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Inverse Scattering Problems
for Orthotropic Media

In this chapter we extend the results of Chap. 4 to the case of the inverse
scattering problem for an inhomogeneous orthotropic medium. The inverse
problem we shall consider in this chapter is to determine the support of the ort-
hotropic inhomogeneity given the far-field pattern of the scattered field for
many incident directions.

The investigation of the inverse problem is based on the analysis of a non-
standard boundary value problem called the interior transmission problem.
This problem plays the same role for the inhomogeneous medium problem
as the interior impedance problem plays in the solution of the inverse prob-
lem for an imperfect conductor, studied in Chap. 4. Having discussed the
well-posedness of the interior transmission problem and the existence and
countability of transmission eigenvalues, we proceed with a uniqueness result
for the inverse problem. We will present here a proof due to Hahner [81] that
is based on the use of a regularity result for the solution to the interior trans-
mission problem. We then derive the linear sampling method for finding an
approximation to the support of the inhomogeneity. Although the analysis of
the justification of the linear sampling method refers to the scattering prob-
lem for an orthotropic medium, the implementation of the method does not
rely on any a priori knowledge of the physical properties of the scattering
object. In particular, we show that the far-field equation we used in Chap. 4
to determine the shape of an imperfect conductor can also be used in the
present case where the corresponding far-field pattern is used for the ker-
nel of this equation. Finally, since transmission eigenvalues carry qualitative
information about the material properties of the inhomogeneous scattering
object (cf. Sect. 6.2), we conclude this chapter by showing how transmission
eigenvalues can be determined from the (noisy) far-field data.
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112 6 Inverse Scattering Problems for Orthotropic Media

6.1 Formulation of Inverse Problem

Let D be the support and A and n the constitutive parameters of a bounded,
orthotropic, inhomogeneous medium in R?, where D, A, and n satisfy the ass-
umptions given in Sect. 5.1. The scattering of a time-harmonic incident plane
wave u' := e"**d by the inhomogeneity D is described by the transmission
problem (5.13)(5.17) with f := e**? and h := 9¢***'?/Jv, which we recall
here for the reader’s convenience:

V- AVv + k*nv =0 in D, (6.1)
Au® + k2 u® =0 in R?\ D, (6.2)
v—u® = ehrd on 0D, (6.3)

s ikx-d
Ov _dur_0e on 0D, (6.4)

vy Cov Ov
lim /7 <‘?;; —iku5> =0, (6.5)

r—00

where & > 0 is the (fixed) wave number, d := (cos ¢, sin ¢) is the incident
direction, z = (z1, 12) € R?, and r = |z|. In particular, the interior field
v(:) := v(-,¢) and scattered field u®(-) := u®(-,¢) depend on the incident
angle ¢. The radiating scattered field u°® again has the asymptotic behavior
eikr
w(@) = —mueo(6,) + or=>7), r—o,

where the function wus(:,¢) defined on [0, 27] is the far-field pattern cor-
responding to the scattering problem (6.1)-(6.5) and the unit vector & :=
(cos 0, sin ) is the observation direction. In the same way as in Theorem 4.2
it can be shown that the far-field pattern uo. (6, ¢) corresponding to (6.1)—(6.5)
satisfies the reciprocity relation ueo (6, ¢) = uoo(P + 7,0 + ) and is given by

e/ o Oe ikEy ik OU°(Y)
Uso (0, 0) = maB (U (Q)T —e 7) ds(y), (6.6)

where OB is the boundary of a bounded domain containing D (it can also be
oD).

The following result can be obtained as a consequence of Rellich’s lemma
(Theorem 4.1).

Theorem 6.1. Suppose that the far-field pattern us, corresponding to (6.1)-
(6.5) satisfies uso = 0 for a fized angle ¢ and all 0 in [0, 27]. Then u® =0 in
RZ\ D.

Note that by the analyticity of the far-field pattern Theorem 6.1 holds if
Uoo = 0 only for a subinterval of [0, 27].
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The inverse scattering problem we are concerned with is to determine D
from a knowledge of the far-field pattern u (6, ¢) for all incident angles ¢ €
[0, 2] and all observation angles 6 € [0, 2x]. We remark that for an ort-
hotropic medium standard examples [77,136] show that A and n are not in
fact uniquely determined from the far-field pattern u. (6, ¢) for all ¢ € [0, 27]
and 6 € [0, 27], but rather what is possible to determine is the support of the
inhomogeneity D.

We now consider the far-field operator F : L*[0, 2rr] — L?[0, 2] corre-
sponding to (6.1)—(6.5) defined by

27

(Fg)(6) = / so (0, 6)g(6)do (6.7)

0

As the reader has already seen (Chap. 4), the far-field operator will play a
central role in the solution of the inverse problem. The first problem to resolve
is that of injectivity and the denseness of the range of the far-field operator.
We recall that a Herglotz function with kernel g € L?[0, 27| is given by

27

vg(x) 1= / ckrdg () dg, (6.8)

0

where d = (cos ¢, sin ¢). Note that by superposition, Fg is the far-field pattern
of the solution to (6.1)—(6.5), with e?**'¢ replaced by v,. For future reference

we note that
27

Tg(z) = [ e”™g(9) do (6.9)
/

is also a Herglotz wave function with kernel g(¢ — 7).

Theorem 6.2. The far-field operator F' corresponding to the scattering prob-
lem (6.1)-(6.5) is injective with dense range if and only if there does not exist
a Herglotz wave function vy such that the pair v,vq is a solution to

V- -AVv+knv=0 and Av,+k*v,=0 in D, (6.10)
dv vy

i on 90D. (6.11)
va v

vV = V4 and
Proof. In exactly the same way as in Theorem 4.3, one can show that the far-
field operator F' is injective if and only if its adjoint operator F™* is injective.
Since N(F*)* = F(L2[0, 27]), to prove the theorem we must only show that F
is injective. But Flg = 0 with g # 0 is equivalent to the existence of a nonzero
Herglotz wave function v, with kernel g for which the far-field pattern wuoo
corresponding to (6.1)-(6.5) with e?**'¢ replaced by v, vanishes. By Rellich’s
lemma we have that u® = 0 in R?\ D, and hence the transmission conditions
imply that
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v _ 9

= D.
vy ov on J

V=1, and
Since v4 is a solution of the Helmholtz equation, we have that v and v, sat-
isfy (6.10) as well. This proves the theorem. O

Motivated by Theorem 6.2, we now define the interior transmission problem
associated with the transmission problem (5.13)—(5.17).

Interior transmission problem. Given f € Hz (D) and h € H~=(dD),
find two functions v € HY(D) and w € H' (D) satisfying

V- -AVo +Ek*nv=0 in D, (6.12)
Aw+ k2w =0 in D, (6.13)
v—w=Ff on 0D, (6.14)
ov  Ow
— - —=h D. 1
9a oo on 0 (6.15)

The boundary value problem (6.12)—(6.13) with f = 0 and h = 0 is called
the homogeneous interior transmission problem or the transmission eigenvalue
problem.

Definition 6.3. Values of k for which the homogeneous interior transmission
problem has a nontrivial solution are called transmission eigenvalues.

In particular, Theorem 6.2 states that if £ is not a transmission eigenvalue,
then the range of the far-field operator is dense.

6.2 Interior Transmission Problem

As seen earlier, the interior transmission problem appears naturally in scat-
tering problems for an inhomogeneous medium. Of particular concern to us
in this section are the countability and the existence of real transmission
eigenvalues, and the approach to studying the interior transmission problem
depends on whether or not n = 1. In our analysis of the interior transmission
problem we exclude the case of A = I and refer the reader to Chap. 8 in [54],
which deals with (6.12)—(6.15) when A = I.

We begin by establishing the uniqueness of a solution to the interior trans-
mission problem for complex-valued refractive indexes.

Theorem 6.4. If either Im(n) > 0 or Im (& A¢) < 0 at a point zy € D,
then the interior transmission problem (6.12)—(6.15) has at most one solution.

Proof. Let v and w be a solution of the homogeneous interior transmission
problem (i.e., f = h = 0). Applying the divergence theorem to v and AVwv
(Corollary 5.8), using the boundary condition and applying Green’s first iden-
tity to w and w (Remark 6.29) we obtain
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/V5~AVvdy—/k2n|v|2dy: /_ —dy—/|Vw|2dy /k2|w|2dy.
oD

D D

Hence

Im /VE-AVUdy =0 and Im /n|v|2dy =0. (6.16)
D

If Im(n) > 0 at a point xg € D, and hence by continuity in a small disk £2(x),
then the second equality of (6.16) and the unique continuation principle (The-
orem 17.2.6 in [89]) imply that v = 0 in D. In the case where Im (- A¢) <0
at a point zg € D for all £ € C2, and hence by continuity in a small ball
2:(xg), from the first equality of (6.16) we obtain that Vv = 0 in £2.(x)
and from (6.12) v =0 in 2(xp), whence again from the unique continuation
principle v = 0 in D. From the boundary conditions (6.13) and (6.14), and
the integral representation formula, w also vanishes in D. a

We now proceed to the solvability of the interior transmission problem follow-
ing the approach in [20] and [34]. In the following analysis we assume without
loss of generality that D is simply connected. We first study an intermediate
problem called the modified interior transmission problem, which turns out to
be a compact perturbation of our original transmission problem.

The modified interior transmission problem is as follows: given f €
Hz(8D), h € H-2(dD), a real-valued function m € C(D), and two func-
tions p; € L3(D) and py € L*(D), find v € H'(D) and w € H*(D) satisfying

V-AVv—muv=p in D, (6.17)
Aw — w = py in D, (6.18)
v—w=Ff on 9D, (6.19)

ov  Ow

We now reformulate (6.17)—(6.20) as an equivalent variational problem of the
form (5.18). To this end, we define the Hilbert space

W(D) := {w € (I3(D))*:V-we L¥D) and Vxw= 0}
equipped with the inner product

(W1, wo)w = (W1, Wa)r2(p) + (V- w1, V- Wa)r2(p)

and the norm
Wity = [IWlZ2py + IV - WlZ2(p)-

We denote by (-, -) the duality pairing between Hz(8D) and H~ 2 (8D). The
duality pairing
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<<p,1,b-u>z/g0V-¢dx+/Vg0-'l,bd:v (6.21)
D D

for (,v) € HY(D) x W(D) will be of particular interest in the sequel.
We next introduce the sesquilinear form A defined on {H!(D) x W(D)}? by

AU V)= [ AVv-Vodr+ [ mvpde+ | V-wV-pde+ [ w-edr
[ [resens | /
— (v, % v) = (B, W), (6.22)

where U := (v,w) and V := (p,%) are in H'(D) x W(D). We denote by
L: HY(D) x W(D) — C the bounded conjugate linear functional given by

L<v>=/<p1¢+p2v-¢>dx+<¢,h>—<f,«2;-u>. (6.23)

D

Then the variational formulation of the problem (6.17)—(6.20) is to find U =
(v,w) € HY(D) x W(D) such that

AU, V) =L(V) for all V € H*(D) x W(D). (6.24)

The following theorem proves the equivalence between problems (6.17)—(6.20)
and (6.24).

Theorem 6.5. The problem (6.17)-(6.20) has a unique solution (v,w) €
HY(D) x HY(D) if and only if the problem (6.24) has a unique solution
U = (v,w) € HYD) x W(D). Moreover if (v,w) is the unique solution
to (6.17)-(6.20), then U = (v,Vw) is the unique solution to (6.24). Con-
versely, if U = (v, w) is the unique solution to (6.24), then the unique solution
(v,w) to (6.17)-(6.20) is such that w = Vw.

Proof. We first prove the equivalence between the existence of a solution (v, w)
0 (6.17)—(6.20) and the existence of a solution U = (v, w) to (6.24).

1. Assume that (v,w) is a solution to (6.17)-(6.20), and set w = Vuw.
From (6.18) we see that, since Vw = w + ps € L?*(D), then w € W (D).
Taking the L? scalar product of (6.18) with V -1 for some 1 € W (D) and
using (6.21) we see that

[vwvpdst [webde—(ubv)= [ 2V pan
D D D
Hence, by (6.19),

/V~WV-1,_bdx+/W~1,_bdx—<v,1,_b-V>
D D

:_<f,{b.y>+/p2v.{bdx. (6.25)

D
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We now take the L? scalar product of (6.17) with ¢ in H*(D) and integrate
by parts. Using the boundary condition (6.20) we see that

/AVU-V@dm—i—/mU@dm—(cﬁ,w-w:<¢7, h)—l—/pl @ dx. (6.26)
D D D

Finally, adding (6.25) and (6.26) we have that U = (v, Vw) is a solution
to (6.24).

. Now assume that U = (v,w) € H*(D) x W(D) is a solution to (6.24).
Since V x w = 0 and D is simply connected, we deduce the existence of
a function w € H'(D) such that w = Vw, where w is determined up to
an additive constant. As we shall see later, this constant can be adjusted
so that (v, w) is a solution to (6.17)—(6.20). Obviously, if U satisfies (6.24),
then (v, w) satisfies (6.25) and (6.26) for all (p,) € H*(D) x W (D). One
can easily see from (6.26) that the pair (v, w) satisfies

V-AVv —muv =p; in D, (6.27)
ov ow

On the other hand, substituting for w in (6.25) and using the duality
identity (6.21) in the second integral we have that

/(Aw—w)v-{bd:v—i—<w—v,{b-u> (6.29)

D
— )+ [ s
D
for all ¢ in W(D).
Now consider a function ¢ € L3(D) = {qﬁ €L*(D) : [¢dx= O}, and let
D

x € H'(D) be a solution to

Ay =¢ in D,
9% _ ¢ ona. (6.30)
v

The existence of a solution of the preceding Neumann boundary value prob-
lem can be established by the variational methods developed in Chap. 5
(Example 5.15). We leave it to the reader as an exercise [127]. Taking
W = Vy in (6.29) [note that from (6.30) V-1 = ¢ in D and 4 - v = 0 on
0D] we have that

/(Aw—w—pg)(bdx:() for all ¢ € L3(D),
D
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which implies the existence of a constant ¢; such that
Aw—w—pe=c¢; in D. (6.31)

We now take ¢ € L3(0D) and let o € H'(D) be a solution to

{ Ao =0 in D,
do - (6.32)
% = (b on 8D

Taking 9 = Vo in (6.25) [note that (6.32) implies that V-1 = 0 in D and
1 - v = ¢ on OD] we have that

/(w—v—l—f)gbds:() for all ¢ € L3(9D),
oD

which implies the existence of a constant cs such that
w—v+ f=cy ondD. (6.33)

Substituting (6.31) and (6.33) into (6.29) and using (6.21) we see that

(01—02)/V-171d:17:() Vi e W(D),

D

which implies ¢; = ca = ¢ [take, for instance, 1» = Vo, where o € H}(D)
and Ap = 1 in D). Equations (6.27), (6.31), and (6.33) show that (v, w—c)
is a solution to (6.17)—(6.20).

We next consider the uniqueness equivalence between (6.17)—(6.20)
and (6.24).

3. Assume that (6.17)—(6.20) has at most one solution. Let U; = (vy, wy) and
Us = (v2,w2) be two solutions to (6.24). From step 2 earlier we deduce
the existence of w; and ws in HI(D) such that w; = Vw; and wo = Vws
and (v1,w;) and (ve,ws) are solutions to (6.17)—(6.20), whence (vy,w;) =
(v2,ws2) and (v1, wi) = (v, Wa).

4. Finally, assume that (6.24) has at most one solution, and consider two
solutions (vy,w;) and (v2,ws) to (6.17)—(6.20). We can deduce from step 1
earlier that (v1, Vwi) and (ve, Vws) are two solutions to (6.24). Hence
v1 = vg and w = w; — wy is a function in H!(D) that satisfies

wza—w:() on 0D,

{Aw—sz in D,
v

which implies w = 0.
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We now investigate the modified interior transmission problem in the
variational formulation (6.24).

Theorem 6.6. Assume that there exists a constant v > 1 such that, for
r €D,

Re (& A(x)€) >~[¢)* forall £€C* and m(z) > 7. (6.34)

Then problem (6.24) has a unique solution U = (v,w) € H*(D) x W(D).
This solution satisfies the a priori estimate

v+1
ol o) + Il <2077 (Io1llza() + lezllzagoy

+ ||f||H2(aD 1Al 4 o))

where the constant C > 0 is independent of p1, p2, f, h, and .

(6.35)

Proof. The trace theorems (Sect. 5.2) and Schwarz’s inequality ensure the
continuity of the conjugate linear functional L on H*(D) x W (D) and the
existence of a constant ¢ independent of p1, p2, f, and A such that

1ED < € (Norlge + o2l e + 160y +0ll,3 ) (6:36)

On the other hand, if U = (v,w) € H'(D) x W(D), then, by assump-
tion (6.34),

AU, U)| = yllolz: + Wl — 2Re (0, w)) . (6.37)
According to the duality identity (6.21), one has by Schwarz’s inequality that
(@, W) [ < vl g (1wl
and therefore
AU, O)| = 7ol + 1wl =2 [0l g 1wl

Using the identity va? + y? — 22y = 3;—1 (:1: — % y) + j—:1: + Ly we

conclude that

v—1 2 2
AU, U)| > 1 (”WHW + ||”||H1> ;

whence A is coercive. The continuity of A follows easily from Schwarz’s in-
equality, the trace theorem, and Theorem 5.7. Theorem 6.6 is now a direct
consequence of the Lax—Milgram lemma applied to (6.24). O
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Theorem 6.7. Assume that there exists a constant v > 1 such that, for
r €D,

Re(&-A(x)€) >~[¢)* forall €€C? and m(z) > 7. (6.38)

Then the modified interior transmission problem (6.17)-(6.20) has a unique
solution (v, w) that satisfies

v+1
ol o)+ Ielin o) < €= (Io1llzac) + le2llzeco

+ ||f||H§(aD) 10l 3 o)

where the constant C > 0 is independent of p1, p2, f, h, and .

(6.39)

Proof. The existence and uniqueness of a solution follow from Theorems 6.5
and 6.6. The a priori estimate (6.39) can be obtained directly from (6.17)—
(6.20), but it can also be deduced from (6.35) as follows. Theorem 6.5 tells us
that (v, Vw) is the unique solution to (6.24). Hence, according to (6.35),

v+1
ol + IVwla < 2= (lonlle +lpallze + 103 +100,-3) -

From Poincaré’s inequality in Sect. 5.2 we can write

loll sy < Ca (190l 2y + N0l 2o -

Now, using the boundary condition (6.19) and the trace theorem we obtain
that

[wll g (py < C2 (||Vw||L2(D) + [0l g1 py + ||f||L2(aD))

for some positive constant Cs. The constants C; and C5 can then be adjusted
so that (6.39) holds. O

Now we are ready to show the existence of a solution to the interior transmis-
sion problem (6.12)—(6.15).

Theorem 6.8. Assume that either Im(n) > 0 or Im(f_ Af) < 0 at a point
xo € D and that there exists a constant v > 1 such that, for x € D,

Re(&-A(x)€) >~ forall €€ C2 (6.40)

Then (6.12)-(6.15) has a unique solution (v,w) € HY(D) x HY(D). This

solution satisfies the a priori estimate

1l oy + 1l oy < € (11,03 o) + 1213 o)) (6.41)

where the constant C > 0 is independent of f and h.
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Proof. Set
X(D) = {(v,w) € HY(D) x H'(D) : V-AVv € L*(D) and Aw € L*(D)}

and consider the operator G from X (D) into L*(D) x L*(D) x Hz(dD) x
H~2 (D) defined by

G(v,w) = <V - AVY —mu, Aw — w, (v —w)|,,, (% - (2—1:}) ) (6.42)
lo

where m € C(D) and m > 1. Obviously G is continuous and from Theorem 6.7
we know that the inverse of G exists and is continuous. Now consider the
operator T from X(D) into L2(D) x L%(D) x Hz (D) x H~2 (9D) defined by

T (v, w) = ((*n+m)v, (k* + 1w, 0, 0)

From the compact embedding of H'(D) into L?(D) (Sect. 5.2), the operator
T is compact. Theorem 6.4 implies that G+ 7 is injective, and therefore, from
Theorem 5.16 we can deduce the existence and the continuity of (G + 7)1,
which means in particular the existence of a unique solution to the interior
transmission problem (6.12)—(6.15) that satisfies the a priori estimate (6.43).

O

The foregoing analysis of the interior transmission problem requires that
the matrix A satisfy

Re (£ A(2)€) > v[€? for all £ € C?, 2 € D and some constant v > 1,

that is, |[Re(A)|| > 1. The case of Re(A) positive definite such that [|[Re(A)| <
1 is considered in [34]. By modifying the variational approach of Theorems 6.5
and 6.6 one can prove the following result.

Theorem 6.9. Assume that either Im(n) > 0 or Im(f Af) < 0 at a point
xo € D and that there exists a constant v > 1 such that, for x € D,

Re(f_- (/1(:::))71 §) > ”y|§|2 forall €€C? and v '<m<1.

Then (6.12)-(6.15) has a unique solution (v,w) € HY(D) x HY(D). This

solution satisfies the a priori estimate

Wiy + Il oy < € (1613 oy 1Bl 3 o)+ (6:43)

where the constant C > 0 is independent of f and h.

We remark that a solvability result under less restrictive assumptions on A is
obtained later in this chapter (Remark 6.29).
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In general we cannot conclude the solvability of the interior transmission
problem if A and n do not satisfy the assumptions of the previous theorem.
In particular, if Im(A) = 0 and Im(n) = 0 in D, then k may be a transmission
eigenvalue (Definition 6.3). Do transmission eigenvalues exist and, if so, do
they form a discrete set? The approach in [20] and [34] presented earlier is not
suitable to handle these questions, and therefore we devote the next section
of the book to address these issues. In particular, we will prove that under
appropriate assumptions transmission eigenvalues exist and form a discrete set
with infinity as the only accumulation point. As mentioned at the beginning
of this section, the analysis of the transmission eigenvalue problem for cases
where n = 1 and n # 1 are fundamentally different, and hence we consider
each of these cases separately. For the study of the transmission eigenvalue
problem if A = I we refer the reader to [32] and to Chap. 10 in [54].

6.3 Transmission Eigenvalue Problem

We recall that the transmission eigenvalue problem is formulated as a problem
of finding two nonzero functions v € H'(D) and w € H*(D) satisfying

V- AVv + k*nv =0 in D, (6.44)
Aw+k2w=0 in D, (6.45)
v=w on 9D, (6.46)

ov ow

Since transmission eigenvalues do not exist for complex-valued A and n, hence-
forth we assume that both A and n are real-valued and define

min = inf inf A >0,
min 3= Bheeatl & A0

Umazx -= SUP sup (5 ' A(.I)g) < 09,

z€D ¢eR?,[¢|=1 (6'48)
Npnin = Inf n(z) >0 and Ny := sup n(z) < co.

zeD €D

Ezxample 6.10. In what follows, we will need to consider a particular case of
the interior transmission problem where D is a ball By of radius R centered at
the origin, A := agl, and n := ng, where ag and ng are positive constants not
both equal to one. In this case the interior transmission eigenvalue problem
reads as
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Av+ k222 =0 in Bp, (6.49)
ag
Aw+k*w =0 in Bg, (6.50)
v=w ondBg, (6.51)
ov Ow
an E = E on aBR, (652)

where r = |z|. To solve (6.49)—(6.52) in R?, we make the ansatz

w(r,z) = ag Jo(kr)e, v(r,@) = beJy (k,/@r) ettt
ao

where Jy are Bessel functions of order ¢ introduced in Chap. 3. Then using
separation of variables one sees that the transmission eigenvalues satisfy

W(k) = det Skt (k) —0.  (6.53)
RIURR)  kyoao Jf (ky /2 R)

6.3.1 The Casen =1

The case where n = 1 corresponds to the electromagnetic scattering problem
for an orthotropic medium when the magnetic permeability in the medium is
constant and the same as the magnetic permeability in the background. The
transmission eigenvalue problem reads: find two nonzero functions v € H*(D)
and w € H!(D) satisfying

V- AVo +k*v =0 in D, (6.54)
Aw+k2w=0 in D, (6.55)
v=w on 9D, (6.56)

ov ow

Our approach follows the one introduced in [20] and developed further in [31],
which generalizes the first proof of the existence of transmission eigenvalues
given in [134].

The proof of the existence of transmission eigenvalues is based on the
following abstract analysis. Let X be a separable Hilbert space with scalar
product (-,-) and associated norm | - ||, and let A be a bounded, positive
definite, and self-adjoint operator on X. Under these assumptions A*!/2 are
well defined (cf. [115]). In particular, A*'/2 are also bounded, positive defi-
nite, and self-adjoint operators, A~'/2AY/2 = T and AY/2AY/2 = A. We shall
consider the spectral decomposition of the operator A with respect to self-
adjoint nonnegative compact operators. The next two theorems indicate the
main properties of such a decomposition.
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Definition 6.11. A bounded linear operator A on a Hilbert space X is said
to be nonnegative if (Au,u) > 0 for every u € X. A is said to be strictly
coercive if (Au,u) > B|lul|? for some positive constant 3.

Theorem 6.12. Let A be a bounded, self-adjoint, and strictly coercive opera-
tor on a Hilbert space, and let B be a nonnegative, self-adjoint, and compact
linear operator with null space N (B). Then there exists an increasing sequence
of positive real numbers (Aj)j>1 and a sequence (u;);>1 of elements of X sat-
1sfying

A’U,j = )\jBUj
and

(Bujv U’f) = 0j¢

such that each u € [A(N(B))]* can be expanded in a series

oo
u = E R
Jj=1

If N(B)* has infinite dimension, then \; — +00 as j — o0o.

Proof. This theorem is a direct consequence of the Hilbert—Schmidt theorem
applied to the nonnegative self-adjoint compact operator B = A~1/2BA~1/2,
Let (uj,v5);>1 be the sequence of positive eigenvalues and corresponding
eigenfunctions associated with B such that {v;};>; forms an orthonormal
basis for N(B)L. Note that zero is the only possible accumulation point
for the sequence p;. Straightforward calculations show that A; = 1/u;
and u; = Ay A™Y20; satisfy Au; = \;jBu;. Obviously, if w € AN(B),
then w = Az for some z € N(B), and hence (u;,w) = \;j(A™'Bu;j,w) =
A (A71Buj, Az) = \j(Buy, 2) = 0, which means that u; € [AN(B)]*. Further-
more, any u € [AN(B)]* can be written as u = Y. yju; = 3., 75/ A A 20,

since A2y € [N(A~Y/2BA~Y/2)] *. This ends the proof of the theorem. O

Theorem 6.13. Let A, B, and (\;);>1 be as in Theorem 6.12, and define the
Rayleigh quotient as

(Au, u)

(Bu,u)

for uw ¢ N(B), where (-, -) is the inner product on X. Then the following
min-max principle holds:

R(u) =

Aj = min < max R(u)> = max ( min R(u)),
weut \uew\{0} Weuy | \ue(A(W+N(B)))*+\{0}

j—1

where L{]A denotes the set of all j-dimensional subspaces of [AN(B)]+.
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Proof. The proof follows the classical proof of the Courant min-max principle
and is given here for the reader’s convenience. It is based on the fact that
if u € [AN(B)]*, then from Theorem 6.12 we can write u = > vuy for
some coefficients -y;, where the u; are defined in Theorem 6.12 (note that
the u; are orthogonal with respect to the inner product induced by the self-
adjoint invertible operator A). Then using the facts that (Bu;,us) = d;, and
Auj; = A\;Bu; it is easy to see that

1
R(u) = =5 3 Ml
5 T 2 s

Therefore, if W; € Z/IJA denotes the space generated by {u1,...,u;}, then we
have that

Aj= max R(u)= min
ueW;\{0} u€[A(W;—1+N(B))]+\{0}

Next, let W be any element of L{]A. Since W has dimension j and W C
[AN(B)]*, then W N [AW;_; + AN(B)]* # {0}. Therefore,

max R(u) > min R(u)
ueW\{0} u€WN[A(W; 14N (B))]-\{0}

> min R(u) = A;,

u€[A(W;_1+N(B))]+\{0}

which proves the first equality of the theorem. Similarly, if W has dimension
j—1land W C [AN(B)]*, then W; N (AW)L £ {0}. Therefore,

min R(u) < max R(u) < max R(u) =),
uwE[A(W+N(B))]+\{0} weW,;N(AW)-L\{0} ueW;\{0}
which proves the second equality of the theorem. O

The following corollary shows that it is possible to remove the dependence
on A in the choice of the subspaces in the min-max principle for the eigenval-
ues Aj.

Corollary 6.14. Let A, B, (\;);>1, and R be as in Theorem 6.15. Then

v = i, (L, 7). (65

where U; denotes the set of all j-dimensional subspaces W of X such that
W N N(B)={0}.
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Proof. From Theorem 6.13 and the fact that UJA C U; it suffices to prove that

A; < min ( max R(u)) .
wcu; \ueWw\{0}

Let W € U;, and let vi,v,...,v; be a basis for W. Each vector v; can be
decomposed into a sum vY + 0;, where ; € [AN(B)]* and v € N (B) (which
is the orthogonal decomposition with respect to the scalar product induced
by A). Since W N N(B) = {0}, the space W generated by @y,%y, ..., ¥; has
dimension j. Moreover, W C [AN (B)]*. Now let @& € W. Obviously, & = u—u°
for some v € W and u® € N(B). Since Bu® = 0 and (Aug, ) = 0, we have
that

(A, a) 4+ (Au®,u?)

(Ba, )

(Au®, uP)
(B, @) '

R(u) = — R(a) +

Consequently, since A is positive definite and B is nonnegative, we obtain

R(u) < R(u) < max R(u).
(@) < Rlu) < _max R(u)
Finally, taking the maximum with respect to & € W C [AN(B)]* in the
preceding inequality, we obtain from Theorem 6.13 that

A\ < R(u),
§ S dmax | R(v)

which completes the proof after taking the minimum over all W C U;. O

The following theorem provides the theoretical basis of our analysis of the
existence of transmission eigenvalues. This theorem is a simple consequence
of Theorem 6.13 and Corollary 6.14.

Theorem 6.15. Let 7 — A, be a continuous mapping from |0, 00| to the set
of bounded, self-adjoint, and strictly coercive operators on the Hilbert space X,
and let B be a self-adjoint and nonnegative, compact, bounded, linear operator
on X. We assume that there exist two positive constants 79 > 0 and 71 > 0
such that

1. A., — 10B is positive on X,
2. A;, — 1B is nonpositive on a (-dimensional subspace W; of X.

Then each of the equations \;(17) =T for j =1,...,¢ has at least one solution
in [10,T1], where \;(T) is the jth eigenvalue (counting multiplicity) of A, with
respect to B, i.e., N(A; — X\;(7)B) # {0}.

Proof. First we can deduce from (6.58) that for all j > 1, A\;(7) is a con-
tinuous function of 7. Assumption 1 shows that \;(m9) > 7o for all j > 1.
Assumption 2 implies in particular that W; N N(B) = {0}. Hence, another
application of (6.58) implies that A\;(m1) <7y for 1 < j < {. The desired result
is now obtained by applying the intermediate value theorem. ad
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The main idea in studying the eigenvalue problem (6.54)—(6.57) is to
observe that by making an appropriate substitution one can rewrite it as an
equivalent eigenvalue problem for a fourth-order differential equation. To this
end, let w € HY(D) and v € H'(D) satisfy (6.54)—(6.57), and make the
substitution

v=AVv e L*(D)?, and w=Vwe L*(D).
Since from (6.48) A~! exists and is bounded, we have that
Vo=A"lv.
Taking the gradient of (6.54) and (6.55), we obtain that v and w satisfy
V(V-v)+ kA v =0 (6.59)

and
V(V-w)+k*w =0, (6.60)

respectively, in D. Obviously, (6.57) implies that
V-V=U-W on dD. (6.61)

Furthermore, from (6.54) and (6.55) we have that
—kv=V-v and —kKw=V-w,
and the transmission condition (6.56) yields
V.-v=V-w on 0D. (6.62)

We now formulate the interior transmission eigenvalue problem in terms of w
and v. In addition to the usual energy spaces

H'(D):={ueL*D): Vue L*(D)*},
Hy(D):={ue H(D): u=00ndD},
we introduce the Sobolev spaces

H(div,D): = {u€ L*(D)*: V-ue L*(D)},
Hy(div,D) : ={ue€ H(div,D): v-u=0o0ndD}

and

H(D):={ue€ H(div,D): V-ue H'(D)},
Ho(D) : = {u € Ho(div,D) : V-ue H)(D)},
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equipped with the scalar product
(u, V)H(D) = (U., V)LZ(D) + (V - u, V . V)Hl(D) .

Letting N := A~!, in terms of new vector-valued functions w and v, the
transmission eigenvalue problem can be written as

V(V-v)+k*Nv=0 in D,
V(V-w)+k*w=0 in D,
v-w=v-v on 0JdD,

V-w=V-v on 0D.

Definition 6.16. Values of k € C for which the homogeneous interior trans-
mission problem (6.63)—(6.66) has nonzero solutions w € (L?(D))?, v €
(L?(D))? such that w —v € Ho(D) are called transmission eigenvalues. If k is
a transmission eigenvalue, then we call u := v — w the corresponding eigen-
function where v and w are a nonzero solution of (6.63)—(6.66).

It is possible to write (6.63)—(6.66) as an equivalent eigenvalue problem for
w — v € Ho(D) satisfying the fourth-order equation

(VV-+E°N) (N =1)"' (VV-u+k*a) =0 in D. (6.67)
Equation (6.67) can be written in the variational form

/(N 07N (VV-u+k*a) (VV-V+ENV) dz =0 (6.68)
D

for all v € Ho(D). The variational equation (6.68) can in turn be written as
an operator equation

Apu—EBu=0  for ue€ Ho(D), (6.69)

where the bounded linear operators Ay : Ho(D) — Ho(D) and B : Ho(D) —
Ho(D) are defined by means of the Riesz representation theorem

(Apu, V), (p) = Aru(u,v) and (Bu, V), (py = B(u,v), (6.70)
with the sesquilinear forms A, and B given by
Ap(u,v) := (N =1)"" (VV -u+Fku), (VV-v+Ek*v)), +k (u,v),

and
B(u,v):=(V-u,V-v),,

respectively, where (-, -), denotes the L?*(D) inner product.
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Lemma 6.17. B : Ho(D) — Ho(D) is a compact operator.

Proof. Let u,, be a bounded sequence in Ho(D). Then there exists a subse-
quence, denoted again by u,, that converges weakly to u in Ho(D). Since
V - u, is also bounded in H'(D), from the Rellich compactness theorem we
have that V - u,, converges strongly to V - ug in L?(D). But

[B(an, — )0y < IV - (wn —w)|L2(Dy,
which proves that Bu,, converges strongly to Bu. a

In our discussion we must distinguish between the two cases apin > 1
and amqr < 1. To fix our ideas, we consider in detail only the case where
Gmaz < 1 (similar results can be obtained for a,., > 1; cf. [21,31,33]). If
A1(z) < Az(x) are the eigenvalues of the matrix A(z), then the condition
Gmaz < 1 means that inf A\j(z) < sup Ao(2) = amaz < 1. In particular, we

zeD zeD

have supp [[A7 |2 > 1/admaz > 1, where || - ||2 is the Euclidean norm of the
matrix, and this implies that & - (N(z) — I)71¢ > a|¢|? for all € € R?, z € D,
and some constant o > 0. More specifically,

1 1
(AT =D e> sz >

2 2
, eR*, z € D;
swp A a1 ¢
thus,
1

= . 6.71
supp AT 1 (6.71)

Theorem 6.18. Assume that a,mq, < 1. The set of real transmission eigen-
values is discrete. If k is a real transmission eigenvalue, then

k2 > )\O(D)

Z 6.72
Supp 141 o7
where \o(D) is the first eigenvalue of —A on D.

Proof. To prove the first part of the theorem, we consider the formula-
tion (6.69). Since our assumption d,,q, < 1 implies & - (N (z) — I)71€ > af¢|?
for all ¢ € R?, and 2 € D with a given by (6.71), we have that

Ag(u,u) > | VV - u+ k2|2 py + K |ul|72 p)-
Setting X = ||[VV - ul|z2(py and Y = k?|Jul|.>(p) we have that
[VV-u+ k|l p) > X —2XY + V2,

and therefore
Ar(u,u) > aX? - 2aXY + (a+1)Y2 (6.73)
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From the identity

2 2
aX2—2aXY+(a+1)Y2:e(Y—gX) +(a—a—)X2+(1+a—e)Y2
€ €
(6.74)
for o < € < v+ 1, setting € = a+ 1/2 we now obtain that
o
B > X2 4+Y?). 6.75
() > (V) (6.75)

From (6.21) we have
IVV -+ Eull7sp) = [|VV - ullF2py = 2K% |V - a2z py + K ul 72y,

which implies that
2I€2HV . llHiz(D) S X2 + Y2.

Finally, combining the preceding estimates yields the existence of a constant
¢k > 0 (independent of u and «) such that

o 2
Ai(u,u) > Ckm”u”H(D)' (6.76)

Hence the sesquilinear form Ayg(-, -) is coercive in Ho(D) x Ho(D), and con-
sequently the operator Ay, : Ho(D) — Ho(D) is a bijection for fixed k. Recall
that from Lemma 6.17 the operator B : Ho(D) — Ho(D) is compact. Hence,
to prove that the set of real transmission eigenvalues is discrete, we apply the
analytic Fredholm theorem (Theorem 1.24) to

Ap—k*B  or 1-k?A;'B. (6.77)

To this end, we observe that the sesquilinear form Ag(-, -) is analytic in k,
which means that the mapping k& — Ay is analytic (cf. Theorem 8.22 in
[54]). By the Lax—Milgram theorem we can conclude that A,;l also exists in
a neighborhood of the positive real axis and the mapping k — A;l is ana-
lytic. Consequently, the mapping k — k2AlzllB§ is analytic in a neighborhood
of the real axis and for each k the operator sz,:IIB is compact. Therefore,
the analytic Fredholm theorem (Theorem 1.24) implies that the set of trans-
mission eigenvalues is discrete provided that there exists a £ > 0 that is not a
transmission eigenvalue, i.e., []1 — k2A;1E} ! exists. In what follows, we will
show that if & > 0 is sufficiently small, then k is not a transmission eigenvalue
by showing that the operator Ay — B : Ho(D) — Ho(D) is an isomorphism
for k > 0 small enough. To this end, for V - u € Hj(D), using the Poincaré
inequality (Sect. 5.2), we have that

1

VvV -ul? < ——||VV -ul? 6.78
I ul\sz)_AO(D)II ul|72p), (6.78)
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where A\o(D) is the first Dirichlet eigenvalue of —A on D. Hence, from (6.74)
and (6.78) for @ < € <  + 1 we have that

a2

Ax(u,u) — k*B(u,u) > (a - —) (IVV - u||2Lz(D) +(1+a-— 6)/€2||u|\%2(,3)

€

1
— kQWHVV . 11”%2([)).

Therefore, if k* < (v — a?/€) Ao(D) for every a < € < a+ 1, then Ay — k°B
is invertible. In particular, taking e arbitrarily close to a + 1 we have that if
k* < 720 (D), then k is not a transmission eigenvalue. This completes the
proof of discreteness of real transmission eigenvalues.

In the foregoing discussion, we showed that if & > 0 is a transmission

eigenvalue, then it must satisfy k? > —2-X\o(D), and thus, from (6.71) we

14+
. 2 Ao (D) .
obtain that k= > supDoﬂTlllw which proves the theorem. a

In a similar way it is possible to prove a similar result if @i, > 1 (see [33]
for details). In particular, the following theorem holds.

Theorem 6.19. Assume that apn > 1. The set of real transmission eigen-
values is discrete. If k is a real transmission eigenvalue, then

k% > (D), (6.79)

where \o(D) is the first eigenvalue of —A on D.

Now we turn our attention to prove the existence of positive transmission
eigenvalues. We again only consider in detail the case where a,mqe. < 1.

Theorem 6.20. Assume that a;q, < 1. Then there exists an infinite number
of positive transmission eigenvalues with +o0o as the only accumulation point.

Proof. As explained earlier, k& > 0 is a transmission eigenvalue if and only if
the kernel of the operator Ay — k2B or I — k2A; 'B is not empty, where the
bounded, self-adjoint, strictly positive definite operator A,;l and the bounded,
self-adjoint, nonnegative, compact operator B are defined by (6.70). Note that

N(B) = {u € Ho(D) such that u:=curly, ¢ € H(curl, D)}.

We first observe that the multiplicity of each transmission eigenvalue is finite
since it coincides with the multiplicity of the eigenvalue 1 of the compact
operator k2A;1B, which is finite. To analyze the kernel of this operator, we
consider the auxiliary eigenvalue problems

Agu — )\(k)IB%u =0 ue Ho(D) (6.80)

Thus, a transmission eigenvalue k& > 0 satisfies A(k) — k? = 0, where A\(k) is
an eigenvalue corresponding to (6.80). To prove the existence of an infinite
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set of transmission eigenvalues, we now use Theorem 6.15 for A;l and B with
X = Ho(D). Theorem 6.18 states that as long as 0 < k3 < Sup;‘“ﬁ%, the
operator Ay, —kZB is positive in Ho(D), whence assumption 1 of Theorem 6.15
is satisfied for 79 := k3. Next, let k1 4,,,, be the first transmission eigenvalue
for the disk B of radius R = 1 and constant index of refraction n := a,},
[i.e., (6.63)—(6.66) for D := B and N(z) := nl or (6.49)—(6.52) with R = 1,
no = 1, and ag = @maz]. This transmission eigenvalue is the first zero of

Jo(k) Jo (k L )

Amazx

kJ)E)  kfamas J, (k L )

Amax

W(k) = det (6.81)

[if the first zero of the preceding determinant is not the first transmission
eigenvalue, then the latter will be a zero of (6.53) for £ > 1]. By a scaling
argument, it is obvious that k. := ki 4,,,, /€ is the first transmission eigenvalue
corresponding to a disk of radius € > 0 with index of refraction a,,} . Now
take € > 0 small enough such that D contains m := m(e) > 1 disjoint disks
Bl,B?...B™ of radius ¢, i.e., BicD,j=1...m, anngﬂgg: (0 for j # 1.
Then ke = ki ,q4,,,, /€ is the first transmission eigenvalue for each of these disks

with index of refraction a;L . and let wi := uB&-amin ¢ Ho(BI), j=1...m,

max’

be the corresponding eigenfunctions. We have that u/ € Ho(B?) and

/ ! [(VV- W+ k2?) (VY- + k2nw ) dz = 0. (6.82)
"
B!

By definition, the vectors @/ are not in the kernel of B. The extension by zero
@/ of u/ to the whole D is obviously in Ho(D) due to the boundary conditions
on OBJ. Furthermore, the functions {a',u?,...a™} are linearly independent
and orthogonal in H(D) since they have disjoint supports, and from (6.82)
we have that

1 ) . ) )
O:/Tl(VV-uJ+k€2uJ)~(VV-ﬁ3+kfnﬁj)d:1: (6.83)
Bl
1 ) ) )
= -u’ + RSu x + u xr — -u X
Vv W + k2P de + k[ |00 P de — k2 [ |V -a)*d
n—
D D D

for j = 1...m. Denote by W, the m-dimensional subspace of Ho(D) spanned
by {a!,a?,...a™}. Since each @/, j = 1,...,m, satisfies (6.83) and they have
disjoint supports, we have that for k. and for every u € W,,
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(Ap.a— k2Bu, ), (D) (6.84)

:/(N—I)—1|vv-ﬁ+k3ﬁ|2dx+k§/|ﬁ|2dx—k§/|v-ﬁ|2dx
D

D D
1
g/ 1|vv-ﬁ+k§ﬁ|2d;c+kj/|ﬁ|2d:c—k§/|v-ﬁ|2dx:o.
n_
D D D

This means that assumption 2 of Theorem 6.15 is also satisfied, and therefore
we can conclude that there are m(e) transmission eigenvalues (counting mul-
tiplicity) inside [supgol\(lellw b, amez | Note that m(e) and ke both go to +oo
as € — 0. Since the multiplicity of each eigenvalue is finite, we have shown,
by letting € — 0, that there exists an infinite countable set of transmission

eigenvalues that accumulate at +o0. a

In a similar way it is possible to prove an analogous result if a,, > 1 (see
[33] for details). In particular, the following theorem holds.

Theorem 6.21. Assume that ami, > 1. Then there exists an infinite number
of positive transmission eigenvalues with +00 as the only accumulation point.

The foregoing proof of the existence of transmission eigenvalues provides a
framework in which to obtain lower and upper bounds for the first transmis-
sion eigenvalue. To this end, denote by ko 4 > 0 the first positive transmission
eigenvalue corresponding to A and D (we omit the dependence on D in our
notation since D is assumed to be known). Assume again that a,,q, < 1.

Theorem 6.22. Assume that the index of refraction A(x) satisfies amar < 1,
where Gmaz and amin are given by (6.48). Then

0 < koamin < Ko,4(2) < F0,a100- (6.85)

Proof. From the proof of Theorem 6.20 we have that kg_’ 4 is the smallest
zero of
Mk, A) —k* =0, (6.86)

where

Ak, A) = inf /(A*1 —D)7YVV - u+ Bt de + k? / lul*dx (6.87)
D

and u not in the kernel of B. [Note that any zero of A(k, A) — k% = 0 leads to
a transmission eigenvalue.] Obviously, the mapping k — A(k, A) is continuous
on (0, +00). We first note that (6.87) yields

AE, amin) < Ak, A(x)) < MK, amaz) (6.88)
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for all k£ > 0. In particular, for k := ko q,,,, we have that

0= )‘(kO,ammvamin) - kg.,am-n < )‘(kO,amva(x)) - k(Q),amma
and for k := ko q,,,, we have that

A(K0,apmin > Alx)) — kg.,a,m-n < Ak0,aman s @maz) — kg,amaz =0.

By continuity of k — A(7, A) — k2, we have that there is a zero k of A\(k, A) —
k* = 0 such that kg, < k< ko,a,,.. - In particular, the smallest zero
ko a(z) of Ak, A) — k? = 0 is such that ko () < k < koa,.,.. To end the
proof, we need to show that ko a,,,, < ko a(z), i-€., all the positive zeros of
A(k, A) —k? = 0 are greater than or equal to ko q,,,, . Assume by contradiction
that ko a(z) < k0,a:,- Then, from (6.88), on the one hand, we have

A(Ko,A(x)s @min) = k§ a@y < MKo,a@)s A@)) = k§ a2y = 0.

On the other hand, from the proof of Theorem 6.18 we have that for a suf-
ficiently small k' > 0, A(k’, amin) — k> > 0. Hence there exists a zero of
Ak, amin) — k* = 0 between k" and kg () smaller than kg q,,,,, which con-
tradicts the fact that ko q,,,, is the smallest zero. Thus we have proven that
ko,amin < k0,A(2) < K0,a,n4.> @and this completes the proof. ad

In a similar way [31,33], one can prove the following theorem.

Theorem 6.23. Assume that the index of refraction A(zx) satisfies amin > 1,
where Gmaz and amin are given by (6.48). Then

0 <ko,amae < Ko, a(x) < Ko,amin- (6.89)

Theorems 6.22 and 6.23 show in particular that for constant index of refraction
A = al the first transmission eigenvalue ky , is monotonically increasing if
0 < a < 1 and is monotonically decreasing if a > 1. If fact we can show that
this monotonicity is strict, which leads to the following uniqueness result for
a constant index of refraction in terms of the first transmission eigenvalue.

Theorem 6.24. The constant indez of refraction A := al is uniquely deter-
mined from a knowledge of the corresponding smallest transmission eigenvalue
ko,q > 0, provided that it is known a priori that either a > 1 or 0 <a < 1.

Proof. We show the proof for the case 0 < a < 1 (a similar proof works for
the case a > 1). Consider two homogeneous media with constant indexes of
refraction a; and as such that as < a1 < 1, and let u; := wi—vy, where wy, vy
is the nonzero solution of (6.63)—(6.66), with A(x) := a1 corresponding to

the first transmission eigenvalue kg ,,. Now, setting ko := koo, and after
normalizing u; such that V -u; = 1, we have
1

WHVV wy + kgwi |72 py + kg lwill7z p) = kg = Ak, an).
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Furthermore, we have

1
T =TIV ut Kullfan, + il o)
1 2 4
< —1/(11 [VV-u+k u||L2 +k ||U-1||L2

for all u € Ho(D) such that ||V -ul|p = 1, u not in the kernel of B, and all
k > 0. In particular, for u =u; and k = kg

1/%nvv w+ kw2 ) + Rl
< =1V Bl + ki o) = Mko. o).
But
Ak, az) < VY -+ kw2 ) + kolluil|72(p) < Alko, ax),

=7 /
and hence for this ky we have a strict inequality, i.e.,
/\(ko, CLQ) < /\(ko, CLl). (690)

Hence, (6.90) implies the first zero kg4, of A(k,az2) — k? = 0 is such that
ko,a, < ko,q, for the first transmission eigenvalues kg, and kg 4, correspond-
ing to a; and ag, respectively. Hence we have shown that if 0 < a; < 1 and
0 < ay < 1 are such that a; # as, then ko q, 7 ko,q,, which proves the desired
strict monotonicity. The uniqueness result now follows immediately from The-
orem 6.22. o

From the proof of Theorems 6.22 and 6.23, one can see that the following
more general monotonicity property of the first transmission eigenvalue with
respect to the support of inhomogeneity and the refractive index holds true.

Corollary 6.25. Let Dy C D C Dy and A1 < A < As, where Ay, A, Ay all
satisfy the assumptions of either Theorem 6.22 or Theorem 6.25. If ko a,p
denotes the first transmission eigenvalue corresponding to D and A, then

0 < ko,4,,05 < ko,4,,0 < ko,a,0 < ko,a,,p0 < ko,a,,p,
if the assumptions of Theorem 6.22 are satisfied and
0 < ko,a,,p, < ko,a,,p < ko,a,D < koa,,p < Ko A,,D,

if the assumptions of Theorem 6.22 are satisfied. Here A1 < A means that the
matric A — Ay is positive definite uniformly in D, with a similar definition
for A < As.
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Remark 6.26. The existence and discreteness of transmission eigenvalues for
the problem (6.54)—(6.57) are also considered in [105] using a different app-
roach. In particular, in [105] (see also [54] for the case where A = I and
n # 1) the transmission eigenvalue problem (6.54)—(6.57) is shown to be an
eigenvalue problem for a quadratic pencil operator I — k2C 4+ k*D, where C
and D are self-adjoint compact operators and D is nonnegative. The latter
becomes a linear eigenvalue problem for the non-self-adjoint, matrix-valued

operator
C D
-Dz 0 )

We note that interesting analytical results for this type of non-self-adjoint
eigenvalue problems were obtained in [36] and [145]. For more results on a
transmission eigenvalue problem as an eigenvalue problem for a quadratic
pencil operator see [84,85,86].

6.3.2 The Casen # 1

We now turn our attention to the general case where both A # 1 and n # 1.
We recall that the transmission eigenvalue problem is the problem of finding
two nonzero functions v € H'(D) and w € H*(D) satisfying

V- AVv + k*nv =0 in D, (6.91)
Aw+ k2w =0 in D, (6.92)
v=w on 0D, (6.93)

ov ow

We already discussed at the beginning of Chap. 6.2 the Fredholm property of
the foregoing problem under the assumption that A —I >0or I — A > 0 in
D. In fact, we can show that the interior transmission problem satisfies the
Fredholm property if the preceding assumptions on the contrast are satisfied
only in a neighborhood of the boundary, but in this case we need to impose
the same assumptions on the contrast n — 1. In addition, the approach we are
about to discuss also proves that the set of transmission eigenvalues is discrete.
Note that for this general case the existence of transmission eigenvalues can be
proven under much more restrictive assumptions using a different approach.

6.3.3 Discreteness of Transmission Eigenvalues
Let NV be a §-neighborhood of the boundary dD in D i.e.,

N :={z e D: dist(z,0D) < 4§},



6.3 Transmission Eigenvalue Problem 137
and introduce the following notations:

= Ilgjf\’[geRgﬂfg‘zl(ﬁ A(x)€) >0,

a*:= sup sup (£-A(x)§) < oo,
16N56R2,\5\:1( (®)6) (6.95)
ny:= inf n(z) >0 and n*:= sup n(z) < .
zEN veN

Note that in (6.95) the infimum and supremum are only taken over a neigh-
borhood of the boundary 9D as opposed to over the entire domain D as
in (6.48).

We consider the Sobolev space

H(D) :={(v,w) € H'(D) x HY(D) : v—w € Hy(D)} .

Our first observation is that (v,w) € H'(D) x H'(D) is a solution to (6.91)—
(6.94) if and only if

ap((v,w), (W', w")) =0 forall (v, w')e€H(D), (6.96)

where the sesquilinear form a(-,-) : H(D) — C is defined by

ar((v,w), (v, W) : = /AVU-V?’dm—/Vw-VE’d:C
D D

— kz/nvﬂ’d:ﬁ—l—kQ/wE’d:v.

D D

Let Ay : H(D) — H(D) be the bounded linear operator defined by means of
the Riesz representation theorem

(Ak(v,w), (v/,w’))H(D) = ag((v,w), (v, w")). (6.97)

Obviously, Ay depends analytically on £ € C, and furthermore, for any two
k and k' the operator A, — A, is compact, which is a simple consequence
of the compact embedding of H(D) into L?(D) x L?*(D). Therefore, to prove
the discreteness of transmission eigenvalues, it suffices to prove that Ay is
invertible for some k' € C since then we can write Ay = Ap + (A — Ag)
and appeal to the analytic Fredholm theorem (Theorem 1.24). The difficulty
in obtaining this result is that the sesquilinear form ay((v, w), (v',w")) is not
coercive for any k£ € C due to the opposite signs in the terms containing the
gradients. To show the invertibility of the Ay, we follow the arguments in [9]
and [39], which rely on proving that ag(-,-) is T-coercive (as it is called in
[10]) for some k. More specifically, the idea behind T-coercivity is to consider
an equivalent formulation of (6.96), where ay, is replaced by af defined by
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al (v, w), (@, w')) = ap((v,w), T, w')) (6.98)

for all ((v,w), (v',w")) € H(D) x H(D), with the operator T : H(D) — H(D)
being an isomorphism. Obviously, (v, w) € H(D) satisfies

ar((v,w), (W, w')) =0  for all (v',w'") € H(D)
if and only if it satisfies
al ((v,w), (W, w')) =0  for all (', w'") € H(D).

If we can choose T and k such that al is coercive, then using the Lax-
Milgram theorem and the fact that T is an isomorphism we can deduce that
Ay : H(D) — H(D) defined by (6.97) is invertible.

Lemma 6.27. Assume that either 0 < a* <1 and 0 <n* <1, ora, > 1 and
n. > 1. Then there exists k = ix, with k € R, such that A, : H(D) — H(D)

1s invertible.

Proof. Let us first consider the case where 0 < ¢* < 1 and 0 < n* < 1
and introduce y € C°(D), a cutoff function equal to 1 in a neighborhood
of D supported in N such that 0 < x < 1. We define the isomorphism
T : H(D) — H(D) by

T: (v,w) — (v—2xw, —w).

(Note that T is an isomorphism since T? = I.) We then have that for all
(v,w) € H(D)

’a;ﬂ((v,w), (U,u}))} = [(AVv,Vv)p + (Vw,Vw)p — 2(AVv, V(xw))p
+ K2 ((nv,v)p + (w,w)p — 2(nv,xw)p)|,  (6.99)

where (+,-)o for a generic bounded region @ C R? denotes the L?(Q) inner
product. Using Young’s inequality

1
lab| < ea® 4+ =b?, e >0,
€

we can write

2[(AVv, V(xw))p| < 2[(xAVv, Vw)x| + 2 [(AVv, V(x)w) x|
< n(AVv, Vo) x + 1~ (AVw, Vw) xr (6.100)
+ a(AVv, Vo) + a AV (x)w, V(x)w)

and
2|(nv, xw)p| < Bnv,v)x + B (nw, w)xr (6.101)



6.3 Transmission Eigenvalue Problem 139

for arbitrary comnstants « > 0, 8 > 0, and n > 0. Substituting (6.100)
and (6.101) into (6.99), we now obtain

|a3;((v,w), (v,w))| > (AVv, Vo) p\w + (Vw, V) b 57

7 ((n0, ) py + (w0,0) iy
+((1 =1 — a)AVv, Vo)x + (I = n~ L A)Vw, Vw)
+x&2((1 = B)nv,v)n + ((k*(1 — B~ n) — Sjl\l[p IVx[? a* o™ w, w)ur.

Taking 7, a, and § such that a* <n <1, n* < f<l,and 0 < a < 1—n,
we obtain the coercivity of al. for x large enough, which proves the lemma.
The case where a, > 1 and n, > 1 can be handled in a similar way using
T(v,w) := (v, —w + 2xv). O

Lemma 6.27, combined with the fact that Ay — A, is compact, and an appli-
cation of the analytic Fredholm theorem (Theorem 1.24) implies the following
theorem.

Theorem 6.28. Assume that either 0 < a* <1 and 0 < n* < 1, or a, > 1
and n, > 1. Then the set of transmission eigenvalues is discrete in C.

Remark 6.29. As a consequence of the proof of Lemma 6.27 we can conclude
that the operator Ay is Fredholm with index zero (cf. [127]). This implies
that under the assumptions that either 0 < a* < 1land 0 < n* <1, o0r a, > 1
and n, > 1, the interior transmission problem (6.91)—(6.94) with boundary
data f € H2(dD) and h € H™2 (D) has a unique solution (v, w) € H'(D) x
H(D), provided k € C is not a transmission eigenvalue. Furthermore, the
solution depends continuously on the data f, h.

We conclude this section by showing that if we require that the contrast keep
the same sign in D, i.e., 0 < Gmazr < 1 OF @pmin > 1, the T-coercivity approach
allows us to prove the discreteness of transmission eigenvalues under more
relaxed assumptions on n — 1. To this end, taking v = w’ = 1 in (6.96)
we first notice that the transmission eigenfunctions (v, w) [i.e., the solution
to (6.91)-(6.91) corresponding to an eigenvalue k| satisfy k* [}, (nv—w)dz = 0.
This suggests introducing the subspace of H (D)

Y(D) := {(v,w) € H(D)| / (nv —w)dx = O} .
D
Now, suppose |’ p(n —1)dx # 0. Arguing by contradiction, one can prove the
existence of a constant C'p > 0 (which depends on D and on n) such that
[ll5 + llwlp < Cr(IVelD + IVwlh),  Y(v,w) € V(D). (6.102)

Furthermore, we observe that k£ # 0 is a transmission eigenvalue if and only
if there exists a nontrivial element (v, w) € V(D) such that

ar((v,w), (v',w")) =0 for all (v',w") € V(D).
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Using the variational formulation in this new subspace and (6.102) we can now
prove the following theorem, which completes the analysis of the solvability
of the interior transmission problem discussed at the beginning of Sect. 6.2.

Theorem 6.30. Assume that either 0 < amar < 1 0T Gupin > 1, and fD(n —
1)dx # 0. Then the set of transmission eigenvalues is discrete in C.

Proof. For the sake of simplicity we only consider in detail the case where
0 < @maz < 1. Letting Aw) := 2 [,(n — L)w/ [,(n — 1) we consider the
mapping T : V(D) — V(D) defined by

T: (v,w) = (v —2w+ ANw), —w + A(w)).

Note that A(A(w)) = 2A\(w), which implies that T2 = I, and hence T is an
isomorphism in V(D). Then for all (v, w) € V(D) we have that

|a (v, w), (v, w))]
= |(AVv,Vv)p + (Vw, Vw)p — 2(AVv, Vw)p
— k% ((nv,v)p + (w,w)p — 2(m),w)D)|
> (AVv,Vo)p + (Vw,Vw)p — 2 |(AVv, Vw)p]|
— |kI? ((nv,v)p + (w,w)p + 2 |(nv,w)p])
> (1 — \/amaz)((AVY, Vv)p + (Vw, Vw)p)
- |k|2 (1 + V1omaz) ((nv,v) p + (0, w)p).

Consequently, for k € C such that

|k|2 < (amin(1 = Vamaz))/(Cp max(nmaz, 1) (1 + /Moma))
T

a;, is coercive on Y(D). The claim of the theorem follows from the analytic
Fredholm theorem. O

The case ay,;n, > 1 can be handled in a similar way using the isomorphism
T : Y(D) — Y(D) defined by

T: (v,w) — (v—A(), —w + 2v — A\(v)).

We refer the reader to [9] for estimates on transmission eigenvalues follow-
ing from the foregoing analysis. For the discreteness of complex transmission
eigenvalues in the case where A = I see [154].

6.3.4 Existence of Transmission Eigenvalues for n # 1

We finally come to the discussion of the existence of positive transmission
eigenvalues in the general case of anisotropic media with n # 1. Unfortunately,
the existence of transmission eigenvalues for this case can only be shown
under restrictive assumptions on A — [ and n — 1. The approach presented
here follows the lines of [35], where, motivated by the case of n = 1, the
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transmission eigenvalue problem is formulated in terms of the difference u :=
v — w. However, due to the lack of symmetry, the problem for u is no longer
a quadratic eigenvalue problem but takes the form of a more complicated
nonlinear eigenvalue problem, as will become clear in what follows.

To simplify the expressions, we set 7 := k2 in (6.91)—(6.94) and observe
that, if (w,v) satisfies (6.91)—(6.94), then subtracting the equation for v from
the equation for w we obtain

V- -AVu+tnu = V- (A-I)Vw+7(n—1)w inD,

v-AVu = v-(A—=I)Vw on 0D, (6.103)
where u := v — w. In addition, we also have v = 0 on 9D and
Aw+Tw =0 1in D. (6.104)

It is easy to verify that (v,w) in H'(D) x H(D) satisfies (6.91)—(6.94) if and
only if (v, w) in H}(D)x H (D) satisfies (6.103)—(6.104). The main idea of the
proof of the existence of transmission eigenvalues consists in expressing w in
terms of u, using (6.103), and substituting the resulting expression into (6.104)
in order to formulate the eigenvalue problem only in terms of w. In the case
where A = I, this substitution is simple and leads to an explicit expression for
the equation satisfied by u (see [54], Sect. 10.5, and [105]). In the current case
the substitution requires the inversion of the operator V- [(A—I)V:| +7(n—1)
with a Neumann boundary condition. It is then obvious that the case where
(A—1T) and (n— 1) have the same sign is more problematic since in that case
the operator may not be invertible for special values of 7. This is why we only
consider in detail the simpler case where (A — I) and (n — 1) have opposite
signs almost everywhere in D.

Note that for given u € H}(D), the problem (6.103) for w € H*(D) is
equivalent to the variational formulation

/[(A—I)Vw-VE—T(n—l)wm dz = /[AVU-VE—TTLUW dx (6.105)

D D

for all v € H'(D). The following result concerning the invertibility of the
operator associated with (6.105) can be proven in a standard way using the
Lax—Milgram lemma. We skip the proof here and refer the reader to [35].

Lemma 6.31. Assume that either amin > 1 and 0 < Nppee < 1, or 0 <
Gmaz < 1 and N > 1. Then there exists § > 0 such that for every u €
HY(D) and 7 € C with Re(t) > —§ there exists a unique solution w := w, €
HY(D) of (6.105). The operator A, : HY(D) — HY(D), defined by u — w,,
is bounded and depends analytically on 7 € {z € C: Re(z) > —0}.
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We now set w, := A,u and denote by L,u € H&(D) the unique Riesz
representation of the bounded conjugate-linear functional

) /[vmu-vw—mum dx for ¢ € Hi(D),
D

i.e.,

(Lru, ¥)gr(py = /[un Vi — 1w, P de for ¢ € Hj(D).  (6.106)
D

Obviously, L, also depends analytically on 7 € {z € C : Re(z) > —d}. Now
we are able to connect a transmission eigenfunction, i.e., a nontrivial solution
(v, w) of (6.91)—(6.94), to the kernel of the operator L.

Theorem 6.32. The following statements are true:

1. Let (w,v) € HY (D) x HY(D) be a transmission eigenfunction correspond-
ing to some eigenvalue 7 > 0. Then u = w—v € H}(D) satisfies Lyu = 0.

2. Let u € H}(D) satisfy Lyu = 0 for some 7 > 0. Furthermore, let w :=
wy, = Aru € HY(D) be as in Lemma 6.51, i.e., the solution of (6.105).
Then T is a transmission eigenvalue with (v,w) € HY(D) x HY(D) the
corresponding transmission eigenfunction where v =w — u.

Proof. Formula (6.106) implies that (L,u, )y (py for all ¢ € H§ (D), which
means that Lyu = 0.

The proof of the second part of the theorem is a simple consequence of the
observation that (6.104) is equivalent to

/[Vw-VE—Twm dr = 0 forall ¢y € Hy(D). (6.107)
D

Hence Lyu = 0 implies that w, solves the Helmholtz equation in D. Since
v = w — u, we have that the Cauchy data of w and v coincide. The equation
for v follows from (6.105). O

The operator L, plays a similar role as the operator Ay — k?B in (6.77) for
the case of n = 1.

Theorem 6.33. The bounded linear operator L, : HY(D) — HE(D) satisfies
the following statements holds:

1. L, is self-adjoint for all 7 > 0.

2. (oLou, u)g1(py > c||u||§{1(D) for all w € HE(D) and ¢ > 0 independent
of u, where 0 = 1 if amin > 1 and 0 < ez < 1, and 0 = —1 if
0 < Gmae <1 and npin > 1.

3. L, — Ly is compact.
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Proof. 1. Let uy,us € H&(D) and wy = wy, and wz = w,, be the
corresponding solution of (6.105). Then we have that

(Lrut, u2) g py = [ [Vwr - V@3 — 7w do

[A Vwy - Vg — mnws u_z} dx

U\ D\

- /[(A—I)le-Vu_g—T(n—l)wlu_g} dx .
D
Using (6.105) twice, first for u = ug and the corresponding w = wy and

1 = wi; and then for v = w; and the corresponding w = w; and ¢ = ws,
yields

(Lru1, u2) g (py = /[(A — D)Vw, - Vg — 7 (n — 1) w1 W3] da
D
- /[A Vu; - Vg — thuy u_g} dz, (6.108)
D

which shows that L, is self-adjoint.

2. To show that olLg : Hi (D) — H}(D) is a strictly coercive operator, we
recall the definition (6.106) of Ly and use the fact that w = w, = u + v to
obtain

(Low, w)gi(py = /Vw-Vﬂdw = /|Vu|2d:b+/VU-VUd:E. (6.109)
D D D

From (6.105) for 7 = 0 and ¢ = v we now have that

/Vv~VEd:z: = /(A—I)Vszde. (6.110)
D D

If apmin > 0, then we have fD(A—I)Vw -Vwdx > (amin — 1)||Vw||2Lz(D) >0,
and hence

(Low, u)gi(py > /|Vu|2d33.
D

Since from Poincaré’s inequality ||Vul|2(p) is an equivalent norm in Hj(D),
this proves the strict coercivity of L. Now if 0 < @yqes < 1, then from (6.108)
with 41 = us = v and 7 = 0 we have
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— (Lou, w) g1 (py = —/(A—I)Vv-Vﬁdx + /AVU-Vﬂdx
D D

> amm/|Vu|2 dz,
D

which proves the strict coercivity of —ILg since ampin > 0.
3. This follows from the compact embedding of H} (D) into L?(D). O

We are now in a position to establish the existence of infinitely many posi-
tive transmission eigenvalues, i.e., the existence of a sequence of 7; > 0, and
corresponding u; € Hg(D), such that u; # 0 and L, u; = 0. Obviously,
these 7 > 0 are such that the kernel of I — T, is not trivial, which cor-
responds to 1 being an eigenvalue of the compact self-adjoint operator T,
where T : Hi (D) — H}(D) is defined by

Ty == —(oLo) "2 (o(L; — Lg)) (olg) 2.

Thus, we can conclude that real transmission eigenvalues have finite multi-
plicity and are such that 7 := k? are solutions to p;(7) = 1, where {y;(7)}{>
is the increasing sequence of the eigenvalues of T,. To prove the existence of
positive transmission eigenvalues, we again apply Theorem 6.15 to the contin-
uous operator-valued mapping 7 +— L, which in our case takes the following
form.

Theorem 6.34. Let 0 = 1 if amin > 1 and 0 < nupar < 1, and 0 = —1 if
0 < Gmaz <1 and nyin > 1, and make the following assumptions:

1. There is a 9 > 0 such that oL, is positive on H} (D).
2. There is a 171 > 19 such that oL, s nonpositive on some m-dimensional
subspace Wy, of H}(D).

Then there are m values of T in [19, T1] counting their multiplicity for which
L, fails to be injective.
Using Theorem 6.34 we can now prove the main result of this section.

Theorem 6.35. Assume that either amin > 1 and 0 < Npee < 1, or 0 <
Umazr < 1 and Ny, > 1. Then there exists an infinite sequence of positive
transmission eigenvalues k; > 0 (1 := kj2) with +00 as the only accumulation
point.

Proof. We sketch the proof only for the case of apmin > 1 and 0 < nyper < 1
(i.e., 0 = 1 in Theorem 6.34). First, we recall that assumption 1 of Theo-
rem 6.34 is satisfied with 79 = 0 from Theorem 6.33 (2.). Next, from the
definition of L, and the fact that w = v + u, we have

(L‘ruv U)HI(D) (6.111)

:/[W"W—TW} dﬂf:/[W-Vﬂ—rvmrlvul?—ﬂul?} de.

D D



6.3 Transmission Eigenvalue Problem 145

We also have that v satisfies

/[(A NV Vi —7(n—1)vi|de = /[Vu~VE—7‘umd$ (6.112)

D D

for all ¢» € H'(D). Now taking ¢ = v in (6.112) and substituting the result
into (6.111) yields

(Lru, u) g (p) (6.113)

_ /[(A CDVe-Vo -7 (n— 1) o + |Vul - 7 [ul?] d
D

Now let 7 be such that 7 := k?, where k; is the first transmission eigenvalue
corresponding to (6.49)—(6.52) for the disk Br with ag := amin and ng =
Nmaz- We denote by 0, w the corresponding nonzero solutions and set 4 :=
& —1 € HY(Bg). We denote the corresponding operator by L,. Of course, by
construction, we have that (6.113) still holds, i.e., since H;Ml =0,

0= (Lrtt, @) 1 5, (6.114)

_ /[(amm ~1)[VO — 7 (e — DO + [Va]? — 7 [af?] da
Br

Next we denote by @ € HE(D) the extension of 4 € H}(Bg) by zero to the
whole of D and let @ := wg be the corresponding solution to (6.105) and

¥ 1= W — 4. In particular, © € H*(D) satisfies

/[(A—I)va.vﬂ—%pf;m dr = /[va-v@-%am dx

D D

= /[Vﬁ.vﬂ—%ﬂm doz = /[(amm— DV - Vi) — 7 (Nnaz — 1 Tdaz

Br Br

for all 1 € H*(D). Therefore, for ¢ = ¥ we have

/(A—I)W-vﬁ—%(n—l)wﬁdx
D

= /(amm — 1) V9 -V + 7 |Nmae — 1| 97 da.

Br
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Using the Cauchy—Schwarz inequality we obtain

/(A—I)Vﬁ-VE—%(n—l)dex
D

(S

IN

/(amm — 1) |V|? + 7 [nmae — 1] 0] dz

R

Nl=

/(amm — 1) |V + e — 1] 0] da

R

[N

< /(amm — 1) [VB2 = # (s — 1) [0 da

R

2

/(A—I)va-vi—%(n—1)|@|2dx

since |n — 1] =1—n>1— nymaz = |Pmaz — 1|. Hence we have

/[(A — )V - Vo —7(n—1)]0]%] do
D
< [ [amin = 1) 195 =7 (s = 1) 0P
Br

Substituting this into (6.113) for 7 = 7 and u = @ yields

(L#, @) g ) = /[(A — V3 - Vo —7(n—1)[0]* + |Va|]* — 7 |af*] do
D
< /[(amm —D|VD|* = 7 (Rmaz — 1) 0> + |Va|* — #|d*] dz = 0
Br

by (6.114). Hence from Theorem 6.34 we have that there is a transmission
eigenvalue k > 0 such that in k% € (0, 7]. Finally, repeating this argument
for disks of arbitrarily small radius we can show the existence of infinitely
many transmission eigenvalues exactly in the same way as in the proof of
Theorem 6.18. In a similar way we can prove the same result for the case
where 0 < Gmae < 1 and ngp > 1. O

From the preceding analysis it is possible to obtain bounds for the first trans-
mission eigenvalue stated in the following theorem (here we omit the proof
and refer the reader to [35]).
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Theorem 6.36. Let Bp C D be the largest disk contained in D and Ao(D)
the first Dirichlet eigenvalue of —A in D. Furthermore, let ko(A,n, D) be the
first transmission eigenvalue corresponding to (6.91)—(6.94).

1. If amin > 1 and 0 < Nypge < 1 then
)\O(D) S kg(AunaD) S kg(aminunmamuBR)'
2. If 0 < amaz < 1 and npin > 1, then

Imin \o(D) < k2(A,n,D) < k2(Gmaz: Momin: Br).

nmam

For other estimates of the same type we refer the reader to [9].

We end our discussion in this section with a few comments on the case
where (A —1T) and (n—1) have the same sign. As indicated earlier, if we follow
a similar procedure, then we are faced with the problem that (6.105) is not
solvable for all 7. For this reason it is only possible to prove the existence of
a finite number of transmission eigenvalues under the restrictive assumption
that nme. — 1 1s small enough (for more details we refer the reader to [35]).

In a series of interesting papers [118,119] and [120] Lakshtanov and Vain-
berg introduced an alternative approach to showing the discreteness and
existence of transmission eigenvalues as well as initiating a studying of the
counting function for transmission eigenvalues.

6.4 Uniqueness

The proof of uniqueness for the inverse medium scattering problem is more
complicated than for the case of scattering by an imperfect conductor con-
sidered in Chap. 4. The idea of the uniqueness proof for the inverse medium
scattering problem originates from [93,94], in which it is shown that the shape
of a penetrable, inhomogeneous, isotropic medium is uniquely determined by
its far-field pattern for all incident plane waves. The case of an orthotropic
medium is due to Hahner [81] (see also [57]), the proof of which is based
on the existence of a solution to the modified interior transmission problem.
We begin with a simple lemma.

Lemma 6.37. Assume that either € - Re(A) € > v|€|? or € Re(A™1) € > v|¢|?
for some v > 1. Let {v,, w,} € H*(D) x HY(D), n € N, be a sequence of
solutions to the interior transmission problem (6.12)-(6.15) with boundary
data f, € H2(dD), h,, € H=2(dD). If the sequences {fn} and {h,} converge
in Hz(0D) and H~2 (D) respectively, and if the sequences {v,} and {w,}
are bounded in H*(D), then there exists a subsequence {wy, } that converges
in H(D).
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Proof. Assume first that £ - Re(A) ¢ > v|¢|2, v > 1, and let {v,,,w,} be as in
the statement of the lemma. Due to the compact embedding of H'(D) into
L?(D), we can select L?-convergent subsequences {v,, } and {wy, }. Hence,
{vn, } and {wy, } satisfy

V- AV, — yon, = — (7 + k*n)vy, in D

Awy, — Wy, = —(1+ k%)wy, in D,
Up,, — Wn,, = fn, on 0D,
Ovp,  Own,
- = h, oD.
Ova ov k on

Then the result of the lemma follows from the a priori estimate of Theorem 6.7.
In the case where & - Re(A™1) € > 7|€]?, v > 1, we use Theorem 6.9 and 1/~
instead of v in the preceding equation for v,, to obtain the same result. O

Note that in the proof of Lemma 6.37 we use the a priori estimate for the
modified interior transmission problem instead of the a priori estimate for
the interior transmission problem. This allows us to obtain the result without
assuming that & is not a transmission eigenvalue.

We can prove a result similar to that in Lemma 6.37 under different as-
sumptions about the physical properties of the medium. In particular, assum-
ing that Im(A) = 0 and Im(n) = 0 we recall definition (6.95) of a., a*, n.,
and n*.

Lemma 6.38. Assume that either 0 < a* < 1 and 0 < n* < 1, or a, >
1 and n. > 1. Let {v,, w,} € HY(D) x H*(D), n € N, be a sequence of
solutions to the interior transmission problem (6.12)-(6.15) with boundary
data f, € H2(dD), h, € H=2(dD). If the sequences {fn} and {h,} converge
in H2(8D) and H~2 (D), respectively, and if the sequences {v,} and {w,}
are bounded in H*(D), then there exists a subsequence {wy, } that converges
in H(D).

Proof. Similarly to the proof of Lemma 6.37, let {v,,w,} be as in the state-
ment of the lemma. Due to the compact embedding of H'(D) into L?(D), we
can select L2-convergent subsequences {v,, } and {wy,, }. Hence, {v,, } and
{wn,, } satisfy

V - AV, — k*nu,, = (k2 — k*)nu,, in D,
Awy, — K2 wy, = (K2 — k*)wp, in D,
Up,, — Wny = [y, on 0D,
OV, Owy,
- ——= =h, oD,
Ova Ov k on

where x > 0 is chosen as in Lemma 6.27 (i.e., for k := ix the interior trans-
mission problem is invertible). Then the result of the lemma follows from
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the boundedness of the inverse of the operator equivalent to the interior
transmission problem for &k := ix (Remark 6.29). O

We are now ready to prove the uniqueness theorem.

Theorem 6.39. Let the domains D1 and D5, the matriz-valued functions Ay
and As, and the functions ni and no satisfy the assumptions in Sect. 5.2
and the assumptions of either Lemma 6.37 or Lemma 6.38. If the far-field
patterns ul (0,¢) and u? (0, ) corresponding to D1, A1,n1 and Da, Az, na,

respectively, coincide for all 6 € [0, 2] and ¢ € [0, 27], then D1 = Ds.

Proof. Denote by G the unbounded connected component of R?\ (D; U Dy),
and define D¢ := R?\ Dy, D§ := R?\ Dy. By Rellich’s lemma, we conclude that
the scattered fields u; and us, which are the radiating part of the solution
to (5.13)—(5.17) with Dy, A1,n1 and Da, A2, na, respectively, and boundary
data with f := e¢®**? and h := 9e***4/9v, d = (cos ¢,sin ¢), coincide in G.
Let @(x, z) denote the fundamental solution to the Helmholtz equation given
by (3.33).

We now show that the scattered solutions u (-, z) and us(+, z) also coincide
for the incident waves &(-,z) with z € G, ie., for f := &(-,z) and h =
0P(-,z)/0v. To this end, choose a large disk §2g such that Dy U Dy C g
and k? is not a Dirichlet eigenvalue for £2z. Then, for z ¢ 25, by Lemma 4.4,
there exists a sequence {u’,} in span{e?**?: |d| = 1} such that

lul, — @(-, 2)|| — 0, asn— oo.

H3 (002r)
The well-posedness of the Dirichlet problem for the Helmholtz equation in
2r (Example 5.15) implies that u!, approximates &(-, z) in H!(£2g). Then
the continuous dependence on the data of the scattered field (5.41), together
with the fact that the scattered fields corresponding to u!, coincide as linear
combinations of scattered fields due to plane waves, implies that u4 (-, z) and
uz(+, ) also coincide for a fixed z ¢ 2g. Since @(-, z) and its derivatives
are real-analytic in 2z, we can again conclude from the well-posedness of the
transmission problem (5.13)—(5.17) that uq(-, z) and us(-, z) are real-analytic
in z and therefore must coincide for all z € G.

Let us now assume that D; is not included in Ds. Since D5 is connected,
we can find a point z € dD; and € > 0 with the following properties, where
£25(z) denotes the ball of radius § centered at z:

1. Qgé(z) N DQ = @, B
2. The intersection Dy N {25.(2) is contained in the connected component of
D1 to which z belongs;

3. There are points from this connected component of D to which z belongs
that are not contained in Dy N 25.(2);

4. The points z,, = z + E1/(2) lie in G for all n € N, where v(z) is the unit
n

normal to 0D at z.
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Due to the singular behavior of ®(-, z,) at the point z,, it is easy to show
that ||9(-, z,)|| g1 (p,) — o0 as n — co. We now define

1

w'(r) = ——m
@) = &t = Ton

b(xz, zp), x € DU Dy

and let o], u} and v§,u} be the solutions of the scattering problem (5.13)—
(5.17) with boundary data f := w™ and h := dw™/Jv corresponding to D
and Ds, respectively. Note that for each n, w™ is a solution of the Helmholtz
equation in Dy and D,. Our aim is to prove that if D; ¢ D,, then the equality
ui(+, z) = ua(+, z) for z € G allows the selection of a subsequence {w™*} from
{w™} that converges to zero with respect to H'(D7). This certainly contradicts
the definition of {w"} as a sequence of functions with H'(D;) norm equal to
one. Note that uy(-,z) = ua(+, z) obviously implies that v} = v} in G.

We begin by noting that, since the functions @(-, z,) together with their
derivatives are uniformly bounded in every compact subset of R?\ {25.(z) and
I2(-; 2n)ll 1 (D)) — 00 as n — oo, then |[w" | g1(p,) — 0 as n — oo. Hence,
if 2 is a large ball containing Dy U Do, then [[uy|| g1 (0zng) — 0 as n — oo
from the a priori estimate (5.41). Since u} = uy in G, then |[u} || g1 (2pne) — 0
as n — oo as well. Now, with the help of a cutoff function x € C§°(2s.(2))
satisfying x(z) = 1 in £27.(z) (Theorem 5.6), we see that ||u}|| g1 (0xna) — 0
implies that

d(xuy)

ov

with respect to the H2 (0D1) norm and H- = (0D1) norm, respectively. Indeed,
for the first convergence we simply apply the trace theorem, while for the
convergence of d(xuy)/ov we first deduce the convergence of A(xul}) in
L3(2r N DY), which follows from A(xu}) = xAu} + 2Vy - Vul + u Ay,
and then apply Theorem 5.7. Note here that we need conditions 2 and 4 on z
to ensure 5.(z) N DS = 2s.(2) N G.

We next note that in the exterior of 25.(2) the H*(2g \ 22:(2)) norms
of w™ remain uniformly bounded. Then the assertion about the bound-
ary regularity of the solution to (5.13)—(5.17) stated in the second part of
Theorem 5.28 implies that w} is uniformly bounded with respect to the
H?((2r N DY) \ £24¢(2)) norm. Therefore, using the compact embedding of
H?(2r N DY) into H'(2r N DY), we can select a H(2z N D$) convergent
subsequence {(1 — x)uy*} from {(1 — x)u?}. Hence, {(1 — x)ut*} is a con-
vergent sequence in I 3 (0D1), and, similarly to the foregoing reasoning, we
also have that {0((1 — x)uj*)/0v} converges in H~2(D;). This, together
with (6.115), implies that the sequences

- oul*
{ui*} and { 8; }

converge in H2(8D;) and H~2(0D,), respectively.

(xul) =0, =0 asn — 0o (6.115)
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Finally, since the functions v]'* and w™ are solutions to the interior
transmissionproblem (6.12)—(6.15) for the domain D; with boundary data
f = ul* and h = Oul*/dv, and since the H'(D;) norms of v{* and w"*
remain uniformly bounded, then, according to Lemma 6.37, we can select a
subsequence of {w™* }, denoted again by {w"*}, that converges in H!(D;) to a
function w € H'(D1). As a limit of weak solutions to the Helmholtz equation,
w € HY(Dy) is a weak solution to the Helmholtz equation. We also have that
W[ p,\ 2. () = 0 because the functions w™ converge uniformly to zero in the
exterior of (25.(z). Hence, w must be zero in all of D; [here we make use of
condition 3, namely, the fact that the connected component of D; containing
2 has points that do not lie in the exterior of (25.(2)]. This contradicts the
fact that ||w"*||g1(p,) = 1. Hence the assumption Dy ¢ D is false. B

Since we can derive an analogous contradiction for the assumption Dy ¢
D4, we have proved that D1 = Ds. O

Remark 6.40. We remark that the proof of the uniqueness of the support of an
anisotropic media presented in Theorem 6.39 is valid as long as the material
properties A and n guaranty that the corresponding interior transmission
problem is a compact perturbation of a well-posed problem.

6.5 Linear Sampling Method

Having shown that the support of an inhomogeneity can be uniquely deter-
mined from the far-field pattern, we now want to find an approximation to
the support. To this end, we will use the linear sampling method previously
introduced in Chap. 4 for the inverse scattering problem for an imperfect con-
ductor. In particular, we shall show that, provided k is not a transmission
eigenvalue, the boundary 9D of the inhomogeneity D can be characterized by
the solution of the far-field equation (4.33), where the kernel of the far-field
operator is the far-field pattern corresponding to (6.1)—(6.5).

Given (f,h) € H2(OD) x H~2(dD), let (v,u) € H(D) x H. (R2\ D) be
the unique solution to the corresponding transmission problem (5.13)—(5.17).
We recall that the radiating part » has the asymptotic behavior

ikr
NG
where u is the far-field pattern corresponding to (v, u).
Definition 6.41. The bounded linear operator B : Hz (D) x H~2(dD) —
L2[0, 27] maps (f,h) € Hz(0D) x H~2(dD) onto the far-field pattern u., €
L?[0, 2], where (v, u) is the solution of (5.13)—(5.17) with the boundary data
(f, h).-

Note that the fact that B is bounded follows directly from the well-posedness
of (5.13)—(5.17).

u(z) = Uoo () + O(r™3/2), r— o0, &=uz/|x,
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As in the case of the scattering problem for an imperfect conductor, the
operator B will play an important role in the solution of the inverse problem.
To determine the range of the operator B, it is more convenient to consider
its transpose instead of its adjoint. This is because operating with the duality
relation between Hz(9D), H~2(dD) is much simpler than using the corre-
sponding inner products. In what follows we will define the transpose operator
and derive some useful properties of this operator.

Let X and Y be two Hilbert spaces, and let X* and Y* be their dual
spaces. For any linear mapping A : X — Y, the transpose AT : Y* — X* is
the linear mapping defined by

<ATv,u>X o = (v,Au}Y)Y* , forallu € X and v € Y™,

where (-, -) denotes the duality pairing between the denoted spaces.

It can be shown (see Lemma 2.9 in [127]) that the transpose AT is bounded
if and only if A is bounded. To describe the relation between the range and
the kernel of A and AT, we use the following terminology. For any subset
W C X, the annihilator W is the closed subspace of X* defined by

W*={ge X": (g,u)=0for allu € W}.
Similarly, for V' C X* the annihilator V" is the closed subspace of X defined by

W={ueX: (gu)=0forallg e V}.

Lemma 6.42. The null space and range of A and AT satisfy
N(AT) = A(X)* and N(A)=*AT(Y™).

Proof. Applying the various definitions we obtain

AX)*={geY": (g,v) =0 for all v € range A}
={geY": (9,Au) =0 for all ue X}
={geY": <ATg,u>=O for all ue X}

={geY*: ATg=0}=N(@A").
A similar argument shows that N(A4) = ¢AT(Y*). O

It is an easy exercise using the Hahn-Banach theorem [115] to show that a sub-
set W C X is dense if and only if W = {0}. In particular, from Lemma 6.42
we have the following corollary.

Corollary 6.43. The operator A has a dense range if and only if the transpose
AT is injective.

With the help of the preceding lemma and corollary we can now prove the
following result for the operator B.
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Theorem 6.44. The range of B : Hz(0D) x H=2(dD) — L2[0, 2x] is dense
in L0, 27).

Proof. We consider the dual operator BT : L2[0, 2x] — H~2(dD) x
Hz(0D), which maps a function g into (f,h) such that

<B(f, h)vg>L2><L2 = <f7f>H%><H*% + <h7 h>H’%><H% )
where (-, -) denotes the duality pairing between the denoted spaces. Now let
(9, 1) be the unique solution of (5.13)—(5.17) with (f, h) := (94]ap, 004/0V|oD),
where ¥, is the Herglotz wave function defined by (6.9). Then from (6.6) we
have

2m N
B(1).9) = [ ®0)20 = [ (wt)Z22 - 5,0 252 ) st
0 oD

Since u and % are solutions of the Helmholtz equation in R? \ D satisfying
the Sommerfeld radiation condition, an application of Green’s second identity

implies that }
[ s 252~ 252 sy =
aD

Using the transmission conditions on the boundary for 4 and ¥ we obtain

<B(f7 h)vg>L2><L2 =

oD

= / <U(y) a;fz) —i(y) agg”) ds(y)
oD

= [ [0 - 160 52 ) (B2 ) s,
oD

Finally, applying Green’s (generalized) second identity to v and © we have

that ~
_00(y)
5VA

(B, )26} o1 —64 10 (-5 + st ast

Hence the dual operator B' can be characterized as

ov -
BTg: (—— ,U|8D> .
oD

5VA
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In what follows we want to show that the operator BT is injective. To this
end, let BTg =0, g € L?[0, 27]. This implies that = 0 and 93/dva = 0 on
the boundary dD. Therefore, @ satisfies the Helmholtz equation in R?\ D,
the Sommerfeld radiation condition, and, from the transmission conditions,

ot 0v
i=-0y and — =-——2 on dD.
g ov ov
Thus, setting & = —0, in D we have that @ can be extended to an entire

solution to the Helmholtz equation satisfying the radiation condition. This
is only possible if @ vanishes, which implies that ¥, vanishes also and, thus,
g =0, whence BT is injective. Finally, from Corollary 6.43 we have that the
range of B is dense in L?[0, 27]. O

From Lemma 6.42 we also have that

N(B) = BT (L?[0, 27])* := { (fo, ho) : / <—f0571 4 hof;) ds =0
oD

where v is as in the proof of Theorem 6.44. Hence, using the divergence
theorem, we see that the pairs (v|ap,dv/Ovalop), where v € HY(D) is a
solution of V - AVwv + k?nv = 0 in D, are in the kernel of B. So B is not
injective. We will restrict the operator B in such a way that the restriction is
injective and still has a dense range.

To this end, let us denote by H the closure in H'(D) of all Herglotz wave
functions with kernel g € L2[0, 27]. Note that the space H coincides with
the space of H' weak solutions to the Helmholtz equation. In other words,
H =W (D), where W(D) is the closure in H'(D) of W (D) defined by

W(D) :={u e C*D)nC*D): Au+ k*u = 0}.

Indeed, if w € W(D), then by seeing u as a weak solution of the interior
impedance boundary value problem for the Helmholtz equation in D with
A =1 we have from Theorem 8.4 in Chap. 8 (set dDp = (}) that there exists
a positive constant C' such that

ou .
lulln) < € |52+

n-%op)
Then the proof of Theorem 4.10 implies that for any € > 0 there exists a

Herglotz wave function vy such that ||u — vg|| g1 (p)y < €, whence H = W (D).
For later use we state this result in the following lemma.

Lemma 6.45. Any solution to the Helmhotz equation in a bounded domain
D C R? can be approzimated in the H (D) norm by a Herglotz wave function.

)}

Next, we define

1(oD) = { (vlon. 5
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Lemma 6.46. H(OD) is a closed subset of Hz (D) x H™z(dD).

Proof. Consider (f,h) € H(OD). There exists a sequence {uy, du,/0v} con-
verging to (f,h) in Hz (9D) x H~2(8D), where u,, € H. Since the sequence
{tn, du, /Ov} is bounded in Hz (D) x H~2(AD), by considering u, to be
the solution of an impedance boundary value problem in D we can deduce
that {u,} is bounded in H'(D). From this it follows that a subsequence (still
denoted by {u,}) converges weakly in H'(D) to a function u that is clearly
in H. From the continuity of the trace operators (Theorems 1.38 and 5.7)
we deduce that {u,, du,/Ov} converges weakly in H2(8D) x H™2(dD) to
(u,0u/0v) and by the uniqueness of the limit (f,h) = (u,du/0v). Hence
(f,h) € H(OD), which completes the proof. |

From the preceding lemma, H(9D) equipped with the induced norm from
Hz(0D) x H=2(8D) is a Banach space.
Now, let By denote the restriction of B to H(0D).

Theorem 6.47. Assume that k is not a transmission eigenvalue. Then the
bounded linear operator By : H(0D) — L?(0, 27| is injective and has a
dense range.

Proof. Let Bo(f,h) = 0 for (f,h) € H(OD), and let (v,u) be the solution
to (5.13)—(5.17) corresponding to these boundary data. Then the radiating
solution to the Helmholtz equation in the exterior of D has a zero far-field
pattern, whence u = 0 for » € R? \ D. This implies that v satisfies

V-AVo+Ek*nv=0 in D, v=f and %:h on JD.
From the definition of H(OD), f and h are the traces on D of a H'(D)
solution w to the Helmholtz equation and its normal derivative, respec-
tively. Therefore, (v, w) solves the homogeneous interior transmission prob-
lem (6.12)—(6.15), and since k is not a transmission eigenvalue, we have that
w=0and v=0in D, whence f = h = 0.

It remains to show that the set Bo(H (0D)) is dense in L?[0, 27]. To this
end, it is sufficient to show that the range of B is contained in the range
of By since from Theorem 6.44 the range of B is dense in L?[0, 27]. Let
Uso be in the range of B, that is, us is the far-field pattern of the radi-
ating part u of a solution (v,u) to (5.13)—(5.17). Let (v,w) be the unique
solution to (6.12)—(6.15) with the boundary data (u|gp,du/0v|sp). Hence
(v,u) is the solution to (5.13)—(5.17) with boundary data (w|sp, dw/0v|sp) €
H(0D) and has a far-field pattern coinciding with .. This means that
By (w]op, 0w/0v|op) = tso. O
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Theorem 6.48. The operator By : H(0D) — L?[0, 2] is compact.

Proof. Given w € H, consider the solution (v,u) of (5.13)~(5.17) with
boundary data f := w|sp and h := Ow/0v|sp. Let 02 be the boundary of a
disk 25 centered at the origin containing D. The continuous dependence esti-
mate (5.41) implies that the operator G : H(9D) — Hz(025) x H™2(882g),

which maps
wl ow N ou
oD 8V on ONRr> 8V 90 3

is bounded. Next we denote by K : H2(8825) x H™2(002g) — L2[0, 2] the
operator that takes (u|an,, Ou/0v|sn,) to us given by

. eim/4 He—ikEy iksy 8u(y)
’u,oo(w) - maB (u(y)T —€ W) ds(y)

where & = x/|z|. An argument similar to that in the proof of Theorem 4.8
shows that K is compact. Therefore, By = K G is compact since it is a com-
position of a bounded operator with a compact operator. a

For a Herglotz wave function v, given by (6.8) with kernel g € L?[0, 27| we
define H : L?0, 27r] — H(OD) by
)

Corollary 6.49. Assume that us, € L?[0, 27] is in the range of By. Then for
every € > 0 there exists a g. € L?[0, 2] such that Hg. satisfies

ov
Hg:= (’Ug|aD, 8—;

| Bo(Hge) — tool|L2[0, 27 < €

Proof. The proof is a straightforward application of the definition of the space
H(OD), the continuity of the trace operator, and the operator By, together
with Lemma 6.45. O

Turning to our main goal of finding an approximation to the scattering
obstacle D we consider the far-field equation corresponding to the scattering
by an orthotropic medium given by

2
/uoo(H, $)g(9)dp = ye = 2 e R?, (6.116)
0

where uso(0,¢) is the far-field pattern of the radiating part of the solu-
tion to the forward problem (6.1)—(6.5) corresponding to the incident plane
wave with incident direction d = (cos ¢, sin ¢) and observation direction
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& = (cosf, sin 6). As in Chap. 4 the far-field equation can be written in
the form
(Fg)(&) = Poo(i,2), 2z €R?,

where F'g is the far-field operator corresponding to the transmission prob-
lem (6.1)—(6.5), and P (&, z) is the far-field pattern of the fundamental so-
lution ®(x, z) to the Helmholtz equation in R%. We observe that the far-field
operator F'g can be factored as

Fg = Bo(Hg).
Hence the far-field equation takes the form
(Bo(Hg)) (&) = Poo(d,2),  z€R% (6.117)

As the reader has already encountered in the case of scattering by an imper-
fect conductor, the linear sampling method is based on the characterization of
the domain D by the behavior of a solution to the far-field equation (6.117).
By definition, Bo(Hg) is the far-field pattern of the solution (v,u) to the
transmission problem (5.13)—(5.17) with boundary data (f, k) := Hg. There-
fore, for z € D, from Rellich’s lemma the far-field equation implies that this
u coincides with @(-,z) in R? \ D. In other words, for z € D, g € L?[0, 27]
is a solution to the far-field equation if and only if v and w := v, solve the
interior transmission problem

v ow_ 98(.)

6.121

V- AVo+k*nv =0 in D, (6.118)
Aw+ k2w =0 in D, (6.119)
v—w=9®P(+,2) on 0D, (6.120)

(6.121)

dva Ov v on 4D,
where vy is the Herglotz wave function with kernel g. In general, this is not
true. However, in what follows, we will show that one can construct an ap-
proximate solution to the far-field equation that behaves in a certain manner.
We first assume that z € D and that k is not a transmission eigenvalue.
Then the interior transmission problem (6.118)—(6.121) has a unique solution
(v,w). In this case (v, (-, z)) solves the transmission problem (5.13)—(5.17)
with transmission conditions f := w|sp, h := Ow/0v|sp. Since the preceding
solution has the far-field pattern @ (-, z), we can conclude that @, (-, z) is in
the range of By. From Corollary 6.49 we can find a g¢ such that

”BO(Hg;) - 4500('72)”L2[0, 2n] < € (6122)

for an arbitrarily small e. From the construction of By and Corollary 6.49 we
see that the corresponding Herglotz wave function vy approximates w in the
H'(D) norm as € — 0. Furthermore, for a fixed ¢ > 0, the H*(D) norm v
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blows up if z approaches the boundary from the interior of D, as does the
L?[0, 27] norm of g¢. To see this, we choose a sequence of points {2}, z; € D,

such that R
zj = 2" — —v(z"), i=12,...,
J

with sufficiently small R, where z* € 9D and v(z*) is the unit outward normal
at z*. We denote by (v;,w;) the solution to (6.118)—(6.121) corresponding
to z = z;. As j — oo the points z; approach the boundary point z* and,
therefore, ||P(, Zj)HH%(aD) — o00. From the trace theorem and by using the

boundary conditions we can write
ol o+l 1 (02 05 =103 3 ) = 1202l 3 oy (6:123)
In particular, we show that the relation (6.123) implies that
i |wjll 1 (py = o0.
To this end, we assume, in contrast, that
||wj||H1(D)§C_', 7=12,...

for some positive constant C. From the trace theorem we have

8wj

=€ and 52 6

1will 3 o SO =12

Recall that for every j the pair (vj,d(-, z;)) is the solution of (5.13)—(5.17)
with (f,g) := (wj|,p ,0w;/0v|sp). The a priori estimate (5.41) implies that

”ijHl(D) + ||¢('7Zj)||H1(QR\D)
6’[1}]‘ _
<0 (103 oy + 15214y ) < 26,

which contradicts the fact that [|9(, zj)|| g1 (0, py does not remain bounded
as z; — 2* € 0D. So we have that

li ; = 00.
jggo ”wJ”Hl(D) o0

Since for every j = 1,2,... the corresponding Herglotz wave functions vy
J

satisfying (6.122) approximate the solution w; in the H'(D) norm, we con-
clude that

li . =
]1)1{.10 ||ng]. |H1(D) 00,

and hence
lim ||9§j||L2[o, 27] = O0.
j—o0
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Next we consider z € R?\ D, and again we assume that k is not a
transmission eigenvalue. We would like to show that if g¢ is such that

1FgS — oo+, 2) [ L2[0,27) < €

for a given arbitrary € > 0, then the H!(D) norm of the corresponding Her-
glotz wave functions vge is not bounded as ¢ — 0. Assume, to the con-
trary, that there exists a null sequence {¢,} such that ||v,[/z1(p) remain
bounded as n — oo, where v, := v . From the trace theorem || H gy, | r(op)
also remain bounded. Then without loss of generality we may assume weak

ow —
convergence Hg, — h, where h := (w|@D, —‘ ) for some w € H,
o |sp

i.e., that w is a H'(D) weak solution to the Helmholtz equation. Since
By : H(OD) — L2?[0, 27 is bounded, we also have that BoHg, — Boh
in L2[0,27]. But by construction, BoHg, — ®o(-,2), which means that
Boh = @ (-, 2). This contradicts the fact that @ (-, z) does not belong to
the range of the operator By because this would mean that &(-, z) solves the
Helmholtz equation in the exterior of D.

We summarize the foregoing analysis in the following theorem. To this end,
we state the following assumptions on the symmetric matrix-valued function
A= (aj)k)j)kzl)g, ajk € CI(D) and n € C(D)

e Assumption 1: £ -Im(A)¢ =0, Zm (n) = 0, and
either 0 < a* <land 0 <n* <1, ora, >1and n, > 1,

where a., a*, n., and n* are defined by (6.95).
o Assumption 2: £-Im(A)¢ <0, Im(n) > 0, and

either £ - Re(4) & > 4[¢* or € - Re(A™") € > 7[¢f?
for all ¢ € C? and 2 € D with a constant v > 1.

Theorem 6.50. Assume that D is a bounded domain having a C? boundary
0D such that R%\ D is connected, and A and n satisfy either Assumption 1 or
Assumption 2. Furthermore, assume that k is not a transmission eigenvalue.
Then if F is the far-field operator (6.7) corresponding to the transmission
problem (6.1)-(6.5), we have that

1. For z € D and a given € > 0 there exists a function g¢ € L?[0, 2] such that
| Fgs — gpoo('vz)||L2[O,27r] <e€

and the Herglotz wave function vge with kernel g5 converges in HY(D) to
w as € — 0, where (v,w) is the unique solution of (6.118)-(6.121);
2. For 2 ¢ D and a given € > 0 every function g¢ € L?[0,2n] that satisfies
|Fg; — gz)<>o('72)||L2[0,27r] <€

18 such that
= o0.

lim vag

e—0 HY(D)
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The importance of Theorem 6.50 in solving the inverse scattering problem
of determining the support D of an orthotropic inhomogeneity from the far-
field pattern is clear from our discussion in Chap. 4. In particular, using
regularization methods to solve the far-field equation Flg = (-, z) for z on
an appropriate grid containing D, an approximation to g, can be obtained,
and hence dD can be determined by those points where [|g. || £2[0, 2] becomes
unbounded. More discussion on the numerical implementation is presented in
Chap. 8.

6.6 Determination of Transmission Eigenvalues
from Far-Field Data

In the previous section we showed how the linear sampling method could
be used to determine the support of the inhomogeneous scattering object
provided k is not a transmission eigenvalue. At the same time we showed
that the transmission eigenvalues carried qualitative information about the
material properties of the scatterer (cf. Theorems 6.22, 6.23, 6.25, and 6.36).
To exploit the possibility of using this qualitative information, we are no
longer interested in avoiding transmission eigenvalues as in the case of the
linear sampling method but rather now want to be able to determine them
from the (noisy) far-field data. This last section of our chapter is devoted to
this problem.

At this point we assume that D (or a reconstruction of D using the linear
sampling method) is known and fix an arbitrary point z € D. In Theorem 6.50
it was shown that if k is not a transmission eigenvalue, then for a given € > 0
there exists a function g¢ € L?[0,2n] such that

19 — Poo (5 2)l 1210,20) < € (6.124)

and the Herglotz wave function vy with kernel g¢ converges in H'(D) to w
as € = 0, where (v, w) is the unique solution of (6.118)—(6.121). We will now
show that if k is a transmission eigenvalue, then the H'(D) norm of vge blows
up as € — 0. More specifically, we can prove the following theorem.

Theorem 6.51. Assume that either 0 < a* <1 and 0 < n* <1, or a, > 1
and n, > 1, where a., a*, n., and n* are defined by (6.95). Let k be a
transmission eigenvalue and g< satisfy (6.124). Then for every z € D, except
for a nowhere dense set, ||[vye|| g1 (py cannot be bounded as € — 0.

Proof. Assume to the contrary that for a set of points z € D that has an
accumulation point, there exists a sequence €, — 0 such that ||v,| g1 (p)
remains bounded as n — oo, where v, := vyen, with gin satisfying (6.124).
Without loss of generality we may assume that v, converges weakly to w €
HY(D). In a similar way as in the proof of Theorem 6.50 it is seen that
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w := w,, where v, and w, solve the interior transmission problem (6.118)—
(6.121). But (6.118)—(6.121) is equivalent to the variational form (see the
discreteness of transmission eigenvalues for the case n # 1 in Sect. 6.3)

ar((v,w), (v, w")) = L', w') forall (v ,w') e H(D), (6.125)

where

z(u’,w’)z/ Fmds—/(wz-vw—k?@m d,
oD dv D

H(D) == {(v,w) € H' (D) x H'(D) : v—w € Hy(D)},

and ¢, € H'(D) is a lifting function such that ¢, = @(-,z) on dD. As dis-
cussed in Remark 6.29, (6.125) satisfies the Fredholm alternative. Hence,
noting that the operator determined by ay(-,-) via the Riesz representation
theorem is self-adjoint, we have that w := w, and v, solve (6.118)—(6.121) if
and only if (v, wg) = 0, where (vy,wy) is a transmission eigenfunction cor-
responding to the transmission eigenvalue k. Using integration by parts and
the facts that Awy 4+ k*w; = 0 in D and v, = wy, on 0D we obtain that the
solvability condition takes the form

__0P(-,2) Owg B

Now Green’s representation formula and the analyticity of the solution to the
Helmholtz equation imply that wy = 0 in D and, consequently, vy = 0 in D.
This contradicts the fact that (vg,wy) is a transmission eigenfunction, which
proves the theorem. a

Similarly, we can prove the following theorem, which we leave as an exercise
for the reader.

Theorem 6.52. Assume that n = 1 and either amar < 1 0r amin > 1, where
maz ond Qmin are defined by (6.48). Let k be a transmission eigenvalue and
g< satisfy (6.124). Then for every z € D except for a nowhere dense set,
llvge | 1 (D) cannot be bounded as € — 0.

Theorem 6.50, together with Theorems 6.51 and 6.52, suggests that for z € D,
vge exhibits different behavior if k is not a transmission eigenvalue and if k is a
transmission eigenvalue. Hence the far-field equation can be used to determine
the transmission eigenvalues in addition to determining the support of the
inhomogeneity if the far-field data are available for a range of frequencies.

In practice, only the noisy far-field operator Fs given by

Frg = / " (&, d)g(d) ds(d)

is available, where uZ is the noisy far-field data with noise level 6 > 0. Then
we look for the Tikhonov regularized solution g% of the far-field equation
defined as the unique minimizer of the Tikhonov functional
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[ F59 — Poo (- 2)”%2[0,27@ + a”gH%?[o,zw]v

where the positive number o > 0 is known as the Tikhonov regularization
parameter (cf. Sect. 2.1). This regularization parameter depends on the noise

level and can be chosen such that a(5) — 0 as § — 0. If g% := g?(é)"é, then it
can be shown (see [22]) that

%g% ||ng — Qoo('v Z)||L2[0,27r] =0.

Hence Theorems 6.51 and 6.52 hold true for the regularized solution g%, where
€ is now replaced by 0.

The first part of Theorem 6.50 also holds true for the regularized solution
g of the far-field equation, but its justification involves the more elaborate
argument developed for the Dirichlet obstacle scattering problem by Arens
in [5]. This argument can be carried through for the case of inhomogeneous
media with real-valued physical parameters, which is the case where trans-
mission eigenvalues exist. It is essential to this generalization to show that
&(-,2) is in the range of (F*F)'/ if and only if 2 € D, which constitutes
the so-called factorization method. More generally, the factorization method
provides an analytical framework to justify the linear sampling method (i.e.,
Theorem 6.50) for the regularized solution of the far-field equation that is
obtained in practice. The factorization method holds for a restrictive class of
scattering problems and is the subject of the following chapter.

In conclusion, to determine the transmission eigenvalues from the far-field
data, we choose a point z € D and the Tikhonov regularized solution g’ to the
far-field equation. The transmission eigenvalues will appear as sharp peaks in
the plot of [[vgs | g1 (p)y or 1921l £2(0,2) against the wave number k for a range
of interrogating frequencies.

As an example of the use of transmission eigenvalues to determine infor-
mation about the material properties of the scattering object from far-field
data, we consider the scattering problem (5.8)—(5.12) with n = 1 and D the
unit square [—1/2,1/2] x [-1/2,1/2]. We consider four different possibilities

for A = A(z):
Aiso = <1(/)4 1(/)4) o A= <1(/)2 1(/)8) ’

4, (/60 4, — (0137200189
270 1/8)° 21 0.0189 0.1545 ) °

noting that A, is obtained by rotating matrix As by 1 radian. For each A the
direct scattering problem is then solved using finite-element methods, and the
far-field equation with noisy far-field data is then solved for 25 random source
points z in the unit square (for details see [28]). It is assumed that D is known
(for example, through the use of the linear sampling method). In Fig. 6.1 we
show a plot of the average norm of the Herglotz kernel ||g°|| £2[0,2x] against
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Fig. 6.1. Results for square using anisotropy As,. We show a plot of the average
values of ||g2|] r2(p) against k. We also mark the computed eigenvalues from the
finite-element code (shown as + along the bottom of the graph). Good agreement
is seen with the lowest computed eigenvalue and the first peak of the norms of gg]1

Table 6.1. Our theory implies that the scalar a reconstructed from the first nonzero
real transmission eigenvalue should lie between the eigenvalues of matrix A. In the
case of an isotropic A, the predicted a should reconstruct the diagonal of A. The
table supports both these claims’

|D0main Matrix Eigenvalues Predicted ki p a(») Predicted a|

Square Aiso 1/4,1/4 5.3 0.248
Ay 1/2,1/8 4.1 0.172
Ay 1/6,1/8 3.55 0.135
Asy 1/6,1/8 3.7 0.145

the wave number k corresponding to matrix As,.. Given the first transmission
eigenvalue ki p 4(,) from Fig. 6.1, we can now compute a positive number a
such that k1,p.ar = k1,p,A(«)- According to Theorem 6.22, a should lie between
the smallest and largest eigenvalues of A. Table 6.1 below shows the results
of this calculation for each of the preceding cases for A.

Additional numerical examples of the determination of transmission
eigenvalues from far-field data and their use to obtain information on the
refractive index of the inhomogeneity can be found in [21] and [28].

'Reprinted from F. Cakoni, D. Colton, P. Monk, and J. Sun, The inverse elec-
tromagnetic scattering problem for anisotropic media, Inverse Problems 26 (2010),
074004.
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