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This problem has received considerable attention for a variety of boundary
conditions beyond those considered here, and we refer to [6] for further details on
its history and appropriate references. Much of the previous work has involved
reconstructing the shape of the crack by qualitative methods such as the linear
sampling method [5] and the factorization method [16], and efforts have also
focused on determining information on the surface impedance o from far field
data (cf. [19] and [20]). In our case we assume that the shape of the crack is
known using one of the methods mentioned above, and rather than attempt to
determine the surface impedance o we aim only to detect changes in o compared
to some reference material. While this change could in principle be observed
from the far field data directly, the presence of noise in realistic measurements
makes this approach unlikely to reliably detect changes in a material.

Instead we use the idea of a target signature, and to this end we introduce
an auxiliary scattering problem depending on a parameter n € C. Modifying
the measured scattering data with this auxiliary data leads us to consider the
eigenvalue problem of finding n and nontrivial fields w, v satisfying

Aw +k*w=0in B\T, (1.1a)
yAv + k*nv =0 in B, (1.1b)
w—v=0ondBb, (1.1c)
ow ov
2T N = B 1.1
2~ Vo0 0 on 0B, (1.1d)
w- =0onT, (1.1e)
+
aaiy +iocwt =0 on T, (1.1f)

where B is a bounded Lipschitz domain with connected complement (e.g. a
disk) chosen to include the closure of the crack I' in its interior and v > 0
is a fixed constant. We use the eigenvalue 7 as the target signature, and we
would like to detect changes in o from shifts in the eigenvalues compared to
some known reference values. This method has been previously studied in the
context of flaw detection in an inhomogeneous medium in [1], [11], and [12], and
we refer to [8] and [9] for a similar method using a Stekloff auxiliary problem.
However, rather than study this problem directly, we investigate a more general
eigenvalue problem in which the physical scattering problem is encoded in a
Dirichlet-to-Neumann operator T'. This approach allows us to derive sufficient
conditions on 7" which guarantee certain properties of the eigenvalues without
specifying the scattering medium, and we use this general framework in order to
deduce properties of (1.1a)—(1.1f), including the ability to detect the eigenvalues
from far field data.

The outline of our paper is as follows. In the next section we introduce a
general scattering problem in terms of an operator 7" and the aforementioned
auxiliary problem, which leads us to consider an eigenvalue problem for the neg-
ative Laplacian with a generalized Robin boundary condition dependent upon
T. In Section 3 we study a nonhomogeneous version of this boundary value



problem and provide sufficient conditions on 7" which guarantee properties of
the eigenvalues such as discreteness, existence, and their distribution, and in
Section 4 we establish that under certain restrictions on 7" the eigenvalues may
be computed from far field data using the generalized linear sampling method.
We present our application of interest in Section 5, where we place scattering by
a partially coated crack into the general framework developed in the previous
sections, and in Section 6 we investigate the sensitivity of the eigenvalues to
changes in the surface impedance ¢ with a series of numerical examples.

2. A general eigenvalue problem

In this section we introduce a generalized scattering problem in which the in-
formation on the particular scatterer is encoded by a bounded linear opera-
tor T : HY/2(0B) — H~'Y?(9B), and in this framework we derive a general
eigenvalue problem depending on 7. We choose a bounded Lipschitz domain
B C R™, m = 2,3, with connected complement (e.g. a disk centered at the
origin in R?) which is sufficiently large in the sense that the total field of the
scattering problem of interest satisfies the Helmholtz equation in R™ \ B, and
we let v denote the outward unit normal vector to the boundary dB. Given an
incident field u* € H(R™) which satisfies the Helmholtz equation in R™, we
consider the problem of finding a scattered field u* € H} (R™\ B) satisfying

Au® + k*u® =0 in R™\ B, (2.1a)
ou® s ou’ i
5 —Tu® =— 5 + Tu' on OB, (2.1b)
TILIIC}ongl (681:" - ikus> =0, (2.1c)

where the wave number k > 0 is fixed and the Sommerfeld radiation condition
(2.1c) is assumed to hold uniformly in all directions. Writing an equivalent prob-
lem to (2.1a)—(2.1c) using an exterior Dirichlet-to-Neumann map and following
the proof of Theorem 1.38 in [7] provides the following result.

Theorem 2.1. The generalized scattering problem (2.1a)—(2.1c) is well-posed
provided that

(i) there exists an opemtm;T : H'/2(0B) — H~'/?(0B) with nonnegative
real part for which T — T is compact;

(i) the imaginary part of T is nonpositive.

For the plane wave incident field u’ = e***'¢ (with incident direction d €

S™=1) the scattered field u® satisfying (2.1a)—(2.1c) has the asymptotic behavior

) eik\w| . —(m
u'(@) = Wumm,d)ww 0z,



where & = 2/ |z| and us (-, d) is the far field pattern (we have explicitly shown
its dependence on the incident direction d). We define the far field operator
F:L2S™ 1) — L2(S™7Y) as

(Fg)(2) ;:/ Uno(#,d)g(d)ds(d), & € S, (2.2)

§m—1

A desirable property of the far field pattern is that it satisfies the reciprocity
principle

Uoo (B, d) = Uoo(—d, —2) Vi,d € S™ 7, (2.3)
and the following theorem establishes a sufficient condition for (2.3) to hold.
We will see further importance of this assumption in Section 4.

Assumption 2.2. Assume that the operator T satisfies
/ (91792 — g2Tg1)ds =0 Vg1,92 € H'/*(9B). (2.4)
oB

Theorem 2.3. If the operator T satisfies Assumption 2.2, then the far field
pattern u, satisfies the reciprocity relation (2.3).

Proof. Following the same lines as in the proof of the reciprocity principle for
sound-soft obstacles (c.f. Theorem 3.15 in [13]), we see that

Yo [tboo (2, d) — too (—d, —2)]

= /013 {u(y, d)Tu(y, —2) — uy, —2)Tu(y, d)] ds(y),

where v, is a constant depending only on m, and consequently (2.3) follows
from (2.4). O

Remark 2.4. Two examples in which (2.4) clearly holds are T'g := 0, in which
case (2.1a)—(2.1c) is an exterior Neumann problem, and T'g := —iog for some
o > 0, in which case (2.1a)—(2.1c) is an exterior impedance problem.

As the operator T' encodes information about a scattering problem of inter-
est, our aim is to detect changes in the operator T' from its associated far field
data, and in order to do so we introduce the following auxiliary problem. We
let v > 0 be a fixed constant not equal to one, and given a parameter n € C
we consider the transmission auziliary problem of finding the scattered field

u$ € HE (R™\ B) and the total field ugp € H'(B) which satisfy

yAug + k*nug = 0 in B, (2.5a)
Au§ + k*uf =0 in R™\ B, (2.5b)
ug — ufy =u' on OB, (2.5¢)

Oug  Ouy o
e 0B 2.5d
Tov T v av " (2:5d)

. m=1 8“8 o5\

rlggor 2 ( 5 zkuo> =0, (2.5e)



where the Sommerfeld radiation condition (2.5e) is assumed to hold uniformly
in all directions. This problem is well-posed provided that Im(n) > 0 [7], and
moreover it follows from an application of the analytic Fredholm theorem [13,
Theorem 8.26] that (2.5a)—(2.5¢) is well-posed for all n except in a discrete
set (cf. [12] for a similar computation). We denote the far field pattern of
the scattered field u§ from (2.5a)—(2.5e) with u’(z) = e™**? as ug (-, d), and
it has been shown that the auxiliary far field pattern satisfies the reciprocity
principle ug 0 (2, d) = ug,00(—d, —2) for all ,d € S™~! [7]. The auziliary far
field operator Fy is defined in the same manner as F' with g «(+,d) in place of
Uoo (-, d).

We define the modified far field operator F : L*(S™~1) — L*(S™~1) as the
difference of the far field operators F' and Fp, which may be written explicitly
as

Fo@) = [

§m—1

[um(:e,d) — g oo (i, d)} g(d)ds(d), & € S™1, (2.6)

and the following theorem provides a characterization of when F is injective
with dense range. We first recall the definition of the Herglotz wave function
with kernel g € L?(S™~!) as

ug(x) == /Smil et dg(d)ds(d), x € R™, (2.7)

and we observe by linearity that F'g is the far field pattern of (2.1a)—(2.1c) with
u’ = ug and that the same relationship holds for the auxiliary far field operator
Fy and solutions of (2.5a)—(2.5¢).

Theorem 2.5. Under Assumption 2.2, the modified far field operator F :
L2(S™~Y) — L2(S™~1) is injective with dense range if and only if the inte-
rior Robin problem

yAv + k*nv =0 in B, (2.8a)
0
'ya—z —Tv=0on 0B, (2.8b)

has no nontrivial solutions of the form
v(z) = / uo(z,d)g(d)ds(d), € B. (2.9)
S‘m,—l

Proof. If Fg = 0 for some g € L?(S™™1), then wo, = Vs, Where wy, and vy, are
the far field patterns of the scattered fields w® and v® arising from the scattering
problem (2.1a)—(2.1c) and the auxiliary problem (2.5a)—(2.5¢), respectively, with
the incident field u’ = u,. Rellich’s lemma implies that w® = v* in R™ \ B, and
in particular we see that w® and v* share Cauchy data on dB. If v € H'(B)



denotes the total field satisfying (2.5a)(2.5e) with u’ = u,, then it follows that

ov _[ov? R [
fy%—Tv— (3V —TU)—i—(aV —Tug>

which vanishes due to the boundary condition (2.1b). We conclude that v €
H'(B) satisfies the interior Robin problem (2.8a)—(2.8b). If this problem admits
only the trivial solution v = 0, then we must have g = 0 by well-posedness of
the auxiliary problem and injectivity of the Herglotz mapping g — u, [13], and
we obtain injectivity of F.

Conversely, suppose that there exists a nontrivial solution v of the interior
Robin problem (2.8a)—(2.8b) of the form (2.9) for some g € L?(S™~1), and
define

v (x) = /S1 us(z,d)g(d)ds(d), x € R™\ B.

By superposition we see that (v, v®) satisfies the auxiliary problem (2.5a)—(2.5¢)

with incident field u* = ug4, and in particular the Cauchy data of v and v® 4 u,

coincides on 0B. As a result we see that
ov® ou

5 —Tvsz—ayg—l—TugonaB,

and it follows that v* € H} (R™ \ B) satisfies (2.1a)-(2.1c). Well-posedness of
this problem and linearity of (2.5a)—(2.5¢) imply that Fg = vy, and Fpg = o,
respectively, and consequently we obtain Fg = 0 by definition. Since this g
must be nonzero in order for the interior Robin problem (2.8a)—(2.8b) to have
a nontrivial solution, we conclude that F is not injective.

It remains to show that F is injective if and only if it has dense range,
but this holds as in the proof of Corollary 1.16 of [7] since both us (£, d) and

U0,00(Z, d) satisfy the reciprocity principle. O

We see that (2.8a)—(2.8b) is an eigenvalue problem for the negative Lapla-
cian with a nonlocal Robin boundary condition, which explains our choice of
the name interior Robin problem. We refer to values of n for which the interior
Robin problem has a nontrivial solution as Robin eigenvalues associated with T
When the choice of T is understood, we will simply use the term Robin eigen-
value to refer to such values of 7. We remark that in the context of scattering
by inhomogeneous media the eigenvalue problem (2.8a)—(2.8b) first appeared in
[1], where it served to relate the structure of this problem to the Stekloff eigen-
value problem. In the next section we study this problem in greater detail and
relate the properties of the Robin eigenvalues to those of the operator 7. The
specific properties of T' we consider are motivated by different types of scatter-
ing problems, and as a result we stray somewhat from our intended application
of scattering by a partially coated crack for purposes of generality.



3. Properties of the interior Robin problem

We begin by introducing the following nonhomogeneous version of (2.8a)—(2.8b).
Given f € L?(B) and h € H~'/?(dB), we consider the problem of finding
v € H*(B) such that

yAv + k*npv = f in B, (3.1a)
’y% —Tv =hon 0B. (3.1b)

In order to study this problem we consider the equivalent variational problem
of finding v € H'(B) such that

an(v,v') = L") W' € H'(B), (3.2)
where the bounded sesquilinear form a,(-,-) is defined as
an(v, ') == y(Vo, V') g — E*n(v,0") g — (Tv,v) 5y V0,0’ € H'(B),
and the bounded antilinear functional £ on H!(B) is defined as
L") = (f,0")p + (') g -

For a given open set O with boundary 0O, we have used (-,-)o to denote the
inner product on L?(O) and (-, -) 5, to denote the duality pairing of H~1/2(90)
and H'/2(90). Though not relevant to our present application of interest, in
the following remark we discuss a desirable property of T" which guarantees
that this problem is of Fredholm type, and in fact this property is held by the
examples given in Remark 2.4.

Remark 3.1. If T : HY/?(0B) — H~'/?(dB) satisfies
—Re(Tg,9)95 >0

for all g € H'/2(0B), then we see that

Rea_1(v,v) = v(Vv, Vo) + k*(v,v) 5 — Re (Tv,v) 5

> v(Vv, Vo)p + k*(v,v)p
for all v € H'(B) and hence a_;(, ) is coercive. We also see that
an(v,v") —a_1(v,v") = =k*(1 +n)(v,v) B
for all v,v" € H'(B), which due to the compact embedding of H*(B) into L?(B)
represents a compact sesquilinear form. If we write
ay(v,v") = a_1(v,0") + [ay(v,v") —a_1(v,0")],

then we see that ay(-, -) is a compact perturbation of a coercive sesquilinear form,
and it follows that the variational problem (3.2) and equivalently (3.1a)-(3.1b)
satisfies the Fredholm property.



We now consider assumptions on 7' which include scattering by inhomo-
geneous media and scattering by a crack, which is our present application of
interest. We recall the definition of the space H) (B) as

HA(B):={¢ € H(B) | Ay € L*(B)}
equipped with the inner product
(Y1, ¥2) gy (B) = (Y1, ¥2) 51 () + (A1, Atho) g

and the usual induced norm H~||H£(B).

Assumption 3.2. Assume that T : H'/?(0B) — H~Y/2(0B) may be factorized
as T = NygS, where the bounded linear operator S : HY?(0B) — HA(B)
satisfies (Sv)|ap = 1 for all » € HY?(OB) and the Neumann trace operator
Nop : HL\(B) — H=Y2(dB) is defined as
Napyp = gﬁ .
VleB

In addition, we assume that there exists an operator T : H'/?(dB) — H~'/2(dB)
such that T — T : HY/2(0B) — H~Y2(0B) is compact and which satisfies the
following conditions.

Condition 1: If 0 < v < 1, then there exist positive constants ay > 0
and €1, €2 € (0,1) for which

Re <Tg,g>aB > ’yefl(V(Sg), V(Sg))B—i—kane;l(Sg, Sg)p Vg€ Hl/Q(aB).
(3.3)

Condition 2: If y > 1, then there exist positive constants § € (0,) and
¢ > 0 for which

—Re <TU,?)>8B > —6(Vu,Vo)g — c(v,v)p Vv € HY(B). (3.4)

Given that Assumption 3.2 holds, we begin by defining the operators A, B, :
H'(B) — H'(B) by means of the Riesz representation theorem such that

(Av,v')Hl(B) = 4(Vu, V') g + E2a(v,v') g — <Tv,v’>33 ,
(Byv, v )i () = k(0 + ) (0,0) + (T = Tho.o')

for all v,v’ € H'(B), where T is the operator from Assumption 3.2 and a > 0
is a constant to be determined later. We observe that

ay(v,0") = (A +By)v, o) ()

for all v,v" € H'(B), and as a result our study of the solvability of (3.2) reduces
to that of the operators A and B,,.



Lemma 3.3. Ifvy # 1 and Assumption 3.2 holds, then the opemtorA : HY(B) —
HY(B) is invertible.

Proof. We begin with the case 0 < v < 1, and we assume that T satisfies
Condition 1. In this case, we must make use of the idea of T-coercivity (cf. [4]
and [7]), and to this end we define the bounded linear operator 7 : H'(B) —
HY(B) by Tv := v — 2Sv for all v € H'(B), where S is the operator from the
factorization in Condition 1 and we have written Sv rather than S(v|gp) for
convenience. Our assumption that (Sg)|sp = g for all g € H'Y/2(0B) implies
that 72 = I and consequently 7 is an isomorphism. We define the bounded
sesquilinear form a7 (-,-) as

al(v,0) = (AU,TU/)H1(B) = (Aw, v’ — 25V) gy Yo,v’ € HY(B),
and we see that (since v — 25v = —v on IB)
Rea” (v,v) = v(Vv, Vo) + k%a(v,v) g + Re <Tv, v>6B
—29(Vv, V(Sv)) g — 2k*a(v, Sv)p

for allv € H*(B). Applying Young’s inequality with the constants 1, ez € (0, 1)
from Condition 1 yields the inequalities

2Re(Vv, V(Sv))p < e1(Vo, Vo) + € (V(Sv), V(Sv)) B,
2Re(v, Sv)p < €a(v,v) B + € 1 (Sv, Sv) B
for all v € H'(B). It follows that
Rea” (v,v) > ~v(1 — 1) (Vo, Vu)g + k2a(l — ) (v,v)p
+ {Re <Tv, U>aB —ve; H(V(Sv), V(Sv)) g — k2aey H(Sv, Sv) 5.

From the last part of Condition 1 we conclude that a7 (-,-) is coercive for the
choice @ = ag, and the fact that 7 is an isomorphism allows us to apply the
Lax-Milgram lemma to conclude that A is invertible with bounded inverse.

We now consider the case v > 1, and we assume that T satisfies Condition
2. Though the idea of T-coercivity is not explicitly required in this case, we
remark that it is implicitly built into Condition 2. The last part of Condition 2
implies that

Re(AU,U)Hl(B) > (y—0)(Vu, V) g + (K*a — ¢)(v,v)p

for all v € H'(B), and taking a to be sufficiently large yields coercivity of A. An
application of the Lax-Milgram lemma implies that A is invertible with bounded
inverse. g

Since compactness of B, : H'(B) — H'(B) follows easily from compactness
of T — T and the compact embedding of H'(B) into L?*(B), we conclude that
A+ B,, is a Fredholm operator of index zero, and we have proved the following
theorem.



Theorem 3.4. If v # 1 and Assumption 3.2 holds, then (3.1a)—(3.1b) satisfies
the Fredholm property.

An immediate corollary of the Fredholm property of (3.2) is that (3.1a)-
(3.1b) is well-posed provided that 7 is not a Robin eigenvalue. We now proceed
to establish sufficient conditions for T' to guarantee certain properties of its
associated Robin eigenvalues.

Theorem 3.5. If the operator T : H'/?(0B) — H~'/%(0B) satisfies
~Im(Tg,g)sp5 >0 Vge H'Y?(0B),
then every Robin eigenvalue associated with T has nonnegative imaginary part.

Proof. If (n,v) is a nontrivial Robin eigenpair, then taking the imaginary part
of the equation a,(v,v) = 0 yields

—k*Im(n) (v,v)p — Im (Tw,v) 55 = 0.
Since v # 0, we may solve for Im(n) to obtain

~Im (T, v)yp > .

Im(n) = Roo)s =

O

Theorem 3.6. If there exists ny € C which is not a Robin eigenvalue associated
with T', then the set of Robin eigenvalues is discrete without finite accumulation
point.

Proof. Define ¥, : L?>(B) — L*(B) such that ¥, f := v, where v € H'(B)
satisfies
an,(v,0") = E*(f,v")p W' € H'(B).

The choice of 71y guarantees that this variational problem possesses a unique
solution satisfying the estimate

[0l g2y < ClIflg
with C independent of f, which implies that

10 sy < ClIFllp VS € ZA(B).

It follows that ¥, is bounded as a map from L?(B) into H'(B), and conse-
quently ¥, is compact by the compact embedding of H'(B) into L?(B). From
the definition of W,,, we see that 7 is a Robin eigenvalue associated with 7" if and
only if (n —mno)~! is an eigenvalue for ¥, . The spectral theorem for compact
operators asserts that the eigenvalues of ¥, are discrete in the complex plane
with the origin as the only possible accumulation point, from which we conclude
that the set of Robin eigenvalues is discrete without finite accumulation point.
O

10



Combining these two theorems, we immediately see that if —Im7T is non-
negative definite, then choosing any ny € C such that Im(ng) < 0 satisfies the
assumptions of Theorem 3.6 and hence the set of eigenvalues is discrete with-
out finite accumulation point. While the following result does not apply to our
present application of scattering by a partially coated crack, it is of interest in
its own right and includes the result found in [11] as a special case.

Theorem 3.7. If there exists ny € R which is not a Robin eigenvalue associated
with T and T satisfies the symmetry relation

<T927gl>aB = <T91792>83 Vg1,92 S H1/2(8B)7

then all of its associated Robin eigenvalues are real, and the set of interior Robin
eigenvalues is infinite.

Proof. We recall the compact operator ¥, : L?(B) — L*(B) defined such that
an, (Vo /1) =K (f0)g W' € H'(B)

for a given f € L?(B). For any fi, fo € L*(B), if we let v; := U, fi, i = 1,2,
then we see that
k(Y5 f1, f2)B = K2 (f1,v2)B
= y(Vi, Vug)p — k*no(v1,v2) B — (Tv1,v2) 55
= (Vv Vi) g — k*no(v2,v1) 5 — (T2, v1) 55
=Kk (f2,01)B
= k(W f1, f2) B,
and we conclude that ¥, is a self-adjoint operator. Thus, the Hilbert-Schmidt
theorem implies that all of the eigenvalues of ¥, are real and infinitely many

eigenvalues exist. Since ¥, : L?(B) — L?(B) is clearly injective, it follows that
the set of Robin eigenvalues corresponding to T is infinite as well. O

We remark that if any 7y € C exists which is not a Robin eigenvalue, then
discreteness of the eigenvalues in the complex plane implies the existence of
some real 17 which is not an eigenvalue, and as a result 79 may be chosen on the
real line.

Remark 3.8. Though our present application for this general framework lies in
scattering by a partially coated crack, we remark that it may be used to prove the
results in the context of scattering by an inhomogeneous medium (represented
by a function n € L°(B) with contrast 1 — n supported in a bounded domain
D contained in B) found in [11]. Indeed, in this case we define the operator
T, : HY?(0B) — H~Y2(9B) as T,,9 := 4% |95, where w € H*(B) satisfies

Aw + k*nw = 0 in B, (3.5a)
w =g on 0B, (3.5b)

11



and we assume that this problem with g = 0 has only the trivial solution w =0
in order to guarantee that T;, is well-defined. The choice T' = T,, satisfies
Assumption 3.2 and the hypothesis of Theorem 3.7, which implies that the so-
called modified transmission eigenvalues are real and that infinitely many exist.

A persistent difficulty in the study of eigenvalue problems in scattering the-
ory is establishing the existence of eigenvalues, and as such we now briefly
present a generalization of the existence results shown in [11] (for the case
T =T, from Remark 3.8) to our more general eigenvalue problem. We remark
that this theory does not apply to our intended application of scattering by a
partially coated crack.

It was shown in [11] that under certain conditions there exist infinitely many
Robin eigenvalues corresponding to T' = T,, even in the case of complex-valued
n, and we generalize these results to provide a sufficient condition in order to
guarantee existence for other choices of T. We content ourselves with stating
the main assumption and theorem, as the proofs of the necessary lemmas follow
exactly along the lines of Section 6 in [11] except with the more general source
problem defined shortly in place of the modified interior transmission problem
considered in that work. We note that in our analysis we have replaced !
with v, and we still require v # 1.

For a given z € C and f € L?(B) we consider the source problem of finding
v € H(B) satisfying

YAV + k*2v = k2 f in B, (3.6a)
7% —Tv =0 on 9B, (3.6b)

which was already introduced in an equivalent variational form in the defini-
tion of the operator ¥, : L?(B) — L?(B). From that definition, we see that
if (3.6a)—(3.6b) is well-posed with solution v then ¥, f = v. Throughout this
section we assume that T is such that (3.6a)—(3.6b) satisfies the Fredholm prop-
erty (e.g. the assumption of Theorem 3.1 or Assumption 3.2) along with the
assumption of Theorem 3.5 (which implies that the associated Robin eigenval-
ues have nonnegative imaginary part). The following additional assumption on
T provides the a priori estimate required in order to carry out the remainder
of the analysis.

Assumption 3.9. We assume that the operator T is such that if arg z is fized,
2 & [0,00), and |z| is sufficiently large, then for v € H(B) and f € L?*(B)
satisfying (3.6a)—(3.6b) it follows that v € H*(B) and

1
lollp < e £l s (3.7)

E
where the constant c is independent of f.
Remark 3.10. This assumption was shown to hold for the choice T = T,

whenever n € C*(B) [11] using the theory of pseudodifferential operators and
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semiclassical analysis [21], and in particular the result of Lemma 6.9 in [11]
implies in general that Assumption 3.9 holds whenever T is of the form op(a;) +
op(ap) for a certain symbol a; of order one and a symbol ag of order zero. We
refer to Section 6.1 of [11] for details.

We choose z to satisfy the conditions of Assumption 3.9, and we recall that n
is a Robin eigenvalue if and only if (z —n)~! is an eigenvalue of ¥,. As a result,
our study of the Robin eigenvalues associated with 7" reduces to an investigation
of the spectral properties of ¥,. We arrive at the following theorem which is
identical to Theorem 6.6 in [11], the proof of which is also identical once the
minor adjustments have been made to the preceding lemmas.

Theorem 3.11. If T satisfies Assumption 3.9, then there exist infinitely many
Robin eigenvalues associated with T, and the space spanned by the nonzero gen-
eralized eigenfunctions is dense in L?(B). Moreover, for any positive ¢ there
exist only finitely many eigenvalues lying outside the wedge {n € C |0 < argn <

€}.

In the next section we show that Robin eigenvalues may be computed from
far field data associated with T'.

4. Determination of Robin eigenvalues from far field data

A necessary property of a target signature is that it may be computed from
measured scattering data. In this paper we focus on far field data, but many
of the following results are independent of the type of data collected and the
remainder may be easily modified for the case of near field data [3]. We begin
by defining the generalized Herglotz operator H : L?(S™~1) — HY(B) as Hg :=

vg, where (v,,v;) is the solution of the auxiliary problem (2.5a)-(2.5e) with

u' = ug, and the solution operator G : R(H) — L*(S™ ') as Gy := w},, where
w* € HL (R™\ B) is the unique radiating solution of

Aw* + E*w* =0 in R™\ B, (4.1a)
ow* .« _Op
5 Tw* = 3, + Ty on 0B. (4.1b)

We recall from [1] that the closure of the range of H is given by
R(H) = {ve HY(B) | yAv + k*yv = 0 in B},

and it easily follows that the modified far field operator may be factorized as
F = GH. We also recall the definition of the radiating fundamental solution of
the Helmholtz equation in R™ as

H{V (k |z — y]) in B2,
Oz, 2) = etkle—z|
in R3,

47|z — 2|
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where H(gl) is the Hankel function of the first kind of order zero, and we provide
a characterization of Robin eigenvalues in terms of the range of the solution
operator G.

Theorem 4.1. Let z € B. Ifn is not a Robin eigenvalue, then (-, z) € R(G).

Proof. Since 7 is not a Robin eigenvalue associated with T, there exists a unique
v, € H*(B) satisfying

yAv, + k*nu, =0 in B, (4.2a)
v, _09(+,2)
Yo, Tv, = — By +T®(-,z) on OB. (4.2b)

Then w* := ®(-, z) in R™ \ B satisfies (4.1a)—(4.1b) with ¢ = v, € R(H) and
consequently Gv, = wk, = @ (-, z). Thus, we conclude that (-, 2) € R(G).
0

Theorem 4.2. Assume that T satisfies Assumption 2.2. If n is a Robin eigen-
value, then the set of z € B for which @ (-,2) € R(G) is nowhere dense in
B.

Proof. We suppose to the contrary that @ (-, z) € R(G) for z in a dense subset
of a ball B, C B, and for each such z it follows that Gv, = ® (-, z) for some

v, € R(H). If we let w} be the unique radiating solution of (4.1a)—(4.1b) with
¢ = v, then the definition of G implies that w} ., = @ (-, 2). Rellich’s lemma

implies that w; = ®(-,z) in R™ \ B, and in particular we see that the Cauchy
data of w? and ®(-, z) coincide on dB. As a consequence we see that v, € H'(B)
satisfies (4.2a)—(4.2b). Since 7 is a Robin eigenvalue associated with T, there
exists a nontrivial eigenpair (7, v,) satisfying the homogeneous interior Robin
problem (2.8a)-(2.8b), and we observe from Green’s second identity that

ov, vy
—~=y, ) ds = 0. 4.3
fop (a2 0s) o (9
Applying the boundary conditions for v, and v, along with (4.3) implies that
vy, 0D(-, 2)
ZNH(. 5) — = (. \Tv, — v, TH(-
| (Gt - 20 Yas= [ (o270, - o roc.)ds

—|—/ (vam7 —vnTvz)ds,
OB

and by Assumption 2.2 both of the integrals on the right-hand side vanish. We

define 5 9(-.2)
() e LR, 1OF
vp(2) = /8B <7 ey O(-, 2) 3 ”n) ds, z € B,

14

and the observation that vfz satisfies the Helmholtz equation in B and vanishes
in a dense subset of a ball in B allows us to apply the unique continuation
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principle to conclude that v} (z) = 0 for all z € B. If we define

s . % 6(1)(?2) m\ R
Un(z).——/aB<’yay<I>(,z)— 5 vn>ds,zER \ B,

then we see from the jump properties of the single and double layer potentials
that (vy,v}) satisfies the auxiliary problem (2.5a)(2.5¢) with v’ = v, = 0, and
since this problem is well-posed we conclude that v,, = 0. This result contradicts
the assumption that 7 is a Robin eigenvalue, and it follows that the set of z € B

for which @, (-, 2) € R(G) is nowhere dense in B. O

In order to relate the range of G to some convenient indicator function,
we require a different type of factorization of the auxiliary near field operator
Fy: L2(S™™1) — L?(S™~!). For convenience we define the space

L(B) = (L*(B))™ x L*(B),

and we begin by recalling the definition of the standard Herglotz operator U :
L3(S™™1) — L(B) as Ug := (Vug, u,), where u, is the Herglotz wave function

with kernel g defined in (2.7). It is known (c.f. [7, Lemma 2.38]) that the range
of U is dense in the space

Hine(B) == {(V,9) | ¢ € H'(B), Ay + k*) = 0 in B}.

In a similar manner to our factorization of F, given (¢,v¢) € R(U) we let
v* € H (R?) be the unique radiating solution of

V- AgVu* + k*ngv* = V- (I — Ag)p + k*(1 —ng)y in R™, (4.4)

where ng is equal to 7 in B and one otherwise and Ag is the 2 x 2 matrix function
given by A9 = I in B and Ag = I otherwise. By Green’s formula and the fact
that v* is a radiating solution of the Helmholtz equation in R™ \ B we may
write

V@) == [ ) [Av @) + K W)]dy. 2 R\E
which implies that
vela) = = [ [ikiA1 = A0)(T0" (1) +(0)
K21 = no) (v (9) + (y)) | e~ vy, & € S (4.5)

Since the adjoint U* : £(B) — L*(S™~1) is given by

U (p,9))(2) = —/ [iki - p(y) — v(y)]e " Vdy, & € S, (4.6)

B

we arrive at the factorization Fy = ~,,,U*ToU, where the middle operator Tj :
L(B) — L(B) is given by

To(p,¥) = ((I = Ao) (Vv + ), k*(no — 1) (v" +¢)) (4.7)
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with v* the unique radiating solution of (4.4). We make the following necessary
assumption.

Assumption 4.3. We assume that k, v, and n are such that there exist no
nontrivial solutions (w,v) of the homogeneous interior transmission problem

Aw+ k*w=0in B

(4.8a)
YAv + k*npv =0 in B (4.8b)
w—v=0o0ndB (4.8¢)

ow ov
% o= 0 on 0B. (4.8d)

We remark that this assumption implies that 7 is not a Robin eigenvalue as-
sociated with the standard interior Dirichlet-to-Neumann map for the Helmholtz
equation in B. For a given scattering medium of interest (represented by the
choice of T'), this assumption has its own physical interpretation. In the particu-
lar case of scattering by a partially coated crack which we will study in the next
section, this assumption implies that 7 is not a crack transmission eigenvalue
(a value of 7 for which nontrivial solutions of (1.1a)—(1.1f) exist) for the case in
which no crack exists in the medium. It is known that the set of 1 for which
this problem has nontrivial solutions is discrete [11]. The importance of this
assumption is that the middle operator Ty is coercive on R(U) [7, Lemma 2.42],
which is a fundamental property for the application of the generalized linear
sampling method. We refer to [1] for further discussion on this assumption.

We now recall the generalized linear sampling method (GLSM) as given in
the appendix of [1] (see also [3]). We begin by defining B : L?(S™71) — R as

B(g) == [(Fog, g)sm—1|

for g € S™~!. For this choice of auxiliary near field operator Fy, it was shown in
[1] that B has the following relationship with the generalized Herglotz operator
H.

Lemma 4.4. If Assumption 4.3 holds, then given a sequence {g,} in L2(S™~1),
the sequence {B(gn)} is bounded if and only if the sequence {||Hgn| 15} is
bounded.

For fixed ¢ € L2(S™~!) and a > 0 we define the GLSM cost functional as

Ja(#:9) == aB(g) + |Fg — dllgm-s .

and though this cost functional may not have a minimizer, by nonnegativity we
may define

ja(¢) = inf Ja(¢;g)'

geL2(S7n—1)

The following central theorem in GLSM relates the range of G to the functional
B and the modified far field operator F, and we refer to [1] for a proof.
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Theorem 4.5. Assume that F has dense range. Let C > 0 be a given constant
independent of o and consider a minimizing sequence {go} of Jo(®;+) such that

Ja(d); goc) S ]a(¢) + Ca.
Then ¢ € R(G) if and only if the sequence {B(ga)} is bounded as o — 0.

We remark that by Theorem 2.5 the modified far field operator F has dense
range provided that there exist no nontrivial solutions of the homogeneous inte-
rior Robin problem (2.8a)—(2.8b) of the form (2.9). By choosing ¢, = ® (-, 2)
for some z € B, we may combine Theorems 4.1, 4.2, and 4.5 to obtain the
following characterization of the Robin eigenvalues associated with 7.

Theorem 4.6. Assume that F has dense range and that Assumption 2.2 is
satisfied. Let C' > 0 be a given constant independent of o and consider a mini-
mizing sequence {g:} of Jo(bz;-) such that

Ja(92395) < jaldz) + Cou

Then n is a Robin eigenvalue if and only if the set of z € B for which {B(gZ)}
s bounded as o — 0 is nowhere dense in B.

In practice the measured scattering data represented by the far field operator
F will be subject to some noise, and as a result we must consider a regularized
cost functional defined as

2
Jo($259) = aB’(9) + || F'g — ¢=gm+ -
where F° = F® — Fy, F? is the noisy far field operator, and we define

B(g) == |(Fog, 9)sm—1| + 8 |9l

for g € L*(S™~!). The noise constant § > 0 is such that ||[F? — F|| < 6. The
regularized cost functional now has a minimizer g;, 5, and the above theorem
holds with the appropriate modifications. We refer the reader to the discussion
in [1, Section 3| for further details and references.

5. Application to scattering by a partially coated crack

We now apply the theory developed above to the case of scattering by a partially
coated crack. Let I' C R? be a smooth, open, nonintersecting arc, and moreover
assume that I is a subset of a smooth curve 9D that encloses a region D in R2.
In this case we must choose the region B such that D C B. We choose the unit
normal v on I' to coincide with the outward normal to 9D, and for a function
u with sufficient regularity for the trace on 0D to be well-defined we denote the
trace from the exterior and the interior of D as ut and u~, respectively.
Given an entire solution u’ of the Helmholtz equation in R? representing an
incident field, the scattering of u! by a thin, infinitely long, cylindrical obstacle
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with cross section I' which is coated on one side by a material with surface
impedance o (which is assumed to be positive and bounded away from zero) is
given by the problem of finding the total field u = u® + u* satisfying

Au+ k*u=0in R?\T, (5.1a)
u- =0onT, (5.1b)
+
88% +iout =0onT, (5.1c)
: ou® .\
Tl;n;o\/;( 5 iku ) =0. (5.1d)

The Sommerfeld radiation condition (5.1d) is assumed to hold uniformly in
all directions, and the same arguments as in Section 8.7 of [6] (where constant
o > 0 was assumed) show that this problem is well-posed. In order to place this
problem into the framework we introduced in Section 2, we define the operator
Tr : HY?(9B) — H~Y/?(9B) such that Trg := 22|55, where w € H'(B\T) is
the unique solution of

Aw +k*w=0in B\T, (5.2a)
w- =0onT, (5.2b)

ow™
% +icwT =0onT, (5.2¢)
w =g on OB. (5.2d)

Writing an equivalent variational formulation of this Dirichlet problem clearly
shows that it is of Fredholm type, and consequently the following lemma guar-
antees that it is well-posed.

Lemma 5.1. The Dirichlet problem (5.2a)—(5.2d) with g = 0 has only the trivial
solution w = 0.

Proof. If w € H*(B \T) satisfies (5.2a)—(5.2d) with g = 0, then it satisfies the
variational problem

(Vw, Vo) gy = K2 (w,0) gy — i (o, () ) = 0 (5.3)

for all w’ € H'(B\T) such that (w')™ =0 on I and w’ = 0 on dB. Taking the
imaginary part of (5.3) with w’ = w yields

<aw+, w+>r =0,

from which strict positivity of o implies that w™ = 0 on I". The boundary
condition (5.2¢) implies that 8(;“—; = 0 on I' as well, and an application of
Holmgren’s theorem [13] implies that w = 0 in B\ D. Since w and ‘3—1;’ are
continuous across D \ I it follows that both vanish on this portion of 8D, and

another application of Holmgren’s theorem implies that w = 0 in D as well. O
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We observe that Tt is the Dirichlet-to-Neumann map for the interior Dirich-
let crack problem (5.2a)—(5.2d) and that (5.1a)—(5.1d) is equivalent to (2.1a)—
(2.1b) with T' = Tr. We remark that we may also conclude well-posedness of
(5.1a)~(5.1d) from Theorem 2.1 using the operator T' = Tr we will introduce
shortly. We now proceed to verify that T' = T possesses the required proper-
ties described in the previous sections. First, by well-posedness and linearity
of (5.2a)—(5.2d), we observe that T is a bounded linear operator, and in the
following lemma we show that Assumption 2.2 is satisfied by T = Tr.

Lemma 5.2. The operator Tt satisfies Assumption 2.2.

Proof. For given g1,go € HY?(9B), let w; € H*(B \T) satisfy (5.2a)-(5.2d)
for g = g;, i = 1,2. Observing that w;lsp = g;, i = 1,2, and applying Green’s
second identity on B\ D yields

Owy ow,
Tgs — g2Tg1)ds = —2 —wy—— | d
/aB(g1 92 = 92Tg1)ds /33 (w1 ov . ov > ’

:/ (wf‘awér w;awii_) ds
8D ov ov

since both w; and wy satisfy the Helmholtz equation in B\ D. The boundary
condition (5.2c¢) implies that the portion of this integral over I vanishes, and
since w;, i = 1,2, has continuous values and normal derivatives across 0D \ T
and satisfies w; = 0 on I' we see that

_810_ _8w_
/33(ng92 — 92T g1)ds = /81) (w1 87; —w; 81/1 > ds.

Since both w; and wsq satisfy the Helmholtz equation in D, another application
of Green’s identity implies that this integral vanishes, providing the desired
result. O

By Theorem 2.3 it follows that the far field pattern corresponding to (5.1a)—
(5.1d) satisfies the reciprocity principle (2.3), and applying Theorem 2.5 along
with the definition of 71 implies that the modified far field operator F is injective
with dense range if and only if the interior crack transmission problem of finding
(w,v) € HY(B\T) x H*(B) satisfying

Aw + k*w =0in B\T, (5.4a)
yAv + k*nv =0 in B, (5.4b)
w—v=0ondB, (5.4c)

ow ov
% o= 0 on 0B, (5.4d)
w- =0onT, (5.4e)

3w+ . +
e +iow" =0onT, (5.4f)
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has no nontrivial solutions with v of the form (2.9). In order to emphasize the
specific application of interest, we call a value of 1 for which the interior crack
transmission problem (5.4a)—(5.4f) has nontrivial solutions a crack transmission
eigenvalue. It is known that the far field operator F' corresponding to (5.1a)—
(5.1d) is always injective with dense range [6], and as a result no standard
transmission eigenvalues exist. Thus, although this type of eigenvalue has been
referred to as a modified transmission eigenvalue in [10], [11], and [12] we do
not introduce any confusion in our naming convention.

In order to study the solvability of the interior crack transmission problem
(5.4a)—(5.4f), we consider the following nonhomogeneous version. Given f €
L*(B), g € HY?(0B), and h € H~'/2(0B), we seek (w,v) € H'(B\T)x H(B)
satisfying

Aw +k*w=0in B\T, (5.5a)
yAv + k*nu = f in B, (5.5b)
w—v=gondB, (5.5¢)

ow Ov
5 o, = —h on 0B, (5.5d)
w- =0onT, (5.5¢)

+

88% +iocw™ =0 onT. (5.5f)

By defining a lifting function ¢, € HX(B) such that ¢4l = g, replacing v
with v + ¢4, and appropriately modifying the right-hand sides f and h, we
may assume without loss of generality that g = 0 in (5.5a)—(5.5f). With this
simplification we see that (5.5a)—(5.5f) is equivalent to the nonhomogeneous
interior Robin problem (3.1a)—(3.1b) with 7" = Tr, and as a result we may
apply the theory developed in Section 3 to obtain results on this problem. We
begin by verifying that Tr satisfies Assumption 3.2.

Before we factorize Tr, we first choose a relative neighborhood 2 of 0B in B
for which Q is disjoint from I', and we choose a smooth cutoff function y such
that x = 1 on a relative neighborhood of OB contained in Q, 0 < x < 1, and
X is supported in Q. In particular, we see that y = 1 near 9B and x = 0 in a
neighborhood of T'. The purpose of introducing this cutoff function is to remedy
the mismatched spaces H'(B) and

H ={we H'(B\T)|w™ =0onT}
in which solutions of (5.5a)—(5.5f) lie. Indeed, the mapping X : ¢ — xt is
well-defined from H'(B) into H}_(B\T) and from H._(B\T) into H'(B).
If we define the cutoff solution operator Sp : H/2(dB) — HA(B) such
that Srg := xwg, where w, satisfies (5.2a)—(5.2d) for this choice of g, then we
obtain the factorization Tt = NppSr, where we recall that Npp : HA(B) —

H~'/2(9B) is the Neumann trace operator on B. From Green’s first identity
it follows that for each g € H'/2(9B) the operator Tt satisfies

(Trg,9"Y o5 = (Vuwy, Vw’)B\f — k2 (w,, w’)B\f —1 <aw;, (w’)+>F (5.6)
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for all w' € HL_(B\T) such that w'|spp = ¢’. For a constant 5 > 0 to be

determined later, we define the operator Tt : H'/2(dB) — H~'/?(dB) such
that

<TF9’ g/>6B = (Vuy, vwg’)B\f + k:zﬁ(wg, wg’)B\f —1 <Uw;_7 w;r,>r - (5.7)

With this definition, we verify in the following two lemmas that T = T} possesses
the desired properties described in Assumption 3.2, and we first remark that
even though B \T is not a Lipschitz domain due to the presence of the crack T,
the space H!(B\T) is nevertheless compactly embedded into L?(B\T), as can
be seen by writing B\dD = (B\ D)UD and applying the standard compactness
result for each component.

Lemma 5.3. The operator Tr — Tt : H'/2(dB) — H~'/2(dB) is compact.
Proof. We first observe that for all g, ¢’ € H'/?(0B) we have

(T =Tr)g.g'), = K1+ B)(wywy) g

The definition of the operator norm and the Cauchy-Schwarz inequality imply
that

(@ -To)0.57),,|

A
H( ) H-1208)  gz0 |9 lgr2em
121+ B) (s wg) |
= sup
g'#0 ||9'||H1/2(aB)
<o lwgll g\ 1w [ p\7
=~ U1 sup
g'#0 ||9/HH1/2(33)

From well-posedness of (5.2a)—(5.2d) it follows that ||w, ”HI(B\f) < Co |9l grrr2am)
for some constant Co > 0 in dependent of ¢’ and we obtain

- - B
H(TF TF)gHH—lﬂ(OB) s¢ HngB\F’ (5.8)

where the constant C' > 0 is independent of g. If a sequence {g;} in H'/?(0B)
converges weakly to some gy € HY/ 2(0B), then we see from well-posedness of
(5.2a)—(5.2d) that the sequence {wy,} converges weakly to wg, in HA(B\T).
The compact embedding of this space into L?(B\ T') implies that Wy, — Wy, in
L?(B\T), and consequently from the inequality (5.8) we obtain (Tt — Tt)g; —
(Tr—Tr)go in H='/2(dB). Tt follows that the operator Tt — T maps weakly con-
vergent sequences in H'/2(9B) to strongly convergent sequences in H~/2(9B),
and we conclude that T — Tp : H'/2(dB) — H~'/2(dB) is compact. O

Lemma 5.4. The operator Tr : H'/?(dB) — H~'/2(dB) satisfies Conditions
1 and 2 in Assumption 3.2.
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Proof. We first assume that 0 < v < 1, and we aim to show that (3.3) in
Condition 1 holds. We let g € HY/2(0B), and we recall that w, is the solution
of (5.2a)—(5.2d). We first see that by definition of the cutoff function x we
obtain

(Sg,S9)B = (xwy, xwy)B = (|X|2wgawg)ﬂ < (wg, wy)q, (5.9)

and we observe that
(V(S9), V(59)8 = (|x|* Vg, Vwg)a+(| Vx| wy, wy)o+2Re(x Viwy, (VX)wg) -
For any €y > 0 Young’s inequality asserts that

2Re(xVuwg, (Vx)wg)a < eo(Vuwy, Vwg)o + 651 SlElgp |VX|2 (wg, wy)e,
from which we obtain
(V(S9),V(S9))B < (1+€o)(ng7ng)n+(1+€51)81épIVX|2 (wg, wg)a. (5.10)

Combining (5.9) and (5.10) and defining Q' := (B '\ Q) \ T, we see that for any
ag > 0 and €1, €3 > 0 we have

Re(Trg.g) = —ver (V(S9), V(S9))m — Fave; (g, S9)n
2 (ng, vwg)Q/ + k2ﬁ(wgv wg)Q’

(1= e (1 + o) (T, Ta)e
R0 = a0 =16 (1 + ) sup [V (g g,

and the expression on the right-hand side is nonnegative if we choose 0 < ¢y <
v =1, 914+ e€) <e1 <1,0< e <1, and 8 > 0 sufficiently large.

We now assume that v > 1, and we show that (3.4) in Condition 2 holds.
Let v € H'(B), and let g = v|gp. Then we see that v|sp = (2xv — wy)|sp and
we may write

Re <Tpv, U>BB = Re <Tp7 2xv — wg>aB
= 2Re(Vw,, V(xv))a + 2k* BRe(w,, xv)a
— (Vuwy, ng)B\f — kB (wy, wg)B\f~
For any 41, 6d2,d3 > 0 we obtain from Young’s inequality that
2Re(Vwy, V(xv))a < 2[(Vwg, xVv)al| + 2|(Vuwy, (Vx)v)al
< (61 + 82)(Vwy, Vg )o + 6, H(Vo, V)
+65°! Slll?p VX2 (v,v)q

and
Re(wg, xv)a < d3(wg, wg)a + 05 (v,v)q.
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Combining these estimates we observe that
Re <Trv,v> < 671 (Vu, Vo)o+ | k28051 + 65 sup |Vx|2} (v,v)q
OB B
+ (01 4 02 — 1)(Vwg, Vwg) p\r + k*B(63 — 1)(wg, wg) g\

and the result holds with § = §;* and ¢ = kzﬂégl + 65 tsupg \Vx\Q provided
that we choose 0 < 8 <1 —~"1, 771 <6 <1—4y,and 0 < 63 < 1. O

Combining Lemmas 5.3-5.4 and their preceding discussion, we see that As-
sumption 3.2 holds for T' = 1T and consequently we obtain from Theorem 3.4
that the interior crack transmission problem (5.5a)—(5.5f) satisfies the Fredholm
property. In particular, this result implies that if 1 is not a crack transmission
eigenvalue then (5.5a)—(5.5f) is well-posed. From the representation (5.6) of Tp
we see that

—Im (Trg,9) s = <0w;,w;>r >0

for all ¢ € HY 2(0B) and as a result Theorem 3.5 implies that every crack
transmission eigenvalue has nonnegative imaginary part. Thus, the remark after
Theorem 3.5 implies that the set of crack transmission eigenvalues is discrete
without finite accumulation point. Unfortunately, we cannot conclude existence
of crack transmission eigenvalues from Theorem 3.7 since this problem is not
self-adjoint, and it is unlikely that the existence theory from the end of Section
3 applies due to the lack of interior regularity of the domain B\ T.

We have also verified the assumptions required for application of the gener-
alized linear sampling method to compute crack transmission eigenvalues from
far field data corresponding to (5.1a)—(5.1d), and in the next section we provide
numerical examples in which we investigate both the effectiveness of eigenvalue
detection and the sensitivity of crack transmission eigenvalues to changes in the
surface impedance o of the partially coated crack.

6. Numerical examples for the case of scattering by a partially coated

crack

We use the finite element software FreeFem++ [15] in order to generate simulated
scattering data and to compute eigenvalues for validating our method. We first
describe how we compute eigenvalues and eigenfunctions using finite elements.
It is tempting to use the variational formulation (3.2) with an explicit form of
Tr in order to compute eigenvalues, in which we seek 7 and nonzero (w,v) €
H:={(,p) € H(B\T) x HY(B) |y —p=0o0n 9B, 1~ = 0 on I'} such that

Y(Vu, V') g — (Vw, V') p\ v
- kz(w,w/)B\f +i(ow™, (w)*) =k n(v,0)p V(W' v')eH.

Using finite element basis functions, we would construct a matrix A from the
left-hand side and a matrix B from the right-hand side (without 7) and solve
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the generalized eigenvalue problem Au = nBu. However, we would also need
to take into account the boundary condition w — v = 0 on B built into the
space H, which is difficult to implement directly. In [11] this issue was overcome
by rewriting the problem in terms of u; := w — v and enforcing a homogeneous
Dirichlet boundary condition on the outer boundary; in the present case, the
fields w and v do not lie in the same space, and as a result we must find an
alternative manner in which to enforce this boundary condition. Our choice is to
use a mixed finite element method in which we enforce the boundary condition
variationally. In particular, we define the sesquilinear forms af(-,-), b(,-), and
(") as

a((w,v), (w',v") :==~v(Vo,Vv')g — (Vw, Vw’)B\f — k% (w, w')B\f
+i(ocw™, (w')Jr>F

for all (w,v), (w',v") € Hr :={(¥,¢) € H'(B\T) x HY(B) | %~ =0 on I'},
b((w7v)7§/) = <§/’w - U>BB
for all (w,v) € Hr and ¢ € H-/2(dB), and
c((w,v), (w',v") := k*(v,7") B

for all (w,v),(w',v") € Hr. It follows that the interior crack transmission
problem (5.4a)—(5.4f) is equivalent to the mixed variational problem of find-
ing ((w,v),€) € Hr x H-Y/2(9B) such that

a((w,v), (w',v")) +b((w',v"),€) = ne((w,v), (w',v")) V(w',v') e Hr, (6.1)
b((w,v),&') =0 V¢ e HY2(8B). (6.2)

We use Py elements to discretize both components of Hr, and we discretize
H~'/2(9B) using piecewise constant elements on the boundary mesh induced
by the interior mesh. Representing the sesquilinear forms af(-, -), b(-, ), and ¢(+, -)
as finite element matrices A, B, and C, respectively, and enforcing the homo-
geneous Dirichlet condition w™ = 0 on I', we solve the generalized eigenvalue

) () () ()

using the eigs command in MATLAB. We note that due to the lack of positive-
definiteness of the matrix on the right-hand side we slightly perturb the diagonal
by 10715 before using eigs.

In order to construct the approximation of the far field operator F', we use
Nine incident directions dj, j = 1,..., N, distributed uniformly on the unit
circle, and we compute an Njpe X Nijp. matrix F with F; ; = u(d;,d;). By
the same process we may approximate the auxiliary far field operator F as
an Nipe X Nipe matrix Fo with (Fo); ; & u0,00(d;,d;), but for simplicity we
choose B to be a disk centered at the origin and compute F( analytically using
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separation of variables. In order to add noise to the data, we choose d,0ise > 0
and set
Girj + itij

V2
where (; ; and p; ; are uniformly distributed random numbers in [—1,1] com-
puted using the rand command in MATLAB. Once the simulated data has been
computed with suitable noise added, we compute the data vector ¢, with ith
entry given by (¢,); = Poo(di, 2), i@ = 1,..., Nipe, for some z € B. In each
example we use N;,. = 51.

We now describe our implementation of the generalized linear sampling
method to compute interior crack transmission eigenvalues given the noisy far
field matrix F?, which is similar to that of [12] with the exception that we may
now use the simpler symmetric version of GLSM. Since the interior crack trans-
mission problem is not self-adjoint, we begin by choosing a region in the upper
half-plane in which to sample values of the eigenparameter n in a Cartesian
grid. For each sampled value of 7 we compute the auxiliary far field matrix
F( and construct the approximation of the noisy modified far field operator F°
as the matrix F° := F% — Fy. We then construct the discrete regularized cost
functional as

X (g) = alg*(Fog)| + adg'g + (F'g — ¢.)" (F'g — ¢.) (6.3)

for all g € CNine, where * refers to the Hermitian transpose and § > 0 is an
upper bound on the noise level. This cost functional is difficult to minimize
in CNine as it is neither differentiable nor convex [2], and we follow similar
procedures to those found in [3]. We choose a starting point go as

2
)
for a regularization parameter By. The parameter 5y may be allowed to vary
with 1 and z if we choose it using the Morozov discrepancy principle, but we have
observed no additional benefit from this approach and we instead use Tikhonov
regularization with a fixed choice of fy = 1076. We carry out this minimization
procedure with the regtools package in MATLAB [14], and we note that ||gol|,
provides the indicator function for the linear sampling method.

With the parameter 8y > 0 and the initial guess gy chosen, we must choose
the value of o and a suitable optimization algorithm in order to minimize the
cost functional Jé (-). We adopt the heuristic o = g/ || Fo/|,, and we use limited
memory BFGS from the Complex Optimization Toolbox [18] described in [17] in

order to compute the minimizer g%lsm. We then evaluate the indicator function
(the discrete version of B)

B(g) := |g"(Fog)| +dg"g (6.4)

at g = g%lsm. For each sampled value of n we repeat this process for 5 ran-
dom choices of z in B. By plotting the values of B(g&"*™) (averaged over the

F?,j = Fi,j <]- + 5noise ) 5 Z,] = 1, .. ~7NinC7

go = argmin (ﬁo g5 + Hf‘sg -,

g€CNine
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randomly chosen z) against 7 in the sampled region of the complex plane, we
obtain a contour map whose peaks should correspond to the crack transmission
eigenvalues. We use the eigensolver described at the beginning of this section
in order to test our ability to compute eigenvalues, and we investigate the sen-
sitivity of the eigenvalues to changes in the surface impedance o of the partially
coated crack.

We begin by examining the sensitivity of crack transmission eigenvalues to
overall changes in a constant surface impedance 0 = 4. We consider the case
when T is a circular arc defined parametrically as

rr(t) = (cost + xzg,sint + yo), 0 <t < w/4, (6.5)

where (xg,y0) = (— cos(m/4), —sin(7/4)) is defined such that the midpoint of
the arc T lies is at the origin (see Figure 6). We choose B to be a disk of radius
R =1 or R = 0.5 centered at the origin, and we consider both v = 0.5 and
~ = 2. We note that either choice of R guarantees that I is contained in B. In
Figure 1 we plot the magnitude of the shifts in the crack transmission eigenvalues
resulting from overall changes in the surface impedance o with R = 1 for both
~v = 0.5 (left) and v = 2 (right), and in Figure 2 we show the same plots except
with R = 0.5. The eigenvalues appear to have a higher sensitivity to changes in
o for v = 0.5 compared to v = 2 in both figures, with the maximum sensitivity
doubled in this example. Moreover, if we compare Figures 1 and 2 for each
value of 7, then we find that the choice R = 0.5 increases the sensitivity of the
eigenvalues by an order of magnitude. However, in the next example we will see
that while the choice R = 0.5 greatly improves the sensitivity of the eigenvalues
to flaws, it drastically decreases the accuracy of their detection from far field
data.

0.09 0.04
—&— 1= -14.2043+0.00219182i —&—1=-0.48671+0.19353i
= 0.08 7= -14.1981+0.00529758i = 0.035 1= 3.979+0.052003i
] 1= -6.2639+0.01312i g 1= 4.6452+0.1559i
= 007} - 1= -6.0925+0.014152i = ~--s%--- = 11.2053+0.00440727i
a 7= -1.8697+0.0858431 _ z 003 7= 11.3741+0.0104538i
% o006l 7=-1.08+0.015271i g 1= 21.3502+0.000821098i
8 - 1= -0.30956+0.40281i T 0.025 - 1= 21.3603+0.00285476i
= £+ 1) = 6.9025+0.19998i = & 28.9803+0.2018661 | ,
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& 1= 12.8347+0.0920063i =002 1= 34.4717+0.000122151i
@ 004 &
o o
° © 0015
L 0.03 3
2 £ oot
= 002 =
20 &0
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Figure 1: Plots showing the magnitude of the shift in the crack transmission
eigenvalues resulting from an overall change in ¢ for R = 1 and two different
values of the parameter 7. We observe that the eigenvalues exhibit an increase
in sensitivity for the choice v = 0.5 compared to v = 2.
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Figure 2: Plots showing the magnitude of the shift in the crack transmission
eigenvalues resulting from an overall change in o for R = 0.5 and two different
values of the parameter v. We observe that the eigenvalues exhibit an increase
in sensitivity for the choice v = 0.5 compared to v = 2.

In order to test the detection of crack transmission eigenvalues from far field
data, we use the same example and we focus on detecting the eigenvalues which
displays the greatest sensitivity. We add approximately 1.5% noise to the data,
and we use the same noisy far field data in each example. Since v = 0.5 appears
to improve sensitivity of the eigenvalues to changes in o, we restrict our attention
to this choice and compare the two choices of R in Figure 3. We see that with
the choice R = 1 we successfully detect the eigenvalue n = —0.30956 + 0.402814,
whereas with R = 0.5 we fail to detect the eigenvalue n = —2.8644 + 3.8467i.
These examples suggest that a good choice of R must balance sensitivity of
the eigenvalues to changes in o with the ability to accurately detect them from
far field data, and further experimentation for this example has shown that
R =1 is a good choice to satisfy both of these criteria. We remark that this
phenomenon is not a unique feature of the present problem; it has been observed
for scattering by inhomogeneous media (c.f. [8], [9], and [11]) that domains with
corners often prevent the accurate detection of eigenvalues from far field data
unless B is chosen with smooth boundary 0B which is sufficiently far from the
corners.

We now provide a more realistic scenario in which we choose a nonconstant
o defined as

o(x)=1+e % xer, (6.6)

where o¢ > 0 is some constant. In Figure 4 we plot ¢ as a function of ¢ using
the parametric definition (6.5) of the curve I' with o9 = 75 (left) and o¢ = 100
(right). We see that the curve with oo = 75 is slightly wider than the curve
with og = 100, and in fact the relative error in the £>-norm between these two
functions is approximately 4%.

We first investigate the sensitivity of the crack transmission eigenvalues to
changes in the nonconstant surface impedance o given by (6.6), and in Figure
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Figure 3: The detection of a crack transmission eigenvalue from far field data
with v = 0.5 and either R = 1 (left) or R = 0.5 (right). The white stars represent
the exact eigenvalues computed from finite elements for each example. The
choice R = 1 permits an accurate detection of the eigenvalue n = —0.30956 +
0.402814%, whereas the choice R = 0.5 appears to be ineffective in detecting the
eigenvalue n = —2.8644 + 3.8467:.
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Figure 4: A plot of the function o as an argument of ¢ using the parametric
definition of T for o9 = 75 (left) and o¢ = 100 (right). The relative error in the
£?-norm betwen these two functions is approximately 4%.
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5a we plot the magnitude of the shift of each eigenvalue due to overall changes
in the constant oo = 75. In [11] it was found that for scattering by inhomoge-
neous media the sensitivity of modified transmission eigenvalues can sometimes
be predicted by the magnitude of the scaled eigenfunction w/[|v]| 2 in a
neighborhood of where the change occurs. Though the lack of self-adjointness
of the interior crack transmission problem prevents any analytic expression of
this fact, we may investigate a similar connection for crack transmission eigen-
values numerically. In Figure 5b each data point represents a crack transmission
eigenvalue (more are shown in this plot than in Figure 5a), and we have labeled
the eigenvalues from Figure 5a with the greatest sensitivity. The z-coordinate
of each point is the ¢2-norm of the scaled eigenfunction wy. = w/ vl z2(m)
restricted to I' (with the restriction from the exterior of D, i.e. w}.), and the
y-coordinate is the magnitude of the shift in the eigenvalue from oy = 75 to
op = 100. Though the relationship is far from monotonic, the trend is that the
sensitivity increases with the magnitude of w}, on I'.

Though this observation is certainly useful in identifying eigenvalues with
high sensitivity, we remark that the generalized linear sampling method does not
provide any information on the eigenfunctions. Thus, a detailed knowledge of
the geometry and material properties of the reference configuration of the crack
is required in order to take advantage of this relationship. In Figure 6 we plot
the modulus of two eigenfunctions corresponding to n = —0.46627 + 0.23455:
(the eigenvalue in the above example with the greatest sensitivity) and n =
—1.0919 4 0.013252¢ (the eigenvalue with the least sensitivity), respectively, in
order to visualize the magnitude of the scaled eigenfunction ws. on I'.
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Figure 5: An investigation of the sensitivity of the crack transmission eigenvalue
to changes in the parameter og. The left figure shows the sensitivity of a few
eigenvalues to changes in 0, and the right figure shows the relationship between
sensitivity of each eigenvalue and the £>-norm of the trace w, of an associated
eigenfunction. We see a general trend that a higher magnitude of w{, results in
greater sensitivity of that eigenvalue to changes in oy.
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Figure 6: A plot of the modulus of the scaled eigenfunction wg. corresponding
to n = —0.46627 + 0.23455¢ (left) and n = —1.0919 + 0.013252¢ (right). The
dashed line represents the crack I'. We observe from the color map that w],
restricted to I' has a higher magnitude for n = —0.46627 + 0.234557 than for
n = —1.0919 4 0.013252s.

We now focus our attention on the crack transmission eigenvalue n = —0.46627+

0.23455¢, and in Figure 7 we plot the indicator function B(g%lsm) for both
oo = 75 (left) and o9 = 100 (right) with approximately 0.8% mnoise. In both
plots the white star represents the exact eigenvalue computed from finite ele-
ments for oy = 75 in order to more clearly show the shift in the eigenvalue to the
change in o to oy = 100. We see from this example that it is indeed possible to
detect crack transmission eigenvalues from far field data even for a complicated
surface impedance o, and we may also detect small changes (in this case 4%) in
o from shifts in its associated crack transmission eigenvalues.

7. Conclusion

We began by considering a general scattering problem in terms of a given op-
erator 7" which may be regarded as an interior Dirichlet-to-Neumann map, and
upon introducing an auxiliary scattering problem depending on a parameter
7 we developed and investigated a generalized Robin eigenvalue problem as-
sociated with the operator 7. We derived sufficient conditions for 7" in order
to guarantee certain properties of the associated Robin eigenvalues, including
discreteness of the eigenvalues, their distribution in the complex plane, and a
general existence theory. With the goal of detecting changes in the operator T’
(in turn arising from changes to the material properties of the scattering medium
of interest), we showed that the generalized linear sampling method may be ap-
plied in this general framework in order to compute Robin eigenvalues from far
field data associated with T

After working in generality for the bulk of our analysis, we introduced the
direct problem for scattering by a partially coated crack in R? with surface
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Figure 7: Detection of a crack transmission eigenvalue for og = 75 (left) and its
observed shift for oo = 100 (right). In both plots the white star represents the
exact eigenvalue computed from finite elements for the case og = 75 in order to
clearly show the shift in the eigenvalue due to the change in o.

impedance ¢ as an application of our general results, and we derived various
properties of the so-called crack transmission eigenvalues — the name given to
the Robin eigenvalues for this particular choice of T. Unfortunately, due to
the lack of interior regularity of solutions to this eigenvalue problem we were
unable to apply the general existence theory to conclude that crack transmission
eigenvalues exist, but we continued with a numerical investigation in which their
existence was seen numerically. We ended with numerical examples in which
we showed that crack transmission eigenvalues may indeed be computed from
far field data in the presence of noise and that they shift due to changes in the
surface impedance o.

Two interesting conclusions from these examples are that the fixed param-
eter v appearing in the auxiliary scattering problem may be tuned to improve
sensitivity of the crack transmission eigenvalues to changes in ¢ and that the
choice of the domain B must be a balance of sensitivity of the eigenvalues and
the ability to detect them from far field data. For any choice of the operator
T, an interesting open question is the precise effect of the choice of v and B on
the distribution and sensitivity of the eigenvalues to changes in 7.
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