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Preface

In the past thirty years the field of inverse scattering theory has become a
major theme of applied mathematics with applications to such diverse areas as
medical imaging, geophysical exploration and nondestructive testing. The growth
of this field has been characterized by the realization that the inverse scattering
problem is both nonlinear and ill-posed, thus presenting particular problems in the
development of efficient inversion algorithms. Although linearized models continue
to play an important role in many applications, the increased need to focus on
problems in which multiple scattering effects can no longer be ignored has led to
the nonlinearity of the inverse scattering problem playing a central role. In addition,
the possibility of collecting large amounts of data over limited regions of space has
led to the situation where the ill-posed nature of the inverse scattering problem
becomes a problem of central importance.

Initial efforts to deal with the nonlinear and ill-posed nature of the inverse
scattering problem focused on the use of nonlinear optimization methods, in partic-
ular Newton’s method and various versions of what are now called decomposition
methods. For a discussion of this approach to the inverse scattering problem to-
gether with numerous references, we refer the reader to [42]. Although efficient in
many situations, the use of nonlinear optimization methods suffer from the need for
strong a priori information in order to implement such an approach. Hence, in order
to circumvent this difficulty, a recent trend in inverse scattering theory has focused
on the development of a qualitative approach in which the amount of a priori infor-
mation needed is drastically reduced but at the expense of obtaining only limited
information of the scatterer such as the connectivity, support and an estimate on
the values of the constitutive parameters. Examples of such an approach are the
linear sampling method, the factorization method and the theory of transmission
eigenvalues. It is these topics that are the theme of this monograph, focusing on
their use in the inverse acoustic scattering problem for inhomogeneous media.

The qualitative approach to inverse scattering theory was initiated by Colton
and Kirsch in 1996 [39]. In this paper they introduced a linear integral equation
of the first kind, called the far field equation, whose solution could be used as an
indicator function to determine the support of the scattering obstacle. This method
is called the linear sampling method. The mathematical difficulties inherent in
this approach were subsequently resolved by the factorization method of Kirsch
[78], and further clarification of the relationship between the linear sampling and
factorization methods was obtained by Arens and Lechleiter [4] and Audibert and
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Haddar [7]. Having determined the support of the scatterer, the next step in the
qualitative approach is to determine estimates on the material properties of the
scatterer. This was accomplished by Cakoni, Gintides and Haddar [27] through the
use of transmission eigenvalues first introduced by Kirsch [73] and Colton and Monk
[46]. The development of the above themes is the subject matter of the chapters
that follow. This book is intended for mathematicians, physicists and engineers
who are either actively involved in problems arising in scattering theory or have an
interest in this field and wish to know more about recent developments in this area.
It will also be of interest to advanced graduate students wishing to become more
informed about new ideas in inverse scattering theory. On the other hand, for those
unfamiliar with classical scattering theory, Chapter 1 provides a basic introduction
to this area and also serves as an introduction to the chapters which follow.

This monograph is based on lectures given by David Colton and Fioralba
Cakoni at the CBMS-NFS sponsored summer school “Inverse Scattering Theory
and Transmission Eigenvalues” held at the University of Texas in Arlington during
the week of May 27 — May 31, 2014. Special thanks are given to the National Science
Foundation for their financial support as well as to Professor Tuncay Aktosun whose
expert skills in organizing and running the summer school made it so successful.
We would also like to thank Dr. Arje Nachman of the Air Force Office of Scientific
Research (AFOSR) for his long term support of Professors Cakoni and Colton as
well as both AFOSR and L’Institut National de Recherche en Informatique et en
Automatique (INRIA) for supporting exchange visits between Professors Cakoni
and Colton and Professor Haddar which has been indispensable for our long term
research efforts. We would also like to thank Dr. Richard Albanese, USAF retired,
for his continuous interest and encouragement of our research. Finally, we thank
the editorial office at SIAM for their expert handling of our manuscript through the
publishing process.



Chapter 1
Inverse Scattering Theory

In this introductory chapter we provide an overview of the basic ideas of scattering
theory for inhomogeneous media of compact support and in particular the associated
inverse scattering problems which will become the major theme of this monograph.
In addition to introducing the concept of the far field operator and the basic theory
of ill-posed problems, we also establish uniqueness results for inverse scattering
problems for both isotropic and anisotropic media. The results presented here
are basic to the chapters that follow which develop in more detail the qualitative
approach to inverse scattering theory.

1.1 The Helmholtz Equation

The starting point of any discussion of classical scattering theory is the Helmholtz
equation and in particular spherical Bessel functions and spherical harmonics which
arise when separation of variables is implemented in spherical coordinates. More
specifically, we look for solutions of the Helmholtz equation in R3

Au+Eku=0

for k > 0 in the form
u(x) = f(k|z)Y,,"(2)

where x € R3, & := 2/ |z|, Y,""(2) is a spherical harmonic defined by

2n+1 (n — |m|)! ,
Y0, ¢) = P} (cos §)e"™?
n ( 7¢) \/ Ar (n+‘m‘)| n (COb )6 I
m=-n,...,n,n=0,12 ..., (6,¢) are the spherical angles of & and P is an
associated Legendre polynomial. We note here that {Y,"} is a complete orthonormal
system in L?(S?) where

S% = {z:|z| =1}

1



2 Chapter 1. Inverse Scattering Theory

and Yy = \/%. Then f is a solution of the spherical Bessel equation

) +2tf () + [t —n(n—1)] f(t) =0 (1.1)

with two linearly independent solutions

_ > _1)pnt2p

J”(t):zzpué )2 0+ 1
213 @nt2p 1 1) .
(2n)! & (—1)pg2p—n-1 12

n(t) i=
yn(®) 2np) = 2rpl(—2n+1)(—2n+3)--- (—2n+2p—1)

called, respectively, the spherical Bessel function and the spherical Neumann func-

tion of order n. We note that
. sint cost
Jo(t) = —— , wo(t) = 5 (1.3)

The functions
WD () = jn(t) + iy (t)
hg) (t) = jn(t) — iyn(t)

are called, respectively, the spherical Hankel functions of the first and second kind
of order n. From (1.2) and (1.3) we have that for f,, = j, or f, = y, that

a8 =t {0

forn=20,1,2,... and

it —it
2 e
) hé )(t) = -

_6
o it

he (1) = —

From this we see that the spherical Hankel functions have the asymptotic behavior

hD (1) = %ei(t’%*%) {1 40 (1)}
w2 = e 0 fivo (1))

as t tends to infinity. In particular, hgll)(kr) satisfies the Sommerfeld radiation
condition o

lim r <u — zku> =0,

r—00 or

ie. if u(x) = A (kr)Y,"* (&) then from the above asymptotic behavior of the spher-
ical Hankel functions we see that u(z)e %! (where w is the frequency and ¢t is time)
is an outgoing wave. In particular this implies that energy is radiated out to in-
finity as required by physical considerations. Solutions of the Helmholtz equation

(1.4)
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satisfying the Sommerfeld radiation condition uniformly in & are called radiating.
An equivalent condition for a solution of the Helmholtz equation to be radiating is

that

. ou .
Jm [ gy ik

2
ds = 0. (1.5)

|z|=r
The Wronskian of hgll)(t) and hg)(t) is given by
W (A, A2 ) = hD ORE"(0) = hP (R (1)

27
t72.

(1.6)

For later use we also quote the following identity for the modulus of h%l’Q) that can
be found in [100]

N (2n)!(n + 0)!
i +Zt2u+1>? (e D) 1)

Now let D be a bounded domain such that R3\ D is connected and assume
that 9D is Lipschitz with unit outward normal v directed into the exterior of D.

Let
1 eik‘w_yl

(a,y) = o (L8)

4 |z —y|’
be the radiating fundamental solution to the Helmholtz equation and let H?(D) be

the usual Sobolev space (correspondingly H7 (R*\ D)). For further reference we
define

Hg(D):{ueHQ(D): u=0 and %:0 on aD}. (1.9)

Then using Green’s second identity

ov ou
/(uAv —vAu) dx = / (uay 81/) ds
D oD

we can deduce Green’s formula for functions u € H?(D) [42]:

ou 0
ue) = [ {Gratan) —ugis vl | ds)
v v(y)
op (1.10)

- [{(Bu+ i) @)} dy, e,

Theorem 1.1. Let u € H?(D) be a solution of the Helmholtz equation in D. Then
w 1s analytic in D, i.e. u can be locally expanded in a power series for each point
zeD.
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Proof. Let x € D and choose a closed ball contained in D with center . Apply
Green’s formula to the ball and note that for  # y we have that ®(z,y) is real
analytic in z. 0O

Theorem 1.2 (Holmgren’s Theorem). Let u € H?(D) be a solution to the
Helmholtz equation in D such that

1o}
u:—uzO on T

ov

for some open subset I' C OD. Then wu is identically zero in D.

Proof. Using (1.10) we can extend u by setting

o= [ {Ghaten) - uptaten | ast)

OD\T

for z € (R®\ D) UI. By Green’s second identity applied to u and ®(z,-) we see
that u = 0 in R*\ D. But u is a solution of the Helmholtz equation in (R*\ dD)UT
and hence by the analyticity of u we have that u =0in D. 0O

We now derive a representation formula analogous to (1.10) for radiating so-
lutions of the Helmholtz equation in R\ D. Part of the proof of this theorem will
also be used at the end of this section in order to provide a uniqueness theorem for
radiating solutions of the Helmholtz equation.

Theorem 1.3. Let u € H2 _(R3\ D) be a radiating solution to the Helmholtz

equation. Then we have Green’s formula

= uﬁ&@(m,y)i@ x s reR3\D
wm#{ S~ S | dsy). @ R\D.

ou

Proof. Let S, := {z : |z| =r}. Then the Sommerfeld radiation condition implies

that
2
ou
2 2 x hathed
/{ £ + E° |ul +2k\s<uay)}ds
s

- , (1.11)
:/‘au—iku ds — 0
ov
Sy

as 1 tends to infinity. We now assume that r is large enough such that D is contained
in the ball bounded by S, and apply Green’s first identity

ov
A -Vo)dz = —d
/(u v+ Vu- Vo) de /uay s
D oD
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to D, :={z € R*\ D: |z| < r} to obtain
ou

ugdS— u—ds—k2/|u\ dy+/\Vu| dy. (1.12)

T

Taking the imaginary part of (1.12) and substituting into (1.11) gives

2
u

. { 9
lim —
T—00
Sy

+ k? |u2} ds = —2kS /u@ ds (1.13)
oD

ov ov

which implies that

/|u|2 ds =0(1), r— oc.
S

Using the Cauchy—Schwarz inequality and the Sommerfeld radiation condition we
now have that

/{uag)ia)) - ?‘I’(m y)} ds(y)
_ /u{‘%(%y) _“@(w’y)} ds(y)

ov(y)
- /@(x,y) {gz - zku} ds(y) = 0

r

r

as r tends to infinity. Hence, applying Green’s formula (1.10) to D, and letting r
tend to infinity gives the theorem. O

Corollary 1.4. An entire solution to the Helmholtz equation satisfying the Som-
merfeld radiation condition must vanish identically.
Proof. This follows immediately from Green’s formula and Green’s second identity.

0

Corollary 1.5. Fvery radiating solution u to the Helmholtz equation has the asymp-
totic behavior of an outgoing spherical wave

u(z) = () + 0 <|x1|2> e o oo

uniformly in all directions & = x/ |x|. The function us, defined on the unit sphere
S? is called the far field pattern of u.
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Proof. From
2 2 . 1
[z =yl =/lz]" =2z y+[y]" =lz]-2-y+O Tl
we obtain " "
etklz=yl _ ekl {e_umz.y L0 (1>}
|z =y || ||
and

9 eiklz—yl _ eiklzl { 0 e~ ikty L O (1)}
vy eyl Jal \9vw) =

as |z| — oo uniformly for all y € 9D. The Corollary now follows by substituting
into Green’s formula. 0O

The next result is a cornerstone of scattering theory and will be used repeat-
edly in the sequel.

Lemma 1.6 (Rellich’s Lemma). Let u € H?

2R3\ D) be a solution to the
Helmholtz equation satisfying

Then u =0 in R3\ D.

Proof. For |z| sufficiently large we have that

u(z) =Y Y ap(r)y(@)

n=0m=-—n

where

am(r) = / w(rd) V7 (3) ds(2) (1.14)

and

/ @ ds =123 S Jam ).
n=0m=—n

|z|=r

The assumption of the theorem implies that

lim 2 [a™(r)]> = 0. (1.15)

r—00

But from (1.14) and the fact that w is a solution of the Helmholtz equation we can
deduce that the a]'(r) are solutions of the spherical Bessel equation (1.1), i.e.

a(r) = a™hV (kr) + 8702 (kr) (1.16)
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where o' and " are constants. Substituting (1.16) into (1.15) and using the
asymptotic formulae (1.4) now implies that o' = 8" = 0 for all n, m and hence
u = 0 outside a sufficiently large ball. This implies that u = 0 in R* \ D by
analyticity (Theorem 1.1). 0O

Corollary 1.7. Assume u € H? (R3\ D) is a radiating solution to the Helmholtz

loc
equation such that

ou

S — > 0.

Q3 /uayds >0
oD

Then u =0 in R3\ D.

Proof. From (1.13) and the assumption of the theorem we have that the assumption
of Rellich’s lemma is valid. 0O

1.2 The Scattering Problem for Inhomogeneous
Isotropic Media

We will now present the simplest scattering problem that will serve as a model
for the inverse problems which will be discussed in this book. It is related to the
propagation of sound waves of small amplitude in R? viewed as a problem in fluid
dynamics. Let v(z,t), * € R3, be the velocity potential of a fluid particle in an
inviscid fluid and let p(z,t) be the pressure, p(x,t) the density and S(z,t) the
specific entropy. Then, if there are no external forces, we have that

% + - -V)v+ 1Vp =0 (Euler’s equation)
p
op . N
5 + V(pv) =0 (equation of continuity)
p= f(p,s) (equation of state)
Os

% +v-Vs=0 (adiabatic hypothesis)

where f is a function depending on the fluid. Assuming that v(x,t), p(z,t), p(z,t)
and S(xz,t) are small we perturb around the static case v = 0, p = py = constant,
p = po(x), S = So(z) with po = f(po, So):

v(z,t) = evy(z,t) + O(€?)

p(x,t) = po + ep1 (2,) + O(€?)
o, 1) = po() + e (2,) + O()
S(z,t) = So(z) + €Si(z,t) + O(€?)
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where 0 < € < 1. Substituting the above into the equations of motion and equating
the coefficients of € we arrive at

81}1 1

et =0

pra Povpl

% + v<p0’U1) =0

ot

0 0

% + 2 (x) (8ptl + vy - Vp0>

where the sound speed c is defined by

() = (%f (po(2), So(x)) -

Hence o2
P19 1
atQ =¢ (:U)po(x)v (p()(l‘) vpl) .

If p1(z,t) = Re {u(x)e ™"} we have that u satisfies

po(2)V (poix) Vu) + C;‘é;u —0.

Making the further assumption that Vpg can be ignored, we arrive at

2(z)

We now assume that the slowly varying inhomogeneous medium is of compact
support and is embedded in R? where the sound speed is c¢(z) = ¢y = constant. If
the wave motion is caused by an incident field u® satisfying (1.17) with ¢(z) = co,
we arrive at the scattering problem of determining u such that

Au + u=0. (1.17)

Au+ E*n(z)u =0 inR3 (1.18)
u=u'+u’ (1.19)

: ou® O\
Tll)rgor ( 5 —iku ) =0 (1.20)

where n(z) = 1 outside the inhomogeneous medium,

2
Co

"= )

inside the inhomogeneous medium, r = |z|, the radiation condition (1.20) is valid
uniformly with respect to & = z/|z|, k = w/cy > 0 is the wave number, u® is an
entire solution of the Helmholtz equation Au+k?u = 0, u® is the scattered field and
we refer to the function n(z) as the refractive index (In the engineering and physics
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literature co/c(x) is the refractive index). The scattering problem (1.18)-(1.20) is
the simplest model in which to introduce the basic ideas of inverse scattering theory.
However, we shall later consider more physically realistic models in which we no
longer ignore Vpg and allow u to have jump discontinuities across the boundary of
the inhomogeneous media (c.f. Section 1.4). Moreover, in order to take into account
possible attenuation in the media we consider complex valued refractive index.

We now assume that n € L>°(R3) with non-negative imaginary part, set m :=
1—n and let D be a bounded domain with Lipschitz boundary dD such that R\ D
is connected and m(x) = 0 in R?\ D. We again let

1 eiklw_yl

o = .
(@,y) = P——E z#y

A proof of the following theorem can be found in [42].

Theorem 1.8. Given two bounded domains D and GG, the volume potential

W@mw=/¢@wwwm% RS
D

defines a bounded operator V: L?(D) — H?*(G) where H*(G) denotes a Sobolev
space.

A classical approach to solve the scattering problem is based on reformulating
the problem as a volume integral equation known as the Lippmann—Schwinger in-
tegral equation. An alternative variational approach will also be discussed later in
this chapter. We now show that the scattering problem (1.18)-(1.20) is equivalent
to solving

u(z) = u'(x) — k? / ®(z,y)m(y)u(y) dy, =z € R3, (1.21)
R3

Due to the fact that supp(m) = D, (1.21) can be viewed as an integral equation
over D for u € L*(D).

Theorem 1.9. Ifu € H? (R?) is a solution of (1.18)-(1.20) then u is a solution of
(1.21) in L*(D). Conversely, if u € L*(D) is a solution of (1.21) thenu € HE (R?)
and u is a solution of (1.18)-(1.20).

Proof. Let u € H? (R?) be a solution of (1.18)-(1.20). Let € R? and B a ball

containing x and D. Then Green’s formula implies that
ou 0
= — —u=——o d
u(x) / {81/ @) =g (m,y)} s(y)
0B

—H/¢mmm@ww@

B
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and

wo) = [ {5 et -5 atwn | ast)

0B

Furthermore, Green’s second identity and the Sommerfeld radiation condition im-
plies that

64 {(Zfé(m,y) - us@y(a(g/)(b($7y)} ds(y) = 0.

Adding these equations together gives the Lippmann—Schwinger integral equation
(1.21), noting that since m has compact support the integral over B can be replace
by an integral over R3.

Conversely, let u € L?(D) be a solution of (1.21) and define

w(@)i= K [ @ ym@u) s, o< B
R3
Then u® satisfies the Sommerfeld radiation condition and u® € H7 (R3?) satisfies
Au® + k*u® = k*mu. Since Au’ + k*u’ = 0 we have that u = u’ + u* satisfies
Au+k*nu=0inR3 0O

The existence of a unique solution to the scattering problem (1.18)-(1.20) is
now equivalent to showing the existence of a unique solution to the Lippmann—
Schwinger integral equation. For the wave number k sufficiently small, this can be
done by the method of successive approximations.

Theorem 1.10. Suppose that m(z) = 0 for |z| > a and k* < 2/Ma* where M :=
max|,|<q |m(z)|. Then there exists a unique solution to the Lippmann—Schwinger
integral equation.

Proof. 1t suffices to solve (1.21) in C(B) with B := {z € R®: [z| < a}. On C(B)
define

(To)(e) = [ Sapmut)dy, =€,
B
By the method of successive approximations, the theorem will be proved if ||T;, ||, <
Ma?/2. To this end, we have

(T (@) < Mellos [ _dy

&l

c
47 |z —y|’ v
B

Now note that
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satisfies Ah = —47 and is a function only of r = |z|. Hence
1d dh
——(r?— ) =—4r
r2dr dr
and thus h(r) = —%WTQ—&— L 4o where ¢; and c; are constants. Since h is continuous

at the origin, ¢; = 0 and letting r tend to zero shows that

a

d
02:h(0):/ﬁ:47r/pdp:27ra2.
z "7 0

Hence h(r) = 2n(a*® — r?/3) and thus ||h|| = 27a®. We now have that

Ma?

|(Tinu)(2)] < |ullo, z€B
and the theorem follows. 0

From (1.21) we see that

w(@) =k [ S pmu)dy. o e R

R3
and hence
ezk|m\ A 1
u¥(r) = ——Ue(Z) + O | —5 |, |2] = 00
|| ||
where the far field pattern uo, is given by
k2 o
uld) =~ [ maty) dy. &= (1.22)
R3

Assuming that k is sufficiently small and replacing » by the first term in solving
(1.21) by iteration (the weak scattering assumption) gives the Born approzimation
to the far field pattern

R K
R3

The Born approximation has been used extensively in inverse scattering where the
weak scattering assumption is valid and for details of such an approach see [54].

The proof of the existence of a unique solution to the Lippmann—Schwinger
integral equation for arbitrary k > 0 is more delicate than for k& > 0 sufficiently
small and is based on the unique continuation principle. This principle is a basic
result in the theory of linear elliptic partial differential equations and in the case of
elliptic equations in R? dates back to Miiller [96], [97].
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Unique Continuation Principle. Let G be a domain in R?® and suppose u €
H?(G) is a solution of Au+ k*n(x)u =0 in G forn € L*(G). Then if u vanishes
in a neighborhood of some point in G, u is identically zero in G.

For a proof of the above unique continuation principle see [42]. We can now use
this principle to show that for each k£ > 0 there exists a unique solution u € H, 1200 (R3)

to the scattering problem (1.18)-(1.20) (or equivalently the Lippmann—-Schwinger
integral equation).

Theorem 1.11. For each k > 0 there exists a unique solution u € HZ (R?) to the
scattering problem (1.18)-(1.20).

Proof. The integral operator appearing in the Lippmann—Schwinger integral equa-
tion has a weakly singular kernel and hence this operator is compact on L?(D)
where D is the support of m. Hence by the RieszFredholm theory it suffices to
show the uniqueness of a solution to (1.21), i.e. that the only solution of

Au+ E*n(z)u =0 inR3 (1.23)
. T
TIHEOT <3r — zku) =0 (1.24)

is u = 0. To this end, Green’s first identity and (1.23) imply that

Ju , 9 9 1 12
/ugdsf/{|Vu| — k0 |ul }d:c

aD D
and hence
o
S ua—z = /kQQ(n) u|? dz > 0.
oD D

By Corollary 1.7 u(z) = 0 for z € R* \ D and hence by the unique continuation
principle u(z) =0 for allz € R3. O

1.2.1 The Far Field Operator

The far field operator plays a central role in inverse scattering theory and will appear
in many of the remaining chapters of this monograph. Hence in this section we will
introduce this operator and derive its most important analytic properties. In the
course of our analysis we will also encounter the transmission eigenvalue problem
which will be seen to play an important role in all of our subsequent investigations.

In order to proceed we will need to be more specific on the nature of the
incident field w’. In particular, from now on we will assume that u'(x) = e*@d
where |d| = 1. Then the solution of the scattering problem

Au+E*n(z)u =0 (1.25)
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u(x) = e*d 4 yf(x) (1.26)
. ou® .\
Tl;r&r ( 5 —iku ) =0 (1.27)

will depend on d and in particular the far field pattern ueo(Z) = uoo(Z,d) defined
by
w(2) = S (#,d) + O | —5
|| |z|

now depends on d. The following reciprocity principle is basic to our investigations.

Theorem 1.12 (Reciprocity Principle). Let uo(Z,d) be the far field pattern
corresponding to (1.25)-(1.27). Then tuoo (&, d) = ueo(—d, —I).

Proof. Let D C {x: |z| < a} where again D := {x: m(z) # 0}. Then Green’s
second identity implies that

[ v - - - g ast) =0
lyl=a
[ v - - | ast) o

ly|=a

where u'(%,d) = e?**4. Corollary 1.5 shows that

0 (g, d) L (y,—2) — (9, — ) (4, d) b ds(y) = i (3, d)
[ {rwog, 2

lyl=a

{u =) g0 = )5 -0) | ) = (),
lyl=a

Subtracting the last of these equations from the sum of the first three gives

e (8,0) e (=] = [ ) Sl 9) = =) ) b s

lyl=a

by Green’s second identity. 0O

We now define the far field operatorF: L*(S?) — L?(S?) by

(Po)(@) = [ el dig(@) d5(a).
S2
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Since uoo(Z,d) is infinitely differentiable with respect to each of its variables, F'
is clearly compact. The corresponding scattering operator S: L?(S?) — L*(5?) is
defined by
ik
S:=1+—F. 1.28

+ - (1.28)
We now want to prove some properties of these operators. To this end we define a
Herglotz wave function to be a function of the form

vg(z) = /eikx'dg(d) ds(d), zeR? (1.29)
S2

where g € L?(5?). The function g is called the Herglotz kernel of v,. Herglotz wave
functions are clearly entire solutions of the Helmholtz equation. We note that for a
given g € L?(5?) the function

/e_“”:'dg(d) ds(d), zeR?
S2

is also a Herglotz wave function. Furthermore, if a Herglotz wave function vanishes
in some open subset of R? then its kernel must be identically zero [42]. In what
follows (-, ) is the inner product in L?(S?).

Theorem 1.13. Let g,h € L*(S?) and let v, and vy, be the Herglotz wave functions
with kernels g and h respectively. Then if wy and wy, are the solutions of the scat-
tering problem (1.25)-(1.27) corresponding to the incident field e’**@ being replaced
by the incident fields vy and vy, respectively we have that

k? / S(n) wy Wy, dez = 2w(Fg, h) — 2w (g, Fh) — ik(Fg, Fh).
D

Proof. ([41],[42]) Let w; = wy — vy and wj, = wy, — vy, denote the scattered fields
with far field patterns wy® and wj® respectively. Then by linearity wg® = Fg and

w;® = F'h and Green’s second identity implies that, for a sufficiently large such that
D C {zx e R? |z| <a}

ow, __ _Ow _
[ A -} ds =2 [Stwmas s
|z|=a

and
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Furthermore, for R > a we have that

/ {wgay—wh 8V}d5— / {wgay—wh £ ds

|z|=a |lz|=R

— —2ik/w§°@ds = —2ik(Fg, Fh)

52

as R tends to infinity. Finally, we have that

|z|=a
dradOWE O
:/g(d) / {e””dayh—w;ayek d} ds(z)ds(d)
S2

|z|=a

— in / 9(dywiP (d) ds(d) = —4n(g, Fh)
S?

and similarly

ov, _ Ow;
/ {w;ayh —Up ayg} ds =4w(Fg,h).

|z|=a

Substituting the above identities into (1.30) now implies the theorem. 0O
Theorem 1.14. Assume that S(n) = 0. Then the far field operator is normal, i.e.
F*F = FF*, and the scattering operator S is unitary, i.e. SS* = 8*S =1

Proof. Theorem 1.13 implies that

for g, h € L*(S?). By reciprocity we have that
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ie. F*g = RF'Rg where (Rh)(£) := h(—2Z). Since (Rg, Rh) = (g,h) = (g, h), we
have from (1.31) that
ik(F*h, F*q) = ik(RFRg, RFRR)

— ik(FRg, FRR)

— 2r(FRg, Rh) — 2n(Rg, FRR)

— 927(RFRg, k) — 2n(g, RFRR)

=2m(h, F*g) — 2n(F*h,g)

=27 (Fh,g) — 2m(h, Fg)

= ik(Fh, Fg)
and hence F*F = FF*. Finally, (1.31) implies that

(g, ikF*Fh) = 21 (g, (F* — F)h),

ie. ikF*F = 2rx(F — F*). This, together with F*F = FF*, implies that S*S =
SS5* = I by direct substitution. 0O

We now introduce the transmission eigenvalue problem: Determine k > 0 and
v,w € L?(D), v —w € HZ(D), such that v # 0, w # 0 and
Aw + k*n(z)w =0 in D

Av+kv=0 inD

v=w ondD
ov Ow
5— E on (9D

Such values of k are called transmission eigenvalues. Recall that D := {z: n(z) # 0}
and it is assumed that D is bounded with Lipschitz boundary D such that R®\ D
is connected. If the solution of the transmission eigenvalue problem is a Herglotz
wave function, we then call the transmission eigenvalue k a non-scattering wave
number. Obviously the concept of non-scattering wave numbers is much more re-
strictive than the concept of transmission eigenvalues. The transmission eigenvalues
along with the non-homogeneous interior transmission problem are more precisely

introduced in Chapter 2 and are extensively investigated in Chapter 3 and Chapter
4.

Theorem 1.15. Let F be the far field operator corresponding to the scattering
problem (1.25)-(1.27). Then F is injective if and only if k is not a non-scattering
wave number.

Proof. ([46],[73]) Suppose Fig = 0. Then the far field pattern wj° of the scattered
field wy corresponding to the incident field

vg(x) == /eik“‘dg(d) ds(d)

S2
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vanishes. By Rellich’s lemma wy = wy — v, vanishes outside D. Then w, = vy +wy

satisfies Awy + k?nwy = 0 in R® and wy — vy = 0 on 9D and 2 (wy — vy) = 0 on
O0D. If k is not a transmission eigenvalue then vy = wy = 0 and hence g =0, i.e. F
is injective. 0

Corollary 1.16. Let F be the far field operator corresponding to the scattering
problem (1.25)-(1.27). Then F has dense range if and only if k is not a non-
scattering wave number.

Proof. ([46],[73]) From a well known theorem in functional analysis, the orthogonal
complement of the range of F is equal to the null space of its adjoint F*. Hence we
must show that if F*h =0 then h = 0. To this end, we have that if F*h =0 i.e.

/um(d, #)h(d) ds(d) = 0
5’2

then

52

and hence, using reciprocity,
/ oo (&, V(=) ds(d) = 0.
5'2

Since F' is injective by Theorem 1.15, we can now conclude that A = 0 as desired.
|

1.2.2 The Inverse Scattering Problem

We again consider the scattering problem (1.25)-(1.27). It has previously been
shown that

as |z| — oo where

]{32
Uco (jv d) = T e*lkm-ym(y)u(y) dy
4T
R3
and m := 1 —n. The inverse scattering problem is to determine n(z) (or some

properties of n(x)) from ue(#,d). We begin our discussion with the uniqueness.
As motivation we first prove a simple result for harmonic functions.
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Theorem 1.17. The set of products h1ho of entire harmonic functions hy and ho
is complete in L?(D) for any bounded domain D C R3.

Proof. [34] Given y € R3 choose a vector b € R? with b-y = 0 and |b| = |y|. Then
for z := y = ib € C3 we have z - z = 0 which implies that h, := ¢*** 2 € R3, is
harmonic. Now assume ¢ € L?(D) is such that

/Lphlhg dr =0
D

for all pairs of entire harmonic function hy and hs. Our theorem will be proved if
we can show that ¢ = 0. But for hy = h,, ho = hz we have that

/g&(a:)e%y'm dx =0

D

for y € R® which implies that ¢ = 0 almost everywhere by the Fourier integral
theorem. 0O

To prove uniqueness for the inverse scattering problem of determining n(x)
from uso(Z, d) we need a property corresponding to the above theorem for products
v1v9 of solutions to Awvy + k2niv1 = 0 and Ave + k%ngvy = 0 for two different
refractive indices n; and ns. Such a result was first established by Sylvester and
Uhlmann [115]. The proofs of the following two theorems can be found in [42] and
[76].

Theorem 1.18. Let B be and open ball centered at the origin and containing the
support of m := 1 — n. Then there exists a constant C > 0 such that for each
z € C3 with z- z = 0 and |Rez| > 2k* ||n|| there exists a solution v € H*(D) of
Av + k*nv =0 in B of the form

v(z) = e [1 — w(z)]
where

C
|Rez|’

[wllz2(py <

Theorem 1.19. Let B and By be two open balls centered at the origin and con-
taining the support of m := 1 —n such that B C By. Then the set of total fields
{u(-,d): d € 52} satisfying (1.25)-(1.27) is complete in the closure of

{ve H*(D): Av+k’nv =0 in By}
with respect to the L*(B) norm.

We are now ready to prove the following uniqueness result for the inverse
scattering problem due to Nachman [98], Novikov [101] and Ramm [106].
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Theorem 1.20. The index of refraction n is uniquely determined by a knowledge
of the far field pattern us(2,d) for x,d € S? and a fized wave number k.

Proof. Assume that ny; and ny are two refractive indices such that
Ul,oo('yd) :’lJJ27OO(',d)7 de 52

and let B and By be two open balls centered at the origin and containing the
support of 1 —ny and 1 — ny such that B C By. By Rellich’s lemma we have that
uy(+,d) = ua(-,d) in R®\ B for all d € S%. Hence u := u; — uy satisfies

ou
u=o- = 0 on 0B (1.32)

and
Au+ E*nju = k*(ngy — np)up  in B.

From this and the partial differential equation for w7 := uq (-, ci) we have that
k27J1UQ(TL2 — 77,1) = 'l[l(A’UJ —+ kznlu) = LZlAu — ’U,A?Jl

Green’s second identity and (1.32) now imply that

/u1(~, dyus(-,d)(ny —ny1)de =0

B

for all d,d € S2. Hence, from Theorem 1.15, it follows that

/’Ul’Ug(TLl —ng)dx =0 (1.33)
B

for all solutions vy, vy € H?(D) of Avy + k?njv; = 0, Avg + k?ngve = 0 in By.

Given y € R3\{0} and p > 0 we now choose vectors a, b € R? such that {y, a, b}
is an orthogonal basis in R and |a| = 1, [b|> = |y|> + p2. Then for z; := y+ pa+ ib,
Zo =y — pa — ib we have that

z; - z; = |Rez;|” — |Sz|* + 2iRez; - Sz
=yl + " —b* =0
and
2 2
|Rezj|” = [y + p* > p*.

In (1.33) we now insert the solutions v; and ve constructed in Theorem 1.14 for
the indices of refraction n; and no and the vectors z; and zy respectively. Since
21 + 29 = 2y this yields

/egiy.x [1+ wi(2)] [1 + wa(2)] [n1(x) — na(z)] dz =0
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and passing to the limit as p tends to infinity gives

/eziy'x [n1(z) — na(x)] dz = 0.

B

By the Fourier integral theorem we now have that n; =no. O

Although non-linear optimization methods are not the focus of this mono-
graph, we will briefly show how, in principle, n(x) can be constructed from u (&, d)
through the use of Newton type methods. To this end, we define the operator
F:m = Uoo fOr tos = Uso (&, d) which we just showed is injective but is obviously
non linear. Letting B be a ball containing the (unknown) support of m, we interpret
F as an operator from L?(B) into L?(5% x $?). From The Lippmann-Schwinger
integral equation we can write

k2 -
(Fm)(z,d) = -~ e~ Ym(y)u(y) dy (1.34)
B
where u(-, d) is the unique solution of
u(e,d) + 7 [ @ gmly)uly. d)dy = (1.35)
B
where again
o 1 etklz—yl
(z,y) = EH: T #y.

Note that F is a nonlinear operator.

Recall now that a mapping 7: X — Y of a normal space X into a normal
space Y is called Fréchet differentiable if there exists a bounded linear operator
A: X — Y such that

1
lim — ||T h) —T(x) — Ah| =
oA 1T (2 + h) = T(x) — Ahl| = 0
and we write 7"(z) = A. In particular, from (1.35) it can be seen that the Fréchet
derivative v := u/ h of u with respect to m (in the “direction” h) satisfies the

Lippmann—Schwinger integral equation

o(e,d) + K2 / (,y) m(y)o(y,d) + h(y)u(y,d)] dy=0, z€B  (1.36)
B

and from (1.34) we have that

Fh @) =~ [ ot + )ty ) dy
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for 2,d € S2. Hence (F/,h)(#) coincides with the far field pattern of the solution
v(-,d) € HE .(R?) of (1.36). Note also that F,: L?(B) — L?*(5% x S?) is compact.
We have proven the following theorem [42]:

Theorem 1.21. The operator F: m +— uq, s Fréchet differentiable. The derivative
is given by F/ h = vy where vy 1s the far field pattern of the radiating solution
v € HE . (R?) to Av + k*nv = —k*uh in R3.

loc

Theorem 1.22. The operator F),: L?(B) — L?(S? x S?) is injective.

Proof. [42] Assume that h € L?(B) satisfies 7/, h = 0. We want to show that
h = 0. Since F/ h = 0 we have that for each d € S? the far field pattern of the
solution v of (1.36) vanishes and Rellich’s lemma implies that v(-, d) = Zv(-,d) =0
on 0B. Hence Green’s second identity implies that

kQ/hu(-,d)w dx =0
B

for all d € S? and any solution w € H2(B) of Aw + k*nw = 0 in By. By Theorem
1.15 we can now conclude that

/ hnwdr =0

B
for all w, w satisfying Aw + k?nw = 0 and Aw + k*nd = 0 in By D B. The proof
can now be completed as in the proof of Theorem 1.20. 0O

We can now apply Newton’s method to the nonlinear equation F(m) = teo.
However to implement this procedure we must solve a direct scattering problem at
each step of the iteration procedure. We furthermore have the possible problem
of local minima and need to solve an “ill-posed” compact operator equation of the
first kind at each step. How to solve this last problem will be dealt with in the next
section.

1.3 Ill-Posed Problems

In the previous sections we have introduced two different methods for solving the
inverse scattering problem: the Born approximation and Newton’s method applied
to the nonlinear equation F(m) = us. Both methods involve the solution of an
integral equation of the first kind over a bounded region with a smooth kernel. In
particular, in both cases the integral operator is compact. As we shall see shortly,
the problem of inversion of such an operator is ill-posed in the sense that the solution
does not depend continuously on the given (measured) data. The same problem
will also arise later when we use the factorization method or the linear sampling
method to determine the support of the scattering object. In short, all the available
methods for solving the inverse scattering problem involve the solution of ill-posed
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integral equations of the first kind. Hence in this section we shall give a brief survey
of how to solve such equations. For a more comprehensive study we refer the reader
to [56], [74] and [82].

Definition 1.23. Let A: X — V C Y be an operator from a normal space X
into a subset V' of a normal space Y. The equation Ap = f is called well-posed
if A: X = V is bijective and the inverse operator A~': V — X is continuous.
Otherwise the equation is called ill-posed.

Theorem 1.24. Let A: X — V C Y be a linear compact operator. Then Ap = f
18 ill-posed if X is not finite dimensional.

Proof. If A=1: V — X exists and is continuous then I = A=A is compact which
implies that X is finite dimensional. 0O

We now assume that A is a linear compact operator and wish to approximate
the solution ¢ to Ag = f from a knowledge of a perturbed right hand side f? with a
known error level || fo—f H < 4. We will always assume that A: X — Y is injective
and want the approximate solution ¢° to depend continuously on f°.

Definition 1.25. Let A: X — Y be an injective compact linear operator. Then a
family of bounded linear operators R, :Y — X with the property that

Rof = A7Yf, a—0 (1.37)

for all f € A(X) is called a regularization scheme for A. The parameter « is called
the regularization parameter.

It is easily verified that if X is infinite dimensional then the operator R,
cannot be uniformly bounded with respect to a and the operators R,.A cannot be
norm convergent as o — 0 [42]. A regularization scheme approximates the solution
¢ of Ap = f by the regularized solution @5 := R, f°. Hence

¢S — 9 =Raf’ — Rof + RoaAy — ¢

which implies that
|05 = ¢|| <0 lIRall + |RaAy — ]l -

The error consists of two parts. The first term reflects the error in the data and
the second term the error between R, and A~'. From the above discussion we see
that the first term will be increasing as a — 0 due to the ill-posed nature of the
problem whereas the second term will be decreasing as ¢ — 0 according to (1.37).

Definition 1.26. A strategy for a regularization scheme Ry, o > 0, i.e. the choice
of the regularization parameter a = (8, f?), is called regular if for all f € A(X)
and o €Y with Hf5 - f|| < 4 we have that

Ry oy’ — A7Nf, 6>0.
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A natural strategy is the Morozov discrepancy principle which is based on the
idea that the residual should not be smaller than the accuracy of the measurements,
ie. HARaf5 — f‘SH < v¢ for some parameter v < 1.

From now on let X and Y be Hilbert spaces and A: X — Y be a compact
linear operator with adjoint A*: Y — X. The non-negativesquare roots of the
eigenvalues of A*A: X — X are called the singular values of A. We always assume
that A # 0. For a proof of the following theorem see [15] or [42].

Theorem 1.27. Let (py,), p1 > po > -+ be the singular values of A. Then there
exists orthonormal sequences (@) in X and (gy) in'Y such that

Apn = pingn,  A"gn = tnpn
and for all p € X

0= (9, 0n)en + Qp

n=1

o0
o= 1in(e,0n)g
n=1

where @Q: X — N(A) is the orthogonal projection operator. The system (fin, ©n, gn)
is called a singular system of A.

Theorem 1.28 (Picard’s Theorem). Let A: X — Y be a compact linear
operator with singular system (fin, @n, gn). Then Ap = f is solvable if and only if
f € N(A")L and satisfies

> S 1(f 907 < 0. (1.38)

In this case a solution is given by

Z ~(f,9n)¢n- (1.39)

Proof. The necessity of f € N(A*)* follows from N(A*)+ = A(X). If Ap = f
then
/1‘71(3079071) = (SovA*gn) = (A%gn) = (fv gn)

and hence
o

2; (f g0) 2 Zw% <l

n=1
and the necessity of (1.38) follows.
Conversely, if f € N(A*)* and (1.38) is satisfied then (1.39) converges in X.
Applying A to (1.39) gives

Ap = (frgn)gn = [

n=1
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since f € N(A*)*. O

Picard’s theorem shows that the ill-posedness of Ay = f comes from the fact
that u, — 0. This suggests filtering out the influence of 1/u,, in the solution of
(1.39). To this end we have the following theorem.

Theorem 1.29. Let A: X — Y be an injective compact linear operator with
singular system (fin, ©n, gn) and let g: (0,00) x (0, ||A||) = R be a bounded function
such that for each @ > 0 there exists a positive constant c(a) with

lg(c, p)] < ela)p, 0 < p <[l A] (1.40)

and
lim glo.n) =1, 0< 1< |lA]. (1.41)

Then the bounded operators Ry: Y — X, a > 0, defined by

Rof: 3 alnmn)(fugn)eas fEY

n=1""

describes a regularization scheme with ||Ry| < c(a).

Proof. Since for all f € Y we have that

1P =Y 1(F 90) " + 1QFI
n=1
we have from (1.40) that
=1
IRaf]? = e (e, ) [(f5 gn) I
n=1""

< le(@)* Y 1(£, 9a)I”

< le(a)* | £II”

form all f € Y and hence ||R,|| < ¢(«). With the aid of

1
(RCWA507 (Pn) = ?q(aa :un)(AQOa gn)

n

= q(a, tn) (9, on)

and the singular value decomposition for R,.A¢ — ¢ we obtain

|RaAp — o [(RaAp — ¢, 00)°

M

3
Il
-

(1.42)

[a(ev, ) = 117 [0, o)

M

3
I
—
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where we have used the fact that A is injective.
Now let ¢ € X with ¢ # 0 and let € > 0 be given. Let |g(a, u)] < M. Then
there exists N = N(¢) such that

o0
€

Y @)l < g
ey 2(M + 1)

By (1.41) there exists ag = ag(€) > 0 such that
€
(e, ) = 1] < ——

2|l

foralln =1,2,--- ,N and 0 < o < «p. Splitting the series (1.42) into two parts
now yields

2
IRaAp — o* < lewn + <e

for 0 < o < ap. Hence R, Ap — ¢ as o — 0 for all ¢ € X and the proof is
complete. 0O

2
2||

The special choice
2
o
o+ p?
leads to Tikhonov regularization with is arguably the most popular method for
solving ill-posed operator equations of the first kind.

qla, p) =

Theorem 1.30. Let A: X — Y be a compact linear operator. Then for each o > 0
the operator al+A*A: X — X is bijective and has a bounded inverse. Furthermore,
if A is injective then Ry, := (al +A* A)~tA* describes a regularization scheme with
|Rall < 7=

Proof. From a |¢|® < (o + A* Ap, ¢) for all ¢ € X we conclude that for o > 0
the operator ol + A*A is injective. Let (uy, n,gn) be a singular system for A
and Q: X — N(A) denote the orthogonal projection operator. Then T: X — X
defined by

o0

Tcp::Z

n=1

is bounded and (al + A*A)T =T(al + A*A) =1,ie. T = (al + A*A)~!
If A is injective then for the unique solution ¢, of

apq + A Apy = A* f

we deduce from the above expression for (af+.4*A)~! and the identity (A* f, ¢,) =
fin(f, gn) that

1
P (¢ 0n)en + EQ(@)

o0

(pa:

" Jr e 5 (s 9n)n-
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Hence

— 1

Rof = Z IQ(O(’Mn)(f) gn)‘Pn7 JeyYy
n=1""

with ¢(a, p) = ﬁiz The function g satisfies the conditions of Theorem 1.29 with

c(a) = 1/2y/a due to the fact that

2

\/augoH;u :

The proof of the theorem is now complete. O

It can be shown that the Morozov discrepancy principle is a regular strategy
for choosing a [42], [82]. Regularization methods can also be developed for the case
when the operator A is perturbed with a known error level [42].

1.4 The Scattering Problem for Anisotropic Media

We now consider a more general scattering problem where the scattering media can
exhibit anisotropic behavior when interrogated by incident waves. The correspond-
ing direct problem can be formulated as finding v and the scattered field v® such
that

V- AVu+ k*nu =0 in D (1.43)
Au® + E*u® =0 in R3\ D (1.44)
u—u® = on 0D (1.45)
ou  Ou® o’
— = = D 1.4
vy Ov  Ov on 9 (1.46)
. ou® .\
Tlirglor ( 5 —iku > =0 (1.47)

where u’ is the incident field (to become precise later on), D is the support of the
inhomogeneity which is assumed to be a bounded Lipschitz domain such that R3\ D
is connected, and A is a 3 x 3 symmetric matrix with L°°(D)-entries such that

E-RAE>7E? and € -I(A)E<O

for all £ € C3 a.e. z € D and some constant v > 0. The assumptions on n are the
same as in Section 1.2. Here Ou/dv4 denotes the co-normal derivative, i.e.

Ju

Assuming that u’ is an entire solution to the Helmholtz equation, one can easily see
that the function w defined as

w(zr) =u(z) —u'(r)x € D and w(x)=u’(z)z € R*\ D
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satisfies
V- AVw + k*nw =V - (I — A)Vu; +k*(1 —n)u; in R? (1.48)

together with the Sommerfeld radiation condition where the matrix A and the index
n have been respectively extended by the identity matrix and 1 in the whole R3.
Note that (1.48) also holds for u’ := ®(-, 2), z ¢ D, where ®(-, 2) is the fundamental
solution of the Helmholtz equation given by (1.8).

Our aim in this section is to establish the existence of a unique solution w €
H} (R?) to (1.48). To this end we will rely on a variational approach, hence in the
following we lay out the analytical framework for such approach.

Definition 1.31. Let X be a Hilbert space. A mapping a(-,-): X - X — C is called
a sesquilinear form if

a(A1ug + Ague, v) = Aa(ur,v) + Aaa(ug, v)
for all A1, Ao € C, uy,us € X and
a(u, pyv1 + pgv2) = fna(u, v1) + faa(u, va)

for all pr,pe € C, v1,v € X.

Definition 1.32. A mapping F: X — C is called a conjugate linear functional if

F(py,v1 + p2,ve) = i F'(vi) + 2 F(v2),  pa,p2 € Covp,vp € X,

Lemma 1.33 (Lax—Milgram Lemma). Assume that a: X x X — C is a
sesquilinear form (not necessarily symmetric) for which there exist constants a, 8 >
0 such that

la(u,v)| < allull||v]]  for allu,v € X

and
|la(u,w)| > B |lul®  for allu e X. (1.49)

Then for every bounded conjugate linear functional F: X — C there exists a unique
element u € X such that

a(u,v) = F(v) forallv e X.

Furthermore ||u|| < C||F|| where C > 0 is a constant independent of F.

Remark 1.34. Note that the Lax-Milgram Lemma is a generalization of the Riesz
Representation Theorem.

Remark 1.35. A sesquilinear form satisfying (1.49) is said to be strictly coercive.
Definition 1.36. The Dirichlet-to-Neumann map 7" is defined by

T:v—>@ on Sp
ov
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where v is a radiating solution to the Helmholtz equation Av + k*v = 0, Sg is the
boundary of some ball Br :=: {x: |z| < R} and v is the outward unit normal to
Sgr.-

From the definition, we see that T" maps

o0 n

vzz Z an'Y,"

n=0m=—n

with coeflicients a]' onto

Tv = i Yn z": ap'y "
n=0

where "
khy (kR
Tn = (1)( )7 n=01,--.
hy” (kR)

Noting that spherical Hankel functions and their derivatives do not have real zeros
since otherwise the Wronskian of hsll) and hg) would vanish, we see that T is
bijective. Furthermore, using the results of Section 1.1, it can easily be shown that

er(n+1) < Jyal < ea(n+1)

for all n > 0 and some constants 0 < ¢; < ¢o. From this if follows that T': H'/2(Sg) —
H~'/2(SR) is bounded. We remark that

()2
1 n
R = LY ER)
2 |hnP(kR)
since the modulus of h%l)(r) is decreasing with respect to r (see (1.7)) while
g W (R 0) (kR)

x - _ <
S0n) =3 Y 2(kR) =Y

according to (1.6). These properties show in particular that
S(Tv,v) >0 and R(Tw,v) <0 Yve HY?(Sg) (1.50)

where (-,-) denotes the duality pairing between H~/2(Sg) and H'/?(Sg) with
respect to the L?(Sg) scalar product for regular functions.

Remark 1.37. If we define Ty: H'/?(Sg) — H~'/?(SR) by

n

Tov := —% nz::o(n +1) Z an'’yY, "

m=—n
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we clearly have that

_ 1 — - mi2
/TovvdsRnZ%(nJrl) Z lan|

SR m=—n

with the integral to be understood as the duality paring between H'/2(Sy) and
H~'/2(SR). Hence

_ 2
_/Tovi}dS >c HU||H1/2(SR)
Sr
for some constant ¢ > 0, i.e. —Tj is strictly coercive. From the series expansion for

hg) we have that
'ynn+1{1+0(1>}, n — 00
R n

which implies that T — Ty: H'/?(Sr) — H~/?(Sg) is compact since it is bounded
from H'/2(Sg) into H'/?(Sg) and the embedding from H'/?(Sg) into H~/2(Sg)
is compact.

Setting ¢ = Vu'|p and ¢ = u?|p, we can now replace the scattering problem
(1.43)-(1.47) or (1.48) by an equivalent problem for a bounded domain: Find w €
H'(Bg) such that

V- AVw + k*nw =V - (I — A)p +k*(1 —n)y in By (1.51)
ow
5, = Tw on Sk, (1.52)

Multiplying (1.51) by a test function v € H'(Bpr) and use Green’s first identity to
arrive at the following equivalent variational formulation of problem (1.51)-(1.52):
Find w € H'(Bg) such that

a1 (w,v) + az(w,v) = F(v) forall v e H'(Bg) (1.53)

where

a1 (p,v) = /V5~Av¢dm+ /E(bdsc—(TqS,w

R as(p,v) = — /R (nk® + 1) v¢ dz
Flo) = — / Vo (I - A)p + /(1 _ n)Tyda.

Theorem 1.38. Assume that ¢ € L?(D)3 and ¢ € L?(D) and in addition that A
is continuously differentiable in D. Then there exists a unique solution to (1.53).

Proof.
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1. From the assumption & - R(A)¢ > |§|2 and the fact that —T is non-negative
we can conclude that aq (-, ) is strictly coercive.

2. Using the Riesz representation theorem we can now define the operator

A: HY(Br) — HY(Bg) by a1(w,v) = (Aw,v) 1 (g, and from 1. and the
Lax-Milgram lemma we have that A~! exists and is bounded.

3. Similarly, we can define a bounded linear operator B: H'(Bgr) — H'(Bgr) by
az(w,v) = (Bw,v) 1 (p,,) and due to the compact embedding of H'(Bg) into
L?(Bgr) we have that B is compact.

4. The theorem now follows if we can show that A + B is boundedly invertible.
But this follows from 2. and 3. by the Fredholm alternative provided we
have uniqueness of a solution to (1.43)-(1.47). Under the assumption that
A is continuously differentiable, this follows from Rellich’s Lemma and the
unique continuation principle for solutions to (1.51) in a similar way as in the
isotropic case discussed in Section 1.2 (c.f. [65]).

Since (1.53) is equivalent to the scattering problem (1.43)-(1.47), the above
theorem establishes the well-posedness of the direct scattering problem for anisotropic
media.

For further use in Chapter 2, we will need the following formulas:
. 1 -
Woo (&) = —7— [ (k2 - (I = A)(p(y) + Vu(y)
D

+ K1 = n)(y) (W (y) +w(y))) e " dy, (1.54)

oo () = —ﬁ / (iki - (I — A)Vuly) + k(1 — n)(guy) e dy.  (155)
D

Since (1.55) follows immediately from (1.54), it suffices to prove (1.54). To this end,
we note that

Aw+E*w =V (I — A)Vw +E*(1 —n)w + (V- AVw + k*nw)
=V -(I-A)(Vu+e¢)+E(1—n)(w+). (1.56)

From Green’s formula we immediately have that

w(z) = —/@(w,y)(Aw + k*w)dy, (1.57)
D
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where the integral is understood as the convolution of the fundamental solution
with the compactly supported distribution Aw + k*w. Then from (1.56) and (1.57)
we have that

w(z) = — /(1 — AN (VW + @) - Vad(@,y) + k2(1 — n)(w + )0 (. ) dy.
D

Finally letting « tend to infinity, now yields (1.54).

1.4.1 The Far Field Operator

If we consider plane wave incident fields, i.e. u’(z) := e where |d| = 1, similarly
to the isotropic case we have that the scattered field corresponding to (1.43)-(1.47)

satisfies.
0= i +0 (4]
u®(x) = Uoo (T, d) + — .
|| ||

The following reciprocity relation can be proven exactly in the same way as Theorem
1.12 where using the symmetry of A and with help of Green’s theorem the integral
over 9D is moved to the integral over |y| = a.

ikx-d

Theorem 1.39. Let ux(Z,d) be the far field pattern corresponding to (1.43)-(1.47).
Then oo (&, d) = oo (—d, —1).

The reciprocity relation states that the far field pattern is unchanged if the
direction of the incident field and observation directions are interchanged. It can
be generalized to a relationship between the scattering of point sources and plane
waves, which is refereed to as mized reciprocity relation. The following theorem can
be proven in a similar way as Theorem 1.12 (see for details Theorem 3.16 in [42]).

Theorem 1.40. Let ux(,2) be the far field pattern of the scattered field u®(z, 2)
for the scattering of a point source u' := ®(x, z) located at z € R3\ D, and u®(z,d)
be the scattered field due to a plane wave u’ := e"**¢. Then

ATUos(—d, z) = u(z,d),  z€R*\D, deS.

We can define the far field operator F: L?(S?) — L?(S?) corresponding to
(1.43)-(1.47) by

(Pg)(@) 1= [ use(@,d)g(d) ds(a),
SZ
with the corresponding scattering operator given by (1.28).

Theorem 1.41. Let g,h € L*(S?) and let vg and vy, be the Herglotz wave functions
with kernels g and h respectively. Then if (ug,uy) and (up,uy) are the solutions of
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the scattering problem (1.43)-(1.47) corresponding to the incident field u* := v, and
u? = vy, respectively, we have that

_ / S(A)Vu, - Vi do + k2 / S(n)uyar dz = 27(Fg, h) — 2x(g, Fh) — ik(Fg, Fh).
D D

Proof. Let uy, = ug +vg and up = uj, + v, be the total fields in R®\ D. Then
using transmission conditions, the divergence theorem along with the symmetry of
A and the equations in D we have

ouy, 0 ouy, 0
[ (-t e (5 -
oD

|z|=a

= / (ug AVup - v —up AVug - v) ds = / (V- (ugAVuy) — V - (@ AVuy)) do

8D D

= / (Vug - AVuy, — Vay, - AVuy) da + / (ugV - AVuy, —up, - VAVu,) d
D D

= / (Vug - AVuy, — Vuy - AVug) dr + k? / (Wpnug — ugnuy) do
D D

Hence we have that
ouy, Ouyg
Th e 1.
/ (ug 5, ~ Uh 81/) ds (1.58)

= —22’/%(A)Vug -Vay, dz + QikQ/S(n)ugtThdac.
D D

Proceeding exactly as in the proof of Theorem 1.13 where w, and wy, are
replaced by the fields outside D uy and uyp, we obtain that

oup,  __Oug

|z|=a

=4n(Fg,h) — 4n(g, Fh) — 2ik(Fg, Fh).
Combining (1.58) and (1.59) yield the result 0O
Now Theorem 1.41 implies the following property of the far field operator.

Theorem 1.42. Assume that both S(A) = 0 and S(n) = 0. Then the far field
operator corresponding to the scattering problem (1.43)-(1.47) is normal.

Proof. The proof is exactly the same as the proof of Theorem 1.14 O
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Finally, the proof of Theorem 1.15 and Corollary 1.16 carry through for the
far field operator corresponding to the scattering problem for anisotropic media.
More precisely, the following theorem holds (see also Theorem 6.2 in [15])

Theorem 1.43. Let F : L?(S?) — L2(S?) be the far field operator corresponding
to the scattering problem (1.25)-(1.27). Then F is injective and has dense range
if and only if there does not exist a Herglotz wave function vy such that the pair
u,v 1= vy s a solution to the transmission eigenvalue problem

V-AVu+k*nu=0  in D (1.60)
Av+ kv =0 in D (1.61)
v=u on 0D (1.62)
v ou
— = D. 1.
9 = os on 0 (1.63)

Values of k > 0 for which (1.60)-(1.63) has non-trivial solutions such that
v := vy, i.e. v is a Herglotz wave function are called non-scattering wave numbers.
In particular F' is injective and has dense range if and only k is not a non-scattering
wave numbers. We also mention that values of k for which (1.60)-(1.63) has non-
trivial solutions are referred to as transmission eigenvalues.

1.4.2 The Inverse Scattering Problem

Similarly to the inverse medium problem for isotropic inhomogeneities (Section
1.2.2), the inverse problem is to determine A(x) and n(z) (or some properties of
A(z) and n(z)) from a knowledge of the far field u*°(Z,d) corresponding to the
scattering problem (1.25)-(1.27). Unfortunately, in the general case of matrix valued
functions A(z), the far field patterns u®(-,d) do not uniquely determine A and n
even if they are known for all d € S? and all wave numbers k [60]. Hence in general
for anisotropic media, only the uniqueness of the support D of the inhomogeneity
can be expected . The idea of the uniqueness proof for the inverse medium scattering
problem originates from [67], [68] 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 anisotropic medium is due to Hahner [61]
(see also [24]), the proof of which is based on the existence of a solution to the
modified interior transmission problem. To proceed further let us define the (non-
homogeneous) interior transmission problem corresponding to (1.60)-(1.63): Given
f € HY?(D) and h € H-Y/2(0D), find v € H'(D) and v € H(D) satisfying

V- -AVu+knu=0 in D (1.64)
Av+ kv =0 in D (1.65)
u—v=f on 0D (1.66)

Jw O _ h on 0D. (1.67)

va v
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This problem will be analyzed in Chapter 3 in this book. The uniqueness result is
based on the following assumption on the interior transmission problem.

Assumption 1. A, n are such that the modified interior transmission problem:
Given f € HY?(0D), h € H-Y2(dD), ¢, € L*(D) and l5 € L*(D), find w €
HY(D) and v € HY(D) satisfying

V- AVu +ynu={; in D (1.68)
A’U—f—’)/gi} = eg in D (169)
u—v=f on 0D (1.70)

ou  Ov
- _ = = D 1.71
da o h on dD, (1.71)

for some constants v1 and v2 has a unique solution has a unique solution which
satisfies

lull 2oy + 10l 1oy < C (1 larr2om) + 10l 517200y + 11l 22Dy + [1€2llL2(D)) -

Note that the interior transmission problem (1.64)-(1.67) is a compact pertur-
bation of (1.68)-(1.71). This implies the following lemma which will be used in the
proof of uniqueness, in order to obtain the result without assuming that k is not a
transmission eigenvalue.

Lemma 1.44. Assume that Assumption 1 holds, and let {v,, u,} € H'(D) x
HY(D), j € N, be a sequence of solutions to the interior transmission problem
(1.64)-(1.67) with boundary data f, € Hz(dD), h, € H=2(0D). If the sequences
{fn} and {hy,} converge in H2(OD) and H~2(dD) respectively, and if the sequences
{vn} and {u,} are bounded in H*(D), then there exists a subsequence {vy, } which
converges in HY(D).

Proof. Thanks to the compact imbedding of H(D) into L?(D) we can select
L2-convergent subsequences {v,, } and {u,, }, which satisfy

V- AV, + Yitn, = (7 — k*n)un,, in D

Avnk + Y2 Un,, = (’)’2 - k2)vnk in D
Uny — Vny, = [y, on 0D
Oy, Ovp,
Oova ov k on

Then the result follows from Assumption 1. O
We are now ready to prove the uniqueness theorem.

Theorem 1.45. Let the domains Dy and D, the matriz-valued functions Ay and
Ay, and the functions ni and ns are such that Assumption 1 holds. If the far
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field patterns u$°(Z,d) and u$®(Z,d) corresponding to Di,A1,n1 and Do, As,na,
respectively, coincide for all & € S? and d € S?, then Dy = Ds.

Proof. Denote by G the unbounded connected component of R\ (D; U Ds)
and define D§ := R3\ Dy, D§ := R®\ Dy. By the analyticity of the far field
patters and Rellich’s lemma we conclude that the scattered fields uj (-, d) and u3(-, d)
which are solutions of (1.43)-(1.47) with Dy, Ay, ny and Dy, As, ng, respectively, and
ut = e*¥d_ coincide in G for all d € S2. For the incident field u’ := ®(z,z) we
denote by uf(-,z) and u$(+,2) the corresponding scattered solutions. The mixed
reciprocity relation in Theorem 1.40 with another application of Rellich’s lemma
implies that uj (-, z) and u§(-,2) also coincide for all z € G. In terms of notations
(1.48), this means that wy (-, z) = wa(:, z) 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 Q(z)
denotes the ball of radius ¢ centered at z:

1. Qge(z) N D2 = @,

2. The intersection D N Qg (2) is contained in the connected component of D
to which z belongs,

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

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

normal to 9D at z.

Due to the singular behavior of ®(-, 2,), it is easy to show that ||®(-, 2,)| 51 (D) —
oo as n — co. We now define

1

" (x) =
@) = B s

D(x, z), x € Dy U Dy

and let w and wy be the scattered fields solving the scattering problem (1.48)
with u? := v™ corresponding to D1, A1,n1 and Ds, Ao, na, respectively. Note that
for each n, v™ is a solution of the Helmholtz equation in D; and Ds. Our aim is
to prove that if D; ¢ D then the equality wi(-,2) = wa(-,2) for z € G allows the
selection of a subsequence {v™*} from {v™} that converges to zero with respect to
H'(Dy). This certainly contradicts the definition of {v™} as a sequence of functions
with H'(D;)-norm equal to one. Note that wi(,2) = wa(-,2) obviously implies
that wi = wy in G.

We begin by noting that, since the functions ®(-, z,) together with their
derivatives are uniformly bounded in every compact subset of R3? \ Qs.(z), and
since [|®(-, 2n)| g1 (p,) — 00 as n — oo, then |[v"| g1(p,) — 0 as n — oco. Hence,
if Qp is a large ball containing Dy U Dy, then ||wh| g1 0,ng) — 0 also as n — oo
from the well-posedness of the direct scattering problem . Since w] = wj in G
then ||w? || g1 (@rne) — 0 as n — oo as well. Now, with the help of a cutoff function
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X € OF°(Qsc(2)) satisfying x(z) = 1 in Qrc(2) we see that [|w]||g1ung) — 0

implies that

O(xwt)
v

on D1, with respect to the H2(dD;)-norm and H~2(9D;)-norm, respectively.
Indeed, for the first convergence we simply apply the trace theorem while for the
convergence of 9(xw})/dv, we first deduce the convergence of A(yw?) in L%(Qr N
D%), which follows from A(xw}) = xAw} 4+ 2Vyx - Vw}' + wiAy, and then apply
Green’s Theorem. Note here that we need conditions 2 and 4 on z to ensure Qg.(z)N
Df = QSE(Z) NG.

We next note that in the exterior of Qa.(z) the H?(Qpg \ Q2.(2))-norms of
v™ remain uniformly bounded. Then thanks to the smoothness of A and n, reg-
ularity results for (1.48) [58] imply that w} is uniformly bounded with respect
to the H2((Qr N DY) \ Quc(2))-norm. Therefore, using the compact imbedding
of H2(Qp N D$) into HY(Qr N DY), we can select a H(Qr N DY) convergent
subsequence {(1 — x)w(*} from {(1 — x)w}}. Hence, {(1 — x)wy*} is a conver-
gent sequence in H 2 (0D1), and similarly to the above reasoning we also have that
{8((1 — x)w™)/dv} converges in H~2(8D;). This, together with (1.72), implies

that the sequences
Ow?*
N d 1
wpy e {55

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

Finally, since the functions wi* + v™* and v™ are solutions to the interior
transmission problem (1.64)-(1.67) for the domain D; with boundary data f = w(*
and h = Qw}* /v, and since the H'(D;)-norms of w(* + v™ and v™ remain
uniformly bounded, according to Lemma 1.44 we can select a subsequence of {v™* },
denoted again by {v™*}, which converges in H'(D;) to a function v € H*(D;). As
a limit of weak solutions to the Helmholtz equation, v € H(D;) is a weak solution
to the Helmholtz equation. We also have that v|p,\q,. () = 0 because the functions
v™ converge uniformly to zero in the exterior of {25.(z). Hence, v must be zero
in all of Dy (here we make use of condition 3, namely the fact that the connected
component of D containing z has points which do not lie in the exterior of Qge(z)).
This contradicts the fact that [[v™* || g1(p,) = 1. Hence the assumption Dy ¢ D, is
false.

Since we can derive the analogous contradiction for the assumption Dy ¢ Dy, we
have proved that Dy = Ds. 0

(xw) — 0, — 0, as n — 0o (1.72)




Chapter 2

The Determination of the
Support of
Inhomogeneous Media

We now introduce and analyze a class of inversion methods, often referred to as
qualitative methods, that solve the inverse problem of finding D from the measured
far field data us(2,d) for (£,d) € S? x S? without reconstructing the index of
refraction n or other medium physical parameters. These methods are based on a
careful analysis of the range of the far field operator F : L?(S?) — L2(S5?) defined
by

(Fg)(@) == / oo (2, d)g(d) ds(d). (2.1)
S2

The analysis of these methods do not require weak scattering approximations. In
addition, the associated algorithms do not require a forward solver of the scattering
problem, and hence they are faster to implement.

We start in Section 2.1 with the Linear Sampling Method (LSM) that has been
introduced in [39] to solve the aforementioned inverse problem and that was further
analyzed in a number of subsequent works [13], [38] and [49]. We refer to [15] for an
extensive presentation of this method and its various applications. This method has
the simplest formulation and can be easily adapted to different settings of the data
(near field data, data available on a limited aperture) and the scattering problem
(inhomogeneous background). However, the theoretical foundation of the method
does not fully justify why it numerically works. For instance the theory does not
provide a regularization scheme that construct the predicted indicator function of
the domain D. We provide in Section 2.1 a complete analysis of this method in the
simple isotropic case.

A new formulation of LSM, referred to as Generalized Linear Sampling Method
(GLSM), has been proposed in [7] in order to circumvent the above mentioned weak
point. It gives an exact characterization of the domain D in terms of the range of F'.
Moreover, it yields a numerically tractable indicator function, but at the expense
of additional numerical cost. A detailed presentation of this method is given in
Section 2.2 and follows the one given in [6] and [7]. We provide in Section 2.2.1
the theoretical foundation of the GLSM in an abstract framework that can then

37
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be applied to various inverse scattering problems. We confine ourselves with the
theory adapted to data available on a full aperture and refer to [5] for more elaborate
formulations that can apply to near field data, data available on a limited aperture
and inhomogeneous backgrounds. Sections 2.2.2 and 2.2.3 address the issue of noisy
operators. Although important from the practical point of view, these sections can
be skipped in a first reading. The application of the abstract theory to the isotropic
inverse problem is then presented in Section 2.2.4.

Another exact characterization of D in terms of the far field operator can be
obtained using the so-called inf-criterion. This method is presented in Section 2.3.
The main drawback of this characterization is that it is numerically less attractive
than other sampling methods. However, this criterion can be used to justify other
methods like the factorization method presented in Section 2.4. The latter was first
introduced by Kirsch in [74] and we refer the reader to [78] for a detailed analysis
of this method. We give here a self-contained and slightly different presentation of
the abstract theory related to this method for both versions, the (F*F)'/* and F}
methods. We also discuss for each version the application to the isotropic inverse
problem. The factorization method requires (in principle) stronger assumptions
than the other sampling methods. For instance, the generalization to the case of
limited aperture is an open problem as well as for inhomogeneous backgrounds that
contain absorption.

Section 2.5 complement the picture on sampling methods by addressing some
link between them. We explain for instance how the (F*F)'/* method can be used
to provide precise information on the behavior of the Tikhonov regularized solution
of the LSM equation. We also explain how the factorization method can comple-
ment the GLSM to solve the imaging problem where one would like to identify a
change in the background using differential measurements. Some simple compara-
tive numerical illustrations of these methods are given in Section 2.5.3. Application
to the case of differential measurements is discussed in Section 2.5.4 in a simpli-
fied configuration. This section does not intend to give a full presentation of this
important problem but rather a glimpse on potential new applications of sampling
methods.

We close this chapter with Section 2.6 where the application of all previously
introduced sampling methods is discussed in the case of anisotropic media. This
provides a unified presentation of the analysis of these methods for a particular
problem.

2.1 The Linear Sampling Method (LSM)

We consider here the first class of qualitative methods that has been introduced in
[39] and that was further analyzed in a number of subsequent works [13], [38] and
[49]. Roughly speaking, the idea of the method is to consider approximate solutions
to (2.1) (in a sense that will be made precise later), i.e. g. € L?(S?) satisfying

ng =~ CI)OO(,Z)

with @ (2, 2) := ;e "** being the far field pattern associated with the funda-
mental solution ®(-,z) and then use z — 1/||g.||z>(s2) as an indicator function
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for the domain D. We shall first give a presentation of the method in the spe-
cial case where us (-, d) is the far field pattern associated with the scattered field
u(-,d) € H} (R?) solution to (1.25)-(1.27). The index of refraction n € L*°(R?)

loc
is such that ®(n) > 0, I(n) > 0, n = 1 outside the support D of m := 1 — n,
and assume that D contains the origin, has Lipschitz boundary 0D and connected
complement in R3. According to Theorem 1.38, let us define for ug € L*(D) the
unique function w € H} (R?) satisfying

Aw + k?nw = k*(1 — n)ug in R3,

lim / 0w /0| — ikw|* ds = 0. (22)
R—o0
|z|=R
Obviously, if ug(z) = €**%* then w = u*(-, d), and therefore the far field pattern ws,
of w coincides with us (-, d). Let us consider the (compact) operator H : L?(S?) —

L?(D) defined by
Hg = vy|p, (2.3)

where the Herglotz wave function v, is defined by (1.29), namely,

vg(2) := [ e*7g(d)ds(d), z € R3.
/

Let us denote by Hj,.(D) the closure of the range of H in L?(D). We then consider
the (compact) operator G : Hiye(D) — L?(S?) defined by
G(up) = Weo, (2.4)

where w is the far field pattern of w € H} (R?) satisfying (2.2). One therefore
easily observes that F' can be factorized as

F = GH. (2.5)

The justification of the Linear Sampling Method (LSM) is mainly based on the
characterization of D in terms of the range of the operator G. This characterization
uses the solvability of the interior transmission problem: Find (u,uq) € L?(D) x
L?(D) such that u — ug € H*(D) and

Au+Ek’nu=0 1in D,

Aug + k‘2uo =0 inD,

u—uyg=f ondD,

O(u—wug)/Ov="h ondD,

(2.6)

for given (f, h) € H3/?(0D)x H'/?(9D) where v denotes the outward normal on 9D.
Values of k for which this problem is not well posed are referred to as transmission
eigenvalues. We consider in this chapter only real transmission eigenvalues.
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The analysis of the interior transmission problem and of transmission eigen-
values will be conducted in the next two chapters. We only need in this chapter the
well posedness of this problem (as well as the well posedness of the direct problem
(2.2)) for data ug € L?*(D). At this point we formulate this statement in the fol-
lowing assumption (the solvability of the interior transmission problem is subject
of Chapter 3).

Assumption 1. We assume that the refractive index n and the real wave number
k are such that (2.6) defines a well posed problem.

We recall from Theorem 1.38 that (2.2) is well posed if n € L>(R?), R(n) > 0,
S(n) > 0 and n = 1 in R®\ D. The well posedness of (2.6) requires at least that
n # 1 in a neighborhood of dD and that k is outside a countable set without finite
accumulation points (see Chapter 3).

A first step towards the justification of LSM is the characterization of the
closure of the range of H.

Lemma 2.1. The operator H is compact and injective. Let Hi,.(D) be the closure
of the range of H in L*(D). Then

Hine(D) ={v e L*(D): Av+k*v=0 in D}.

Proof. For the first part, assume that Hg = 0 in D. Since,
AHg+Kk*Hg=0 in R

by the unique continuation principle, Hg = 0 in R3. This implies (using the Jacobi-
Anger expansion [42]) that g = 0.

For the second part of the lemma, we give a slightly different proof than the
original one in [110]. Set Hi,.(D) := {v € L?*(D) : Av + k?v = 0 in D}. Then
obviously Hine(D) C Hine(D). To prove the theorem it is then sufficient to prove
that H* : L?(D) — L?(S5?), the adjoint of the operator H given by

H p() = /e‘iki'ygo(y)dy, pE LQ(D), e S? (2.7)
D

is injective on ﬁ;c(D). Let ug € ﬁ:;c(D) and set

u(z) = /<I>(:E7y) uo(y) dy, =€ R>.
D

From the regularity properties of volume potentials (Theorem 1.8), we infer that
u € H? (R3) and satisfies

loc

(i)  Au+ k?u = —ug in D,
(2.8)

(ii) Au+k?u=0 in R3\ D.
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Since by construction 4mus, = H*(up), then H*(ug) = 0 implies that us, = 0 and
therefore v = 0 in R®\ D by Rellich’s lemma. The regularity u € H7 (R?®) then
implies u € H3(D). Now take the L?(D) scalar product of (2.8-i) with ug to obtain

/ (Au+ k*u) ug dz = Hu0||iz(D) .

D
The left hand side of this equality is zero since Aug + k2ug = 0 in the distributional
sense and u € HZ(D). O

The following reciprocity lemma will also be useful.

Lemma 2.2. Letug,u; € L*(D) and let wy andwy € H (R?) be the corresponding
solutions satisfying (2.2). Then

/(1 —n)wp - urde = /(1 —n)w - updz. (2.9)

D D
Proof. We have

(2.10)

(i) Awo+ k?>nwo=k*(1—n)uy in R3,
(it) Awy +k*nw; =k*(1 —n)u; in RS

Let Bgr be an open ball with radius R that contains D. Multiplying (2.10-i) by w;
and (2.10-i7) by wq yields, after integrating over Br and taking the difference,

/ Awowy — Awy wy do = k? /(1 —n)ugwy — (1 —n)ug wp dz.

Br D

Integrating by parts, we obtain

/ (Owg/Or)wy — (Owy /Or)wy ds(x)
OBr
=k? [ (1 —=n)ug-w; — (1 —n)uy -wo de. (2.11)
/

Since wy and w; satisfy the Sommerfeld radiation condition
lim / |Bw/Or — i kw,|* ds(&) = 0
R—o0
SBR

and

lim / |we|? ds(x):/|wﬁo|2ds(i)
R—o0
52

OBRr
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for £ = 1,2. Therefore,

Rlim (Owg /Or)wy — (Owy /Or)wy ds(z) = 0.
—00
OBRr

The lemma follows by letting R — oo in (2.11). 0O

We now prove the main ingredient for the justification of the Linear Sampling
Method.

Theorem 2.3. Assume that Assumption 1 holds. Then the operator G : Hine(D) —
L2(S?) defined by (2.4) is injective with dense range. Moreover,

Do (-, 2) € R(G) if and only if z € D.

Proof. We start by proving that G : Hi,e(D) — L?(S?) is injective with dense
range. Let up and w satisfy (2.2). From (1.22), we get

- / e V(L) (uo(y) +w(y))dy.
D

w> (&) =

Therefore, for g € L?(S?),

2
(G(UO)79)L2(SZ) = I / 1—mn)(u + U})Hg dx. (2.12)
D

Assume that uy = Hep for some p € L?(S?) and set w(p) = w. Then the previous
equality can be written as

(GOHP). g) 2o = K / (1 — n)(Fp + w(e)) Hy d. (2.13)
D

From Lemma 2.2 we get
[ =T+ w(e) g da = [ (1= ) + w(9)) Fp d

Therefore, the identity (2.13) implies the reciprocity relation
(G(He),9)12(s2) = (G(Hg), ) 12(s2) V9,0 € L*(5?). (2.14)

Now assume that (G(He),g)r2(s2) = 0 for all p € L?(S5?). We deduce from (2.14)
that G(Hg) = 0. Using Rellich’s Lemma and unique continuation principle we
deduce that w(g) = 0 in R®\ D. Consequently, if we set u := w(g) + Hg, then
the pair (u,Hg) is a solution to (2.6) with zero data. Our hypothesis ensures that
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Hg = 0 in D and consequently g = 0 (by Lemma 2.1). This proves the denseness
of the range of G.

We now prove the injectivity of G. Let ug € Hine(D) and let w € H} (R?)
be the associated scattered field via (2.2). As observed earlier, w € H?(Bg) for all
balls Bg centered at the origin of radius R. Assume that G(ug) = 0. From Rellich’s
Lemma we deduce that

w=0 in R*\D.
Consequently, if we set, u := w + ug, then the pair (u, ug) is a solution to (2.6) with
zero data. Assumption 1 then ensures that ug = 0, which proves the injectivity of
G.

We now prove the last part of the theorem. We first observe that @ (-, 2)
is the far field pattern of u, = ®(, 2) satisfying Au, + k*u. = —§, in R? and the
Sommerfeld radiation condition. Let z € D. We consider (u,ug) € L?(D) x L*(D)
as being the solution to (2.6) with

f(z) = ue(x; 2) and h(z) = Que(x; 2)/Ov(z) for x € OD. (2.15)

We then define w by

=4
&
I

u(x) —ug(z) in D,

w(x) = ue(x; 2) in R®\ D.

Due to (2.15), we have that w € H7 (R?) and satisfies (2.2). Hence Gug = ®oo (-, 2).

Now let z € R3\ D. Assume that there exists ug € Hi,(D) such that Gug =
®..(,2). By the Rellich’s Lemma we deduce that w = u.(-;2) in R3\ D where w
is the solution to (2.2). This gives a contradiction since w € H} (R3\ D) while
ue(:;2) ¢ Hp (R°\ D). DO

Since the operator H is compact, the characterization of D in terms of the
range of G in Theorem 2.3 does not imply a similar characterization in terms of the
range of F'. However one can deduce the following.

Theorem 2.4. Assume that Assumption (1) holds, then the operator F' is injective
with dense range. Moreover:

o If z € D then there exists a sequence g¢ € L?*(S?) such that lin}JHFg? —
a—r

Poo (s 2)l[2(s2) = 0 and lim |[HgZ|| L2 () < oo

o If 2 ¢ D then for all g& € L?(S?) such that lir% [Fge — Poo(:, 2) [ 22(s2) — O,
a—

C{%|W§?HL2(D) = 00.

Proof. The injectivity and the denseness of the range of F' directly follow from
the same properties satisfied by H (Lemma 2.1) and G (Theorem 2.3). See also
Theorem 1.15 and Corollary 1.16 for a direct proof of these properties.
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If z € D, let ug € Hinc(D) be such that Guy = Poo(+,2) which exists by
Theorem 2.3. From Lemma 2.1 there exists a sequence g¢ € L?(S?) such that
HgS — up as o — 0, and the first statement follows from the fact that F' = GH.

Let z ¢ D and g2 € L?(S?) be such that lim [Fge — ®oc(-,2)|| L2(s2) — 0.
Assume that ||Hg¢'||z2(py is bounded as o — 0. Without loss of generality we can
assume that Hg? weakly converges to some ug € Hinc(D). Since GH = F, we get
the limit Gug = ®o(+, 2) which contradicts the last part of Theorem 2.3. 0O

The main weak point in this theorem is that it does not indicate how to
construct the sequence g when z € D. In practice one relies on the use of Tikhonov
regularization and considers g¢ € L?(S?) satisfying

(a+ F*F) §o = F* (Do (-, 2)) . (2.16)

Since F' has dense range, lin%J [Fge — ®oo(:,2) [l £2(s2) = 0. However, one cannot
a—

guarantee in general that lim0 IH3Slz2(py < oo if z € D. In the case I(n) = 0,
a—r

the latter has been proved in [3, 4], based on the so called (F*F)'/* method (see
Section 2.5.1). A second weak point of Theorem 2.4 is that one cannot compute
[Hga (- 2)||2(p) since D is not known. In practice one uses |[ga(-;2)|lr2(s2) as
an indicator function for D. We refer to [38, 37] for numerical examples of the
performance of this method on synthetic data.

Remark 2.5. A possible method to fix the Tikhonov regularization parameter «
in (2.16) is to use the Morozov discrepancy principle. Assume that F° is the noisy
operator corresponding to noisy measurements ugo such that

||uio — uoo||L2(52)XL2(32) <.

Then for each sampling point z, the parameter « is chosen such that

1F°ga (5 2) = ®oo (- 2)[l12(52) = 0llga 5 2)llL2(s2)-

This leads to a non linear equation that determines « in terms of the noise level § [49].

2.2 A Generalized Version of LSM (GLSM)

In order to overcome the weak points mentioned above, a new formulation of LSM
has been proposed in [7]. It gives an exact characterization of the domain D in
terms of the range of F. Moreover, it provides a numerically tractable indicator
function, but at the expense of additional numerical cost. The key idea behind
the new formulation is to replace the penalty term in the Tikhonov formulation
(2.16) by a term that controls [|Hga(+; 2)| r2(p). This is possible due to the second
factorization of the far field operator F' that has been used in [78] to design a
different family of sampling methods, namely Factorization Methods (see Section
2.4). More precisely, since H* : L?(D) — L?(S?), the adjoint of the operator H, is
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given by (2.7) and since, from (1.22),

k2

w™(Z) = ~ i

/eimy(l —n)(uo(y) +w(y))dy,

D

we get that G = H*T where T: L?(D) — L*(D) is defined by

Tug := —Z—Q(l —n)(up +w) (2.17)

78

with w being the solution of (2.2). We then end up with
F=H"TH. (2.18)

We observe in particular that if T is coercive on the range of the operator H then
|(F'g,9)12(s2)| is equivalent to ||’Hg||2L2(D). One can therefore use |(F'g, g)r2(s2)| as
a penalty term in the Tikhonov functional. However, this cannot be treated as a
regular penalty term since it does not define a norm for g which is equivalent to
the L2(S?) norm (the operator F' is compact). This term is also non convex in
general, which induces difficulties in the analysis and from the numerical point of
view. Other alternatives would be, at the expense of possibly more restrictions on
the index of refraction n, to replace this term with |(Bg, g)| where the operator
B : L*(5%) — L*(S?) is a self-adjoint and non negative operator expressed in terms
of F. For instance B = §(F) := o (F — F*) if the imaginary part of n is positive
definite in D or B = Fj := |R(F)| + |3(F)| where R(F) := (F + F*) in a more
general case. We shall investigate all these possibilities in an abstract form in the
following section.

2.2.1 Theoretical Foundation of GLSM in the Noise Free Case

We follow here the presentation given in [6] and [7]. Let X and Y be two (com-
plex) reflexive Banach spaces with duals X* and Y™ respectively and denote by
(, ) a duality product that refers to (X*, X) or (Y*, Y) duality. We consider two
linear bounded operators F' : X — X* and B : X — X* for which the following
factorizations hold

F=GH and B=H'TH (2.19)

where the operators H : X - Y, T:Y - Y* and G : Hy,. :=R(H) CY — X*
are bounded and where R(H) is the closure of the range of H in Y. Let a > 0
be a given parameter and ¢ € X*. The GLSM is based on considering minimizing
sequences of the functional J,(¢;-) : X — R where

Jo(#39) ==l (Bg, g) | +||[Fg— o> VgeX. (2.20)

This functional does not have a minimizer in general since the operator B is typically
chosen be compact. However, since J,(¢;-) > 0 one can define

ja(¢) = ;g)f( Ja(¢;g)- (2'21)
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A first simple observation is the following.

Lemma 2.6. Assume that F has dense range. Then for all ¢ € X*, jo(¢) — 0 as
a— 0.

Proof. Let ¢ > 0. The denseness of the range of F' implies the existence of g,
such that [|[Fg. — ¢| < §. One can choose a sufficiently small ag(e) such that for
all a < ap(e), af (Bye, ge) | < §. Consequently jo(¢) < Jo(9; ge) < €, which proves
the claim. 0O

The central theorem for noisy free GLSM is the following characterization of
the range of G in terms of F' and B.

Theorem 2.7. We assume in addition to (2.19) that
o G is compact and F = GH has dense range.

o T satisfies the coercivity property
2
(T, o) | > pllell” Ve eRH), (2.22)

where p > 0 is a constant independent of . Let C > 0 be a given constant
(independent of «) and consider for « > 0 and ¢ € X*, an element g, € X
such that

Ja (03 9a) < ja(d) + Ca. (2.23)
Then the following holds.

o If ¢ € R(G) then limsup | (Bga, ga) | < cc.
a—0

o If ¢ ¢ R(G) then liminf | (Bga, ga) | = oo.
a—

Proof. Assume that ¢ € R(G). Then by definition one can find ¢ € R(H) such
that Gy = ¢. For a > 0, there exists go € X such that |[Hgo — ¢||*> < a. Then
by continuity of G, |[Fgo — ¢||> < ||G||2e. On the other hand, the continuity of T
implies

2
| (Bgo, o) | = [(THgo, Hyo) | < |IT||[Hgoll” < 2|7 (e + [[l|*)-
From the definitions of j,(¢) and g, we have

al (Bgo, go) | + [|1Fgo — oI” > ja(0) > Ja(6, ga) — Ca

We then deduce from the definition of J, and previous inequalities that
al (Bga, ga) | < Ja(d,9a) < Ca+ 2a||T]| (a + [l¢]?) + oG]

Therefore limsup | (Bga, go) | < 0o which proves the first claim.
a—0
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Now assume that ¢ ¢ R(G) and, contrary to the theorem, that lim iglf | (BGus ga) | -
a—

oo. Then, (for some extracted subsequence go) | (Bga, go) | < A where A is a con-
stant independent of & — 0. The coercivity of T" implies that || H g || is also bounded.
Since Y is reflexive and R(H) is closed, one can assume that, up to an extracted
subsequence, H g, weakly converges to some ¢ in R(H). Compactness of G implies
that GH g, strongly converges to Gy as a — 0. On the other hand, Lemma 2.6 and
the definition of J,(¢, go) show that |[Fgs — ¢||> < Ju(d, ga) < ja(d) + Ca — 0 as

a — 0. Since Fgo, = GHg, we get G = ¢ which is a contradiction. 0O

As indicated in the previous section, the range of the operator G characterizes
the inhomogeneity D. Therefore this theorem leads to a characterization of D in
terms of the operators F' and B (and therefore a uniqueness result for the recon-
struction of D in terms of F' and B). It also stipulates that an indicator function is
given by | (Bga, ga) | for small values of «. Let us note that the parameter a does
not play the role of a regularization parameter, since in applications the operator
B is in general compact. However, constructing a sequence (g, ) satisfying (2.23)
for fixed @ > 0 may be viewed as a regularization of the minimization of J,(¢;-)
that can be used for numerics. A different regularization procedure that would be
more suited for noisy operators is introduced in the following subsection. For this
version and particular choices of the operator B one can construct a minimizer by
solving a simple linear system (see Remark 2.16).

For the natural choice choice B = F' one can state the following straightfor-
ward corollary.

Corollary 2.8. Assume that G(¢) = H*T(p) for all ¢ € R(H) and assume in
addition that H is compact, F' has dense range and T satisfies the coercivity property
(2.22). Let C > 0 be a given constant (independent of o) and consider for o > 0
and ¢ € X*, go € X such that

Ja (93 9a) < Jal(o) + C o
Then ¢ € R(G) if and only if limsup | (Fgq, ga)| < 00 and we also have ¢ € R(G)
a—0
if and only if limigf| (Fgus ga) | < 0.
a—

Remark 2.9. We remark that according to Lemma 2.6 the sequence (g, ) provides
a nearby solution to F'g ~ ¢ satisfying

|Fga — &l < ja(®) + Ca.

The reader then easily observes from the proof that one obtains the same conclusion
in Corollary 2.8 if we replace the indicator function | (F'ga, ga) | by | (¢, ga) |- The
latter criterion coincides with the one proposed in [3] and has been analyzed in [3]
and [4] based on the (F*F)7 method.

In Theorem 2.7 and the case ¢ € R(G) one only knows that the quantity
| (BYas 9o | is bounded as @ — 0 and nothing is said on the (strong) convergence of
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the sequence Hg,. In order to ensure the strong convergence of this sequence one
possibility would be to add a convexity property for | (Bga, ga) | as in the following
theorem.

Theorem 2.10. We assume, in addition to the hypothesis of Theorem 2.7, that
F is injective and that h — /| {(Th, h)| is a uniformly convex function on Hipc.
Consider for a« > 0 and ¢ € X*, g, € X such that

Ja(¢5 9a) < ja(@) + p(a) (2.24)

where@%o as o — 0.
Then ¢ € R(G) if and only if linb | (Bgas ga) | < 00. Moreover, in the case
a—r

o = Gy, the sequence H g, strongly converges to ¢ in'Y.

Proof. According to Theorem 2.7 we only need to prove the convergence of H g,
to ¢ when ¢ = Gy for ¢ € Y. The coercivity of T combined with the first part of
the proof of Theorem 2.7 imply that || H g, ||2 is bounded. Second, from Lemma 2.6,
equation (2.24) and the injectivity of G we infer that the only possible weak limit
of (any subsequence of) Hg, is ¢. Thus the whole sequence Hg, weakly converges
to . Since ¢ € R(H) we have

jol9) = inf Ja(g,0) = inf _(al(Th, h)|+[Gh—6|") < al (T, 9)|.
geX) heR(H)

Thus (@)
p o
| (Bgas ga) | < [{(Tp, @) | + 0

which implies (as 22 — 0)

limsup [ (THga, Hga) | < [ (Te, @) | (2.25)

a—0

The uniform convexity of h — +/| (Th, h) | and the continuity and coercivity
properties of T ensure that R(H) equipped with /| (Th, h)| is a uniformly convex
Banach space. We deduce from (2.25) and the weak convergence of the sequence
Hg, that Hg, strongly converges to ¢ (see for instance [14, Chap. 3, Prop. 3.32]).

O

We remark that the additional hypothesis of Theorem 2.10 is automatically
satisfied as soon as the operator B or equivalently the operator T is self-adjoint.
We refer to Section 2.5.2 for possible choices of such an operator. Let us notice that
one can avoid this assumption by adding an extra term in the cost functional as
indicated in the following remark.

Remark 2.11. In the case B = F, one can avoid the extra assumption on the
operator T in Theorem 2.10 by replacing the cost functional J, with

Ja(d:9) == ol (Fg, 9) |+ o' " (Fg— ¢, )| + [|[Fg—6|* Vg€ X,  (2.26)
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with 7 €]0, 1] being a fixed parameter. We refer the reader to [5, Chapter 4] for the
analysis of this type of function that is also more suited for limited aperture data.

An important application of Theorem 2.10 is the design of a method capable
of imaging defects in an unknown multiply connected background from so-called
differential measurements (i.e. measurements for the cases with and without defects)
as sketched in Section 2.5.2.

2.2.2 Regularized Formulation of GLSM

As it will be clearer later, the above formulation of GLSM has to be adapted to
the case of noisy operators since in general a noisy operator B does not satisfy
a factorization of the form (2.19) (with a middle operator satisfying a coercivity
property similar to (2.22)). In order to cope with this issue we introduce a regu-
larized version of J, which allows a similar range characterization and where one
controls both the noisy criteria and the noisy misfit term. Following [7] consider for
a >0 and € > 0 (that will later be linked with the noise level) and for ¢ € X*, the
functional JE(¢;-) : X — R defined by

J(d9) = o] (Bg, g) | +<llgl®) + | Fg — || (2.27)

Lemma 2.12. Assume that B is compact. Then for alla > 0, € >0 and ¢ € X*
the functional J5(¢;-) has a minimizer g5 € X. If we assume in addition that F
has dense range, then

lim lim JZ (¢;g5) = lim limsup J (¢; ¢5,) = 0.
e=0 40

a—0e—=0

Proof. The existence of a minimizer is clear: for fixed a > 0, ¢ > 0 and ¢ € X*,
any minimizing sequence (g™) of JS(¢;-) is bounded and therefore one can assume
that it is weakly convergent in X to some ¢, € X. The lower semi-continuity of the
norm with respect to weak convergence and the compactness property of B then
imply
Ja(#395) < lminf Jo(éig") < inf Jo(6:9),
which proves that ¢, is a minimizer of JE(¢;-) on X.
Now assume in addition that F' has dense range. By Lemma 2.6, j,(¢) — 0 as a —
0. Showing that lim JZ(¢;¢5%) = ja(¢) will then prove that lim lim JZ(¢;gZ%) = 0.
e—0 a—0e—0

We observe that

Jo(9:9) = Ja(d:9) + ael|g|? (2.28)
and therefore |JE(¢;9) — Jo(P;9)] — 0 as € — 0. For n > 0 one can choose g
such that |J,(¢;9) — ja(¢)| < 1/2. For this g one then has for ¢ sufficiently small
that |JE(¢;9) — Ja(@;9)| < m/2. We obtain by the triangle inequality that for e

sufficiently small JE(¢;g) < ja(¢) +n. We now observe from the definitions of g¢,
and j, and from (2.28) that

Ja(@) < Ja(;05) < Jo(d505) < Jo(é:9),



50 Chapter 2. The Determination of the Support of Inhomogeneous Media

which proves the claim.

We now prove liII%J lim sup JE(¢; g5) = 0. First let g. be a minimizer on X of the
e=0 a—0

Tikhonov functional &2 ||g||* + || Fg — ¢||* and set 5 = €2 ||g.||> + | Fg. — ¢||* which
goes to zero as € goes to zero (see Lemma 2.6 which is valid for any bounded operator
B). We have that, for o < &, J<(g) < &2 ||g|I> + [|Fg — ®||” + a(|(Bg, g)|. By taking
the upper limit

limsup J (¢5,) < limsup J:(g9:) = j°,

a—0 a—0

which concludes the proof. 0O

Theorem 2.13. Under the assumptions of Theorem 2.7 and the additional as-
sumption that B is compact the following holds. If ¢5, denotes the minimizer of
JE(¢;+) (defined by (2.27)) for a >0, e >0 and ¢ € X*, then

o ¢ € R(G) = limsuplimsup | (BgS, ¢5) | < o0
a—0 e—0
e e c e
e p ¢ R(G) = hgn_lgfhin_)l(r)lﬂ (BgL,, ¢5) | < .
Proof. The proof is similar to the proof of Theorem 2.7. Assume that ¢ = G(p)
for some ¢ € R(H). We consider the same gy as in the first part of the proof of

Theorem 2.7 (that depends on « but is independent from ¢). Then we choose €
such that €||go||* < 1. Then

o5 95) < J5 (03 90) < Ja(d; 90) + . (2.29)

Consequently
al (Bg, ga) | < Ja(d:92) < a+2a||T (a + [l¢]?) + |G|

which proves limsup limsup | (BgZ, ¢5) | = co.
a—0 e—0
Now assume ¢ ¢ R(G) and assume that lim iglf lim i(1)1f| (Bg5, g5) | is finite.
a— e—

The coercivity of T" implies that ligl jgf liggiglf ||Hgg||? is also finite. This means the
existence of a subsequence (o, () such that o’ — 0 and (') — 0 as o/ — 0 and
HH gz(/a/) H2 is bounded independently from o’. On the other hand, the second part of
Lemma 2.12 (namely the first limit), indicates that one can choose this subsequence
such that nga’)(gz(/a’)) — 0 as o/ — 0 and therefore HFgZ(,a/) — ¢H —0asa —0.
The compactness of G implies that a subsequence of GH gz(/a/) converges for some

Gy in X*. The uniqueness of the limit implies that Gy = ¢ which is a contradiction.
|

In this theorem e should be viewed as the regularization parameter (and not
a which is rather used to construct an indicator function with a limiting process).
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As indicated by (2.29), this regularization parameter serves in the construction of
the minimizing sequence of Theorem 2.7.

This theorem with regularization stipulates that a criterion to localize the
target is given by | (BgS, ¢5) | for small values of € and «. The reader can easily
see from the first part of the proof that the result holds true if we replace this by
(1 (Bgs, g5) | + €llg5|l?). This latter criterion is more suited to the case of noisy
measurements as indicated in the section below.

2.2.3 The GLSM for Noisy Data

We consider in this section the case where there may be noise in the data. More
precisely, we shall assume that one has access to two noisy operators B and F°
such that

|F° — F|| <6|F°|| and ||B°—B| < 6||B°|

for some § > 0. We also assume in this section that the operators B, B? F?
and F' are compact. We then consider for @« > 0 and ¢ € X* the functional
J2(¢;+) : X — R defined by
2
Jo6:9) = (| (B. ) |+ 6B lgl*) + [|F°g — 0" ¥Yge X,  (230)

which coincides with a regularized noisy functional JS with a regularization param-
eter € = || B%||. According to Lemma 2.12 one can consider g° to be a minimizer
of J2(¢;g). We first observe (similarly to the second part of the proof of Lemma
2.12) the following Lemma:

Lemma 2.14. Assume in addition to our previous assumptions that F has dense
range. Then for all ¢ € X*,
lim lim sup J2 (¢; ¢2) = 0.
a=0 50
Proof. We observe that for all g € X,
T3(8:.9) < Ja(di9) + (20| B[ + 6% F°|1?) |lg]|* (2.31)

Since (2ad||B?|| + §2||F°||?) — 0 as § — 0, then as in the proof of Lemma 2.12, for
any 17 > 0 (« fixed), one can choose g € X such that for sufficiently small §,

Jo(6:9) < Jal) +1
Consequently, from the definition of g2,
J2(9%:¢) < Jald) +1
This proves the claim, since j,(¢) — 0 as « — 0 (by Lemma 2.6). 0O

Theorem 2.15. Assume that the assumptions of Theorem 2.7 and the additional
assumptions of this subsection hold true. Let g°, be the minimizer of J2(¢;-) (defined
by (2.30)) for a >0, 6 >0 and ¢ € X*. Then:
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e ¢ € R(G) = limsup lim sup (|<B‘Sgi, gg>| +6||BY|| ||gi|}2) < 00

a—0 §—0

e ) e R(G) = liin_igfligrijélf (’<B‘Sgg, gi>’ + 8|1 BY|| Hgi”g) = 00.

Proof. The proof of this theorem follows the lines of the proof of Theorem 2.13.

First consider the case where ¢ = G(¢p) for some ¢ € R(H) and introduce the
same go as in the first part of the proof of Theorem 2.7 (that depends on « but is
independent from §). Choosing ¢ sufficiently small such that

(206(|B°|| + 6% F°|?) [lgo|* <

we get
Jo(d590) < Jole 90) < Ja(¢i 90) + . (2.32)
Consequently

2
a (I (Bge gy | +18°|l || ga ) < Ja(¢ig2) < a+2a || (a+ [|ol*) + al|GII?,

which proves lim sup lim sup (|<B‘sgi, g(‘i>| +6||B|| ||ggH2> < oo. This proves the
a—0 6—0

first part of the theorem.
Now let ¢ ¢ R(G) and assume that lim inf lim inf (|<Bégg, 95| +611BY| Hgl‘iHQ)

a—0 e—0

is finite. The coercivity of T" implies that
2
u|| ol || < 1(Bak gB) 1 < 1(B765. g2 1+ 8IB°) [lg2]*-

Therefore lim iglf lign i(I)lf ||H a’ ||2 is also finite. This means the existence of a subse-
a— —

’ 2
quence (o, §(a’)) such that o’ — 0, §(a’) = 0 as o’ — 0 and HHgi(,o‘ )H is bounded
independently from «’. One can also choose §(a) such that d(¢’) < o',
On the other hand, Lemma 2.14 indicates that one can choose this subsequence

such that Jiga,)(gi(,a/)) — 0 as o/ — 0 and therefore HF‘sgi(zal) - ¢H —0asa’ =0

and 0/6(0/)||gi(,a,)||2 — 0 as o/ — 0. By the triangle inequality and (o) < o we
then deduce that HFgg(a ) 10}

o

a subsequence of GH gi(/a) converges for some Gy in X*. The uniqueness of the

limit implies that Gy = ¢ which is a contradiction. 0O

‘ — 0 as o’ — 0. The compactness of G implies that

It is clear from the proof of the previous theorem that any strategy of regu-
larization £(8) satisfying €(6) > d||B?|| and €(§) — 0 as 6 — 0 would be convenient
to obtain a similar result. From the numerical perspective this theorem indicates
that a criterion to localize the object would be the magnitude of

1(B%3, g2 | +6811B°|| ||o2”
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for small values of a. Indeed the theorem only says that this criterion would be
efficient for sufficiently small noise. Building an explicit link between the value
of a and the noise level § (in the fashion of a posteriori regularization strategies)
would be of valuable theoretical interest but this seems to be challenging (due to the
compactness of the operator B). One can see from the proof that adding the term
5|1B°| {45 H2 is important to conclude when ¢ is not in the range of G. This means
that this term is important for correcting the behavior of the indicator function
outside the inclusion, which is corroborated by the numerical experiments in [7] for
the scalar case.

Remark 2.16. If B’ is a positive selfadjoint operator (see Section 2.5.2) one can
directly compute the minimizer g of J2(¢;-) (defined by (2.30)) for a > 0, 6 > 0
and ¢ € X* as the solution of

(@B’ + ad||B°|I + (F°)* F®)go = (F°)*¢. (2.33)

2.2.4 Application of GLSM to the Inverse Scattering Problem

We return to our model problem and consider the notation and assumptions of
Section 2.1. We shall apply GLSM with B = F. The central additional theorem
needed for this case is the following coercivity property of the operator T'.

Assumption 2. We assume that n € L>(R?), supp(l — n) C D and S(n) >
0. Furthermore, we assume either that R(1 —n) 4+ a(n) or R(n — 1) + a(n) is
positive definite on D for some constant o > 0.

We remark that if $(n) is positive definite on D then the last part of Assump-
tion 2 is automatically verified.

Theorem 2.17. Assume that Assumptions 1 and 2 hold. Then the operator T
defined by (2.17) satisfies the coercivity property (2.22) with Y = Y* = L?(D) and
the operator H = H defined by (2.3).

Proof. We start by proving a useful identity related to the imaginary part of T

With (, ) denoting L?(D) scalar product, for ¢ € L?(D) and w € HZ (R?) the
solution of (2.2) we have that
k2 _
o) = -1 [Q=nw+w)ids (2.31)
D

Multiplying (2.2) by w and integrating by parts over Bg, a ball of radius R with
center at the origin containing D, we have that

kQ/(l—n)(w+w)Eda::—/|Vw|2—k2\w|2dx+ / %‘:wds.
Br

D |z|=R
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The Sommerfeld radiation condition indicates that

Therefore, taking the imaginary part and then letting R — oo yields

k%S /(1—n)(¢+w)@d3§ :k:/|woo\2d8.
SQ

D

Consequently, decomposing (¢+w)v = |1 +w|?— (1) +w)w, we obtain the important
identity,

473 (T, ) :/k2%(n)|¢+w|2dx+k/|woo\2ds. (2.35)
D S2

We are now in position to prove the coercivity property using a contradiction ar-
gument. Assume for instance the existence of a sequence 1y € R(H)) such that

[ellL2py =1 and [(T%e,1e)| — 0 as £ — oo.

We denote by w, € HE .(R?) the solution of (2.2) with ¢ = ¢. Elliptic regularity
implies that [|wel|z2(p) is bounded uniformly with respect to £. Then up to changing
the initial sequence, one can assume that 1, weakly converges to some 1 in L?(D)
and wy converges weakly in H? (R3) and strongly in L?(D) to some w € H7Z (R?).
It is then easily seen (using the distributional limit) that w and v satisfy (2.2), and
since ¥, € R(H)

A +k*p =0 inD. (2.36)

Identity (2.35) and |(T'%¢,1¢)| — 0 implies that w’, — 0 in L?(S?) and therefore
Weo = 0. Rellich’s Lemma implies w = 0 outside D and consequently w € Hg (D).
With the help of equation (2.36) we get u = w+1 € L?(D) and v = ¢ € L?(D) are
such that u — v € H?(D) and satisfy the interior transmission problem (2.6) with
f = ¢ =0. We then infer that w = ¢ = 0. Identity (2.34) applied to 1y and wy
implies

2
(@00l 2 - | [0 = mpoPda| -2 | [0 = mywi, o]

D D

Therefore, since [, (1—n)wep,dz — [, (1—n)wipdz = 0, and using the assumptions
on n,

B (T4, e)| = Ol bel 72y = 0
—0

for some positive constant 6, which is a contradiction. 0O
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Remark 2.18. A different proof of this Theorem can be obtained as a combination
of Lemma 2.24 and Lemma 2.32 below. The proof given here can be adapted to
prove the same results under the hypothesis that Assumption 2 holds only in a
neighborhood of the boundary 9D (see [5, Chapter 4]).

Set ¢, := ®oo(+, 2) and denote by (, ) the L?(S?) scalar product and by .|| the
associated norm. Let C > 0 be a given constant (independent of «) and consider
for > 0 and 2 € R3, g € L?(S?) such that

al(Fgir G2 + I1Fgs — 6:1° < jal(e:) + Cay, (2.37)

where

-a z) = inf P’7 Fg— 22.
jo(9:) = _inf  (el(Fg.9)|+[1Fg —¢:I°)

Combining the results of Theorems 2.17 and 2.3 and the first claim of Theorem 2.4,
we obtain the following as a straightforward application of Corollary 2.8.

Theorem 2.19. Assume that Assumptions 1 and 2 hold. Then z € D if and only if
limsup [(FgZ, g%)| < oo and we also have z € D if and only if limilolf [(FgZ,g%)| <
a—0 a—

This theorem gives for instance a uniqueness result for the reconstruction of
D from the far field operator.

Let us remark that in the case where (n) is positive definite on D one can
use B = §(F). This is justified by the fact that (7T') is coercive and positive, as
indicated by identity (2.35). In that case one can replace the term |(FgZ, g2)| with
(S(F)gZ, g%) in the definition of g2 and in Theorem 2.19.

For practical applications, it is important to use the criterion provided in
Theorem 2.15. Consider F? : L2(S?) — L?(5?) a compact operator such that

|- Pl <
and consider for a > 0 and ¢ € L?(S?) the functional J3(¢;-) : L?(S?) — R defined
by
2
Jo(659) = a(l(F°g,9)| +6llgll*) + [ F°g —o||” Vg € L*(S?). (2.38)
Then as a direct consequence of Theorem 2.15, we have the following characteriza-

tion of D.

Theorem 2.20. Assume that Assumptions 1 and 2 hold. For z € R® denote by
95, 5 the minimizer of J2(¢.;-) over L?(S?). Then,

z € D if and only if limsup lim sup (|(F69275,gé’5)| +6 |’g§75||2) < o0
0

a—0 o—

and we also have

z € D if and only if ligniglfli%njgf (|(F5g275,gé75)‘ +9 HgZﬁHQ) < oo.
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2.3 The Inf-Criterion

Another exact characterization of D in terms of the far field operator can be ob-
tained using the so-called inf-criterion [78, 99]. For this characterization one basi-
cally need the same coercivity property as in Theorem 2.7.

2.3.1 The Main Theorem

Let X and Y be two (complex) reflexive Banach spaces with duals X* and Y*
respectively and denote by (, ) a duality product that refers to (X*, X) or (Y*,Y)
duality. We consider three bounded operators F' : X — X*, H : X — Y and
T:Y — Y* such that

F=H*TH.

We then have the following theorem.

Theorem 2.21. Assume that there exists a constant o > 0 such that
(To, o) > allelly Ve € R(H). (2.39)
Then one has the following characterization of the range of H*:

{o" € R(H?) and ™ # 0} iff  inf{{(F¢,9)|, ¢ € X, (", ¢) =1} >0

Proof. We first observe that
(Fy, )| = [(H*THY, )| = (THY, H)l.
Hence,
a HYl3 < [(Fy,¢)| < | TIIIHY] Vo € X. (2.40)
Let ¢* € R(H*) and ¢¥* # 0. Then ¢* = H*(¢*) for some ¢* € Y* and ¢* # 0.
Let ¢ € X such that (*,1) = 1. Then

1 *
T IHY Iy lle7]

IHY[ly = +—
ll* Iy~

Y *

> (" HY) = 1 > 0.
o - Te Ty

We then deduce, using the first inequality in (2.40), that

(0%

> 0.
le* 115+

inf{[(Fy, ), ¢ € X, (", ¢) =1} =

Now assume that ¢* ¢ R(H*) and let us show that

mf{|<F¢’¢>\ P € X, <'(/)*7'(/J> = 1} =0.
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From the second inequality in (2.40) it is sufficient to prove the existence of a
sequence 1, € X such that (¢* ¢,) = 1 and ||H¢,|ly — 0 as n — oo. Since

Y* #£ 0 and X is reflexive, there exists 1/1 € X such that <1/J* 1[)> 1. Setting

w w 1, we see that it is sufficient to show the existence of a sequence wn eX
such that R . .
<zp*,¢n> —0 and H9, — Hoin Y. (2.41)

Set V= {¢ € X; <w*,1ﬁ> = 0} = {¢*}*+ (where the orthogonality is to be

understood in the sense of the X*, X duality product). Since Hi € R(H), in order
to prove (2.41) it is sufficient to prove that H(V') is dense in R(H) and for the
latter it is sufficient to prove (since Y is reflexive) that H(V)+ = R(H)* (where
the orthogonality is to be understood in the sense of the Y* Y duality product).
But this equality follows from

©* e HV)' iff H*o* € V't = Vect{y*}

and the latter is equivalent to H*¢* = 0 (since ¢* ¢ R(H™*)) which means ¢* €
Ker(H*) =R(H):+. 0O

2.3.2 Application to the Inverse Scattering Problem

We turn back to our model problem and consider the notation and assumptions
of Section 2.1. We first have the following characterization of D in terms of the
operator H* where once again ¢, := @ (-, 2).

Lemma 2.22. For z € R? we have that z € D if and only if ¢ is in the range of
H*.

Proof. For z € D choose a cut-off function p € C°°(R3) which vanishes near z and
equals one in R®\ D. Then v(x) = p(x)®(z, z) has ¢, as its far field pattern. Note
that f := (Av + k%v) has compact support in D and f € L?(D). Since v satisfies
the Sommerfeld radiation condition,

o(z) = - / B (z,y) f(y)dy. (2.42)

Hence
1

z — Uoo — _7}[* .
¢z = A

Now assume that z ¢ D and ¢, = H*f for some f € L?(D). By Rellich’s
lemma ®(-, z) = —47v in the exterior of D U {z} where v is defined by (2.42). This
gives a contradiction since v is smooth near z but ®(-, z) is singular at z. 0O

Applying Theorem 2.21 to the operator F given by (2.1) and in view of The-
orem 2.17 and Lemma 2.22, one can state the following corollary.
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Corollary 2.23. Assume that Assumptions 1 and 2 hold. Then for z € R? we
have that z € D if and only if

inf{’(Fg,g)Lz(Sz)‘ ' g € L2(52)7 (ga¢z)L2(SZ) = 1} > 0.

The main drawback of this characterization is that it is numerically less at-
tractive than other sampling methods. From the analysis of GLSM one also expects
that this procedure would be very sensitive to noise in the operator F'. Another
typical difference with GLSM is that in this characterization one looses the link
with the interior transmission problem. For the application and implementation
of this method in the case of weakly non linear materials we refer to [90]. A nice
feature of this criterion is that it can be used to justify other sampling methods like
the factorization method presented below.

2.4 The Factorization Method

In this section we present two versions of the factorization method for solving the
inverse scattering problem for inhomogeneous media. The factorization method was
first introduced by Kirsch in [74]. We refer the reader to [78] for a detailed analysis
of both of these versions.

2.4.1 The (F*F)"/* Method

We start with the first version of the factorization method, which relies on the
factorization
F=HTH (2.43)

wherenow FF': X - X, H: X Y and T : Y — Y™ are bounded operators with
X being an infinite dimensional separable Hilbert space (we identify X* with X)
and Y a reflexive Banach space. We shall assume the following properties for the
operator T. We denote by (, ) the Yx, Y duality product.

Assumption 3. We assume that T : Y — Y™ satisfies

S (T, p) #0

for all p € R(H) with ¢ # 0 and T = Ty + C where C is compact on R(H) and

(Tow, ) € R and (Top, ) > a|lolx

for all p € R(H) and some o > 0.

These assumptions are stronger than the coercivity property (2.39) as indi-
cated in the following lemma.

Lemma 2.24. Assume that T :' Y — Y™ satisfies Assumption 3. Then it also
satisfies the coercivity property (2.39).
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Proof. Assume by contradiction that (2.39) is not satisfied. Then one can find a
sequence ¢; € R(H) such that [|¢;||x =1 and is weakly convergent to ¢ in R(H)
and also [(T'p;, ;)| — 0 as j — co. By our assumptions,

S(Tpj, vj) = S (Coj, v;) = I(Tp, )

as j — 0 since C' is compact. This implies that S (T'¢, ¢) = 0 and therefore ¢ = 0.
Consequently, by the triangle inequality,

0 < a < (Towj), @) < {Tw;, vi) | +[{Cpj, ¢5) |

where | (T'p;, ;)| — 0 by assumption and | (Cy;, ¢;) | = |(Ce, ¢)| = 0 by the
compactness of C'. This gives a contradiction and proves the lemma. 0O

We now state and prove the main theorem of this section.

Theorem 2.25. Assume that F' : X — X is compact, injective and that I +ivF is

unitary for some v > 0. In addition, assume that T satisfies Assumption 3. Then
the ranges R(H*) and R((F*F)Y*) coincide.

Proof. The proof follows the one given in [78]. Since I + iy F is unitary for some
~ > 0 this implies that F' is normal. Since it is compact and injective, we deduce the
existence of an orthonormal complete basis (g;);j=1,+00 0f X such that Fg; = \;g;
where A; # 0 forms a sequence of complex numbers that goes to 0 as j — co. We
remark that by assumption, A; lies in the circle or radius 1/ and center i/y which
means in particular that $()\;) > 0. The operator H := (F*F)Y/*: X — X is
defined by Hg; = /])\;]g; and we introduce the operator T : X — X defined by

Tg; =Aigi N = A/
We then easily observe that H* = H and
F=H'TH. (2.44)

Consequently, in view of the the inf-criterion (Theorem 2.21), the original factor-
ization (2.43) and Lemma (2.24), it is sufficient to prove that T is coercive on X to
obtain that the ranges of H* and H* coincide. Let g € X such that ||g|| = 1. We

need to prove the existence of a positive constant 8 independent from ¢ such that
0<B<|(Tg,9)x| =172 Ajlg, 95)x |- (2.45)

Since Y277, [(9,9;)x|*> = 1, the complex number 7%, Ajl(g,9i)x|? lies in C: the

closure of the convex-hull of the sequence (A;). Giving that I(\;) > 0, in order to
prove the coercivity property, one only needs to prove that 0 ¢ C. Observe that,
since A; (for all j) lies in the circle or radius 1/ and center ¢/ and A\; — 0 as

J — 00, the only possible accumulation points of the sequence (A;) are —1 and +1.
We shall prove that —1 is not an accumulation point which is sufficient to get 0 ¢ C.
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Assume the existence of a subsequence, that we denote by A; for convenience, such

that S\j — —1 and set
1

pj = ——=Hg;.
VIA]

Then using (2.43), clearly

(Tpj, ¢5) = Xi(g7,95)x = Aj — —1. (2.46)

From Lemma (2.24) we deduce that the sequence ¢; is bounded in Y and then can
assume, up to the extraction of a subsequence, that ¢; weakly converges to some ¢

in R(H). Taking the imaginary part of (2.46) implies
S(Tj, pj) =S(Cpj, ¢j) = S(=1) =0

which implies that S (T, ¢) = 0 and therefore ¢ = 0. By definition of Ty and the
corresponding coercivity property we get

0 < (Topj, ¢;) < (Tg;, @) — (Cej, ©j) = —1

since (Cp;, ;) = (Cp, ¢) = 0 by compactness of C. This gives a contradiction
and finishes the proof. 0O

2.4.2 Application to the Inverse Scattering Problem for
Non-Absorbing Media

We turn back to our model problem and consider the notation and assumptions of
Section 2.1. According to Theorem 1.14, the normality of the operator F' holds if
(and only if) I(n) = 0. Given the characterization of D in terms of the range of
H* (see Lemma 2.22), we only need to check when Assumption 3 for the operator
T defined by (2.17) is satisfied.

Lemma 2.26. Assume that I(n) =0 and R(n—1) > o > 0 (respectively R(1—n) >
a > 0) in D for some constant o and that Assumption 1 holds (i.e. k is not a
transmission eigenvalue). Then the operator T : L*(D) — L?(D) (respectively —T)
defined by (2.17) satisfies Assumption 3 with Y =Y* = L?(D).

Proof. Recall that
k2
T() = (1= n)(a +w)
where w € H? (R3) is a solution of (2.2). Consider the case n —1 > a > 0 (the
case 1 —n > a > 0 is similar). Let Ty : L?(D) — L?*(D) be defined by

k2
Toy = E(n — 1)1,

Then obviously T is real and coercive as in Assumption 3. Moreover T — T} :
L?(D) — L*(D) is compact by the compact embedding of H?(D) into L?(D).
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Let ¥ € R(H). From the identity (2.35), I(T%,v¢) = 0 implies we = 0 and
by Rellich’s lemma w = 0 in R?®\ D. Consequently u = w + ¢ € L?*(D) and
v = 1 € L?*(D) are such that u — v € H?(D) and are solutions of the interior
transmission problem (2.6) with f = g = 0. We then infer that w =14 =0. O

In view of Theorem 1.15, Theorem 1.14, Lemma 2.22 and Lemma 2.26 one
can apply Theorem 2.25 to the factorization (2.18) and derive the following char-
acterization of D in terms of the range of the operator (F*F)/4.

Theorem 2.27. Assume the assumptions of Lemma 2.26 hold. Then z € D if and
only if (-, 2) is in the range of (F*F)Y/4,

A method to determine the support D of m = 1 — n using Theorem 2.27 is to
use Tikhonov regularization to find a regularized solution of

(al + (F*F)'/?)g2 = (F*F)*®u (-, 2) (2.47)

and note that the regularized solution g% of (2.47) converges in L?(S?) as a — 0 if
and only if z € D (see Theorem 1.30). An alternative method to construct D is to
let A, and ¢, be the eigenvalues and eigenfunctions of F and note that (F*F)'/*
has the singular system (1/|An|, ¥n, ¥ ). Then by Picard’s theorem (Theorem 1.28)
and Theorem 2.27, z € D if and only if

ngl |(T/)m‘1|’;<;(7z)) < oo, (248)

For details of the numerical implementation of the factorization method we refer
the reader to [78].
Let us now define the operator

Fy := |RF| + |S(F)], (2.49)

where R(F) := 1(F + F*) and S(F) := L (F — F*). Let 0, = [RO\)| + [S(An)].
Obviously Fj is a positive self-adjoint compact operator with (o, ¢, 1,,) as singular
system. Since

Dl < 0n < V2IA]
we get, from Picard’s theorem, that the range of Fﬁl/2 and the range of (F*F)/4
coincide. One therefore can replace (F*F)'/4 by Fﬁl/2 in Theorem 2.27 and |A,| by

oy, in (2.48). The main advantage of the use of F}/? is that it can be extended to
cases where F' is no longer normal (for instance when $(n) # 0) as indicated in the
following section.

2.4.3 The F; Method
This method was originally proposed in [74] as a generalization of the (F*F)Y/4
method. It also relies on the factorization (2.43) of the far field operator namely

F=HTH (2.50)
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where FF : X - X, H: X - Y and T : Y — Y* are bounded operators with
X being an infinite dimensional separable Hilbert space and Y a reflexive Banach
space. We assume in addition that there exists a pivot separable Hilbert space
U such that Y C U C Y* with dense inclusions (the triple (Y,U,Y™) is then
called a Gelfand triple). The analysis given here follows mainly the one given in
[78] but with slight modifications in the presentation and the hypothesis. We also
include the improvement proposed in [89] where the hypothesis on the injectivity
of the imaginary part of the operator T is relaxed (see the last part of the proof of
Theorem 2.31). We denote by (, ) the Y*, Y duality product and by || - || the norm
inY.
The conditions on T' are summarized in the following assumption.

Assumption 4. We assume that T : Y — Y™ satisfies

ST, p) 20 0orI(Tp, 9) <0 (2.51)

for all p € R(H) and RT =Ty + C where C is compact on R(H) and

(Top, #) > ol (2.52)

for all o € R(H) and some « > 0. Moreover, we assume that one of the following
assumptions holds:

(i) T is injective on R(H);

(ii) (T) is injective on R(H) Nker NT.

It is worth noticing that the latter assumptions do not imply in general the co-
ercivity property (2.39). As will be shown later, they allow one to avoid restrictions
on the wave number not being a transmission eigenvalue. However, proving prop-
erty (2.52) usually requires more restrictive assumptions on the coefficients than
those needed for the coercivity property (2.39).

Remark 2.28. We remark that Assumption 3 combined with (2.51) and ST being

compact on R(H) are the ones that have been considered in [78]. They obviously
imply Assumption (4) and also the coercivity property (2.39) (by Lemma (2.24)).

We now state and prove an intermediate result that will allow us to prove the
main theorem.

Theorem 2.29. Let F = H*TH : X — X where H : X — U is compact, injective
and has dense range, T : U — U is self-adjoint, T = Ty + C where C is compact
and Ty is self-adjoint and satisfies (2.52). Then there exists a finite rank operator
P:U — U such that I + P : U — U is an isomorphism and

|F| = H*T(I + P)H.

Moreover, the operator T(I + P) : U — U s self-adjoint and non-negative.
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Proof. Since there is no risk of confusion, the scalar product in X or in U is
indicated by using the same symbol (, ). The operator F is compact and self-
adjoint. Let A\, € R and 9, € X be the eigenvalues and eigenfunctions of F' such
that {¢,,,n > 1} form an orthonormal basis of X. Then |F| is the operator having
(|A\n], %) as singular system. Let us decompose

X=XToX"

with Xt := span{t,; A, > 0} and X~ := span{t,; A, < 0}. Obviously HX+ +
HX~ is dense in U. However, there is no guarantee in general that this sum is
closed. We shall prove that it is the case by proving that H X — is finite dimensional.
Consider (o, ®,) an eigenvalue decomposition of T' (a self-adjoint and Fredholm
operator of index 0). We decompose U = UT & U~ with Ut := span{¢,; 0, >
0} and U~ := span{¢,;o, < 0}. Since Ty is positive, the space U~ is finite
dimensional. Denote by Q* the orthogonal projection on U*. Let ¢ € HX ™, i.e.
¢ € H for some p € X~. Then

0> (Fi,9) = (THY, Hp) > e1|QYH||? — e2]|Q~ Hep|)?

with ¢; = min{o,, 0, > 0} > 0 and ¢a = max{|o,|, 0, < 0}. Consequently
I6* < 2(1 + c2/e)|Q|* Vo € HX™.

This proves that Q™ is a bijection from H X~ into U~ and therefore H X ~ is finite
dimensional and V'~ := HX~ = HX~. We then obtain that H X+ 4V~ is a closed
dense subspace of U and therefore U = HX+ + V. Let us set

Vo= HXtNV  and V= (VO nHXT.

Then V7 is closed and VT @ VY = HX* (since V? is closed). We then deduce the
(non orthogonal) direct sum decomposition

U=V*t4+Vv-.

Since V* and V'~ are closed and V't NV~ = {0}, then the projectors P* and P~
associated with this sum are continuous operators. We now can conclude the proof
by proving that V°? C kerT. Let ¢ € V°. Then (T'¢,¢) > 0 since ¢ € HX+ and
(T¢, ) <0since ¢ € V~. Hence (Tp,$) =0. Let » € HX+ and t € RUIR. Then

0<(T(to+v), (k¢ +¢)) = 2R(ATH,¢) + (T, ).

The latter holds for all ¢ € R U R if and only if (T'¢,) = 0. Similar reasoning
implies that (T'¢,v) =0 for all ¢» € V—. We then obtain (T'¢,1) =0 for all v € U
which gives T'¢ = 0.

We are now in position to prove the desired factorization for |F|. For ¢ € X,
=T 4~ with »* € X+ and

THyt = TPYHyt + TP~ Hy™ = TPYHy™ = TPTHy (2.53)
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since P~ Hvyt € VO and PTHv~ € VO, Similarly
TH¢~ = TP*Hy~ + TP~ Hy~ = TP~ Hy~ = TP~ Hi. (2.54)
Consequently
IFI(¥) = F(*) — P(y™) = H'THY* — H'Ty~ = H*T(P* — P~)Hy

which is the desired factorization with P = —2P~. Indeed [ + P = 1—?* — P~ isan
isomorphism (I + P is in fact an involution, (I + P)?2 = I+ P) and T := T(I + P)
is self-adjoint since

(|Flv,¢) = (THY, He) = (¢, |F|p) = (Hy, THyp)

and H has dense range in U. 0O
The following Lemma will be useful.

Lemma 2.30. Assume that T : U — U is a self-adjoint non-negative operator.
Then

IT()II* < ITI(T, ) (2.55)

Proof. Let ¢ and 1) € U and t € R. Then
0 < (T(¢ + 1), (¢ + 1)) = (T, ) + 24R(T$, ¥) + (T, ).
The latter holds for all ¢ € R if and only if
R(Th,)* < (T, ) (T, ).
Taking ¢ = T'¢ implies
IT()I* < (T, $)(TTH, Th) < (T, )| TI|T ()],

which proves the lemma. 0O

Theorem 2.31. Let F be given by (2.50) and assume that there exists an iso-
morphism J 1Y — U. Assume that H : X — Y is compact, injective and that T
satisfies Assumption 4. Then

Fy=H'TyH (2.56)

where Ty ' Y — Y™ is self-adjoint and satisfies the coercivity property (2.39) on
R(H). Moreover, the ranges R(H*) and R((Fy)'/?) coincide.

Proof. We shall first transform the problem so that it fits the assumptions of
Theorem 2.29. The factorization (2.50) can also be written as

F = HiT H
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with Hy = JH : X - U and Ty = (J*)"'TJ ' : U — U, which gives a factorization
that involves only Hilbert spaces X and U. Let us denote by U = R(H;) and Q
the projection operator from U onto U. Then using that QH = H we get

F=H'TH

with H := QH, : X — [7, T = QTIQ* U — U. From the assumptions of
the theorem it is clear that H is injective with dense range and that if T satisfies
Assumption 4 then RT : U — U is self-adjoint and is the sum of a self-adjoint
coercive operator and a compact operator. From Theorem 2.29 we get the existence
of an isomorphism I + P : U — U such that P is a finite rank operator and

|RF| = H*(RT)(I + P)H

where (RT)(I+P) : U — U is a self-adjoint and non-negative operator. Assumption
4 implies in addition that

IS(F)| = H*[S(T)[H
where |(T)| : U — U is a self-adjoint non-negative operator and |3(T)| = £3(T)

depending on the sign of (7). We therefore end up with the factorization
F = BTy

with Ty = (R(T))(I + P) + |S(T)|. We shall now prove that T} is coercive. Since
|(T)| is a non negative operator then R(To) + |S(T)] is a coercive operator on U
and therefore T}y is a Fredholm operator of index 0.

Using Assumption 4 (i) or (i¢) we now prove that Tﬁ is injective. TW = 0 implies

(R(T)(I + P)p,¢) =0 and (I(T)¢, ¢) = 0.

From Lemma 2.30, we deduce that R(T)(I+P)¢ = 0 and S(T) = 0. Since R(T)(I
P) is self-adjoint, and (I+P) is an isomorphism, R(T)(I+P)¢ = 0 implies R(T)¢p =
0. If condition (i) of Assumption 4 holds then we immediately get that ¢ = 0. If
condition (i) holds then we also have ¢ = 0 since T'¢ = RT'¢ + iS(T)p = 0. .

The injectivity of Tﬁ proves that Tﬁ is invertible. Applying Lemma 2.30 to Tﬁfl and
choosing ¢ = Ty in (2.55) implies that

_|_

lol® < I T3 Ty, )

which gives the coercivity of Tﬁ on U. The factorization of the theorem follows by
setting .
Ty = J"Q T QJ.

Using the definition of J and Q) we easily get that T} is coercive on the closure of
the range of H. We now can apply Theorem 2.21 to the factorizations (2.56) and
Fy = (F)Y2((Fy)Y?)* to get that the ranges R(H*) and R((F})'/?) coincide. O
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2.4.4 Application to the Inverse Scattering Problem for
Absorbing Media

We turn back to our model problem and consider the notation and assumptions of
Section 2.1. Consider F satisfying the factorization (2.18) and set, for 6 € [0, 27|,

FO = R(F) +i3(F)

and ‘
Ff = R("F)| + [S(F)]. (2.57)

Obviously '
FO = H* TN with T? := R("T) +iX(T)

where T : L?(D) — L?(D) is defined by (2.17). We then have the following Lemma:

Lemma 2.32. Let 0 € [0,71]. Assume that S(n) >0 and R(e?(n —1)) > a >0 in
D for some constant o and that Assumption 1 holds (i.e. k is not a transmission
eigenvalue). Then the operator T® : L?(D) — L*(D) satisfies Assumption 4 with
Y =Y*=L*D).

Proof. Recall that
2

T(6) = (1= m) (6 + w(es) (258)

where w(v)) € H? (R?) is a solution of (2.2). Let Ty : L?(D) — L?(D) be defined

loc
by 2 |
Totp = —E&e(e“’u —n))p.

Then obviously Tj is real and coercive as in Assumption 4. Moreover RT? — Ty :
L?(D) — L*(D) is compact by the compact embedding of H?(D) into L?(D). From
identity (2.35), 3(T%),¢) = (T4, 1) > 0. We now can conclude as in the proof
of Lemma 2.26 to obtain that (7?) is injective on the range R(H) since k is not
a transmission eigenvalue. Assumption 4-(i¢) is then verified. 0O

We remark that the choice of 8 # 0 or 7 is meaningful if S(n) is positive
definite in some region inside D. In this case, if D is simply connected then the
set of transmission eigenvalues is empty. In the cases § = 0,7 one can avoid the
restriction on the wave numbers k.

Lemma 2.33. Assume that I(n) > 0 and R(n—1) > o > 0 (respectively R(1—n) >
a>0) in D some constant . Then the operator T : L?>(D) — L?*(D) (respectively
—T) defined by (2.58) satisfies Assumption 4 with Y =Y* = L?(D).

Proof. According to the proof of Lemma 2.32, one only needs to check that either
4-(43) or 4-(7) is verified. From (2.58), T% = 0 implies (¢ + w(y)) = 0 in D. This
then implies that w(¢)) = 0 in R3 (using the well posedness of (2.2) for n = 1) and
therefore y =0in D. 0O
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In view of two previous Lemmas, Lemma 2.1 and Lemma 2.22, we now can
state the straightforward application of Theorem 2.31 to the operator F?.

Theorem 2.34. Assume that (n) > 0 and that there exists § € [0, 7] such that
R(e¥(n—1)) > a>0in D for some constant o. If  # 0 or 6 # 7 then assume in

addition that Assumption 1 holds (i.e. k is not a transmission eigenvalue). Then
z € D if and only if Poo (-, 2) is in the range of (Fﬁ9)1/2.

As for (F*F)Y4, the numerical implementation of Theorem 2.34 can rely on
either a Tikhonov regularization as in (2.47) or the Picard series as in (2.48).

2.5 Link Between Sampling Methods

The assumptions required by the GLSM method are weaker than the ones required
by the Factorization method but are similar to the inf-criterion. Indeed the main
advantage of GLSM with respect to the inf-criterion is that it leads to a more
tractable numerical inversion algorithm. In some special configurations there is
a direct link between GLSM and the factorization method as explained below.
Moreover, the (F*F)'/* method can be used to provide precise information on the
behavior of the Tikhonov regularized solution of the LSM equation.

2.5.1 LSM Versus the (F*F)'/* Method

Let us consider the case where the hypothesis of Theorem 2.25 holds (this corre-

sponds in particular to the case when $(n) = 0). We shall prove that in this case

the Tikhonov solution of (2.16) satisfies limsup [|HgZ ||z 2(py < oo if z € D (see
a—0

also [3]). This is a direct consequence of the following general result together with
Theorem 2.25.
Theorem 2.35. Assume that F': X — X is as in Theorem 2.25. Let ¢ € X and
let g¢* € X be a solution to
(a4 F*F) g = F*¢.
Then ¢ is in the range of (F*F)Y* if and only if limsup |(Fg®, g®)| < co which is
a—0

also equivalent to limsup ||Hg%|| < co.
a—0

Proof. Using the singular system (A;,;),>1 of the normal operator F', we observe
that

N Aj
g~ = ZW@) V;);.

Therefore

a o\ |>\]|2)\7J |)‘ ‘3 N2
J

J
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On the other hand, from the coercivity property (2.45), we also have

IAI

N2

(Fg®, 9" I_ﬁz

The Picard criterion implies that ¢ is in the range of (F*F)Y/4 if and only if
1 2
> @) < oo
— 1Al
Consequently, since

A1 1 Mk 1
— 5 —asa—0and —————— < —,
(a+ X122 Al (ar+ X122~ A

we get that ¢ is in the range of (F*F)Y/* if and only if
lim sup |(Fg®, g*)| < +o0.
a—0
We conclude the proof by using the coercivity property (2.39) and the continuity

of T' to obtain
BIHG|? < [(Fg*, g*)| < T\ Hg"|I?

for some g > 0. 0O

2.5.2 RGLSM Versus the Factorization Method

We now briefly relate the generalized linear sampling method to both versions of
the factorization method.

RGLSM Versus the (F*F)'/* Method

Let us again consider the case where the hypothesis of Theorem 2.25 holds (this
corresponds in particular to the case when &(n) = 0). According to the factorization
(2.44) one can apply GLSM with F = F, B = H*H = (F*F)2 and G = H*. In this
case, the operator B is positive self-adjoint and therefore one can say more than in
Theorem 2.10. Using the singular system (\;,%,),>1 of the normal operator F, we
observe that

Ja(¢i9) = a((F*F)ig,g)+ | Fg - <z>||2
faZMg,wl |2+Z — (6, 90))%.

Hence J,(¢;-) has a minimizer given by

) (&)
Zaumiw
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This minimizer clearly satisfies (2.23). Let us now define

A
Z|A'|'+ (6,955

X 2
which is the minimizer of the Tikhonov functional o |[|g||® + H(F*F)Zg - ¢H . One
then observes that the GLSM indicator function satisfies

I\, 1p;)? 2
[(F*F)% ga, ga)| Z a+|)\T = [|lgEM||".

This means that the GLSM indicator function (in the noise free case) coincides with
the indicator function given by the (F*F)'/* method when Tikhonov regularization
is used, e.g. (2.47). In principle, nothing can be deduced on the boundedness of
Hg,, from the analysis of GLSM. However, this information can be obtained from
Theorem 2.35.

RGLSM Versus the F; Method

The Factorization Method allows one to use for GLSM an operator B that satisfies
the assumptions of Theorem 2.10 which is important for the some applications like
imaging in unknown backgrounds (see Section 2.5.4). Let F = H*TH be as in
Theorem 2.31. Let us set for ¢ € X

Ja(#;9) = a(Frg,9) + | Fg — ¢||°

and

]a(¢) = glél;; Ja(¢§ g)'

Combining Theorem 2.10 and Theorem 2.31 we have the following theorem:

Theorem 2.36. Let F = H*TH be as in Theorem 2.31, set G = H*T : R(H) C
Y — X and assume in addition that F' is injective with dense range.
Consider for « > 0 and ¢ € X*, g, € X such that

: : : p(a)

Jo (95 90) < jo (@) + p(a) with 0 < —= — 0 as a« — 0.
@

Then ¢ € R(G) if and only if limg—0(Fyga, ga) < 00.
Moreover, in the case ¢ = Gy, the sequence Hg, strongly converges to ¢ in Y.

2.5.3 Some Numerical Examples

We report here some two-dimensional numerical examples from [7]. They corre-
spond to two separate inhomogeneities with different index of refractions respec-
tively equal to n = 24 0.5¢ and 2 + 0.1¢ (See Figure 2.1). The frequency is k = 1
and 100 equidistant incident directions and observation points have been used. The
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data has been generated synthetically by solving the forward scattering problem
using a standard finite element method. In Figure 2.1 the output of four indicator
functions are compared. Let g¢ be the Tikhonov regularized solution of (2.16) where
the regularization parameter is computed using the Morozov discrepancy principle
(see Remark 2.5). We define

M (2) = 1/ 1192117, (2.59)
TEEMO(2) = 1/|(F°g2, 92)], (2.60)
TN () =1/ (|(F292, 92)| + I EIl92117) (2.61)

where the noise level § is such that
|F—F°| < 6||F°).

Let g2, be the Tikhonov regularized solution of (2.47) (with (F*F)'/4 replaced with
F;) where the regularization parameter is computed using the Morozov discrepancy
principle. We define

I (2) = 1/ll92411%. (2.62)

In the spirit of the GLSM algorithm one can improve the reconstruction pro-
vided by ZGSM by using g¢ as an initial guess to compute a minimizing sequence
of (2.38). Figure (2.2) show how one can obtain better resolutions after applying
some gradient descent iterations. For these numerical results the parameter o in
(2.38) is taken as o = anr /(|| F°||(1+6)) where aps is the Morozov parameter used
in (2.16). The function ZGSMoPtim hag the same expression as Z6SM but with g@
being the computed minimizing sequence.

2.5.4 Application to Differential Measurements

We here present an application of the GLSM method to the imaging problem where
one would like to identify a change in the background using differential measure-
ments. Assume for instance that a reference medium is defined by an index of
refraction ng and let us denote by Fj the far field operator associated with this
medium. Applying any of the algorithms above would provide an approximation of
Dy, the support of ng—1. Assume that a change occurred in the medium modifying
locally ng and denote by n the new refractive index. Let F' be the far field operator
associated with n and let D be the support of n — 1. The inverse problem we would
like to address here is the identification of D \ Dy from the knowledge of F' and
Fy (without reconstructing n and ng or D and Dy). We here present the method
proposed in [6] in the simple case where D = DoU Dy with DoND; = () and n = ny
in Dg. The inverse problem is then to reconstruct D; from Fj and F'. For the
analysis of more complex configurations we refer the reader to [5] and [6].

Denoting by itp(n, D) the interior transmission problem (2.6), we here assume that
itp(n, D) and itp(ng, Do) are both well posed. We shall exploit in the following
that the solutions of itp(n, D) and itp(ng, Do) coincide in Dy if the boundary data



2.5. Link Between Sampling Methods

Figure 2.1. Output of four different imaging functions. First row:
ZGLSMO - second row: TVSM | third row: I¥t and fourth row ZGSM. The columns
correspond to different noise levels 0: from left to right § = 0,1 and 5%. Reproduced
from [7] with permission.

coincide on 0Dy. This is easily verified given the special configuration of D.
We also assume that there exists 6 € [0, 7] such that the assumptions of the refrac-
tive index in Theorem 2.34 hold for n in D and ng in Dy. We then set

B =F/ and By = Fy,.
(See (2.57) for the definition of Fﬁa . The operator Fg,ﬁ is defined similarly.) Consider

Ja(z39) = a(Bg,9)r2(s2) + | Flg — (-, Z)||iz(52)
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Figure 2.2. First row: Z"SM and second row: TEWSMoPHm™ — The columns
correspond to different noise levels 6 = 1% left and 6 = 5% right. Reproduced from
[7] with permission.

and
Jo,a(219) == a(Bog, 9)2(s2) + [ Fog — O(, Z)||2L2(s2) )
and g7 and g§ , in L*(S?) such that

Ja(z195) < et Ja(z:9) + p(a)

and

Jo,a(2196,0) < ge]i;gl(fSQ) Jo,a (25 9) + p(a)

with 0 < @ — 0 as @ — 0. Application of Theorem 2.36 to F' and Fj in com-
bination with the arguments at the end of the proof of Theorem 2.3 show that if
z is in Do then vgz and vz —converge in L?(Dy) to the same function v (the fact
that it is the same function comes form the considerations above on the solutions
of itp(n, D) and itp(ng, Dg)). Therefore, if z is in Dy then

(Bo(9% = 96.0)> (9% = 96.0))12(s2) < ClHogi — Hod6 ull72(pey =0 (2.63)
as a — 0. Let us set
A(g) == (Bg,9)r2(s2) and D(g, go) := (Bo(g — 90),9 — 9o) L2(s2)

and introduce the indicator function

1
1(9790) =

A(g)(1+ A(9)D(g,90)71)
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Theorem 2.37. Let z € R3. Then z € Dy if and only if lir%I(gé,gg_a) > 0.
a— ]

Proof. If z ¢ D then from Theorem 2.36 applied to F we get that A(gZ) — +oo
as o — 0 and therefore lin%)I(gfwgS o) =0.
a— ’

Consider now the case of z € Dy. Theorem 2.36 implies that A(gZ) is bounded and
converges to (T'wg,uo)r2(py where (u,up) is the solution of itp(n, D) with ®(-,z)
and 22(-,z) as boundary data. Since z € Dy and Do N Dy = () then ug = ®(-, 2)
(and v = 0) in D;. Consequently (T'ug,uo)r2(py > 0. Combining this fact with
(2.63) implies iigbl(gg,gaa) =0.

We now treat the case of z € D;. We get from Theorem 2.36 applied to Fy that
(Bo9 > 95.0)L2(s2) is unbounded as o — 0 while the same theorem applied to F'
implies that (Bog;, g%)r2(s2) is bounded. Consequently D(g}, g5 ,) is unbounded
as @ — 0. On the other hand, Theorem 2.36 implies that A(g?%) is bounded. We
then get il_}mo Z(95: 96.2) > 0 which finishes the proof. O

Indeed, as for GLSM, in the case of a noisy operator B? such that || B° — B|| <
§||B°||, the indicator function has to be modified by replacing .A(g) with

A(g) == (B9, 9) 1252 + 611 B’ 191 72(s2)

while D(g) is simply replaced with

D°(g,90) == (B{(9 — 90), 9 — 90) £2(s2)-

For the analysis of the noisy case we refer the reader to [5] and [6].

We now give a 2D numerical example due to L. Audibert illustrating the
performance of the indicator function described above. The medium configuration
is described in Figure 2.3 where the solid line indicates the boundary of Dy while
the dashed line indicates the boundary of D;. The index of refraction in Dy is
ng = 2 + 0.5¢ and the index of refraction in D is equal to 3. The wave number
is k = 27. Figure 2.4 indicates the reconstructions obtained using the GLSM
algorithm with optimization as described in the pervious section for Dy and D
using respectively Fy and F. The reconstruction of D; using directly F' and Fjy
as suggested by Theorem 2.37 (i.e. without relying on the reconstruction of Dy
and D) is shown on the right of Figure 2.4 and clearly indicates that the proposed
indicator function provides satisfactory results. We again refer to [5] for a more
extensive discussion of numerical issues related to this type of indicator function
and applications to imaging in a randomly fluctuating background.

2.6 Application of Sampling Methods to Anisotropic
Media

We now consider the inverse scattering problem associated with the model discussed
in Section 1.4 that corresponds with an anisotropic media characterized by a 3 x 3
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Figure 2.3. The medium configuration: D1 dashed line, Dy solid line

o
o

O

Figure 2.4. Left: Reconstruction of Dy using GLSM. Middle: Reconstruc-
tion of D using GLSM. Right: reconstruction of D1 using differential measurements.
The data is corrupted with 1% random noise.

symmetric matrix with L>°(D)-entries such that
€ RAE = [gf" and E-I(A)E <0

for all £ € C3, a.e. x € D and some constant v > 0. Here D is the support of
the inhomogeneity which is assumed to be a bounded Lipschitz domain such that
R3\ D is connected. The assumptions on n are the same as in Section 1.2. We refer
to Section 1.4.1 for the definition of the far field operator and some basic properties
associated with this operator.

Using Theorem 1.38, let us define for ¢ € L?(D)? and v € L?(D) the unique
function w € H (R?) satisfying

V- AVw+k*nw =V - (I — A)p + k*(1 — n)y in R3,
lim / |Ow/0|x| — ik w|2 ds =0 (2.64)
R—o0

|z|=R

so that if 1(2) = e?*¥* and ¢ = V4, then w = u*(-,d) and the far field pattern we,
of w coincides with uq (-, d). The Herglotz operator is now defined as H : L?(5?) —
L2(D)? x L*(D) with

Hg :== (Vug|p,v4D) (2.65)
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where the Herglotz wave function v, is defined by (1.29). Setting Hino(D) to be
the closure of the range of H in L?(D)3 x L?(D) we then consider the operator
G : Hiyo(D) — L?(S?) defined by

G(p, ) = Wos, (2.66)

where wo is the far field pattern of w € H} (R?) satisfying (2.64). This ensures
the first factorization F' = GH.

We now proceed with giving the main ingredients for the justification of the Linear
Sampling Method. We again rely on the solvability of the interior transmission
problem. In the present setting this problem is phrased as (u,ug) € H'(D)x H'(D)

such that
V- (AVu) + k*>nu=0 in D,

Aug +k?up =0 in D,
u—ug=f ondD,
Ou/Ova — Oug/Ov=h on 9D,

(2.67)

for given (f,h) € HY?(0D) x H~'/?(0D) where v denotes the outward normal
on 0D. Values of k for which this problem is not well posed are referred to as
transmission eigenvalues. We refer to the next two chapters for the analysis of this
problem and content ourselves here with the following assumption.

Assumption 5. We assume that the matrixz A, the index n and the wave number
k are such that (2.67) defines a well posed problem.

Lemma 2.38. The operator H defined by (2.65) is compact and injective. Let
Hine(D) be the closure of the range of H in L?(D)? x L?*(D). Then

Hinc(D) = {(<P7¢) = (V'U,'U); NS I‘Il(.l))7 Av + kQ’U =0 1n D}

Proof. The first part follows from the same arguments as in Lemma 2.1. For
the second part of the Lemma, we also proceed similarly to the proof of Lemma
2.1. Set Hine(D) := {(¢,%) = (Vo,v); v € HY(D); Av + k*v = 0in D}. Then
obviously Hin.(D) C ]/{_::C(D) To prove the theorem it is then sufficient to prove
that H* : L2(D)3 x L*(D) — L?(S?), the adjoint of the operator H, which is given
by

Wl 0)(@) i= [ (-iki - (o) + (e dy, (2.68)
D

is injective on Hine(D). Let (¢,1) = (Vug, ug) with ug € H'(D) satisfying Aug +
k%up =0 in D. We set

u(e)i= [V, (.0 Vuoly) + Vo puoly) dy. € B
D
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From the regularity of volume potentials (Theorem 1.8), we infer that u € H} (R?)
and satisfies

/—Vu Vo + k*uv de = — / Vug - Vv + upvdx (2.69)
R3 D

for all v € H (R3) with compact support (together with the Sommerfeld radiation
condition). Since by construction 4mus, = H*(e, 1), then H*(¢p,v) = 0 implies

that us = 0 and therefore u = 0 in R? \ D by Rellich’s lemma. The regularity
u € HL _(R3) then implies u € H} (D). Equation (2.69) then gives

loc

/—Vu-Vv+k2uv dxz—/Vuo-VU—Fuovdx
D D

for all v € HY(D). Taking v = g implies

ol oy = = [~ Vit + g o = 0
D

where the last equality follows from Aug + k?ug = 0 in D and v € H}(D). O

We remark that Hi,(D) can be identified with H} (D) C H'(D) defined by

mc

H}.(D):={ve H(D); Av+k*v=0in D}

mc

through the isomorphism

7:H:

mc(D) — HinC(D); I('U) = (V’U,'U).
Setting, for g € L?(S?),
H'(g) =T 'H(g) = v[p,

we also have the following lemma as an immediate corollary of Lemma 2.38.

Lemma 2.39. The operator H' : L?(S?) — HL (D) ¢ HY(D) is compact and
injective with dense range.

Setting
G!'=G1T, (2.70)
one observes that ' = GH = G'H! and the subsequent analysis can indeed be done
with either factorization. We prefer the first one since it leads to explicit expressions
for the middle operator in the second factorization introduced below. We now state
the following reciprocity lemma which can be proved exactly the same way as in
Lemma 2.2.

Lemma 2.40. Let (py,%0) and (p1,11) be in L?(D)3 x L?(D) and let wy and
w1 € HL (R?) be the corresponding solutions satisfying (2.64). Then

/(I — A)Vuwp - @ — k*(1 — n)worp1dr = /(I — A)Vw; -y — k*(1 — n)wivoda.
D D
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The following theorem gives one of the main ingredients for the justification
of LSM and GLSM.

Theorem 2.41. Assume that Assumption 5 holds. Then the operator G : Hinc(D) —
L2(S?) defined by (2.66) is injective with dense range. Moreover, ® (-, z) € R(G)
if and only if = € D. The same holds for G* : H}, (D) — L?(S?) defined by (2.70).

Proof. We prove the result for G!. The result for G then directly follows from
(2.70). The proof is very similar to the proof of Theorem 2.3 and we give here a
short outline. Let (¢,1) = Z(ug) with ug € Hl (D) and w satisfying (2.2). From
(1.54) we get

Weo () = _% / (ikz - (I — A)V (ug + w) + k*(1 — n)(ug + w)) e~ kY gy
D

It is then easy to deduce from Lemma 2.40 that
(Gl(Hlﬂp)»g)LZ(s% = (GI(H19)7<P)L2(S?) Vg, p € L*(S?). (2.71)

Using this identity, the reminder of the proof can be copied line by line from the
proof of Theorem 2.3 after identity (2.14), replacing G and H by G and H! respec-
tively and substituting references to the interior transmission problem (2.6) with
references to the interior transmission problem (2.67) with appropriate changes of
solution spaces. [

We proceed now with the second factorization of the far field operator. From
(1.54) we obtain

Gle, ) = —ﬁ / (iki - (I — A)( + V) + k(1 — n) (¢ + w)) e dy,
D

Using (2.68) we get that G = H*T where T: L3(D) x L*(D) — L3(D) x L*(D) is
defined by
1

T(SO71/)) = _471_

(A=) (¢ + Vw), K*(1 —n) (¢ +w)) (2.72)
with w being the solution of (2.64). One then ends up with the second factorization
F=HTH. (2.73)

We now give the final additional theorem needed for RGLSM and the Inf-Criterion
which is the following coercivity property of the operator T

Assumption 6. We assume that n € L®(R3), S(n) > 0, A € L>®(R3)S and

S(A) < 0. Furthermore, we assume that either of the following conditions apply:

o R(A—1)—aSS(A) is positive definite on D for some constant o > 0.
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o R(A) is positive definite on D and there exist constants o > 0, 0 <n <1 and
0 > 0 such that

(I-RANX - X+ 1-n)R(A)Y Y —aS(A)(X+Y)- (X +7) > 0]X]* (2.74)

on D for all X and Y in C3.

Theorem 2.42. Assume that Assumptions 5 and 6 hold. Then the operator T
defined by (2.72) satisfies the coercivity property

(T Z(v),Z(v)) L2(pys| = Ol|v[l31 (py Yo € Hipo(D) (2.75)

mc

for some positive constant 0. This implies in particular that T satisfies (2.22) with
Y =Y* = L3(D) x L?(D) and the operator H = H defined by (2.65).

Proof. With (,) denoting the L?(D)* scalar product, for (¢p,v) = Z(v), v €
H! (D) and w € H. _(R?) a solution of (2.64), we have that

inc loc

(TZ(v),Z(v)) = ’% (A= DV(v+w) Vo + k(1 —n)(v+w)vde. (2.76)
D

From the variational formulation of (2.64) (see for instance (1.53)) with test function
equal to w we get with Br a ball of radius R containing D that

/(A C V(v +w) - VT + K2(1 - n)(v + w)T da
D

z—/\Vw|2—k2|w|2dx+ / %:Eds. (2.77)

Br |z|=R

We recall that, due to the Sommerfeld radiation condition,

Therefore, taking the imaginary part and letting R — oo yields
S/(A —~DV(v+w) -V + k*(1 —n) (v +w)wde = k/ |woo|?ds.
D S2

Consequently, using the identities

(v 4+ w)T = v +w|? = (v+ w)T

(A-DViv+w) - Vi=(A-I)Vw+w) - Vwo+w)—(A-D)V(v+w) -Vw
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in (2.76) and taking the imaginary part implies (the general form of (2.35))

47S(TI(v), I(v)) = / —S(A)VV(v+w) - V(T + W)dx
D

+kzz/i‘s(n)hj+w\2dx+k/|woo\2ds. (2.78)
D S2

We are now in position to prove the desired coercivity property using a contradiction
argument. Assume for instance the existence of a sequence v, € R(H) such that

lvellr1(py =1 and [(TZ(ve),Z(ve))| — 0 as £ — oo.

We denote by wy € H} (R?) the solution of (2.64) with (¢,) = Z(v,). Elliptic
regularity implies that [Jwp]| H2(B\D) is bounded uniformly with respect to ¢ for all
bounded domains B containing D. Then up to changing the initial sequence, one
can assume that v, weakly converges to some v in H'(D) and w, converges weakly
in H. (R®) N HZ_ (R?\ D) to some w € H. (R¥) N H? (R*\ D). It is then easily

seen that w and (¢, ¥) = Z(v) satisfy (2.64), and

Av+k*v=0 in D. (2.79)
Identity (2.78) and |[(T'Z(v¢),Z(ve))] — 0 implies that w’, — 0 in L?(S?) and
therefore wo, = 0. Rellich’s Lemma implies w = 0 outside D. Consequently,

u=w+wv € HY(D) and v € H'(D) form a solution to the interior transmission
problem (2.67) with f = g = 0. This implies that w = v = 0. Identity (2.76)
applied to v, and wy, the fact that [(T'Z(ve),Z(ve))| — 0 and the Rellich compact
embedding theorem imply that

/ (A= D)V (ve + wp) - Vigdz — 0 (2.80)
D

as £ — oo. From (2.77) applied to vy and w, and the Rellich compact embedding
theorem we get

/(A — D)V (v +wy) - Vg + / ‘ng|2d$ —0 (2.81)
D Br
as { — oco. We now consider two separate cases. Consider first the case when

R(A —I) — aS3(A) is positive definite on D for some constant o« > 0. Taking the
sum of (2.80) and (2.81) we get

/(A — D)V (ve + wy) - V(0 + wWe)dx + / ‘ng|2d1‘ —0 (2.82)
D Br
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as £ — oco. On the other hand, using the assumption on A (after adding and
subtracting aS(A) to R(A — I), we easily observe that

0 /|V(Ue+wz)|2+/|ng\2
D Br

< /(A — )V (ve + wy) - V(Tp + wWe)dx + / |ng|2 dx
D Br
for some positive constant 6 independent from ¢. We then obtain using the triangle
inequality that ||[Vvg| z2(py — 0. Combined with the Rellich compact embedding
theorem, this implies that v, — 0 strongly in H'(D), which gives a contradiction.

Consider now the case when (2.74) holds and R(A) positive definite on D. Taking
the difference between (2.81) and (2.80) yields

/(I — A)V’U@ - Vuedr + / AVwy, - Vwedx
D Br
+ /(I — A)Vwy - V(ty +wp) — (I — A)Vw, - V(vg + we)dz — 0
D

and taking the real part implies

/(I — %(A))V’U/ - VUedx + / %(A)ng -Vwdzx
D Br
— i/%(A)sz . V(@g Jr@g) — %(A)V@g . V(’U[ + ”LUg)d$ — 0.
D

Taking the imaginary part of (2.82) implies that

f/S(A)V(w +wp) - V(T +We)dx — 0.
D

Now let A\ be a positive parameter that will be fixed later. The last two identities
give

/(I*%(A))VQ)[V@[CLT‘F/%(A)VU)[V@@(&L’*)\/S(A)V(Ug+wz)~V(@g+@z)d$
D

D D

— i/%(A)ng V(v +wy) — S(A)Vwy, - V(vg + we)dz — 0.
D



2.6. Application of Sampling Methods to Anisotropic Media 81

Let us denote by M (Vvy, Vwy) the term under the integral over D in this identity.
We observe that

MX,)Y)=I-RANX - X+ (1 -nRA)Y -V = AS(A)(X +Y) (X +Y)
+|(MR(A)) Y +i(nR(A)) 1 2S(A) (X + V)P = |(nR(4)) T 2S(A) (X + V).
Choosing
A>ad+sup [S(A) @)/ (nlIR(A) ()])

we obtain from Assumption (2.74) that
M(X,Y)>6|X|%

This implies ||Vvg||z2(py — 0 and therefore yields a contradiction as in the first
case. O

In view of Theorems 2.42 and 2.41 we now can state the following application
of Corollary 2.8 and Theorem 2.15.

Theorem 2.43. Assume that Assumptions 5 and 6 hold. Then the results of
Theorem 2.4, Theorem 2.19 and Theorem 2.20 hold true in the present case.

For the factorization method, a splitting of the real part of the operator T
into a coercive real operator and a compact operator is needed.

Let Bgr be a ball of radius R containing D. With the notation of the proof
of Theorem 2.42, if w € H} (R3) (respectively w’ € H} (R*)) is the solution of
2.64 with (¢, 1) = Z(v) (respectively (g,v) = Z(v')) and v € H} (D) (respectively
v' € H} (D)) then

mc

(TT(v), T()) = _i /(A ~ DVt w) - VT + K21 —n)(v+ )T de (2.83)
D

and from the variational formulation of (2.64) (see for instance (1.53)) with test
function equal to w’

/(A V(o +w) - VT + K1 n)(v+ ) dr
D
— 2 — aw—/
—|—/Vw~Vw—k:wwdm— / —w' ds=0. (2.84)
Br |lz|=R

Consequently, adding (2.84) to —47 times (2.83) gives

—4n(TZ(v), Z(v)) = /(A —DHV(v+w) - (V' + Vu')dz + / Vw - Vw'dz
D Br
+ / E*(1 —n)(v+w)@ + @) de — / k*ww' de — g—qfﬁ’ ds. (2.85)

D Br lz|=R
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Adding (2.84) to 4m times (2.83) implies

AT(TZ(v),Z(v"))=— [ (A=ID)V(v+w) - (V¥ —V@')dz — [ Vw - Vw'dz
/ /

—/k%l—n)(v—i—w)(@’—ﬁ’)dm—i—/kzw@’dx—l— / a—w@’ds

or
D Br z|=R

and rearranging the terms in the right hand side we get

4n(TT(0), T(W')) = / (I - A)Vo-Vode + / AVw - V' da
D Br
+ /(I — A)Vw - Vo' — (I — A)Vuw' - Vudz
D

- /k2(1 —n)(v+w) @ —w')dr + / k2w’ da + / Z—I:E’ ds. (2.86)

D Br |lz|=R

Let us introduce the operators Tg" : L?(D)? x L?(D) — L?*(D)? x L*(D) such that

—4m(Ty Z(v), Z(v")) = /(A—I)V(v+w)-(V6’+Vm’)dx+/ Vw-V@’der/vﬁ’dx.
Br

D D
(2.87)
and
4Ty Z(v), Z(v')) = /(I — A)Vov - Vo'de + /AVw -Vw'dx
Br
+ /(I — A)Vw - Vo' — (I — A)Vw' - Vudz + /v@'d:c. (2.88)
D D

Then, from the fact that w,w’ € H?

loc
theorems, one easily concludes that

(R3\ D) and the Rellich compact embedding

RT — T : HL.(D) — L*(D)? x L*(D)

mnc

is compact. We already see from the expression of T, that the case of I — A
positive definite on D is more delicate to analyze since T0+ is not self-adjoint nor
can be written as the sum of self-adjoint and compact operators. For instance, one
cannot apply the (F*F)'/* method in this case. However in the case when A is real
and I — A is positive definite on D we can state the following.

Theorem 2.44. Assume that A and n are real valued, A — I is positive definite on

D and k is not a transmission eigenvalue. Then z € D if and only if Poo(+, 2) is in
the range of (F*F)Y/4.



2.6. Application of Sampling Methods to Anisotropic Media 83

Proof. We recall that in this case the operator F' is normal (Theorem 1.42). One
easily see from (2.87) that T, is self-adjoint and coercive on Hi (D). Moreover,
since k is not a transmission eigenvalue, we have that F' is injective with dense range
and from the first part of the proof of Theorem 2.42 we get that $(F') is positive.

We then conclude the result using Theorem 2.25 and Lemma 2.45 0O

Lemma 2.45. For z € R? we have that z € D if and only if ¢ is in the range of
H*.

Proof. This lemma is a simple consequence of Lemma 2.22 since H*(0, -) coincides
with the operator H* in Lemma 2.22. 0O

We now consider the Fy method. Once again, the case A — I non negative can
be treated in a similar way as in the case A = I. With the notation of Section 2.4.4
we have the following theorem.

Theorem 2.46. Assume that there exists 6 € [—m/2,0] such that R(e? (A — 1)) is
positive definite in D. If @ = 0 assume in addition that (n — 1)1 € L>°(D) and if
0 # 0 assume in addition that k is not a transmission eigenvalue. Then z € D if
and only if P (-, 2) is in the range of (Fﬁa)l/Q.

Proof. The case § = —7/2 is the case where J(A) is positive definite in D. Then
using (2.35) one gets that 7% = 3(T') satisfies Assumption 4 with Y = Y* = L2(D)*.
For the case  # —7/2, we get from (2.87) that the operator R(e?T};") is coercive
on H! (D). As in the proof of Lemma 2.26, S(7"?) is injective on the range R(H)
since k is not a transmission eigenvalue. Assumption 4 is then verified. In the case
6 = 0, obviously from the expression of T', Assumption 4-(7) is verified and there is

no need to exclude transmission eigenvalues (if they exist). O

In the case A — I non positive we content ourselves with the following result,
assuming that the imaginary part is not too large.

Theorem 2.47. Assume that R(I — A)¢ - € > alé]? and R(A)E - € > ~[€|? for all
¢ € C3 in D and that (n—1)"' € L>(D). Assume in addition that |3(A)| L p) <
vay. Then z € D if and only if ®oo(+, 2) is in the range of (Fﬁ)l/z.

Proof. We observe from (2.88) that

47R(Ty Z(v), Z(v)) = /?R(I — A)Vv - Vudx + / R(A)Vw - Vwdx
D Br
— 1 / $(A)Vw - Vi — $(A)Vw - Vudz + /vﬁdm
D D

The assumptions on A then ensure that R is coercive on HY (D). We then

inc
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conclude as in the proof of Theorem 2.46. 0O

The conditions of Theorem 2.46 can be weakened in a similar way as in (2.74)
but at the expense of changing the expression for Fy (adding a sufficiently large
imaginary part). This is left as an exercise to the reader.



Chapter 3

The Interior Transmission
Problem

The interior transmission problem, as already mentioned in Chapter 2, plays an es-
sential role in inverse scattering theory for inhomogeneous media. It is a boundary
value problem for a coupled pair of partial differential equations in a bounded do-
main which corresponds to the support of the scatterer. This boundary value prob-
lem is not elliptic in the sense of Agmon-Douglas-Nirenberg and hence its study calls
for new techniques. The homogeneous form of the interior transmission problem is
referred to as the transmission eigenvalue problem and the corresponding eigenval-
ues as transmission eigenvalues. Typical concerns associated with these problems
are: 1) the Fredholm property and solvability of the interior transmission problems,
2) the discreteness of the transmission eigenvalues, 3) the ezistence of transmission
eigenvalues and 4) the determination of transmission eigenvalues from scattering
data and the relationship between them and the material properties of the inho-
mogeneous media. All these questions are at the core of inverse scattering theory.
This chapter is concerned with the Fredholm property and solvability of the interior
transmission problem corresponding to different kinds of inhomogeneous media.
We discuss in Section 3.1 the isotropic problem and more specifically the simple
case where the contrast n — 1 does not change sign in D. In this case a formulation
of the problem as a fourth order partial differential equation can be obtained and
then studied variationally. This approach that was first employed in [110] is also
very convenient for the study of the existence of transmission eigenvalues which is
the subject of next chapter. We then discuss in Section 3.1.2 the more delicate
case where n — 1 can vanish in a region strictly included D. In this case, one
can still derive a variational formulation similar to the previous case by including
the equations in the region n = 1 as a constraint in the variational space. This
section can be skipped in a first reading. A more general problem is discussed in
Section 3.1.3 where the contrast may change sign in a domain strictly contained
in D. This case was first investigated in [113] (see also the approach in [85] for
smooth coefficients). Our discussion follows the approach due to Kirsch in [77]
where the same results as in [113] are obtained for real valued refractive index by
using a variational approach. Contrary to the case with voids, this approach cannot

85
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fit into the analytical framework developed in next chapter to study existence of
transmission eigenvalues. We introduce in Section 3.1.4 an alternative approach to
study the interior transmission problem (3.1) based on boundary integral equations.
Although the boundary integral method recovers the same type of solvability results
discussed in Section 3.1.3 we believe that it merits discussion in this monograph for
its mathematical and computational interest. Our presentation follows closely [52].
This section can also be skipped in a first reading.

The anisotropic problem is considered in Section 3.2. When a contrast is
present in the main operator, the functional framework for the interior transmission
problem becomes different and hence a different approach is used to treat this case.
As for the isotropic problem, we first consider the simpler case where a contrast sign
is the same in all of D as presented in [17] and [28]. This configuration is treated
in Section 3.2.1 first in the case n # 1 and second in the case n = 1, where the
functional framework is different. The case where the anisotropic contrast changes
sign inside D is treated using the T-coercivity approach as in [12] and [36]. We also
refer to [86] for methods based on elliptic theory for partial differential equations.

The differences in the treatment of the isotropic and anisotropic cases clearly
indicate that the study of the problem where both configurations are mixed on the
boundary is more difficult and would require new approaches.

3.1 Solvability of the Interior Transmission Problem
for Isotropic Media

Let D C R3 be the support of an isotropic inhomogeneous media with refractive
index n € L*°(D) such that £(n) > no > 0 and $(n) > 0. Throughout this
chapter, we assume that 0D is Lipschitz unless otherwise indicated. The interior
transmission problem corresponding to the scattering problem for this isotropic
inhomogeneous media was already introduced in (2.6). Here we recall it for the
reader’s convenience: Given f € H2(OD) and h € H2(dD) find w € L2*(D),
v € L?(D) with w — v € H?(D) such that

Aw + k*nw =0 in D,

Av+ k20 =0 in D,

w—v=f on 0D, (3.1)
ow v

Y D

% o h on 9D,

where the equations for w and v are understood in the distributional sense and the
boundary conditions are well defined for the difference w — v.

Definition 3.1. Values of k£ € C for which the homogeneous interior transmission
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problem
Aw + k*nw =0 in D,
Av+k?v =0 in D,
w="v on 0D, (3.2)
ow  Ov
— = oD
ov  Ov oI

has non-trivial solutions w € L?(D) and v € L?(D), such that w — v € HZ(D), are
called transmission eigenvalues.

At a first glance it seems unclear why we are not formulating the problem in the
usual energy space H!(D). However, there is a simple observation which indicates
that the interior transmission problem does not fit to the standard framework of
partial differential equations of the second order. For simplicity assume that f = 0.
Then we multiply the first equation by a test function ¢ and the second equation by
a test function v such that ¢ = 1 on 0D, integrate by parts and use the boundary
condition to obtain

—/VwV@d:H/W~vwx+k2/(nw¢—z@)dx: —/h@. (3.3)

D D D oD

Obviously, this cannot be a compact perturbation of a coercive antilinear form due
to the fact that the norm of the gradient of w and v appear with different signs.
Hence in the isotropic case the standard variational approach for elliptic equations
does not apply to the above variational equation in the energy space H'(D). We
remark that if there is contrast in the main operator (i.e in the anisotropic case that
will be discussed in Section 3.2), the corresponding H'(D) variational formulation
leads to a compact perturbation of a coercive problem under some kind of sign
control on the contrast. Furthermore, it is easy to find a function in L?(D) with
its gradient not in L?(D), and this function satisfies both equations in (3.1) with
right-hand sides and zero boundary data, meaning that in general solutions to (3.1)
can simply be in L?(D). As will become clear as we proceed with our discussion,
the interior transmission problem (3.1) essentially depends on the contrast n — 1 of
the media and different analytical techniques are needed to study it depending on
the assumptions on n — 1.

Given the structure of the boundary conditions in (3.1), it makes sense to
introduce the difference v := w —v as a new unknown and try to obtain an equation
for u. Indeed, subtracting the second equation from the first we have that

Au+ k?nu = —k*(n — 1)v in D (3.4)
which should be considered together with
Av+k*v=0 in D (3.5)
and the boundary conditions
0
u=f and Yo p on dD. (3.6)

=
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To eliminate v we should be able to divide by n — 1 and then apply the Helmholtz
operator. This motivates us to consider in the following the case when the division
by n — 1 is possible i.e. n — 1 is bounded away from zero.

3.1.1 The Case of One Sign Contrast

We start by assuming that the real part of the contrast n — 1 does not change sign
in D, more specifically either R(n(z)) —1 > a > 0or 1 — R(n(z)) > a > 0 for
almost all x € D and some a > 0. Letting

= inf R(n) and n* = supR(n) (3.7)
D D
the above assumption means that either n, > 1 or 0 < n* < 1. Under this

assumption it is now possible to write (3.1) as a boundary value problem for the
fourth order equation

(A +k*n) il(A—l—kQ)u_O in D (3.8)
ou
u=f and ol h on 9D, (3.9)

where it is assumed that u := w —v € H?(D). The functions v and w are related
to u through
Au+k?u) and w= — Au + k*nu). (3.10)

v=—

1 1
1) P

This fourth order formulation of the interior transmission problem was first in-
troduced in [110] and later used in [27], [29] and [102] (see also [30]). For given
f € H3(8D) and h € Hz(dD) let € H2(D) be a lifting function [93] such that
6 = f and 96/0v = h on OD and |0 g2 (p) < c (||fHH2 PR L.
¢ > 0. Then letting ug := u — 6 € HZ(D), we can write (3.8)-(3.9) as an equivalent
variational problem for ug: Find a function ug € HZ(D) such that

) for some

/nil(Auo—kauo)(A@—kk%@ dx = /%(AHH&H)(AEH{%E) dz, (3.11)
D D

for all v» € H3(D). Obviously,

F:o— / ﬁ(A@ + k20)(AY + k*ny) da
D

is a bounded antilinear functional on H2(D). Let £ € HZ(D) be such that F(¢) =
(£,%) H2(D) for all 9 € HZ(D) which is uniquely provided by the Riesz representation
theorem and satisfies

V=) < exllOlazoy < 2 (118 0p) + 1003 o)) - (B12)
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Problem (3.11), and hence the original interior transmission problem (3.1), is equiv-
alent to the following operator equation in HZ(D) for ug

Tug — ]{iZTlU,Q + /{34TQUO =/, (313)
where T: H3(D) — HZ(D), Ty: H3(D) — HZ(D) and Ts : H3(D) — HZ(D) are

the bounded linear operators defined by mean of the Riesz representation theorem
as

(T, ) ra(py = / ﬁAu Ay da for all u,+ € HZ (D), (3.14)
D
1 — n _
(Trw, ¥) g2py = —/ p— A dr — / mAude (3.15)
D D
:—/nil(Auﬂ—kuA@) dx+/Vu~V@dx for all u, € H3(D)
D D
(Tou,v) o py = / %u@dm for all u,+ € Ha(D). (3.16)
D

The operator T in the case of n, > 1 (or —T in the case of 0 < n* < 1) is coercive
since when 1 < n, < R(n) < n*

1
R (Tu, u) gzpy = H(A%AU)L%D) > allull g2(p)

(with a similar calculation when 0 < n* < 1), where we have used that, for u €
HE (D), ||ull g2(p) is equivalent to ||Aul[2(py [93]. Furthermore, the bounded linear
operators Ty and Ts are compact which is a consequence of the compact embedding
of HZ(D) in L?(D). For the reader’s convenience we prove the compactness of T;.
Indeed for the part Tgl) of the operator T; given by the first integral in (3.15) we
have

1 1 —
TV = _ ——u Ay dx| < C
Il = o ol | w1 A0 4] = Cllles

and hence for a sequence {u,, } bounded in H?(D), thanks to the compact embedding
of HZ(D) in L?(D), we obtain that a subsequence of {Tgl)un} converges strongly in
H?(D). The second integral in (3.15) yields the same result (consider the adjoint).
Hence we can conclude that T; is compact. Exactly the same reasoning holds for
Ts. Thus we can conclude that the Fredholm alternative can be applied to (3.13), in
particular uniqueness implies the existence of a unique solution. The homogeneous
equation

(T — k2T + k*Ty)u = 0 (3.17)

is equivalent to the transmission eigenvalue problem (see Definition 3.28).
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We have now proven the following theorem concerning the solvability of the
interior transmission problem (3.1) in the case when n € L°°(D), such that (n) >
ng > 0 and $(n) > 0, and either n, > 1 or n* < 1, where n, and n* are given by
(3.7).

Theorem 3.2. Assume that k € C is not a transmission eigenvalue. Then for any
given f € H3(dD) and h € Hz(dD) there exists a unique solution of the interior
transmission problem (3.1) such that w € L*(D), v € L*(D), u:=w —v € H*(D)
and

ez oy + a0y < € (1152 o+ 18143 o))

for some positive constant C > 0, with a similar estimate for ||ul| g2(p).

Theorem 3.3. Ifn € L*™(D) is such that I(n) > 0 almost everywhere in region
Dy C D with positive measure, then there are no real transmission eigenvalues.

Proof. Assume that w and v solve the transmission eigenvalue problem corre-
sponding to a real transmission eigenvalue k, i.e. u:=w —v € H3(D) solves (3.11)
with 8 = 0. Taking 1) = u in (3.11) and regrouping the terms yields

1
/71|Au—|—k2u|2dsc—i—k4/|u|2 dw—kz2/|Vu\2da::0.
n—
D D D

Since §(1/(n—1)) < 0in Dy and all the terms in the above equation are real except
for the first one, by taking the imaginary part we obtain that Au + k*u = 0 in Dy
and hence, from (3.10), v = 0 in Dy. Since v satisfies the Helmholtz equation in D,
the unique continuation principle implies that v = 0 in D. Therefore the Cauchy
data of v, and consequently of w, are zero on 0D, which finally implies that also
w =0 in D. Hence k real is not a transmission eigenvalue. 0O

Theorem 3.4. Assume that n € L>°(D) such that ®(n) > ng > 0, I(n) > 0 and
either n, > 1 or n* < 1, where n, and n* are given by (3.7). Then the set of
transmission eigenvalues k € C is discrete (possibly empty) with +00 as the only
possible accumulation point. The multiplicity of the eigenvalues is finite with finite
dimensional generalized eigenspaces.

Proof. As discussed above, k € C is a transmission eigenvalue if and only if
Tu— E*Tiu+k*Tou=0  or  (I—E*T'Ty +E*T ' To)u =0

has nonzero solution v € HZ(D), where I is the identity operator. Letting 7 :=
k? and setting U := (u,T']I‘*l']I‘Qu), the interior transmission eigenvalue problem
becomes

(K - i]l) U=0, U € H3(D) x H(D)
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for the compact operator K : H3(D) x HZ(D) — HZ(D) x HZ(D) given by
T-'T, —I
K= ( T-!T, 0 )
and the result follows from the spectral properties of compact operators in Hilbert
spaces. 0

3.1.2 Variational Approach for Media with Voids

The above analysis can be extended to inhomogeneous media with voids i.e. the
inhomogeneity D C R? contains regions Dy C D which can possibly be multiply
connected such that D \ Dy is connected, for which n(z) = 1. For the purpose of
discussion in this section we still assume that the real part of n(z) — 1 is bounded
away from zero and keeps the same sign in D\ Dy and for technical reasons here
we will assume that both 0D and 0Dy are C?-smooth surfaces with v the unit
normal vector directed outwards to D and Dy (see Figure 3.1). We will denote by
n. and n* the essential infimum and supremum of n € L>°(D \ Dy), i.e. given by
(3.7) where D is replaced by D \ Dy. Here we will present an approach introduced
in [19] (see [51] for Maxwell’s equations). In the next section we present a more
general approach to study the interior transmission problem for media with changing
sign contrast which includes the case of interior voids. The analytical framework
developed in this section will be used in the next chapter to prove the existence
of real transmission eigenvalues as well as estimates for them. Similarly to Section

Figure 3.1. Configuration of the media with voids

3.1.1, since 1/(n — 1) is bounded in D \ Dy, we obtain for u := w — v such that

1 _
(A+k*n) — (A+k)u=0  inD\Dy, (3.18)
n—
together with
0
u=f and a—z =h on0D. (3.19)
Inside Dy one has
(A+k*)u=0  in Dy, (3.20)
with the continuity of the Cauchy data across 0D
out  Ou~
ut =u” and v o_ % (3.21)

2
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where, for a generic function ¢,

o 00t ()
0%(r) = lim o(rkhve) and T <l ve Volrkhv)  (322)

for x € 0Dy. The latter equations for u are not sufficient to define w and v inside
0Dy and therefore one needs to add an additional unknown inside Dy, for instance
the function w that satisfies

A+EkE)w=0 inDy 3.23
( (3.23)

with the continuity of the Cauchy data across 0Dy that can be written as

(kQ(;ll) (A1 #) u)+ —w and (3.24)

0 —1 o\ ow
81/(/@2(711)(A+k)u) - ov

We note that (3.24) is interpreted as equalities between functions in H -3 (0Dg) and
H~3(8Dy) respectively.

It is easily verified that the solutions v € H?(D) and w € L%(Dy) to (3.18)-
(3.24) equivalently define a weak solution w and v to (3.1) by

-1

m(AquQ)u in D\ Dy and v:=w—u in D. (3.25)

w =

We establish existence and uniqueness results for the solution of the above interior
transmission problem using a variational approach. The main difficulty in obtaining
the variational formulation is to properly choose the function space that correctly
handles the transmission conditions (3.21) and (3.24). More precisely, classical
variational formulations of equations (3.18), (3.20) and (3.23) would require u €
H?(D\ Do)NHY(D) and v € H*(Dy) but this regularity is not sufficient to handle
all boundary terms in (3.21) and (3.24). The proposed approach in the following
treats equation (3.18) variationally and includes (3.20)-(3.21) in the variational
space. More precisely we define

V (D, Dy, k) := {u € H*(D) such that Au + k?u =0 in Dy} (3.26)

which is a Hilbert space equipped with the H?(D) scalar product and look for the
solution w in V' (D, Dy, k). We also consider the closed subspace

Vo(D, Do, k) := {u € H3(D) such that Au + k*u = 0 in Dg}. (3.27)

Let u € V(D, Dy, k) and consider a test function ¢ € Vo(D, Dy, k). For the sake
of presentation we assume that v and v are regular enough to justify the various
integration by parts and then use a denseness argument. Multiplying (3.18) by
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and integrating by parts we obtain

0= / (A+kn) il(AJer)W/?dx (3.28)
D\Do
= / ((A+k2) (A+k2)u+kQ(A+k2)>¢dx
D\Dy
= [ eeRe@r@ie sk [ wiaer [ s
D\Dg D\Dy D\ Dy
1 o 0 1 _
+/n1(A+k2)u(;ﬁds—/ay< -~ (A+k2) )wds.
ODg dDg

Using the fact that ¢ € Vo(D, Dy, k), the boundary conditions (3.24) and equation
(3.23) we obtain that

/ L (A+k2)ugqﬁds—/;y< 11(A+k2) >¢d8:0' (3.29)

n—1 —
BD() 8DO

Therefore we finally have that

/%(A+k2)u(A+k2)l/_1dI+k2 / (Au+ k*u)pdz =0, (3.30)

D \50 D\ﬁo

which is required to be valid for all ¥ € Vi (D, Dy, k). For given f € H%(aD) and
h € Hz(dD) let € H2(D) be the lifting function such that § = f and 90/0v = h
on 0D as discussed in Section 3.1. Using a cutoff function we can guarantee that
0 = 0 in Dy such that Dy C Dy C D. The variational formulation amounts to
finding ug = u — 0 € Vo(D, Dy, k) such that

/ L (At #)u (A+k2)wx+k2/(Auo+k2uo)qzdm

n—1
D\Do D\,
1 e —
= / — (A+ 1) 0 (A+1?) Yde+k? / (AG+ k%0) b dx (3.31)
D\ Dy D\ Dy

for all ¢ € Vo(D, Dy, k). As one can see, the above variational formulation involves
only u (in particular it does not involve w). The following lemma shows that the
existence of w is implicitly contained in the variational formulation.

Lemma 3.5. Assume that k:2 18 not both a Dzrzchlet and a Neumann eigenvalue
for —A in Dy, and let (8,a) € H=2(8Dg) x H~2(8Dy) such that

(B, 00/0v) =0 (3.32)

3(8Do),H? (8Dy) — o, w>H’%(aDo),H%(6D0)
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for all ¢ € Vo(D, Do, k). Then there exists a unique w € L*(Dg) such that Aw +
k*w =0 in Do and (w,0w/dv) = (B,a) on dDy.

Proof. Assume that k? is not a Dirichlet eigenvalue for —A in Dg. Let w € L?(Dy)
be a weak solution of Aw + k*w = 0 in Dy and w = 8 on dDy (see Remark below
on how one can construct this solution from H'(Dg) solutions by using a classical
duality argument, i.e. the traces of w and Ow/0v can be defined in this case by
duality argument; see also [93]). Then applying Green’s formula to w and a test
function ¢ € Vy(D, Dy, k) we get

(w, O /ov)

and therefore

—{(Ow/0v, ) 0 (3.33)

H~3%(8Do),H? (Do) H-3(0Do),H3 (0D0)

(Ow/ov — a, w>H*%(aD0),H%(aDO) =0 (3.34)

for all v € Vo(D, Do, k). We know that the traces of Herglotz wave functions
are dense in H?(8D) (see [117, Theorem 4]) provided that k2 is not a Dirichlet
eigenvalue for —A in Dy and, since Vo (D, Dy, k) contains the set of Herglotz wave
functions, we can conclude that the traces on 9Dy of functions in Vy(D, Dy, k) are
dense in H %(BDO). Hence Ow/0v = g and the result follows. The case when k?
is a not a Neumann eigenvalue can be treated by choosing w € L?(Dg) to be a
weak solution of Aw + k?w = 0 in Dy such that dw/dv = a on dDy and using the
denseness of normal traces on dDg of functions in Vo(D, Do, k) in H2 (8Dq) (the
denseness result follows from [117, Theorem 3]). The uniqueness of w is obvious.
O

Remark 3.6. We briefly recall the construction of L? solutions for the Helmholtz
equation in Dy. Assume that k2 is not a Dirichlet eigenvalue and let g € H=(8Dy)
and u € H'(Dy) satisfy Au+ k?u = 0in Dy and u = g on dDy. Let v € H(Dy) to
be a solution of Av + k?v = u such that v = 0 on dDy. Then standard regularity
results imply that v € H?(Dy) and there exists a constant ¢ independent of v and
u such that ||v]|g2(py) < cllullz2(p,)- Using Green’s formula one easily obtains

lullEscon = | [ 990/00) < gl 3 ) 100011
0

< Clyl l[ull 2(Dy) (3.35)

H™2 (Do)

and therefore the solution operator ¢ — wu is continuous from H -3 (0Dy) into
L?(Dy). Similar arguments also show that if k2 is not an eigenvalue for the Neumann
problem then the solution operator g — u where u € H'(Dy) satisfies Au+k?u = 0
in Dy and du/dv = g is continuous from H~2(9Dy) into L2(Dy).

Remark 3.7. If the solution of the variational problem (3.31) is in H*(D \ Dy)
then one can use the Calderdon projection [95] operator to construct w in Dy and
thus avoid the assumption on k2 in Lemma 3.5.
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We now can state the equivalence between solutions to interior transmission
problem (3.1) and solutions to the variational formulation (3.31).

Theorem 3.8. Assume that k? is not both a Dirichlet and a Neumann eigenvalue
for —A in Dy and either n, > 1 or 0 < n* < 1. Then the existence and uniqueness
of a solution w € L*(D) and v € L*(D), u :=w —v € HZ(D) to the interior trans-
mission problem (3.1) is equivalent to the existence and uniqueness of a solution
ug € Vo(D, Do, k) of the variational problem (3.581).

Proof. 1t remains only to verify that any solution to (3.31) defines a weak solution
w and v to the interior transmission problem (3.1). Taking a test function ¢ to be
a O function with compact support in D\ Dy one can easily verify from (3.30)
that u satisfies (3.18). In particular, the function

w+ =

(—kQ(nl_l)(A + k2)u)

|D\Do

satisfies wt € L?(D \ D) and (A + k*n)w® = 0 in D\ Dy. For an arbitrary test
function ¢ € C*°(D \ Dy) we can apply Green’s formula and (3.30) to obtain

(wt, vy /ov) ow™ /v, ) 0. (3.36)

i} @), 4 00g) ¢ a3 (Do), H3 (9Do)

Finally, applying Lemma 3.5, we now obtain the existence of w™ € L?(Dy) satisfying
(3.23) and (3.24). O

We now proceed with the proof of existence of a solution to (3.31).

Theorem 3.9. Let f € H?(9D) and h € Hz(dD) and assume that n € L(D) is
such that n = 1 in Do, R(n) > ¢ > 0 and S(n) > 0 almost everywhere in D\ Dy.
Assume further that either n, > 1 or0 < n* < 1. Then (3.31) satisfies the Fredholm
alternative. In particular, if the homogeneous variational problem (i.e. (8.31) with
0 = 0) has only the trivial solution ug = 0, then (3.31) has a unique solution which
depends continuously on the data f and h.

Proof. Let us define the following bounded sesquilinear forms on Vy(D, Dy, k) x
‘/O(Dv DOa k)

Alug,v) = / ﬁ (Aug AYp + Vug - VY + ug ) da

D\Dy (3.37)
+/(vu0.w+uo¢) da

Dg
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and

— (uo(AY + k*¥) + (Aug + k*nug)vp) dx

Bk(u07 T/’) = k2 /
D\Do
F / ﬁ(VuO~V1ﬁ+u0@) dm—/(Vuo-Vzﬁ—&-uoﬂﬁ) dz,

D\E(} Do

(3.38)

where the upper sign corresponds to the case when n, > 1 whereas the lower sign
to the case when n* < 1. In terms of these forms the variational equation (3.31) for
ug € Vo(D, Do, k) becomes

A(ug, ) + B (ug,v) = A(0,1) + Bi(0,v) for all ¢ € Vo(D, Do, k). (3.39)

It is clear that if the real part of 1/(n — 1) is positive definite or negative definite
then there exists a positive constant «, that only depends on n, such that

Alu, o) = Y18l 50, + lul3 y)- (3.40)

Let € = 1/(1 + k%), so that 0 < € < 1 and ek* < 1. Since Aug = —k?ug in Dy one
also has that

Auo,uo) = el AulZap +7(1 — ek ullZs

A ) ) (3.41)
= (/A +E))UAulL2 ) + lullf )
From standard elliptic regularity results we deduce that
Aluo, uo) 2 (7/(1 +k*))l|uoll 32y (3.42)

where 4 only depends on D and n. Therefore A defines a continuous and positive
definite sesquilinear form on Vy(D, Dy, k) x Vo(D, Dy, k). Moreover if |1/(n — 1)|
and n are bounded then the compact embedding of HZ(D) into H'(D) (Rellich’s
theorem) implies that By defines a compact perturbation of .4 while the right hand
side of (3.39) defines a continuous antilinear form on V4 (D, Do, k). The result of
our theorem now follows from an application of the Fredholm alternative. 0O

We can prove a similar result as in Theorem 3.3 concerning uniqueness of the
variational equation (3.31).

Theorem 3.10. If n € L*(D) is such that Tm(n) > 0 almost everywhere in
D\ Dy, then there are no real transmission eigenvalues.

Proof. Assume that the homogeneous problem

A(“Oﬂ@ + Bk)(uO?w) = 0 for all w S ‘/O(DvDO’k) (343)
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has a nontrivial solution ug € Vo (D, Dy, k). First taking 1) = ug in (3.43) we obtain

1
0= / 71\Au0+k2u0|2 dr + k* / luo|? dx (3.44)
n—
D\EO D\ﬁo
+
— k2 / V|2 do — k2 / ad aaiyods.
D\ﬁo aD()

Using Green’s first identity for ug in Dy and the continuity of the Cauchy data of
ug across 0D we can re-write (3.44) as

1
0= / ——[Aug + Kuol do + / |uo|? dax — k* / |Vuo|* dx
p—

D\EO D\BO D\EO
+k4/\u0|2dx—k2/|vuo|2dx. (3.45)
Do Do

Since $(1/(n — 1)) < 0 in D\ Dy and all the terms in the above equation are real
except for the first one, by taking the imaginary part we obtain that Awug+k%uy = 0
in D\ Dy and since ug has zero Cauchy data on 0D we obtain that uy = 0in D \ Dy
and therefore k is not a transmission eigenvalue. Note that the proof requires that
S(n) >0ae. inalof D\ Dg. 0O

Remark 3.11. Note that, by Theorem 3.8, if k2 is not both a Dirichlet and
a Neumann eigenvalue for —A in Dy then the uniqueness of (3.31) is equivalent
to k € C not being a transmission eigenvalue (see also Remark 3.7). Furthermore,
under the additional assumptions of Theorem 3.9, the interior transmission problem
(3.1) has a unique solution depending continuously on the data provided that k € C
is not a transmission eigenvalue.

It is possible to use the analytical framework developed here to prove that
(3.31) and hence (3.1) fails to have a unique solution for at most a discrete set
of values of k with +o00 as the only possible accumulation point. However in the
next section we will prove discreteness of transmission eigenvalues for a larger class
of refractive indices which establishes this result as a special case since the set of
Dirichlet and Neumann eigenvalues for —A in Dy consists of discrete set of real k2
accumulating at +o0o. We refer interested readers to Section 4.2.1 in [19] for the
proof of this discreteness result using the variational approach of this section.

Remark 3.12. The approach described in this section provides a general ana-
lytical framework to analyze the interior transmission problem for inhomogeneous
containing different type of inclusions Dy. We refer the reader to [26] to see how
the approach can be modified to the case when D is a non-penetrable inclusion
with Dirichlet boundary condition.
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3.1.3 The Case of Sign Changing Contrast

In this section we investigate the solvability of the interior transmission problem
(3.1) under less restrictive assumptions on the real part of the contrast. More
specifically, we assume that there is a neighborhood of the boundary A (that is
an open subdomain N' C D with 9D C N') where we impose conditions on the
contrast n — 1 (to become precise later on), and in D\ N the contrast n — 1 can be
anything (of course under the physical assumptions on the refractive index n stated
at the beginning of this chapter). The Fredholm property of the interior transmis-
sion problem and the discreteness of transmission eigenvalues for this general case
were first investigated in [113]. The approach in [113] was revisited in [77] for real
valued refractive index where the same results were obtained by using a variational
approach. Our discussion follows the approach due to Kirsch in [77].

We recall the interior transmission problem formulated for v := 75 (w —v) and

v: Given f € H3(dD) and h € Hz(dD), find v € H%(D) and v € L2(D) such that

Au+ k*nu=—(n—1)v in D,

AU + k‘21} = 0 in D, (346)
u=f and % =h on 0D.
ov

With the help of a lifting function § € H?(D) such that § = f and 90/0v = h
on 9D introduced in Section 3.1, it is possible to transform (3.46) to the following
problem: Given F € L?(D), find u € HZ(D) and v € L*(D) such that

Au+Knu=—(n—1v+F in D,

A’U + k2’U =0 in .D7 (347)
u=20 and @ =0 on 0D.
ov

The above equations are assumed to be satisfied in the following weak sense:

/(A@ + E*)vdz = 0,

D

/(Au—|— E*nu + (n — 1)v)gdr = /F@dw

D D
for ally) € HZ(D) and ¢ € L?(D). Let us denote X (D) := HZ(D) x L*(D) equipped
with the norm ||(u,v)|x(p) = [[ullm2(py + ||v]|L2(p), and the corresponding inner

product (-, -) x(py- Then (3.47) can be written in the following equivalent variational
form: Find (u,v) € X(D) such that for all (¢, p) € X(D)

/(AE + E*)v dx + /(Au + E*nu)@ + (n — 1)vpde = /F@dﬂc. (3.48)
D D D
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For any k € C we define the sesquilinear form Ay, : X (D) x X(D) — C by

A (u, 059, ) = / (AY + E*p)o dx + / (Au+ k*nu)p + (n — Dvpde  (3.49)
D D

for all (u,v) € X(D) and (¢, ) € X (D). For later use we also define the following
auxiliary sesquilinear form Ay : X (D) x X(D) — C:

Auuvitg) = [T+ BGds+ [(But Bup+ (- Dopds (350
D D

for all (u,v) € X(D) and (1, ¢) € X(D). The Riesz representation theorem yields
the existence of bounded linear operators Ay, Ay : X(D) — X (D) such that

Ag(u, 050, 0) = (Ag(u, v), (1/J7<p))X(D) for all (u,v), (¢, ) € X (D), (3.51)

with an analogous expression for Ay. Hence the interior transmission problem is
equivalent to the following operator equation:

Ap(u,v) = ¢, (u,v) € X(D) (3.52)
where ¢ € X (D) is the Riesz representative of the antilinear functional ¢ +

fDFde.

Theorem 3.13. For any two ki,ks € C the differences Ay, — /Ale and Ay, — A,
are compact.

Proof. Let (u;,v;) € X(D) converge weakly to zero in X (D) and let (¢, ) €
X (D). Then we have

(Akl - Ak2) (U’ja Vy3 ’(/Ja SO) = (k% - k%) /E/UJ dx + / (k"%n - kg) Ug¢d$
D D

Since u; — 0 in HZ(D), Rellich’s compact embedding theorem implies that u; — 0
in L?(D). Furthermore,

/(/ff”—kg)uﬂdﬂ? < |[kin — k|| Lo (py 1l L2 oy 1l 22 () - (3.53)
D

Next let z; € H*(D) with Az; = v; in D and z; = 0 on dD. Since z; — 0 in
H'(D), then z; — 0 in L?(D) and thus we have

/@’Ujdl‘ = /@Azj dx| = /A@Zﬁdfli < HZjHLz(D)”wHHQ(D)- (3.54)
D D D
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Thus (3.53) and (3.54) imply

1Ak = A s v)lxmy = s | ( Ak = v, ) (0530, )
0#(¢,p)€X(D)

< C (lusll2py + 1zl L2(py) 5

whence (Ay, — Ag,)(uj,v;) converges strongly to zero in X (D). This prove com-

pactness of Ay, — Ag,. The proof for Ay, — Ay, follows the same lines. O

Theorem 3.13 suggests that we need to show the invertibility of Ay, for some
k € C. At this point we need to assume that R(n(z)) —1 > a > 0or 1 —R(n(z)) >
a > 0 for almost all z € N and some a > 0. Denoting
n, = inf RN(n) and n* = sup R(n) (3.55)
N N
(notice that here the inf and sup are taken over the boundary neighborhood N as

opposed to the entire D as in (3.7)), the latter assumption means that either n, > 1
or 0 <n* <1.

Lemma 3.14. Assume that n € L>®(D) is such that either ny > 1 or 0 < n, <
n* < 1. Then there exist constants ¢ > 0 and d > 0 such that for all k =ik, kK > 0,
the following estimate holds:

/ |v|? dz < ce™ 2 / IR(n) — 1||v|* dz (3.56)
D\N N

or all solutions v € L*(D) of Av — k?>v =10 in D.
[

Proof. We choose a neighborhood N of the boundary D such that d = dist(D \
N,N") > 0 and a function p € C*°(D) with compact support in D such that p = 1
in D\ N’. Applying the Green’s formula (1.10) to pv and noting that pv = v in
D\ N, that is Apv — k%2pv =0 in D\ N, yields

e~ rlz—yl
plajota) = = [ [Al)) = #(o0)w)] G do
D
e—n|w—y\
== [ 290t) - Tots) + o) 8ota)]) Ty
NI
e—le=y] e—rlz=yl

For z € D\ N we can conclude that

o)) < cre=” / lo(y)| dy
Nl
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for some constant ¢; > 0 that depends only on D, N, N7, and p. Thus, from the
above, using the Cauchy-Schwartz inequality we now obtain

2 2 —2dk 2 SN _oan _ 2
[o(@)]” < cfe™™ V] [ uly)f de < =5 [R(n)(y) — o(y)” dy.
N N

where d = n, — 1 ifn, > 1or 6 =1 —n* if n* < 1. Integrating with respect to =
over D\ NV implies the result. O

Theorem 3.15. There exists a kg > 0 and a positive constant ¢ > 0 such that for
all kK > Ko

‘Ain(uv Y ’(/}7 Lp)
sup

o = cll(wv for all (u,v) € X(D). 3.57
S @ Dy = e lxw) (wv) € X(D).  (357)

Proof. Thanks to Lemma 3.14 we can find a ko > 0 such that

1
[ 1R -l dz < n = Dllaiy [ oo <5 [ 1RO - Ul de (359
D\N D\N N
for all solutions of Av—r2v = 0in D and all & > kg. Let us assume by contradiction

that a constant ¢ > 0 such that (3.57) holds does not exist, in which case we can
find a sequence {(u;,v;)} € X(D) with |[(u;,v;)||x(py = 1 and

Aiﬁ(ujv ) /¢7 (P)
sup
w20 We)lxmn)

0, j— oo (3.59)

There is a weakly convergent subsequence (still denoted by {(u;,v;)}) such that
u; = win H(D) and v; — v in L*(D) for some (u,v) € X(D). From (3.59) we
see that (u,v) satisfy Av — k?v =0 and Au — k*>u= —(n — 1)v in D.

As a first step, we show that the weak limits are zero, i.e. u =v=01in D. To
this end, we notice that

R (Aseon, 03 —u,0)) = /m(n — D)[o2dz = 0. (3.60)
D
Now using (3.58), (3.60) and the fact that ®(n) — 1 has one sign in ' we have
/|§R(n) o de = /éR(n — 1) [of? da| = / Rin — 1)[v]? dz
G % W

< [ Ra- el o< 5 [ R0 - e da,
D\N N
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and thus v = 0 in A/. Unique continuation yields that v = 0 in D and hence also
u=0in D since 0 = — A, (u,0;0,u) = [, (|Vul® + £*[u|?) dz.

We now arrive at a contradiction. We choose a neighborhood N’ of D such
that N7 C N U D and a non-negative function n € C*(D) such that n = 0 in
D\ N and n =1 in N'. Set ¢ = nu; and ¢ = —nv; in (3.59). Since {(nu;, —nv;)}
is bounded in X (D) we have that

/(AmTj — HQUW)vj dx — /(Auj — ,%Quj)mTj-i- (n— 1)77|vj|2 dr — 0 j— o0
and hence
R (N/ [20;Vn - Vg +wvjAn — (n— 1)nlv;[?] dz | =0 j—oo.  (3.61)

Since u; — u in H§(D) then |lu;| g1 (py — 0 due to the compact embedding of
H?(D) in HY(D). Hence the first two terms of (3.61) go to zero as j — oo and we
are left with

/(?R(n) Dl Pde =0 j - oo,

N
Since R(n) — 1 has one sign in A and |R(n) —1np > a >0 in N (a =n, if ny, > 1
and o = n* if n* < 1 in NV), we can conclude that v; — 0 in L*(N”).

Now we choose a third neighborhood N of 9D such that N/ ¢ N UJD and

a non-negative function 7 € C*°(D) such that 7 = 0 in N and n = 1 in D\ N".
Let z; € H?(D) be the solution of Az; — £?z; = v; in D and z; = 0 on dD. Taking
¥ =1z; and ¢ = 0 in (3.59) and notting that {7jz;} is bounded in H?(D) yields

[A(7Z7) — K*i17;) vj dz — 0 j— o0
D\N"
that is
[filv;|> +2(V7) - VZ)v; + ZjAfw;] dz — 0 j — oo, (3.62)
D\N
Since v; — 0 in L?(D) we conclude that z; — 0 in H*(D) and hence z; — 0 in
HY(D). Noting that 7 = 1 in D\ N’ and is non-negative in D\ N/ we have that in

addition v; — 0 in L*(D \ ). Altogether we have shown that v; — 0 in L*(D).
Finally, let ) = 0 and ¢ = Au; — ku; in (3.59) which yields

1

| Auj — ““jHL?(D)
D

|Au; — kuj)? + (n — 1) (AT — k;) de — 0 Jj — oo,

that is

Au; — Ku;
|Aw; = wujl 2Dy + /(n -1 —
D

v dxr — 0 j— oo,
TNAu; — wugll L2 (o)
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which since v; — 0 in L?(D) implies that Au; — ku; — 0 in L?(D). Therefore Au;
converges strongly to zero in L?(D) (note that u; — 0 HZ(D) and hence u; — 0 in
L*(D)). Since ||Aujl|z2(py is equivalent to |lu;||g2(py we have shown that u; — 0
in I’I2 (DQ)

Concluding, we have shown that (u;,v;) — 0in X (D) which is a contradiction.
This proves the theorem. 0O

Appealing to the inf-sup condition in Theorem 3.15 implies the following in-
vertibility property for Ag.

Corollary 3.16. Let £ > 0 be such that the inf-sup condition (3.57) is valid. Then
the operator A;. : X — X is invertible with bounded inverse.

Combining Theorem 3.13 and Corollary 3.16 we have the following theorem
concerning the solvability of the interior transmission problem.

Theorem 3.17. Assume that n € L (D) with R(n) > ng > 0 and S(n) > 0
almost everywhere in D and either infyr R(n) > 1 or supy R(n) < 1 for some
neighborhood N of the boundary OD. Furthermore, assume that k € C is not a
transmission eigenvalue. Then for any given f € H3 (0D) and h € H%((?D), the
interior transmission problem (3.1) has a unique solution w € L*(D) andv € L?(D)
with w —v € H*(D) and the following a priori estimates hold

lwll 2oy + ey < € (1152 o) + I

1% ©D) H3 (8D) )

iz oy < € (118 oy + 183 o))

with some positive constant C > 0.

Next we derive sufficient conditions under which the set of transmission eigen-
values in C is discrete (possibly empty) with 400 as the only accumulation point. To
this end we first show that there exists a wave number k that is not a transmission
eigenvalue.

Theorem 3.18. Assume that n € L*™(D) with ®(n) > ng > 0, I(n) > 0 almost
everywhere in D and inf s R(n) > 1 for some neighborhood N of the boundary 8D.
Then, for sufficiently large k > 0, the operator A;, : X(D) — X (D) is invertible
with bounded inverse.

Proof. 1t suffices to prove that A;, : X (D) — X(D) is injective for some k since
A - X(D) = X(D) is invertible and A;,, — A; : X(D) — X (D) is compact. We
prove it by contradiction, i.e. we assume that there exists a sequence x; — 400 and
functions (uj,v;) € X(D) with |[(uj,v;)||x(py = 1 and Ay, (uj,v;) = 0. Therefore,
u; € H3(D) and v; € L*(D) satisfy

Auj — Kinuj = —(n — 1)v; and Avj — K3v; =0 in D. (3.63)
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We let 6; = [|n — 1|| o (pyce 243, where ¢ > 0 is the constant appearing in Lemma
3.14. Multiplying the first equation in (3.63) by 7j;, integrating over D and using
Green’s second identity and the second equation in (3.63) yields

/H?(n — Vu,;vjde = — /(n —1)|v; > da. (3.64)

D D

Multiplying the first equation in (3.63) by u;, integrating over D, and using Green’s
first identity together with (3.64) yields

1
/ [[Vu; | + &5n|u;?] doe = [ (n— 1)vjugde = 3 /(n — Dv;|*dz.  (3.65)
D D D

Since $(n) > ng in D and |u;|| > ¢ > 0, on one hand we see from (3.65) that
Jp(R(n) — D]vj|*dz < 0. On the other hand, recalling that infy R(n) > 1, from
Lemma 3.14 it follows that

J@m =Dl s = [@R) - DjePde = [ R - 1o ds

D N D\W

> (1-5)) [ () = iy da >0
N

which is a contradiction. O

We are ready now to state the result concerning the discreteness of transmis-
sion eigenvalues.

Theorem 3.19. Assume that n € L*(D) with ®(n) > ng > 0, F(n) > 0 almost
everywhere in D and either infar R(n) > 1 or sup, R(n) < 1 for some neighborhood
N of the boundary OD. Then the set of transmission eigenvalues is at most discrete
with +00 as the only accumulation point.

Proof. Consider first the case when inf R(n) > 1. As discussed above, transmis-
sion eigenvalues are the values of k € C for which the kernel of Ay is non-trivial.
Thanks to Theorem 3.18 we chose kg > 0 such that A;, is invertible and write the
equation Ay (u,v) =0 in the form

(u,v) + A;ﬁt (Ar — Ainy) (u,v) = 0.

Now the fact that Ay — A, : X(D) — X (D) is compact, due to Theorem 3.13,
allows us to prove the result of the theorem by appealing to the analytic Fredholm
theory for compact operators [42]. For the case when sup, R(n) < 1, we can
consider the system (3.46) for v and u := — 25 (w—v) and perform the same analysis
after replacing n — 1 by 1 —n everywhere. In particular, the result of Theorem 3.18
still holds in this case which leads to the result of the theorem. 0O
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Remark 3.20. It is possible to relax the coercivity assumption on the contrast n—1
in the case when n is complex valued. More specifically, in [113] it is shown that
transmission eigenvalues form at most a discrete set if inf o R(e? (n—1)) > 0 in some
neighborhood A of the boundary D for some 6 € (—m/2,7/2). These assumptions
are not optimal. Nevertheless it seems that some type of sign condition on the
contrast n — 1 near the boundary is necessary for the interior transmission problem
to be of Fredholm type [10].

3.1.4 Boundary Integral Equation Method

In this section we introduce an alternative approach to study the interior transmis-
sion problem (3.1) based on boundary integral equations. Although the boundary
integral method recovers the same type of solvability results discussed in the previ-
ous sections of this chapter, we believe that it merits discussion in this monograph
for its mathematical and computational interest. Our presentation follows closely
[52].

We start by assuming that the refractive index 0 < n # 1 is a positive constant
different from one and that 9D is a smooth surface of class C? (the smoothness of the
boundary is needed for certain mapping properties of boundary integral operators
although this assumption is not necessary in the analysis of the interior transmission
problem). Introducing the notation k, := \/nk, the interior transmission problem
for this particular case reads: Given f € H?(9D) and h € Hz (D) find w € L2(D),
v € L?(D), such that w — v € H*(D) satisfying

Aw+KE2w=0 in D,
Av+ kv =0 in D,
w—v=f on oD, (3.66)
?)—Z} — % =h on oD,
We recall the fundamental solution to the Helmholtz equation introduced in (1.8)
1 etkle—yl
Pp(z,y) = yres ey MR #y (3.67)

where here we indicate the dependence on k. A formal application of Green’s
representation formula to the solution v and w of (3.66) gives that for € D

o) = [ (G wuto0) - o) o ale) ) iy (3.68)

Ovy vy
oD
w) = [ (w0t - S P o) s, (369
oD ) Y

Now for a generic function u defined in R?\ D we denote

ui(

xz) = lim v-u(z+ hv) x € 0D
h—0+t
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ou(z)®
= lim v-Vu(z £ hv) x € 0D
Oov h—0+

where we recall that v is the unit outward normal vector to 9D. We denote by Sk
and Dy, the single and double layer boundary potentials defined by

(Sr) ( /w VO (2, y) dy r€R3\ 0D
(Drt) ( /¢ —(I)k:cy)d r€R3\ 0D
with similar expressions for Sg, and Dy, . It can be shown [66], [82] and [95] that

for —1 < s < 1, the mapping Sy : H*~2(8D) — HS+1(R3) is continuous and the

loc

mappings Dy, : H*t2(dD) — HSFY(R?\ D) and Dy : H¥ 2 (0D) — H*+tY(D) are

loc

continuous. We define the restriction of S; and Dy to the boundary 0D by

(Skv)(z /¢ (x,y)dsy x €9D (3.70)

(Kpt)(x /1/1 (x,y)ds, x €9D (3.71)

and the restriction of the normal derivative of Sy and Dy to the boundary 0D by

(Kp)(x) : = 9 /w (x,y)dsy x € 0D (3.72)

(Ty))(z) : = — /1/1 (x,y)dsy. x € 0D. (3.73)

It is known that [66], [95]
Sk : H=3%(dD) — H***(dD) K Jﬁ“@m—%H*Ww)CNM
K}, : H¥7(D) — H™*"(D) Ty : H¥**(dD) — H~5*(dD) (3.75)

are continuous for —1 < s < 1. Tt can be shown [82] that for smooth densities the
single layer potential and the normal derivative of the double layer potential are
continuous across 0D, i.e.

(Sk)™ = (Skp)” = Skyp on D (3.76)
+ —
ODOS. 0P _ gy on oD, (377

while the normal derivative of the single layer potential and the double layer po-
tential are discontinuous across 0D and satisfy the following jump relations:

I(Sy)*
ov

(D)) = Kptp £ %w on dD, (3.79)

=K F %w on 9D (3.78)
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As the reader has already seen, the solution v and w of the interior transmission
problem (3.1) are simply LA (D) functions, where

LA(D) := {u € L*(D), such that Au € L*(D)}

with a similar definition for L% (R®\ D). Therefore their trace and their normal
derivative on the boundary live in H~2(0D) and H~3(dD), respectively. Hence
the representation formulas (3.68) and (3.69) suggest that we must work with single
layer potentials S with density in H~2(8D) and double layer potentials Dy, with
density in H=2(0D) (i.e. for s = —1 in the above). Both obviously satisfy the
Helmholtz equation in the distributional sense and hence we can conclude that Sy :
H~2(dD) — L4 (D), Sy : H~2(dD) — L% (R3\ D) and Dy, : H~2(dD) — L4 (D),
LA (R3\ D) are continuous. More importantly, by a duality argument, it is possible
to extend the jump relations (3.76), (3.77), (3.78) and (3.79) to the case of potentials
with weaker densities. More specifically, the following lemma is proven in Theorem
3.1 in [52] (see also [95]).

Lemma 3.21. The single layer potential Sy, : H=2(9D) — LA (D), S : H=3(dD) —
LA (R3\ D) and the double layer potential Dy, : H~2(dD) — LA (D), LA(R3\ D)
satisfy the jump relations on 0D
A(Sp)* 1 |
S0y = ()" =S and PO _quty o)
(D))" _ O(Dit)~

£y = Ty in H 2(0D)

(D) = Kb 26 and

where the bounded linear operators

1

Sy : H 3(dD) —s H™2(dD) K, :H 2(0D) —s H™
K| : H 3(dD) —s H™2(dD) Ty : H3(0D) — H~

(OD)
(OD)

Nl NI

are given by (3.70), (3.71), (3.72) and (3.73), respectively.

To arrive at a system of boundary integral equations equivalent to the inte-
rior transmission problem (3.1) for v € L?(D) and w € L?(D) we introduce two
unknowns

ov
o=

=5 € H™3(0D) and  B:=v|yp € H 7(dD) (3.80)
14

oD

and use the ansatz (3.68) and (3.69) along with the boundary conditions in (3.1) to
write

v =Sra — Dy and w = Sk, a0 — Dy, B+ Sk, h— Dy, f (3.81)
where we note
ow
—| =a+f and wlop = B+ h. (3.82)
M |op
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Using the jump relations in Lemma 3.21 and once again the boundary conditions
in (3.1) we arrive at the following system of integral equations

zw () =rw(}) (5.5

where
Sk, — Sk —Kp, + K )

Zn(k) = ( Kl 4K, To-T, (3.84)

and 5 .
. —Sk,, 51+ Ky,
rw= (P )

Since h € H2(AD) and f € H?(dD), the mapping properties (3.74) and (3.75) for

s =1 imply that F, (k) ’Jﬁ ) € H3(dD) x Hz(dD).

To understand the mapping properties of the operator Z, (k) we must recall
some regularity results concerning single and double layer potentials and conse-
quently the associated boundary integral operators. Notice that the components in
(3.84) are more regular that each of the operators involved since the singular part,
which is independent of k, cancels.

Lemma 3.22. Assume that k, k,, € C have nonzero real part. Then the operators
Sk =Sk, : H=2(0D) — H2(D) and D, —Dy,, : H2(dD) — H%(D) are continuous.

Proof. We sketch here the proof following the proof of Theorem 3.2 in [52]. First
we notice that Vi — Vi, where Vy is the volume potential defined by

n?

(V) ( /Z/J )@ (2, y) dy,

is a pseudo differential operator of order —4. This follows from applying Theorem
7.1.1 in [66] on integral operators with pseudo-homogeneous kernels to the operator
Vi — Vi, whose kernel takes the form a(z,z — y) where

e7,k|z| _ eikn\z\

a(z, z) := prp

i 1 —
:47r( niﬂz

]:0

kj+2 kfl”)lz\j“.

Now using Theorem 8.5.8 in [66] it is possible to deduce from this the regularity
result for the difference of the single layer potentials Sy — Sy, . Finally, the fact that

(Dr — Dy, ) = =V - (Sk — Sk, ) (v¥) (3.85)

implies that the regularity result for Dy — Dy, can also be deduced from the regu-
larity property of the difference of the single layer potentials. O
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Later on in our analysis we would like to decompose the operator Z,, (k) into
an invertible operator and a compact operator. Hence we will need to find more
regular operators, and the away to achieve this is to eliminate the principal part in
the asymptotic expansion of the kernel of the operator Vi, — Vi, . To this end we
consider the operator

Ve = Vi) +7(B)Vijk) — Vijka))
where
K2 — k2
k2 — [kn|?

and which has the kernel a(z,x — y) where

v(k) =

eik|z| _ eikn|z\ ef\kz| _ ef|knz\

a(z,z) = 47|z * 47r|z|
1 k% — =
k—k
= g [0~ ] - 2 @2l
with
3 1 L , o . 4
ajio(x,2) = W [ZJ+1(k]+3 _ kff?’) + (—1)! (|k|3+3 _ |kn|3+3) 5D(/€)] |Z|J+2’

for all j > 0, which satisfies
ap(z,tz) = tPa,(x, 2).

From [66, Theorem 7.1.1], we deduce that

(Vi — Vi) + 7k Vi) — Vi) () = / a7 — y)o(y)dy
D

is a pseudo-differential operator of order —5 since a is a pseudo-homogeneous kernel
of degree 2. Then, applying Theorem 8.5.8 in [66] and (3.85), we can immediately
prove the following regularity result for the operators (S —Sk,, ) +7(k) (Sijk) — Sijk..|)
and (Dy — Dy,,) + v(k)(Dijx| — Dijx,|)-

Lemma 3.23. Assume that k, k,, € C have nonzero real part. Then the operators
(S = St,) + (k) Sy = Sigp,) : H3(9D) — HY(D)

and
(Dy — Di,) + (k) (Dijg| — Dijr,|) : H2(dD) — H*(D)

are continuous.

We now return to our main system of integral equation (3.83) which, if it is
uniquely solvable, is equivalent to the interior transmission problem (3.1) via Green’s



110 Chapter 3. The Interior Transmission Problem

representation formulas (3.68) and (3.69) using (3.80) and (3.82). Lemma 3.22
implies that Z, (k) : H=2(0D) x H~2(dD) — H2(dD) x H2 (D) is continuous.

In the next step we want to show that Z,, (k) is a Fredholm operator of index
zero. To this end we decompose Z, (k) as

Zn (k) = =y(k) Zn (ilk]) + (Zn (k) + (k) Zn (il k])) -

From Lemma 3.23 and the classic trace theorems we know that Z,, (k) +~(k)Z(i|k]) :
H=3(0D)x H=2(8D) — H?2(0D) x H2(dD) is compact. Hence it suffices to show
that Z,(i|k|) : H2(dD) — H?(dD) x H2(AD) is invertible.

Lemma 3.24. Z,(i|k|) : H=3/2(0D) x H-Y/?(8D) — H?*'*(8D) x H'/?(dD) is

coercive, 1.e.

(zatii (). (5 )] 2 € (1002, + 15123 )

where (-,-) denotes the duality between H~3 (D) x H~2(dD) and H?(dD) x
Hz(dD).

Proof. For simplicity we set x := |k| and &, := |k,|. Let  be in H=3/2(dD) and
B € H-'/2(9D) and consider the following problem:

(A= k) (A—=KDu=0 in R3\0D

[Au],p = B(k2 — K?) on 9D
(3.86)
[8(8Au)} = a(k2 — k%) ondD
v lop
where for a generic function u, [u] := u™ — u~ denotes the jump of u across the

boundary dD. Multiplying the first equation by ¢ € H?(R?), integrating by parts
on both sides of 9D and using the jump conditions on 0D, we can reformulate
(3.86) as the following variational problem: find u € H?(R3) such that

/ (Au — K2u)(AP — K2P)de = — /(I{i — K?) (a(p - B?) ds, (3.87)
v
R3\OD
for all p € H?(R?). We remark that u = (S, — Six)a — (Djx, — Dix)B obviously
solves (3.87). Using the Lax-Milgram theorem, the existence and uniqueness of a

solution u € H?(R?) to (3.87) can be established. Thus the only solution to (3.87)
is u = (Six,, — Six)a — (Dis,, — Diy)B. In particular,

0
wlon = (Siw, ~Six)a—(Kin, ~Kin)8  and  ==lop = (Kfy, ~ K )a—(Tiw, ~Ti0)8

K

Taking ¢ = u in (3.87) we obtain

/ (Au — K2u)(AT — K2T)dz = — / (K2 — 2) (au - ﬁaD ds.  (3.88)

R3\0D oD
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The inequality

(Au — w*u) (AT — K2T)dx > CHquqz(Rs)

R3\&D
along with (3.88) imply that

ou
/Baai

(o) )
V[ H=3(8D),H? (6D)

> C'|[ull3p gsy- (3.89)

H-30D),H3 (0D) <

Next we want to show that there exists C; > 0 such that ||| < Chllull g2 rs)-

H™3 (0D)
To this end, we take ¢ € H3/2(0D) such that ¢l s/29py = 1. Then there exists

96
@ € H?(R?) such that ¢|sp = ¢ and 8—90|3D = 0. From (3.87) we have that
v

1 2 - 2=
<a’(p>H*%(aD),H%(aD) = 2= / (Au — k*u)(A@ — ki @)dx
R3\OD

< Cllull 2 ws) 18] 2 sy < C1llull 2 (rs)

because ||@| g2rs) < ¢llgs2(opy = 1. Hence ||| g-3/2(9p) < Crllul| 2 (ws)-
Similarly we show that [|3]|g-1/2(9py < Callullg2gs) for some constant Co > 0.

Indeed, take 1» € HY2(9D) such that 1l fr1/2(9py = 1 and choose Y € H?(R®)
such that 2/~J|3D =0 and %b[) = 1. Then

1
H™2(@D),H20D)| ~ [k2 — k2|

s —

(54) [ @u-u(ad - w2d)ds
R3\OD
< Cllull g2 |9 mr2rsy < Collul| g2 rs)

since ||| g2rsy < ¥l 1200y = 1, whence ||B]|g-1/2(apy < Callull 2 (s
We have now all the ingredients to show the coercivity property for Z(i|k|). Thus,

’<Zn(z’|k:) ( g ) , < g >>' = ‘((Smn — Sir)a — (Kix, — Ki”>6’a>H’%(aD),H%(BD)

! /
+ <_(Ki,gn - Ki,g)a + (Tinn - En)ﬂ”5>H%(aD),H_%(8D)’

ou
<u|aD7a>H%(aD),H_%(8D)+ 7$|8D7ﬂ

1 2 ¢’ 2 c’ 2
> C'|ullz2gsy 2 aHO‘HHfz/z(aD) + @”ﬂHHflﬂ(aD)’

>

>H§(ap),H—%(aD)

which proves the result. 0O
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Summarizing the above analysis we can now state the following result.

Theorem 3.25. The operator Zy(k) : H™2(0D) — H2(0D) x Hz(dD) is
Fredholm with index zero and is analytic on k € C\ R™. The kernel of Z,(k) is
trivial for all k € C\ R~ except for at most a discrete set with +00 as the only
possible accumulation point.

Proof. Thanks to Lemma 3.23 along with the classic trace theorems and Lemma
3.24, the operator Z, (k) is the sum of the compact operator Z, (k) + v(k)Z(i|k|)
and the coercive operator —y(k)Z(i|k|). Hence it is Fredholm of index zero. The
analyticity of Z, (k) on k is a direct consequence of the fact that the kernels of
the boundary integral operators that compose Z, (k) are analytic functions of k €
C\ R~. Finally, since Z(ix) for x > 0 is invertible, an application of the analytic
Fredholm theory [42] implies that the kernel of Z, (k) is trivial for all k € C\ R~
except for at most a discrete set with 400 as the only possible accumulation point.
|

We remark that the set of values of k € C for which the kernel of Z, (k)
fails to be trivial is larger than the set of transmission eigenvalues. In addition to
transmission eigenvalues, it also contains the so-called exterior transmission eigen-
values (see [22] and [45] for the relevance of the exterior transmission eigenvalues
to the scattering theory of inhomogeneous media). The next theorem shows the
relation between transmission eigenvalues and the kernel of Z, (k) using the fact
that in the Green’s representation (3.68) and (3.69) a solution to (3.1) corresponds
to non-radiating fields. To this end, let

e—iki‘~y .
P(a)@) = o [ (0%~ e ) ast)
oD

O

oD

which are the far field patterns of v and w defined by 3.68) and (3.69), respectively.

Theorem 3.26. The following statements are equivalent.

(i) There exist a non-trivial solution v,w € L*(D) to (3.1) such that w — v €
H*(D).

(ii) There exist a # 0 in H=3/2(0D) and 8 # 0 in H=Y/%(0D) such that
Zn (k) ( g =0 and P>(a, B) = 0.
(iii) There exist o # 0 in H=3/2(0D) and B # 0 in H=/2(0D) such that

Zn(k)( g ) =0 and P>(a, B) = 0.
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Proof. From the construction of the operator Z,, it remains to show that (ii)
implies (i) and that (iii) implies (i). Assume that there exist o € H~/2(9D)

and 8 € HY?(dD) satisfying Z, (k) ( g ) = 0. We define v = Sy — Dy and

w = S, a — Dy, B in R3\ dD. The mapping properties of single and double layer
potentials shows that v and w are in L?(D) and w — v € H?(D) and they satisfy
Av + k*v = 0 and Aw + k?>nw = 0 in D. Now assume that P<(a,3) = 0. We
want to show that v # 0. From Rellich’s Lemma we deduce that v = 0 in R%\D.
Assume that v = 0 also in D. We have in particular that [v],, = [%][m =0 and
from the jump properties of the single and double layer potentials we also have that
[v]yp = —B and [a”}aD —a. This contradicts the fact that («, 8) # (0,0). Then
v # 0in D. In a similar way we can show that if P;°(«,8) = 0 and then w # 0.
0

We can now use the integral equation framework to study the solvability of
the interior transmission problem and show the discreteness of transmission eigen-
values for media with sign changing contrasts. To present the idea we first consider
piecewise homogenous media where we assume that D = D1UD, such that D; ¢ D
and Dy := D \51 and consider the simple case when n := n; in Dy and n := ng in
Dy, where ny > 0, ny > 0 are two positive constants such that (n; —1)(ne —1) < 0.
We denote by ¥ = 9D; which is assumed to be a C? smooth surface with v the unit
normal vector to either D or ¥ outward to D and Dy, respectively (see Figure 3.2).
We let k1 = ky/n1 and ko = k/ns. In the following we use the notations S,?D , D,?D

Figure 3.2. Configuration of the geometry for two homogeneous media

and S, Dy in order to differentiate between the potentials with densities defined
on D or ¥. We also use the notation

( /w D (z,y)dsy, x € 90D

Skw /1/} O (x,y)ds, reY
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(S,?DE /w O(z,y)dsy, DY

(SE 0D, /¢ z,y)ds, €D,

with the respective notations for the other operators Kj, K ,; and T}. Letting

ov ow s o
75@137%8,37‘/:6[{ (0D) and f:=v|opp =wlop —h € H 2(dD)
and
vim 20 €eH %) and fi=wlse HI(Y)
ov |

the solution to (3.1) can be written as

v=8Pa-DIPB inD (3.90)
and
SPa —DIPB+ SPh—DIP f — Sia + Dy B in Dy
w= ) (3.91)
Sta-Dj in Dy.

Note that the interior regularity for the solutions to the Helmholtz equation implies
that v and w are at least in H} (D) . Using the boundary conditions on D and
continuity of the Cauchy data of w across 3 we arrive at the following system of
integral equations

oD oD 8D oD ,8D 2,0D -
Ska — Sk —Ki,” + K a S -K,
'0D "oD oD oD '$,0D 3,0D 3
-K9P + K, TPP — T B K, Ty B
:ng(k) =Z%=,0D (k)
—-SPP I+ KPP h
1, 0D oD ’
-5+ K2 ~TP: f
=Fy, (k)
and
Sli + 5%21 7KI§2 o K%‘,l & _SaD,E KaD,Z a
> > 2 B '9D,% dD,%
~KS-K> Tg-T: B Ko7 -1y 8

ZELHQ(k) :ZaD,E(k)
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The operator ZZ , (k) : H-2(X) x Hz () — H~2(X) x Hz () is invertible since

ni,n2
it corresponds to the following transmission problem: For given ¢ € H %(Z) and
¢ e H 2(%) find v € H'(R3\ Dy) and w € H'(D;) such that
Aw+ E*niw=0 in Dy,
Aw+ k*now =0 in R®\ Dy,

w—w=¢ onx,
(3.92)

which is well-known to be uniquely solvable [15] (see also Chapter 1 of this book).
Indeed, using Green’s representation formula for the solution w and w of (3.92) it
is easy to see that (3.92) is equivalent to the following integral equation

ow —Skzl %I + Kkz1

7z w| ol | = / ( ;f >

The interior transmission problem can clearly be written as

Z(k)( g ) = F,, (k) < ? ) (3.93)

where Z(k) : H=2(0D) x H-2(dD) — H2(0D) x H2 (D) is given by

—1
_ 70D %,0D 55 oD%
2(k) = Z2P (k) + 2500 () (23, 0y () 20> (k).
Now the operator Z9” (k) corresponds to the interior transmission problem with
n := ny which is studied above and thanks to Theorem 3.25 is a Fredholm opera-

p ~ -1 p
tor of index zero. Furthermore, the operator Z>9P (k) (ZZ (k)) Z9P:2 (k) is

ni,n2
compact as product of compact operators and bounded operators. All operators
involved in the expression of Z(k) are analytic k € C\ R™. Thus we have shown
the following result.

Theorem 3.27. The operator Z(k) : H=2(0D)x H=3(0D) — H3 (D) x Hz(dD)
is Fredholm with index zero and is analytic on k € C\ R™.

The idea presented above for the case of a piecewise homogeneous media can
be generalized to a more general case when the medium inside D; is not necessarily
homogeneous. More specifically, in the more general case where the refractive index
n(x) in D; is such that n € L>®(Dy), R(n) > a > 0, (n) > 0, and n # 1 is a
positive constant in Dy, we can use exactly the same approach as above to prove
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the result in Theorem 3.25 by replacing the fundamental solution ®g, (-, y) with the
free space fundamental solution G(-,y) of

AG(,y) + k*n(2)G(,y) = =0,  inR

in the distributional sense together with the Sommerfeld radiation condition, where
n(x) is extended by its constant value in Dy to the whole space R3®. Because
D, (-, y) — G(-, y) solves the Helmholtz equation with wave number ks in the neigh-
borhood of I" the mapping properties of the integral operators do not change. We
refer the reader to Section 4.2 of [52] for more details.

In fact the above idea can be applied even in a more general case, provided that
n is a positive constant not equal to one in a neighborhood of D. More precisely,
consider a neighborhood Do of D in D with C? smooth boundary (e.g. one can
take Ds to be the region in D bounded by 0D and ¥ := {x — ev(z), x € dD} for
some € > 0 where v is the outward unit normal vector to D). Assume that the
refractive index in Dy is a positive constant n # 1, whereas in Dy := D\ Dy the
refractive index is such that the transmission problem

Aw + k*n(z)w =0 in Dy,
Aw+k*nw =0 in R\ Dy,
w—w=¢ on,

ow Ow
v v

o
hmr(w—w7m020
r—o00 or

is well posed. Then a similar result as in Theorem 3.25 holds true in this case.
Indeed, without going into details, in Dy we can express v and w by (3.90) and
(3.91), respectively, and in D; we leave the expressions for v and w in the form of
a partial differential equation with Cauchy data connected to w in Dy. Hence it is
possible to obtain an equation of the form (3.93) where the operator Z(k) is written
as

(3.94)

Z(k) = Z2P (k) + Z%9P (k) (A(k)) ™" 297 (k),

where now A (k) is the invertible solution operator corresponding to the well-posed
transmission problem (3.94).

The above discussion implies that the Fredholm alternative can be applied
to the interior transmission problem (3.1) provided that the refractive index is a
positive constant different from one in a neighborhood of the boundary 0D and
otherwise satisfies the assumptions for which the direct scattering problem is well-
posed. Note that this analysis includes the case when inside D there are obstacles
with different types of boundary conditions. The solvability of the interior transmis-
sion problem (3.1) for almost all £ € C amounts to proving that there exists a wave
number k which is not a transmission eigenvalue. Assumptions on n under which the
latter is true are discussed in Section 3.1.3 and in [113]. It is possible to derive differ-
ent boundary integral equations equivalent to the interior transmission problem. In
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[33] the transmission eigenvalue problem is analyzed as one single boundary integral
equation in terms of the Dirichlet-to-Neumann or Robin-to-Neumann operators. In
particular, when this formulation is used to compute transmission eigenvalues, it
results in a noticeable reduction of computational costs.

3.2 Solvability of the Interior Transmission Problem

for Anisotropic Media
We turn our attention to the interior transmission problem corresponding to the
scattering problem for the anisotropic inhomogeneous media introduced in Section
1.2.2, which reads: Given f € H2(dD), h € H~2(dD), ¢, € H™'(D) snd ¢, €
L?(D), find w € L?(D) and v € H'(D) satisfying

V- AVw + k*nw = £, in D,

Av+ kv =14, in D,
w—v=f on 0D, (3.95)
ow ov
% — % = h on (9D
where
ou
— =v- AVu.
oo v-AVu

Definition 3.28. Values of k € C for which the homogeneous interior transmission
problem

V- AVw + k*nw = 0 in D,

Av+Ekv=0 in D,

w=v on 0D, (3.96)
Jw ov

m = % on 0D

has non-trivial solutions w € H'(D) and v € H'(D) are called transmission eigen-
values.

As in the case of isotropic media we are concerned with whether the interior
transmission problem, or a compact perturbation of it, has a unique solution that
depends continuously on the data. In many applications discussed in Chapter 2,
(3.95) appears with ¢; = ¢3 = 0. However, in our presentation here we include
possibly non-zero ¢; and /5; this case is needed for instance in the proof of the
uniqueness theorem in Section 1.4.2. In general we will assume that the support
D C R? of the anisotropic inhomogeneous media has Lipschitz boundary 9D, unless
mentioned otherwise, and v is the unit normal vector directed outwards to D. The
assumptions on the constitutive material properties are those introduced in Section
2.5 which we recall here for sake of the reader’s convenience: A is a 3 x 3 symmetric
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matrix with L°°(D)-entries such that
ERAE = fgf" and € (A <0

for all ¢ € C3, a.e. for x € D and some constant vy > 0, whereas n € L>®(D) is a
complex-valued scalar function such that ®(n) > 0 and I(n) > 0 For the purpose
of this section and for later use we make the following notations:

a, := inf inf £ - R(A)¢ > 0,

D f¢l=1
a* := sup sup - R(A)¢ < oo,
up sup (3.97)

Ny 1= igf R(n) >0 and n*:= sup R(n) < cc.
D

Various techniques are used to analyze the interior transmission problem de-
pending on the assumptions on the constitutive material parameters A and n.

3.2.1 The Case of One Sign Contrast in A

In this section we consider the case when the contrast A — I does not change sign
in D, more specifically we assume that either or a, > 1 or 0 < a* < 1. To present
our ideas we start the discussion with the case when a, > 1 following [17] and
[28] (see also [15]). 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 given
f € H2(dD), h € H 2(dD), a real valued function v € C(D), and two functions
{1 € L*(D) and ¢y € L?(D) find w € HY(D) and v € H'(D) satisfying

V- -AVw —yw =, in D,

Av—v=1{ in D,

w—v=f on 0D, (3.98)
ow  Ov

% — % =h on 8D

This is exactly the problem whose well-posedeness is needed in the proof of the
uniqueness theorem in Section 1.4.2. We now reformulate (3.98) as an equivalent
variational problem. To this end, we define the Hilbert space

W(D) := {v € (L2(D))2 :V-veL*D) and Vxv= O}

equipped with the norm ||v||%, = ||V||%2(D) +|V- VH%Z(D). We denote by (-, -) the
duality pairing between Hz(0D) and H~2 (D). The duality pairing

(gp,z/:-y}z/goV-'Lbdm—i—/Vgo-zpdx (3.99)
D

D
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for (p,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)= | AVw-Vodr+ | mwgdr+ [ V-vV-pdr+ [ v-pdx
/ Jreee] /
—(w, Y -v)— (@, v-v) (3.100)

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

L(V):/(m@JFPzV'{ﬂ)dIJr(@,h)*(f,{b-l/). (3.101)
D

Then the variational formulation of problem (3.98) is to find U = (w,v) € H'(D) x
W (D) such that

AU, V) = L(V), for all V € H'(D) x W (D). (3.102)

The following theorem states the equivalence between problems (3.98) and (3.102)
and for the proof we refer the reader to Theorem 6.5 of [15].

Theorem 3.29. The problem (3.98) has a unique solution (w,v) € H*(D)x H*(D)
if and only if the problem (3.102) has a unique solution U = (w,v) € HY(D) x
W (D). Moreover if (w,v) is the unique solution to (3.98) then U = (w,Vv) is
the unique solution to (3.102). Conversely, if U = (w, V) is the unique solution to
(3.102) then the unique solution (w,v) to (3.98) is such that v = Vuv.

We now investigate the modified interior transmission problem in the varia-
tional formulation (3.102).

Lemma 3.30. Assume that a. > 1 and y(x) > a,. Then problem (3.102) has a
unique solution U = (w,v) € HY(D) x W (D). This solution satisfies the a priori
estimate

ax+1
= (1l + 1222 )

18113 oy + 1Al 3 o))

where the constant C' > 0 is independent of {1, a2, f, h and a.

[wll oy + [IvIlw < 2C

(3.103)

Proof. The trace theorems and Schwarz’s inequality ensure the continuity of the
antilinear functional L on H'(D) x W(D) and the existence of a constant C' inde-
pendent of p1, pa, f and h such that

121 < € (1l o + 12l e + 16113 +UAIL, -3 ) - (3.104)
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On the other hand, if U = (w,v) € H'(D) x W(D), the assumptions that a, > 1
and y(z) > a,. imply

AU, U)| = a |w]ln + VIG5, — 2Re (@, v)). (3.105)
According to the duality identity (3.99), one has by Schwarz’s inequality that
(@, %) | < ol g (vl
and therefore

2 2
AU U)| = ax[wllgs + [Vl =2 1wl g VI -

2
Using the identity aa?+y? —2zy = 254 (x - y) + 951 + 25 y? with o = a.,

we conclude that
Ay —

1 2 2
e (VI + ol )

whence A is coercive. The continuity of A follows easily from Schwarz’s inequality
and the classic trace theorems. Lemma 3.30 is now a direct consequence of the
Lax-Milgram lemma applied to (3.102). O

AU, U)| =

Combining Theorem 3.29 and Lemma 3.30 gives the following result concern-
ing the well-posedness of the modified interior transmission problem.

Corollary 3.31. Assume that ax > 1 and y(x) > a.. Then the modified interior
transmission problem (3.98) has a unique solution (w,v) that satisfies

lwlars oy + 10l 20y < € (120220 + 12l 2oy + 143 o) + 1l 3 o))
with ¢ > 0 independent of {1, ls, f, h.

It is possible to perform the same analysis for the case when 0 < a* < 1 and
prove a similar statement as in Corollary 3.31 for  chosen such that a* < v < 1.
This is done by arriving at a similar variational formulation where the roles of w and
v are interchanged, i.e. making the substitution Vw = w (see [28] for the details).

Summarizing the above analysis we can state the following result concerning
the solvability of interior transmission problem (3.95):

Theorem 3.32. Assume that either a, > 1 or 0 < a* < 1. Then the Fredholm
alternative can be applied to (3.95). In particular if k is not a transmission eigen-
value then (3.95) has a unique solution (w,v) € H(D) x HY(D) that satisfies the
estimate

lwlazs oy + 0l a0y < € (120 220y + 12l 2oy + 13 o) + 1l 3 o))

with ¢ > 0 independent of 1, Lo, f, h.
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Proof. Let us consider a* > 1 (the other case can be handled exactly in the same
way). Set

X(D) = {(w,v) € HY(D) x H'(D) : V-AVv € L*(D) and Aw € L*(D)} (3.106)

and consider the operator G from X (D) into L2(D) x L*(D) x Hz (D) x H~2(dD)
defined by

ow Ov
G(w,v) = (V-AVw —yw, Av — v, (w — v)|5D, <8u — ay)@)

with a constant v > 1. Obviously G is continuous and from Theorem 3.31 we know
that the inverse of G exists and is continuous. Now consider the operator T from
X (D) into L2(D) x L3(D) x H2(dD) x H~2(dD) defined by

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

From the compact embedding of H'(D) in L?(D), the operator 7 is compact. Hence
the injectivity of G+ 7, which is equivalent to k not being a transmission eigenvalue,
implies (G + 7)™ ! exists (i.e the existence of a unique solution to (3.95)) and is

bounded (i.e this solution satisfies the a priori estimate stated in the formulation of
Theorem 3.32). O

In general we cannot conclude the solvability of the interior transmission prob-
lem as k may be a transmission eigenvalue (see Definition 3.28). Similarly to the
case of isotropic media, it is of great interest to know what assumptions on A and
n guarantee that transmission eigenvalues either do not exist or form a countable
set. The following theorem concerning the non-existence of transmission eigenvalues
holds under no assumptions on the contrasts A — I and n — 1.

Theorem 3.33. Assume that A € (C’l(D))3X3 and n € C(D). If either I(n) >0

or ¥ (5 A{) < 0 at a point xo € D, then the interior transmission problem (3.95)
has at most one solution, (i.e. there are no transmission eigenvalues).

Proof. Let w and v be a solution of the homogeneous interior transmission prob-
lem (3.96). Applying the divergence theorem to w and AVw, using the boundary
condition and applying Green’s first identity to v and v, we obtain

/V@-Adey—/k2n|w\2dy: /@'%dy:/|Vv|2dy—/k2|v|2dy.
D D

D D oD

Hence

R} /V@~Adey =0 and Im /n|v|2dy =0. (3.107)
D D
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If Im(n) > 0 at a point zy € D, and hence by continuity in a small disk Q.(zo),
then the second equality of (3.107) and the unique continuation principle (Theorem
17.2.6 in [65]) imply that v = 0 in D. From the boundary conditions in (3.96),
and the integral representation formula, w also vanishes in D. In the case when
R (f_ Af) < 0 at a point 2y € D for all ¢ € C2, and hence by continuity in a small
ball Qc(x0), from the first equality of (3.107) we obtain that Vw = 0 in Q(z¢) and
from the equation w = 0 in Q.(xo), whence again from the unique continuation
principle w = 0 in D. Similarly as above, this implies that v = 0 also, which ends
the proof. 0O

Remark 3.34. The result of Theorem 3.33 holds true for A € (L (Dl)axs and
n € L*(D) but in this case one has to assume that either S(n) > 0or S (£-A¢) <
0 almost everywhere in D

In view of Theorem 3.33 and Remark 3.34 we now assume that both A and
n are real valued, and show that under appropriate assumptions the transmission
eigenvalues k € C form at most a discrete set with 400 as the only accumulation
point. To this end, it suffices to show that there exists a x € C which is not
a transmission eigenvalue. Indeed, let us define the operator £ from X(D) into
L2(D) x L2(D) x H2(8D) x H~2(dD) by

Li(w,v) = (V-AVw + k*nw, Av + kv, (w — v)|,,, <gw - gv> )
v v

where X (D) is defined by (3.106). Obviously the family of operators £ depends
analytically on k € C. If we can show that L, is injective for some « € C (i.e. this
K is not a transmission eigenvalue), then, thanks to Theorem 3.32, £ ! exists and
is bounded. Then, writing

Ly =Ly (I - L (L= Ly))
the discreteness of transmission eigenvalues follows form the fact that
L. —Lp=((*—k)nw, (k* =k, 0, 0)

is compact. The approach to show that L, is injective for some x € C depends
fundamentally on whether n = 1 or n #Z 1. Hence in the following we distinguish
between these two cases.

Discreteness of Transmission Eigenvalues for n = 1. Here we assume that
$(A) = 0 and either a, > 1 or 0 < a* < 1. The transmission eigenvalue problem

for n = 1 reads
V- AVw + k*w =0 in D,

Av+Ekv=0 in D,
w=v on 0D, (3.108)
ow _ v on dD.

dva  Ov
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with v € HY(D) and w € H'(D). The structure of this problem resembles the
problem studied in Section 3.1.1. The main idea is to make an appropriate sub-
stitution and rewrite it as a transmission eigenvalue problem with contrast in the
lower order terms and hence use a fourth order formulation as in Section 3.1.1. This
approach was first introduced in [20] and later used in [16] and [29]. To this end,
let w € HY(D) and v € H'(D) satisfy (3.108) and make the substitution

w = AVw € L*(D)?, and v =Vuve L*(D)>.
Since from (3.97) A~! exists and is bounded, we have that
Vw = A" 'w.
Taking the gradient of both equations in (3.108), we obtain that w and v satisfy
V(V-w)+ kA 'w =0 (3.109)

and
V(V-v)+k*v =0, (3.110)

respectively, in D. Obviously the second boundary condition in (3.108) implies that

V-V=U-W on 0D, (3.111)
whereas the equations in (3.108) yield

—kw=V -w and —kw=V-v

which together with the first boundary condition in (3.108) gives

V-w=V-v on dD. (3.112)
We can now formulate the interior transmission eigenvalue problem (3.108) in terms
of w and v. In addition to the usual energy spaces H'(D) and H{ (D), we introduce

the Sobolev spaces

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

and

H(D):={ue H(div,D): V-ue H(D)}
Ho(D) : = {u€ Hy(div,D): V-ue Hj(D)} (3.113)

equipped with the scalar product

(uaV)H(D) = (qu)m(D) +(V-u,Vv- V)Hl(D) :
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Letting N := A~!, in terms of new vector valued functions w and v the transmission
eigenvalue problem (3.108) can be written as the equivalent problem

V(V-w)+k*Nw=0  in D,

V(V-v)+k*v=0 in D,

(3.114)
V-W=V-V on 0D,
V-w=V-v on 9D

with w € (L3(D))?, v € (L?(D))? such that w — v € Ho(D).
Following Section 3.1.1, we can now write (3.114) as an equivalent eigenvalue prob-
lem for w — v € Hy(D) satisfying the forth order equation

(VV-+k°N) (N -=1)"" (VV-u+k’u) =0 in D (3.115)
which in the variational form reads: Find u € Ho(D) such that
/(N—I)—l (VV-u+k?u) - (VV -’ +E*Nu') dz =0 (3.116)
D

for all u’ € Ho(D). The variational equation (3.116) can in turn be written as an
operator equation

Apu—Ek’Bu=0 or Aju—k*Bu=0 for ue Ho(D) (3.117)

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

(Agu,u’)gy(py = Ag(u,u’) and (Apu, ') gy (p) = Ag(u,u) (3.118)

and
(Bu,u')3,(py = B(u,u’) (3.119)

with the sesquilinear forms Ay, Ax and B given by

Ap(u,') := (N =1)"" (VV-u+ku), (VV-u' + k), + K (u,u)

Ae(,v) == (N(I - N)"" (VV-u+k®a),(VV-d' +E0)),
+(VV-u,VV V),

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

respectively, where (-, -) , denotes the L?(D)-inner product.

In our discussion we must distinguish between the two cases a, > 1 and
0 < a* < 1 (note that a, and a* are the infimum in D of the smallest eigenvalue
of A and the supremum in D of the largest eigenvalue of A, respectively). The
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assumption that 0 < a, < a* < 1 implies that £ - (N — I)71¢ > al¢]? for all £ € R3
a.e. in D and some constant « > 0 since

_ 1 1
i f . A_l - I -1 - = > =
”5“127@31 & e SupeE-A1E—1" 1jar—1
where .
a
= 0. 3.120
@ 1—a* > ( )

On the other hand, the assumption that 1 < a, < a* < oo implies that £ - N(I —
N)7LE > al¢]? for all € € R? ae. in D and some constant a > 0. Indeed, noting
that A=1(1 — A=)~ = (I — A=1)~! — I we have

inf £ AN I-AY)le= ngfg‘. (I-AhH1le-1
¢ecd
el =1

1 1

= — —]_> —]_:
I —supg - A1E —1-1/a. @

where
1 >0 (3.121)
o= . .
a, — 1

Theorem 3.35. Let \i(D) be the first eigenvalue of —A on D. Then

1. for 0 < a* < 1, real wave numbers k > 0 such that k* < a*\1(D) are not
transmission eigenvalues,

2. for a, > 1, real wave numbers k > 0 such that k* < \1(D) are not transmis-
sion eigenvalues.

Proof. First we recall that for V - u € H}(D), using the Poincaré inequality, we
have that

IV |72y IVV -ullZ:p) (3.122)

1
< -
~ Mi(D)
where A1 (D) is the first Dirichlet eigenvalue of —A on D.
Now assume that a* < 1 which from the above implies ¢ - (N(x) —I)~1¢ > a|¢|? for
all ¢ € R? and a.e. z € D with « given by (3.120). Then we have that
Ar(u,u) > o[ VV - u+ Kl p) + K lullfz ).

Setting X = ||[VV - u| z2(py and Y = k?||ul|.2(p) we have that

IVV - u+k*uliep) > X2 —2XY +Y?

and therefore
Ar(u,u) > aX? —2aXY + (a +1)Y2. (3.123)
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From the identity,

2 2 _ a2 _Cﬁ 2 _ 2
aX®—2aXY +(a+1)Y°=€(Y X) 4+« X+ (1+a—-¢eY
€

€

for « < € < o+ 1 and (3.122) we have that

o?
Ar(u,u) — E*B(u,u) > <04 - 6) [VV - u||%2(D) +(1+a-— 6)k2||u||2L?(D)

1
— k2m||vv “ul72p)-

Therefore, if k* < (o — a?/€) A (D) for every a < € < a+1, then Ay(-,-) —k*B(-, ")
is coercive and hence Ay — k?B is invertible. In particular taking e arbitrarily close
to o + 1 we have that if k% < Tia (D) = a*A1(D) then k is not a transmission
eigenvalue, which proves the first part.

Next, let a. > 0 which from the above implies £ - N(z)(I — N(x))~'¢ > a/¢|? for all
¢ € R3 ae. for x € D with a given by (3.121). Then exactly the same way as for
the first part we obtain

a?
At = PB(aw = (1+a = VYl + (0= )l

1
— kQWHVV . ll”%z(D).
In particular, Ag(-,-) — k2B(-, -) is coercive as long as k* < (1 +a — €)A1(D). Hence
by taking € > 0 arbitrarily close to o we have that, for k? < \j(D), Ay — k*B is
invertible which proves the second part. 0O

Combining Theorem 3.35 with the discussion right below Remark 3.34 we can
state the following result.

Theorem 3.36. Assume that n = 1, S(A) = 0 and either a, > 1 or 0 < a* < 1.
Then the transmission eigenvalues form a discrete (possibly empty) set in C with
400 as the only passible accumulation point.

Discreteness of Transmission Eigenvalues for n # 1. Again from Theorem
3.33 and Remark 3.34 we can assume that $(A) = 0 and I(n) = 0, and either
a. > 1or 0 < a* <1 and consider the transmission eigenvalue problem (3.96).
While we have assumed that the contrast A — I does not change sign in D, our goal
here is to prove the discreteness of transmission eigenvalues under less restrictive
assumptions on n — 1, more specifically allowing n — 1 to change sign in D. To this
end, we see that a natural variational formulation equivalent to the transmission
eigenvalue problem is as follows: find (w,v) € H(D) such that

/AVw-V@'dw—/Vv-V@’dw—kz/nwﬁ’dx—i—kQ/v@'dx:O (3.124)
D

D D D
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for all (w’,v") € H(D) where H(D) denotes the Sobolev space
H(D) = {(w,v) € H'(D) x H'(D) : w—v € Hy(D)}, (3.125)

equipped with the H'(D) cartesian product norm. To this end, taking w’ =v' =1
in (3.124), we first notice that the solution (w,v) of (3.96) satisfies

k> /(nw —v)dz = 0.

D

This suggests to consider (3.124) in a subspace of H(D) defined by

V(D) := { (w,v) € H(D) such that /(nw —v)dzr =0
D
Now suppose || p(n —1)dx # 0. Arguing by contradiction, one can in standard

manner prove the existence of a Poincaré constant Cp > 0 (which depends only on
D and n) such that

lwlp +1lvlD < Cr(IVelh + IVollD),  V(w,v) € V(D). (3.126)

We observe that k # 0 is a transmission eigenvalue if and only if there exists a non
trivial element (v, w) € Y(D) such that

ar((v,w), (W', w')) =0 for all (v',w') € Y(D),

where the sesquilinear from ag(+,-) : V(D) x V(D) — C is defined by

ar((v,w), (v, w")) ;:/ AVw-Vu' dx —/ Vo Vo' dm—kQ/ nww' dx—i—kz/vﬂ' d.
D D

D D

If Ay : Y(D) — V(D) is the bounded linear operator defined by means of the Riesz
representation theorem by

(Ak(v’ w)a ('U/7 w/))y(D) = ak((va w)7 (U,’ w/)>7

our goal is to find a k € C for which the operator Ay is invertible. To this end, we
observe that ay(+,-) is not coercive for any k € C due to the different signs in front
of the gradient terms, but employing the argument in [12] and [36], we show in the
following that ag(, -) is so-called T-coercive for some particular values of k and this
suffices to show that Ay is invertible for those k. The T-coercivity property can be
interpreted as a form of the Babuska-Brezzi inf-sup conditions. More specifically,
the idea behind it is to replace ax(-,-) by a} (-,-) defined by

af (w,v), (w',v")) = ag((w,v), T(w',v")), (3.127)

for all ((w,v), (w',v")) € Y(D) x Y(D) with the operator T : Y(D) — V(D) being
an isomorphism. If we can choose the isomorphism T such that a”(-,-) is coercive,
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then using the Lax-Milgram theorem and the fact that T is an isomorphism we can
deduce that the operator Ay : Y(D) — Y(D) is invertible.

To present the idea how to apply the T-coercivity approach, we focus on the case
when 0 < a* < 1. Letting

_ 2fD(n— vdx
Jp(n—1)dz

we consider the mapping T : V(D) — Y(D) defined by

A(v) :

T: (w,v) = (w—2v4+ A(v), —v+ A(v)).

Note that A(A(v)) = 2A(v) which implies that T? = I and hence T is an isomor-
phism in Y(D). Then for all (w,v) € Y(D) we have that

|ai; ((w, v), (w,v))|
= |(AVw, Vw)p + (Vv,Vv)p — 2(AVw, Vu)p
— k? ((nw,w)p + (v,v)p — 2(nw, v)D)|
> (AVw,Vw)p + (Vo,Vo)p — 2|(AVw, Vv)p|
— [k[* (nw,w)p + (v,0)p + 2| (nw, v) )
> (1—Va*) ((AVw, Vw)p + (Vv, Vo) p)

— k[ (1 + Vo) (nw, w)p + (M)D) . (3.128)

If we choose k € C such that

a.(1—+a*)
Cp max(n*, 1) (1 ++/n*)

[k|* < (3.129)

then al and hence Ay, is invertible in Y(D), in other words all k € C satisfying
(3.129) are not transmission eigenvalues.

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

T: (w,v) = (w— A(w), —v + 2w — A(w)).
In particular in this case all k € C such that

2 (1-1/ya))
k< e, 1) (1 + 1) (3.130)

are not transmission eigenvalues.
Combining the above analysis with the discussion right below Remark 3.34 we
can prove the following result.
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Theorem 3.37. Assume that either 0 < a* <1 or a, > 1, and [, (n —1)dz # 0.
Then the transmission eigenvalues form a discrete (possibly empty) set in C with
400 as the only passible accumulation point.

Summarizing, in the case when R(A) — I is bounded away from zero and
does not change sign in D, and either (A4) < 0 or &(n) > 0 in a subset of D,
then the interior transmission problem (3.95) has a unique solution which depends
continuously on the data. Furthermore, if $(A) = 0 and S(n) = 0 in D, and
A — I is bounded away from zero and does not change sign in D, then the interior
transmission problem (3.95) has a unique solution depending continuously on the
data except for a possibly discreet set of wave numbers k£ € C with +o0o the only
possible accumulation point, referred to as transmission eigenvalues.

3.2.2 The Case of Sign Changing Contrast in A

We return to the solvability question of (3.95) but here we allow for R(A) — I to
change sign inside D. The T-coercivity approach used to prove Theorem 3.37 can be
applied to study the interior transmission problem in this case. To this end, without
loss of generality, we can take f = 0 in (3.95). Otherwise from the trace theorem
it is possible to find vy € H'(D) supported inside D such that volpp = f with

Hf”H%(aD) < |lvollgr(py and then w and v — vo satisfies the interior transmission

problem with f := 0, h := h+0vy/0v and £ := {3+ Avy+k>vy. Similarly to (3.124),
the interior transmission problem (3.95) is equivalently formulated as follows: find
(w,v) € H(D) such that

/AVw'V@’d:c—/Vu-Vﬁ/d;z:—k2/nww/dx+k2/v®'dx
D D D D

= /h@ds—/&de—/@ngx, for all (w',v") € H(D), (3.131)
oD D D

where H(D) is defined by (3.124). Let us define the bounded sesquilinear forms
CLk(', '),CL(', ')7 b(7 ) : H(D) X H(D) —C by

ar((w,v), (w',v")) ::/AVw-V@’dx—/Vv-V@’dx—kQ/nw@’dm—i—kz/vﬁ’dx
D D D

a((w,v), (w',v")) = /AVw~VE’dx—/VU~VE’da:+/~;2/'ywﬁldm—ﬂ2/vﬁ’dx
D D D D

for some constants £ > 0 and v > 0 (to become precise later) and

b((w,v), (w',v") := (k* — k?) /('y —n)ww dr — (k* — k2)/vﬁ’ dz,

D D
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and the bounded antilinear functional L : H(D) — C by
L(w' v = /th87/€1Wd(£7/£2?dl'.
oD D D

Letting A : H(D) — H(D) and B : H(D) — H(D) be the bounded linear operators
defined by means of the Riesz representation theorem

(A, 0), (o)) = (a0, 0), (), (3132)
(A(w,v), (w/7 U/))H(D) = a((w,v), (w/7 UI))? (3.133)
(B(w,v), (w’,v’))H(D) = b((w,v), (w',v")), (3.134)

respectively, and ¢ € H(D) the Riesz representative of L defined by
(¢, (w', U/))H(D) = L(w',v"),
then the interior transmission problem becomes find (w,v) € H(D) satisfying
Aj(w,v) = (A +B)(w,v) =L

Thanks to the compact embedding of H(D) in L?(D), B is a compact operator
since obviously || B(w, v)||+(p) is bounded by [|(w,v)||z2(p)x2(p)- Hence it suffices
to show that A is invertible for some x > 0 and « > 0 in order to conclude that
A + B is a Fredholm operator of index zero, in which case the interior transmission
problem (3.95) has a unique solution provided k is not transmission eigenvalue
(see Definition 3.28). To prove the invertibility of A we employ the T-coercivity
argument as discussed above in Theorem 3.37.

At this point we need to assume that there exists a d-neighborhood N of the
boundary D in D i.e.

N :={z e D: dist(z,0D) < ¢}
such that $(A) =0 in N and either 0 < a* < 1 or a, > 1 where

ay := inf inf ¢&-A(z)¢ >0,
T€ ¢ ecr3
gl =1
(3.135)
a*:= sup sup &-A(x)€ < oo.
zeN ‘glelkfs
el =1

Note that the above requirements hold only in the boundary neighborhood N
whereas in D\ AV there are no assumptions on the contrast A — I and 3(A4) besides
the physical assumptions stated at the beginning of Sections 3.2.

Let us start with the case when 0 < a* < 1 and choose 0 < v < 1. We in-
troduce x € C*(D) a cut off function such that 0 < x < 1 is supported in N
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and equals to one in a neighborhood of the boundary and define the isomorphism
T : H(D) — H(D) by
T: (w,v) — (w— 2xv, —v).

(Note again that T is an isomorphism since T? = I). We then have that for all
(w,v) € H(D)
|a’T((w7 U)7 (U], U))| = |(AV’U), vw)D + (VU, V’U)D - Q(AV’LU, V(XU))D
+ &% (y(w,w)p + (v,0)p = 2y(w, xv)p)| . (3.136)

Using Young’s inequality, we can write

2|(AVw, V(xv))p| < 2[(xAVw, Vv)x| + 2[(AVw, V(X)) x|
< n(AVw, V) + 1" (AVY, Vo) u (3.137)
+ a(AVw, Vw)x + o™ (AV (v, V(x)v)a
and
2|(yw, xv)p| < Blyw, w)n + B (yv,v)n (3.138)
for arbitrary constants o > 0, 8 > 0 and 7 > 0. Substituting (3.137) and (3.138)
into (3.136), we now obtain

|aT((w, v), (w,v))| > (AVuw, V“’)D\N + (Vo, VU)D\N

+x? ('y(w, w) p\ir + (v, ”)D\N) (3.139)
+((1 =1 — a)AVw, Vw)x + (I =11 A)Vu, Vo)nr
+12((1 = B)yw, w)n + (K*(1 = 717) — sup VX a*a ™ v, v) .

Taking , @ and 8 such that ¢* <n<1l,y<f<land0<a<1l-7n,and Kk >0
large enough we obtain the coercivity of a”'(-,-), which implies that A is invertible.

Exactly in the same way we can treat the case when a* > 1. More specifically
we chose v > 1, define the isomorphism T : H(D) — H(D) by

T: (U),’U) = (w7 —v+ 2Xw)a

and do exactly the same calculations as for the case of 0 < a* < 1 to obtain the
T-coercivity of a(+,-) and consequently the invertibility of A.

Thus we have proven the following result.

Theorem 3.38. Assume that there exists a neighborhood N of the boundary &D
where F(A) = 0 and either 0 < a* < 1 or a, > 1 (see (3.135). Then the interior
transmission problem (3.95) satisfies the Fredholm alternative, i.e. there exists a
unique solution depending continuously on the data provided k is not a transmission
eigenvalue.
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Remark 3.39. In view of the result of Theorem 3.34, the above theorem implies
the well-posedeness of the interior transmission problem (3.95) provided that either
3(A) < 0 in a subregion of D\ A or S(n) > 0 is a subregion of D.

Remark 3.40. The assumption that A is real in some neighborhood of 9D in

Theorem 3.39 can be relaxed. In particular, by taking the real part in (3.139)

the estimates can be carried through if either sup & - (—=S(A))E < ir/{ff &-R(A)E or
N

0 < supé - R(A)¢ < 1, for some neighborhood N of the boundary 9D.
N

We conclude this section by proving a discreteness result concerning transmis-
sion eigenvalues in the case when $(A) = S(n) = 0. To this end let us introduce

ny = infn(z) >0 and n*:= sup n(z) < oo, (3.140)
TN zeN

Theorem 3.41. Assume that either 0 < a* < 1 and 0 < n* < 1, or ay, > 1 and
ne > 1. Then the set of transmission eigenvalues k € C is discrete with +o0o as the
only possible accumulation point.

Proof. First we notice that A;, for k > 0 is invertible. Indeed, A;, defined by
(3.133) coincides with A defined by (3.134) where ~ is replaced by n(x), and hence
the proof of T-coercivity goes though in the same way as in (3.139) thanks to
the assumptions on n(x). Then the result of the theorem follows from the fact
that Ag — A, is compact and an application of the analytic Fredholm theory (see
Theorem 8.26 in [42]). Note that the mapping k — Ay is analyticin k € C. 0O

We end our discussion in this section by remarking that, as indicated earlier
in the isotropic media case, some sign condition on the contrast A — I is needed
to prove the Fredholm property of the interior transmission problem as well as the
discreteness of the set of transmission eigenvalues. This is also the case in a series
of papers [83], [85], [84] and [86] by Lakshtanov and Vainberg where an alternative
approach is introduced to investigating the transmission eigenvalue problem for
anisotropic media as well as initiating a study of the counting function for trans-
mission eigenvalues. Although it is not yet understood whether the assumption on
the contrast A — I not changing sign in a neighborhood of the boundary is optimal,
there is indication that it can not be relaxed too much. More specifically, in [10]
it is shown that if the contrast A — I changes sign up to the boundary then the
interior transmission problem may loose its Fredholm property. The extension to
Maxwell’s equations of all the techniques discussed in this chapter can be found in
[11], [31], and [51].



Chapter 4

The Existence of
Transmission Eigenvalues

In the previous chapter we have only considered the solvability of the interior trans-
mission problem and have provided sufficient conditions on the material properties
that guarantee that the transmission eigenvalues form at most a discrete set. The
study of these questions was mainly motivated by the application of sampling meth-
ods introduced in chapter 2. In particular, knowing that the transmission eigenval-
ues form at most a discrete set was deemed to be sufficient since the transmission
eigenvalues were something to be avoided in the context of these reconstruction
techniques. Our attention from now on will be to obtain qualitative information on
the material properties of the scattering media using real transmission eigenvalues
since, as we show in Section 4.4, they can be determined from the far field data.
Thus the existence of transmission eigenvalues as well as the derivation of inequal-
ities connecting transmission eigenvalues and the constitutive material properties
become central questions and this chapter is dedicated to their investigation. We
remind the reader that the transmission eigenvalue problem is non self-adjoint and
nonlinear. Hence questions related to the existence of transmission eigenvalues or
the structure of associated eigenvectors appeal for non standard approaches.

Our discussion in this chapter will be mainly limited to the approach intro-
duced in [102] and refined in [27] which, under appropriate assumptions on the
contrast in the medium, transforms the transmission eigenvalue problem to a para-
metric eigenvalue problem for an auxiliary self-adjoint operator and this provides a
structure to obtain Faber-Krahn type inequalities and monotonicity properties for
the real transmission eigenvalues. The abstract framework is presented in Section
4.1.

We proceed in Section 4.2 with the application of this theory to prove the
existence of real transmission eigenvalues for isotropic media under fixed sign for
the contrast. We rely on the variational framework introduced in the previous
chapter.

We show in section 4.2.1 how the analysis can also be adapted to include the
case of media with voids discussed in Section 3.1.2. The main difficulty here is how
to cope with dependence of the variational space on k. The reader can skip this
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section in a first reading.

One of the interesting points of the analytical framework of Section 4.1 is that
it allows the derivation of inequalities on real transmission eigenvalues that may be
exploited in the inverse medium problem. We present these inequalities in Section
4.2.2 and complement our discussion with some results from the literature on free
zones for complex transmission eigenvalues.

When the index of refraction changes sign inside D, our analytical framework
does not apply any more. As an opening for possible other strategies to prove
existence of transmission eigenvalues, we outline at the end of the Section 4.2.2 the
approach proposed in [108] that allows us to obtain information on the spectrum in
the complex plane.

The study of the transmission eigenvalue problem in the case of absorbing
media and background has been initiated in [21] (see also [53]) and we present some
of these results in Section 4.2.3

We address in Section 4.3.2 the general case of anisotropic media. The exis-
tence of transmission eigenvalues for this case is more delicate since the nonlinear
eigenvalue problem is no longer quadratic. We follow here the approach in [32] for
fixed contrast sign. Similarly to the case of isotropic media, alternative approaches
have been introduced to investigate the spectral properties of the anisotropic trans-
mission eigenvalue problem under the assumptions that the contrast has one sign
only in a neighborhood of the boundary (see for instance [83] and [86]). These
techniques are not presented here.

We end this chapter by Section 4.4 that discusses how real transmission eigen-
values can be determined from the far field data. This section can be read inde-
pendently from other sections in this chapter but it heavily relies on the material
of Chapter 2.

4.1 Analytical Tools

In this section we develop the general analytical framework that will be the theoreti-
cal foundation of our method to prove the existence of real transmission eigenvalues.

Let X be a an infinite dimensional separable Hilbert space with scalar product
(+,+) and associated norm || - ||, and A be a bounded, positive definite and self-
adjoint operator on X. Under these assumptions A*!/2 are well defined (c.f. [107]).
In particular, A¥1/2 are also bounded, positive definite and self-adjoint operators,
A~1Y2AY2 = T and AY2A'/2 = A. We shall consider the spectral decomposition
of the operator A with respect to self-adjoint non negative compact operators. The
next two theorems [29] indicate the main properties of such a decomposition.

Definition 4.1. A bounded linear operator A on a Hilbert space X is said to be
non negative if (Au,u) > 0 for every u € X. A is said to be coercive(or positive

definite) if (Au,u) > B||lul|* for some positive constant [3.

In the following N(B) denotes the null space of the operator B.
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Theorem 4.2. Let A be a bounded, self-adjoint and coercive operator on a Hilbert
space and let B be a non negative, self-adjoint and compact linear operator with null
space N(B). There exists an increasing sequence of positive real numbers (\j)j>1
and a sequence (u;);j>1 of elements of X satisfying

AU]‘ = )\jBUj
and
(Buj, ue) = dj¢

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

0o
u = E ’Vjuj'
J=1

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

Proof. This theorem is a direct consequence of the Hilbert-Schmidt theorem ap-
plied to the non negative self-adjoint compact operator B = A~Y/2BA~1/2. Let
(15);>1 be the decreasing sequence of positive eigenvalues and (v;);>1 the cor-
responding eigenfunctions associated with B that form an orthonormal basis for
N(B)L. Note that zero is the only possible accumulation point for the sequence
(u5). Straightforward calculations show that

Aj = 1/#] and Uj =/ Ak Ail/Q’Uj
satisfy
AUj = )\jBUj.
Obviously if w € A (N(B)) then w = Az for some z € N(B) and hence

(uj,w) = )\j(A_lﬂBuj,w) = )\j(A_llBéuj,Az) = \j(Bu;, z) =0,

which means that u; € [A(N(B))]". Furthermore, any u € [A(N(B))]" can be
written as u = >, yu; = >, Y /AN ATY 20, since AV%u € [N(A_1/2IEBA_1/2)]L.
This ends the proof of the theorem. 0O

Theorem 4.3. Let A, B and (\;);>1 be as in Theorem 4.2 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
principles hold:

R(u) =

Aj = min ( max R(u)) = max < min R(u))
weut \uew\{0} weut_; \u€(A(W+N(B)))+\{0}
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where UL denotes the set of all j-dimensional subspaces of [A (N(B))]*.

Proof. The proof follows the classical proof of the Courant-Fischer min-max prin-
ciple [88] and is given here for the reader’s convenience. It is based on the fact that
if u € [A(N(B))]* then from Theorem 4.2 we can write u = >_;Vju; for some coef-
ficients «y;, where the u; are defined in Theorem 4.2 (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 (Buj,us) = d;, and Au; = X\;Bu; it is easy to see that

1
Ru) = =133 Nibil*
( 2 hil* 5 i1l

Therefore, if W, € UJA denotes the space generated by {u1, ..., u;} we have that

Aj= max R(u)= R(u).

min
ueW;\{0} w€[A(W;—1+N(B))]+\{0}

Next let W be any element of ¢/;*. Since W has dimension j and W C [A(N(B))]+,
then W N [AW;_1 + A(N(B))]* # {0}. Therefore

max R(u) > min
weW\{0} ueWNA(W;_1+N(B))]+\{0}

Y

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 — 1
and W C [A(N(B))]*, then W; N (AW)+ # {0}. Therefore

min R(u) < max R(u) < max R(u) =)
u€[A(W+N(B))]+-\{0} weW,;N(AW)L\{0} ueW,;\{0}

which proves the second equality of the theorem. 0O

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 eigenvalues A;.

Corollary 4.4. Let A, B, (\j);j>1 and R be as in Theorem 4.3. Then

v = i, (L, 70 )

where U; denotes the set of all j-dimensional subspaces W of X such that
W N N(B)={0}.

Proof. From Theorem 4.3 and the fact that Z/{jA C U, it suffices to prove that

A; < min ( max R(u)) .
Wcu; \uweW\{0}
Let W € U; and let vy, v2,...,v; be a basis for W. Each vector v; can be decom-

posed into a sum v} + 0; where ; € [A(N(B))]* and v) € N(B) (which is the
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orthogonal decomposition with respect to the inner product induced by A). Since
W N N(B) = {0}, the space W generated by @1, ¥, . .., #; has dimension j. More-
over, W C [A(N(B))]*. Now let & € W. Obviously @& = u —u° for some u € W and
u® € N(B). Since Bu® = 0 and (Au®, @) = 0 we have that

(A, a) + (Au®,u)
(B%,3)

(Au®,u®)
(Ba,a)

R(u) = = R(u) +

Consequently, since A is positive definite and B is non negative, we obtain

R(a) < R(u) < R(u).
() < R(w) < max R

Finally, taking the maximum with respect to @ € W C [A(N(B))]* in the above
inequality, we obtain from Theorem 4.3 that

A\ < R(u),
i S dmax  R(u)

which completes the proof after taking the minimum over all W Cc ;. 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 4.3 and Corollary 4.4.

Theorem 4.5. Let 7 — A, be a continuous mapping from ]0,00[ to the set of
bounded, self-adjoint and coercive operators on the Hilbert space X and let B be a
self-adjoint and non negative compact bounded linear operator on X. We assume
that there exist two positive constants 19 > 0 and 7, > 0 such that

1. A, — 1B is positive on X,
2. A, — 1B is non positive on a £-dimensional subspace W; of X.

Then each of the equations A\;j(t) =7 for j =1,...,¢, has at least one solution in
(70, 71] where X\j(7) is the j* eigenvalue (counting multiplicity) of A, with respect
to B, i.e. N(A; — \;(7)B) # {0}.

Proof. First we can deduce from (4.1) that for all j > 1, A\;(7) is a continuous
function of 7. Assumption 1. shows that \;(79) > 7 for all j > 1. Assumption 2.
implies in particular that W; N N(B) = {0}. Hence, another application of (4.1)
implies that )\j(ﬁ) < 7 for 1 < j < £. The desired result is now obtained by
applying the intermediate value theorem. [

We now explicitly state a particular case of Theorem 4.5, which is the version
used in [102] and is needed here to analyze the transmission eigenvalue problem
for anisotropic media. Let X be an infinite dimensional separable Hilbert space
and let Ty : X — X be a family of compact symmetric bounded linear operators.
Furthermore, assume that the mapping k& — T} from ]0, +oo[ to the space of
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compact symmetric bounded linear operators is continuous. The Hilbert-Schmidt
theorem [107] ensures the existence of a sequence of real eigenvalues (1 (k));>1 of
the operator Ty, for any fixed & > 0, accumulating to 0 where positive eigenvalues are
ordered in the decreasing order and negative eigenvalues ordered in the increasing
order. From the Courant-Fischer max-min principle (see [88] page 319)

(Tru, u) . (Tru, u)

pj(k) = min  max -——= = max min ——— =% (4.2)

= a.
weut ueW\{0}  |lullx weusr_, uew\{o} ullx

for positive eigenvalues (with a similar expression for negative eigenvalues since
max-min applied to —T gives min-max) implies that p;(k) are continuous function
of k. The question of interest is to find k& > 0 for which the kernel of I 4+ Ty, is
nontrivial, where I is the identity operator, in other words to find the zeros of

pik) +1=0,  j>1.

Theorem 4.6. Assume that
1. there is a ko such that I+ T, is positive on X.

2. there is a k1 > Ko such that I+T,,, is nonpositive on a p-dimensional subspace
Wi, Of X.

Then the equation p;(k)+1 =0 has p solutions in [ko, k1] counting their multiplic-
ity.

Proof. If T+ T,, is positive then from (4.2) p;j(ko) +1 > 0. Now Assumption
2. and another application of (4.2) implies that p;(k1) +1 < 0 for j = 1...p,
counting the multiplicity. Since p;(k) + 1 is a continuous function of k, the mean
value theorem implies that for each j, 1 < j < p, there is a k € [ko, k1] such that

4.2 Existence of Transmission Eigenvalues for
Isotropic Media

In this section we are concerned with proving the existence of real transmission
eigenvalues, i.e. the values of k > 0 for which

Aw+k*n(z)w=0 and Av+k*v=0 inD,
ow v

= d —=_— oD

w=v an % = 3y on ,
has non-trivial solutions w € L*(D) and v € L%*(D), such that w — v € H?(D),

which are referred to as the corresponding eigenfunctions.

As already mentioned the transmission eigenvalue problem is non self-adjoint
and in Chapter 5 it is shown that for special cases of spherically stratified media



4.2, Existence of Transmission Eigenvalues for Isotropic Media 139

there exists complex eigenvalues (see also [44]). For general media, we limit ourself
to proving the existence of real eigenvalues for two reasons: firstly our approach
based on auxiliary self-adjoint operators works only for real eigenvalues and sec-
ondly the real eigenvalues are of particular interest in the application to the inverse
scattering problem since only they can be measured from scattering data. Therefore
in view of Theorem 3.3 we now assume that n € L?(D) is a real valued function
(i.e (n) = 0) such that

n. = inf n(z) >0 and n* = sup n(x) < +o0. (4.3)
zeD z€D

For historical reasons we mention that the first result on the existence of
real transmission eigenvalues was obtained for spherically stratified media when
D := Bpr where Br := {a? ER3: |z| < R} is a ball of radius R centered at the
origin and n := n(r) is a radial function [42] which we include here for sake of
completeness.

Theorem 4.7. Assume that n € C?[0,R], S(n(r)) = 0 and either n(R) # 1

R
1
orn(R) =1 and = / Vn(p)dp # 1. Then there exists an infinite discrete set of
0
transmission eigenvalues with spherically symmetric eigenfunctions.

Proof. To show existence, we restrict ourself to spherically symmetric solutions to
(3.28) and look for solutions of the form.

v(r) = agjo(kr) and w(r) = 60@

where
y' +Kn(r)y=0,  y(0)=0, ¢ (0)=1,

where jo(r) is the spherical Bessel function of order zero. Using the Liouville trans-
formation

A9 = )t ur) where ¢(r) = [ n(o)) dp
0
we arrive at the following initial value problem for z():

- p(E)]r =0, 2(0)=0, 2(0)=[n(0)] " (4.4)

where
w5 WP
PO = iR 16 )P

Now exactly in the same way as in [42], [48], by writing (4.4) as a Volterra inte-
gral equation and using the methods of successive approximations, we obtain the



140 Chapter 4. The Existence of Transmission Eigenvalues

following asymptotic behavior for y

r)= ! sin Tn 1/2 O 1 )
0= e o |+ (%) 9

y<>[ZEoﬂ/ K / o) o | + 0 () (46)

uniformly on [0, R]. Applying the boundary conditions on r = R, we see that a
nontrivial solution to (3.28) exists if and only if

y(R)

? _jO(kR)
do(k) = det i (46) = 0.
yr v
i (7)., e

Since jo(kr) = sinkr/kr, from the above asymptotic behavior of y(r) we have that
1

k) = 7

[Asin(kdR) cos(kR) — Bcos(koR) sin(kR)] + O (k12> (4.7)

=

R
1 B 1 @RV
= [ Ve A= 5-[w)

If n(R) =1, since 6 # 1 the first term in (4.7) is a periodic function if ¢ is rational
and almost-periodic (see [48]) if ¢ is irrational and in either case takes both positive
and negative values. This means that dg(k) has infinitely many real zeros which
proves the existence of infinitely many real transmission eigenvalues. Now if n(R) #
1 then A # B and the above argument holds independently of the value of 6. O

We refer the reader to Chapter 5 for more results on the spectral properties
of the transmission eigenvalue problem for spherically stratified media.

The following result is an important tool in our proofs of the existence of real
eigenvalues for general media and can be obtained by separating variables in the
transmission eigenvalue problem (3.2).

Corollary 4.8. Let D := Bgr and n > 0 a positive constant such that n # 1. The
infinitely many real zeros of

et [ JetRa)  Gelev/ma) )
dy(k) = det( —jy(ka)  —v/njj(ky/na) ) -

are transmission eigenvalues for the media Bgr,n, where jo(r), £ > 0 are spherical
Bessel function of order n.



4.2, Existence of Transmission Eigenvalues for Isotropic Media 141

We denote by kq,, the smallest real eigenvalue (which is not necessarily the
smallest real zero of dy(k))

We now turn our attention to general inhomogeneous media. Setting 7 := k2,
in Section 3.1 it is shown that the transmission eigenvalue problem is equivalent to

/ %(Au + 7u)(AY + ) dz = 0, for all ¢ € Hy(D) (4.8)

D

or
Tu — 7Tiu + 72Tou = 0 (4.9)

where the coercive operator T, compact operator T; and nonnegative compact op-
erator Tq are defined by (3.14), (3.15) and (3.16), respectively. Note that for real
valued refractive index these operators are self-adjoint. However the quadratic pen-
cil of operators (4.9) after linearization does not correspond to an eigenvalue problem
for a self-adjoint compact operator. Indeed, since T is coercive, T? is positive and
T~= exists. Hence we have that

u— 7Kyu + 72 Kou = 0, (4.10)

where the self-adjoint compact operators Ky : H3(D) — HZ(D) and Kqo: HZ(D) —
HS(D) are given by K; = T-Y27,T-1/2 and Ky = T-Y2T,T-1/2, Now noting

that K, is nonnegative, we set U := (u, TKé/ZU) to obtain

1
(K - I) U=0, U e H3 (D) x HZ(D)
T

for the compact (non self-adjoint) operator K : HZ(D) x HZ(D) — HZ(D) x HZ(D)

given by
K, —KJ?
K = K1/2 0 .
2

Obviously although each of the entries in K are self-adjoint, K itself is not self-
adjoint.

To proceed further, following [27] we define the following bounded sesquilinear
forms on HZ(D) x HZ(D):

A (u, ) = < (Au + Tu), (AY + T¢)> + 72 (u, V) p (4.11)

n—1 D

flT(u, P) = (1(Au + Tnu), (AY + T’Il’l/})) + 72 (nu, V) p (4.12)

1—n D

= <1 n (Au+ Tu), (Ay +T¢)> + (Au, AY)p

—-n D

B(u,v) = (Vu, V), (4.13)
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where (-, ), denotes the L?(D) inner product. Using the Riesz representation
theorem we now define the bounded linear operators A, : H3(D) — HZ(D), A, :
HZ(D) — HZ(D), and B : H3(D) — H3(D) by

(ATU, w)HZ(D) = AT(U) ¢)a (ATU/) w) H2(D) = ~A~T<u7 'L/))a

In terms of these operators we can rewrite (4.8) as

(Aru—71Bu,¥)gapy =0 or (ATU — 7Bu, 1/}) o 0 (4.14)
for all ¢ € H3(D), which means that k is a transmission eigenvalue if and only if
7 := k2 is such that the kernel of the operator A,u — 7B or the operator A,u — 7B
is not trivial.

In order to analyze (4.14), we recall the following results from [29] about the
properties of the above operators. To this end, let A;(D) be the first Dirichlet
eigenvalue for —A in D and assume that either n* < 1 or n, > 1.

Lemma 4.9. The operators A, : H3(D) — H3(D), A, : H3(D) — HZ(D), 7 > 0,
and B : H3(D) — HZ(D) are self-adjoint. If n. > 1 then A, is positive definite,
whereas if 0 < n, < n* <1 then A, is positive definite. In addition, B is positive
and compact.

Proof. Obviously A, A, and B are self-adjoint since n and 7 are real. Now assume

that n, > 1. Then since ﬁ > ﬁ = > 0 almost everywhere in D, we have

(Ar,u) o py 2 Y Au + Tul|Zs + 72||ul|Z
> | Aul|Zs — 2y7l|Aull g2 [Jull 2 + (v + 1) 72 ullZ (4.15)

Y 2 o 2
= (rlulls = 21dulia) + (- ) 180l
(17— O uls
>

2
)
(7= 2 ) 18l + 14 7 = el

for some v < € < v + 1. Furthermore, since Vu € Hg(D)?, using the Poincaré
inequality we have that

1
VU 22 <
H HL (D) = /\1(D)

HAUH%z(D)-
Hence we can conclude that

(Aru, w) o py 2 CrllullF2(p)
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for some positive constant C;. Consequently A, is positive definite and hence
invertible. Exactly in the same way one can prove that if 0 < n* < 1 then

'y 2
(Aru) 1y = Ol

for some positive constant C; since in this case 1?55”()90) > 1?;* =~ > 0 almost
everywhere in D.

We now consider the operator B. By definition B is nonnegative, and further-
more the compact embedding of H2(D) into H'(D) and the fact that Vu € HJ (D)
imply that B : H§(D) — Hg(D) is compact since ||Bullg2(py < ¢||ullgr(py- O

Lemma 4.10.

1. If n, > 1 then

A1(D)

n*

(Aru—7Bu,u) s > aflullfz forall 0<71<

2. If n* <1 then

(ATu - 7']]3%u,u)H2 > allul|?e forall 0< 1< A\(D).

- 7 =7 > 0 almost everywhere in

n*—

Proof. Assume that n, > 1. Then ﬁ >
D. We have

(Aru = 7Bu, u) 2 = Ar(u,u) — (| Vul3. (4.16)

2
v
> (7 _ ) JAule + (14— OllulZ — 7|Vl

€

for v < e < v+ 1. Since Vu € Hi (D), using the Poincaré inequality we have that

1
IVull72(p) < TD)HAU’”%P(D)?
and hence we obtain
v
(Aru—1Bu, u)pz > ('y vl )\1(D)> |Aul2z +7(1+ v — €)||ull3e.

Thus A, — 7B is positive as long as 7 < (y — L62))\1(D). In particular, choosing

v = ﬁ, and taking e arbitrary closed to y+1, the latter becomes 7 < 1_% A (D) =

A (D)

n*




144 Chapter 4. The Existence of Transmission Eigenvalues

n(z)
—n(x)

Next assume that 0 < n* < 1. Then 5 > 2+ =~ > (. Hence

1—n.

(ATU — 7Bu, u) e A, (u,u) — 7| V|2, (4.17)
0

1 2 72 2
sy 18l + (7= ) Il

for v < € < v+ 1. Thus A, — 7B is positive as long as 7 < (1 4+~ — €)A1(D). In
particular, taking e arbitrary closed to =, the latter becomes 7 < A\ (D). 0O

>(1+y—e—71

Obviously A, and A, depend continuously on 7 € (0, +00). From the above
discussion, k > 0 is a transmission eigenvalue if for 7 = k? the kernel of the operator
A, — 7B if n, > 1, or the kernel of the operator A, — 7B if n* < 1, is nontrivial. In
order to analyze the kernel of these operators, we consider the auxiliary eigenvalue
problems

Au—AN7T)Bu=0 we€ HZD) if n.>1 (4.18)

and B
Au—AN7T)Bu=0 weH;D) if n*<l1. (4.19)

Thus a transmission eigenvalue k > 0 is such that 7 := k% solves A(7) —7 = 0, where
A(7) is an eigenvalue corresponding to (4.18) or (4.19) in the respective cases. Our
goal is now to apply Theorem 4.5 to (4.18) or (4.19) to prove the existence of an
infinite set of transmission eigenvalues.

Remark 4.11. The multiplicity of transmission eigenvalues is finite since if kg is
a transmission eigenvalue then, letting 7 := k2, the kernel of T — ToA;Ol/ QBA;UU 2 if
ny, >1,orl— TOA;OINBA:OI/z if n* < 1, is finite since the operators ToA;Ol/2BA;Ol/2
and TOAT_(}MIB%A:OUQ are compact and self-adjoint [107].

We are now ready to prove the main theorem of this section.

Theorem 4.12. Let n € L*™°(D) satisfy either one of the following Assumptions:
1. 1 <n, <n(z)<n* <oo,
2. 0<n, <n(z)<n* <l

Then there exists an infinite set of real transmission eigenvalues with +oco as the
only accumulation point.

Proof. Assume that Assumption 1. holds, which also implies that

0< 1 < 1 < 1 <
00.
n*—1"n(x)—1" n,—1

Therefore, from Lemma 4.9, A, and B satisfy the requirement of Theorem 4.5 with
X = HZ(D), and from Lemma 4.10 they also satisfy Assumption 1. of Theorem 4.5
with To < /\1(D)/n*
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Next let ky,, be the first transmission eigenvalue for the ball B of radius
R =1 and let n := n,. By a scaling argument, it is obvious that k. ., := k1., /€ is
the first transmission eigenvalue corresponding to the ball of radius € > 0 with index
of refraction n,. Now take ¢ > 0 small enough such that D contains m := m(e) >
1 disjoint balls B!, B2,..., B™ of radius ¢, that is B/ ¢ D, j = 1,...,m, and
B! ﬂ?ﬁ ={ for j # 4. Then k. ,,, := ki1, /€ is the first transmission eigenvalue for
each of these balls with index of refraction n, and let u¢"~ ¢ H2(BJ),j =1,...,m,
be the corresponding eigenfunction. The extension by zero @/ of uZ¢"* to the whole
of D is obviously in H2(D) due to the boundary conditions on 8Bg'7n*. Furthermore,
the vectors {@!, @2, ..., 4™} are linearly independent and orthogonal in H3 (D) since
they have disjoint supports. From (4.8) we have that

1 : L .
0= / —— (AT + k2, @) (AT + k2, n.a)da (4.20)
ba *

1 ) . ) )
:/n —|aw +kf7n*ﬁj|2dx+kin*/|ﬂ3\2d:z:fkf,n*/|Vﬂ]|2d:z:
D : D D

for j = 1,...,m. Let us denote by U the m-dimensional subspace of HZ(D) spanned
by {a',a?,...,4™}. Since each @/, j = 1,...,m satisfies (4.20) and they have
disjoint supports, we have that for 7 := k?’n* and for every @ € U

1
(Ao — 7B, a)Hg(D) :/H\Aa+71&|2dx+712/|ﬂ|2dx—7'1/|Vﬁ|2dx
D D D

1
S/n _1|Aﬂ+7'111|2dx+712/|11\2dx—7'1/|va|2dx:0. (4.21)
* ) A

D

This means that Assumption 2. of Theorem 4.5 is also satisfied and therefore we
can conclude that there are m(e) transmission eigenvalues (counting multiplicity)
inside [ry, ken.]. Note that m(e) and k. ,, both go to +oco 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 co.
If the index of refraction is such that Assumption 2. holds, then we have that

0
<1—n*_1—n(x)_1—n*

< 00,

and therefore according to Lemmas 4.9 and 4.10, A, and B, 7 > 0, satisfy the
requirements and Assumption 1. of Theorem 4.5 with X = HZ (D) for 9 < A\1(D).
In this case we can estimate

(ATU_TBU’ u) :/L|A“+7U|2d$+/\Au|2dx—7'/|Vu\2da:
H(D) 1-n
D D
n* 9 ) )
S/lin*|Au+7u\ da?+/|Au| dx—T/|Vu| do. (4.22)

D D D
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The rest of the proof for checking the validity of Assumption 2 of Theorem 4.5 goes
exactly in the same way as for the previous case if one replaces n, by n*. This
proves the result. 0O

4.2.1 Media with Voids

The above analysis can be adapted to include the case of media with voids discussed
in Section 3.1.2. In this case the transmission eigenvalue problem is formulated in
variational form as finding u € V;(D, Dy, k) such that

/nil(A+’f2)u(A+1<2)z/?doc+k2 /(Au+k2u)z/3dx:o (4.23)

D\EO D\ﬁo

for all ¢ € Vo(D, Dy, k), where the Hilbert space Vo (D, Dy, k) is defined by (3.26).
As shown in Section 3.1.2; this variational formulation is equivalent to the trans-
mission eigenvalue problem provided that &2 is not both a Dirichlet and a Neumann
eigenvalue for —A in Dg. With this understanding, our goal is to show the existence
of k£ > 0 such that the homogeneous problem

A(u, ) + By (u, 1) = 0 for all ¢ € Vo(D, Dy, k) (4.24)

has a nonzero solution u € Vy(D, Dy, k) where the sesquilinear forms A(,-) and
B(-,-) on Vo(D, Do, k) x Vo(D, Dy, k) are defined by (3.37) and (3.38), respectively.
Let Ay : Vo(D, Do, k) — Vo(D, Do, k) and By be the self-adjoint operators associ-
ated with A and By, respectively, by using the Riesz representation theorem (note
that Ay depends on k since the space of definition depends on k). In the proof
of Theorem 3.9 it is shown that the operator Ay : Vo(D, Do, k) — Vo(D, Dy, k) is
positive definite, i.e., A,:l : Vo(D, Do, k) — Vo(D, Dy, k) exists, and the operator
By : Vo(D, Do, k) — Vo(D, Dy, k) is compact. Hence we can define the operator
A,:l/z [107], in particular A,;l/2 is also bounded, self-adjoint and positive definite.
Thus we have that (4.24) is equivalent to finding u € Vo(D, Dy, k) such that

u+ AP BRA Pu =0, (4.25)

In particular, if k2 is not both a Dirichlet and a Neumann eigenvalue for —A in Dy,
k is a transmission eigenvalue if and only if the operator

I+ AP B AY? S Vo (D, Do, k) — Vo(D, Do, k) (4.26)

has a nontrivial kernel where I is the identity operator on Vy(D, Dy, k). To avoid
dealing with function spaces depending on k, we introduce the orthogonal projec-
tion operator Py, from HZ(D) onto Vo(D, Dy, k) and the corresponding injection
Ry, : Vo(D, Do, k) — HZ(D). Then one easily sees that A,;l/sz.A,:l/2 is injective
on Vy(D, Dy, k) if and only if

I+ Ty, : HE(D) — H3(D) (4.27)
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is injective, where
Ty := Ri A, /> By A, V/* Py : H2(D) — HZ(D)

and I is the identity operator on Hy(D). Indeed, if u + RkA,ZlmBkA,;l/ngu =0,
then by taking the inner product of the latter with the component w = u — Pyu
which is orthogonal to Pru, we have that

0= (u, w)mz + (Redy " Bpay " Py, w) . (4.28)

= (w, e + (A BeA P, Paw) = [l

and hence w = 0. The injectivity of A,;l/szAgl/Q now implies the injectivity of
(4.27) since the component Pyu is in Vo(D, Dy, k). The converse is obvious. Fur-
thermore, compactness of By implies that Ty := RkAlzlmBkA,:l/QPk : H3(D) —
HZ(D) is also compact. Therefore we have that & > 0 is a transmission eigenvalue
provided that the kernel of I 4+ T}, is nontrivial.

Lemma 4.13. The mapping k — Ty := RkA,Zl/QBkA,;lmPk is continuous from
10, +o0o[ to the space of bounded linear compact self-adjoint operators in HE (D)

Proof. The proof is straightforward but technical and we refer the reader to The-
orem 4.5 and Corollary 4.6 of [19]. O

Now we can apply Theorem 4.6 to Ty to prove the existence of real transmis-
sion eigenvalues. To this end we recall the notation

n, = inf (n) and n*:= sup (n).
D\DO D\BO

Theorem 4.14. Let n € L*>(D), n = 1 in Dy, satisfy either one of the following
Assumptions:

1. 1 <n, <nfz) <n* < oo,
2. 0<n,<n(z)<n* <1

for x € D\ Dgy. Then there exists an infinite set of transmission eigenvalues with
400 as the only accumulation point.

Proof. First we assume that Assumption 1. holds in which case we have

1 1 1 —
0 < < i D\ Dy.
<n*—1_n(w)—1_n*—l<oo m \ Do

First we note that I+ Ty, where Ty, := RkAgl/szAlzl/QPk is positive on HZ(D) if
and only if Ay + By is positive on Vy(D, Dy, k).
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Next, combining the terms in (4.23) in a different way, we have that for u €
Vb (D7 D07 k)

1
(Aru + Bru, u) gz(p) = / E|Au+k2nu|2dm—k4 / nlu|? dx

D \ﬁo D \ﬁo

+k? / |Vul? dm—k4/|u|2dx+k2/|Vu|2 dx. (4.29)

D\EO Do Dy

For n* = supp\ 55, n > 1, if the sum of the last four terms in (4.29) is nonnegative,
then we have Ay + By is positive. Hence we have

e / nful? dz + / Vul? dz — k2/|u\2d:z:+/|Vu|2dx (4.30)

D\Dy D\Dy

/|Vu\2dsz2 */\u|2dx> (M(D) — 2”*)HU”%2(D)-

Therefore for all kg > 0 such that x2 < /\171(13) we have that Ay + By is positive in

Vo(D, Dy, k) and hence I + T}, satisfies Assumption 1. of Theorem 4.6.

Next we proceed in the same way as in the proof of Theorem 4.12. To this
end, take € > 0 small enough such that D\ Dg contains m := m(e) > 1 disjoint
balls B, B2, ..., B™ of radius e. With k1 n. being the first transmission eigenvalue
for the ball B of radius R = 1 and n := n., we take k.., = ki, /€ the first
transmission eigenvalue for each of these balls with index of refraction n., and

uBime ¢ HZ (B! ) j =1,...,m, the corresponding eigenfunction. The extension
by zero @/ of uBim to the Whole of D is obviously in Vy(D, Dy, k) and the vectors
{at,a?, ..., a™} are linearly independent and orthogonal since they have disjoint

supports in D \ Dg. Let us denote by U the m-dimensional subspace of Vi (D, Dy, k)
spanned by {a!,%2,...,4™}. Since each @/, j = 1,...,m, satisfies (4.20) and they
have disjoint supports, we have that for r1 := ke, and for every @/ € U (note that
@ = 0 in a neighborhood of Dy)

(Alilﬁ’ + Bﬁlaa a)Hg(D) (431)
1
= / m|A1~L+l€11~L|2 dx + K} / || dz — K7 / |Va|? do
D\ﬁo D\ﬁo D\DO
1
< / - _1|A12+/f§12|2 dz + K] / || do — K7 / |Va|* dz = 0.
D\Eo D\ﬁo D\DO

This means that I + T} satisfies Assumption 2. of Theorem 4.6, and therefore
there are m(e) transmission eigenvalues (counting multiplicity) inside [kg, ke n, ]-
Note that m(e) and ke, both go to 400 as € — 0. Since the multiplicity of each
eigenvalue is finite we have shown that there exists an infinite countable set of
transmission eigenvalues that accumulate at +oo.
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Now consider the case 0 < n, < n(z) < n* < 1. Similarly to the previous
case, from the definitions (3.37) and (3.38) of Ay and By, we have that

1
(Aku + Bru, u)gz(p) = / E|Au+k2u|2d:ﬁ—k4 / lu|? da

D\ﬁo D\ﬁo
+k? / |Vul? dx—k4/|u|2dm+k2/|Vu|2 dr. (4.32)
D\Dy Do Do

Hence we have that Ay + By is positive as long as

—k? / nlul? dx + / |Vu\2dm—k32/|u|2dx+/|Vu|2dx (4.33)

D\Dy D\Dy

/ Vul? de — K / [l dz > (A1 (D) — k) [ul3py > 0.

Therefore, for all kg > 0 such that k% < A\;(D), I+ T}, satisfies Assumption 1. of
Theorem 4.6. The rest of the proof can be done exactly in the same way as for the
first part, where n, is replaced by n*. 0O

4.2.2 Inequalities for Transmission Eigenvalues

The proofs of Theorem 4.12 and Theorem 4.14 provide as byproduct inequalities
on real transmission eigenvalues that can be used in the inverse medium problem
to obtain information about the material properties of the scatterer. We start by
stating Faber-Krahn type inequalities which are merely consequence of Lemma 4.10
for media without voids, and (4.29)-(4.30) and (4.32)-(4.33) for media with voids.

Theorem 4.15. Letn € L>°(D) andn = 1in Dqy (Dy is possibly empty) and denote
by 0 < n, :=infp, 5 (n) and n* := supp\p, (n) < co. Then all real transmission
eigenvalues k > 0 satisfy

Z.k‘zz’\l ,zf1<n*0r

n*

2. k2 > \(D), if n* < 1
where A\ (D) be the first Dirichlet eigenvalue for —A in D.

The above inequalities are not isoperimetric. The proof of Theorem 4.12
implies the following monotonicity results for a sequence of eigenvalues which can
be seen as a type of “isoperimetric” inequality for transmission eigenvalues in terms
of the refractive index for fixed D. Let k; := kj(n(x), D) > 0 for j € N be the
increasing sequence of the transmission eigenvalues for the media with support D
and refractive index n(x) such that t; = k7 is the smallest zero of A;(7, D, n(z)) = 7
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where A;(7,D,n(x)), j > 1, are the eigenvalues of the auxiliary problem (see the
proof of Theorem 4.12) given by

1
)\j(T,D,n(x)):Vl[}leiB_ manW /WAU+TU|2d$+72||U%2(D) (4.34)
iu
||VU||L2 =1

where U; denotes the set of all j-dimensional subspaces W of HZ(D). Then the
following monotonicity property for transmission eigenvalues is true.

Theorem 4.16. Let n € L>(D) and 0 < n, = infp(n), n* := supp(n) < +oo.
Assume that By and By are two balls of radius r1 and ro respectively, such that

B C D C By. Then

1. If 1 < ny, then
kj(n®, B2) < kj(n", D) < kj(n(z), D) < kj(n., D) < kj(n., By).

2. If n* <1, then
kj(ns, B2) < kj(ns, D) < kj(n(z), D) < kj(n®, D) < k;(n*, By).

In particular, these inequalities hold true for the smallest transmission eigenvalue
ki (n(x), D).

Proof. For simplicity of presentation we prove the theorem for the smallest trans-
mission eigenvalue. Take 1 < n,. Then for any u € H3 (D) such that | Vu| r2(p) = 1
we have

1
8w+l + 7l < [ iy 1Al dr T ullze )
D
1
<
T n.—1

1Au + Tull s () + T2 (lullZ ). (4.35)

Therefore from (4.34) we have that for an arbitrary 7 > 0

A1(7—7 B27n*) < A1(7—7Dan*) < A1(7—71)7”(3;))
< A (1, Dyny) < A(7, Bryyng ).

Now for 7 := ki, /r1, By, C D, from the proof of Theorem 4.12 we have that
M (7, D,n(x)) —7 < 0. On the other hand, for 79 := ky +/r2, D C B,,, we have
A1 (10, Bryyn*) — 790 = 0 and hence (79, D,n(x)) — 79 > 0. Therefore the first
eigenvalue ki p ,,(z) corresponding to D and n(z) is between ki - /ro and ki, /71
Note that there is no transmission eigenvalue for D and n(z) that is less than
k1 n=/72. Indeed, if there is a transmission eigenvalue strictly less than &y .« /r2, then
by the monotonicity of the eigenvalues of the auxiliary problem with respect to the
domain and the fact that for 7 small enough there are no transmission eigenvalues
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we would have found an eigenvalue of the ball B,, and n* that is strictly smaller
than the first eigenvalue. The case of n* < 1 can be proven in the same way if n.
is replaced by n*.

Now it is clear how to modify the same argument for the the smallest zero of
Aj(r,D,n(z))=7. 0O

Remark 4.17. We remark that obviously the balls By and By in Theorem 4.16
can be replaced by any two domains such that D; C D C Ds. Also for fixed D and
two media with the same support support D and refractive index nj(x) and ng(z)
both in L>°(D) the proof of Theorem 4.16 can be adapted in an obvious way to
prove the following:

1. If 1 < a < ny(z) < ng(z) for almost all z € D, then

kj(na(z), D) < kj(na(z), D)

2. 0 < a<ni(z) <ng(x) <P <1 for almost all z € D, then

kj(ni(x), D) < kj(nz2(z), D).

Theorem 4.16 shows in particular that for constant index of refraction the first
transmission eigenvalue ki(n, D) as a function of n for D fixed is monotonically
increasing if n > 1 and is monotonically decreasing if 0 < n < 1. In fact in [16]
it is shown 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,
which is the only known inverse spectral result for general media (see Chapter 5 for
results on inverse spectral problems for spherically stratifies media).

Theorem 4.18. The constant index of refraction n is uniquely determined from
a knowledge of the corresponding smallest transmission eigenvalue ki(n, D) > 0
provided that it is known a priori that eithern >1 or0 <mn < 1.

Proof. Here we show the proof for the case of n > 1 (see [16] for the case of
0 < n < 1). Consider two homogeneous media with constant index of refraction
ny1 and ng such that 1 < ny < ng, and let u; := w; — vy, where wy,v; is the
nonzero solution of (3.2) with n(x) := ny corresponding to the first transmission
eigenvalue ki(nq, D). Now, setting 7 = ki(ny, D) and after normalizing u; such
that ||Vuil|z2(py = 1, we have

- 71 Au + miu|[Fapy + i lluillZzpy = 71 = Ai(ri, D). (4.36)

Furthermore, we have

P [Au+7ul[F2py + 72wl F2(py < - 1||AU+ Tul T2 py + 72 ull72(py
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for all u € H3(D) such that |[Vul|2(py = 1 and all 7 > 0. In particular for u = u;
and 7 =7

1
mHAUl +riul|72py + il 2 py < [Aur+71ur |72y + 7 url| 72 py-

n1—1

But using (4.36) we have

A1, D,n2) < [Aur + m1u |72y + i llua 720y < Aa(71, Dyna)

Nno — 1
and hence for this 71 we have a strict inequality, i.e.
A1(71, Dy mg) < Ar(71, D, ny). (4.37)

Obviously (4.37) implies the the first zero T of A1 (7, D,n2) — 7 = 0 is such that
79 < 71 and therefore we have that ki (ne, D) < k1(ny1, D) for the first transmission
eigenvalues ki (n1, D) and ki (ng, D) corresponding to n1 and ng, respectively. Hence
we have shown that if n;y > 1 and ne > 1 are such n; # ny then ki(nq, D) #
k1(n2, D), which proves uniqueness. 0

We finally present a monotonicity result for the first transmission eigenvalue
corresponding to media with voids. For a fixed D, denote by k1(Dg,n) the first
transmission eigenvalue corresponding to the void Dy and the index of refraction n.

Theorem 4.19. If Dy C Dy and n,7 € L*(D) such that n(z) < a(z) for almost
every x € D then

1. ky(Dg,n) < ky(Dg,n) if 1 < a < n(z) < ifz),
2. ky(Do,n) < ki(Do,7n) if 0 < a <n(z) <nlz) <B<1.

Proof. Consider the first case. Repeating the proof of Theorem 4.14 with xy >
A (D
1(D) and k1 = k1(Dg,n) one deduces that ki(Do,n) <

supp (1) i
k1(Dg,n). It remains to show that for fixed n, k1(Dg,n) < ki(Dg,n). To this

end, again from the proof of Theorem 4.14, A, + By, is positive for ko > 0 such

M (D . -
L Next let k1 = ki1(Do,n) and let v € Vo(D, Dy, k1) be its
supp(n)

0 such that k3 =

that k2 =
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corresponding eigenvector. Then

1
(Aw,v + By, v,v) g2(py = / E|Av+m§nv|2 dm—m%/n|v|2 dx

D\Do D
+Hf/\Vu\2dm
D
1
= / E|Av+m%nv|2da§—n%/n|v|2dw
D\D, D

+ mf/\VuPdm =0
D

which implies from Theorem 4.6 that there exists a transmission eigenvalue in
[Ko, k1] for media with void Dy and refractive index n. The same type of argu-
ment shows that this indeed is the first eigenvalue. Hence we have that ki (Dg,n) <
k1 (f)o,n) which proves the estimates in the first case. The second case can be
handled similarly and we leave it to the reader as an exercise. 0O

Estimates concerning complex transmission eigenvalues for problem (3.2) are
limited to indicating eigenvalue free zones in the complex plane. A first attempt to
localize transmission eigenvalues in the complex plane is done in [16]. However to
our knowledge the best results on the location of transmission eigenvalues are given
in [64] and [116], where it is shown that almost all transmission eigenvalues k? are
confined to a parabolic neighborhood of the positive real axis. More specifically the
following theorem is proven in [64].

Theorem 4.20. Assume that D has C* boundary, n € C*°(D) and 1 < a <
n < B. Then there exists §, 0 < § < 1, and C > 1 both independent of n (but

depending on o and () such that all transmission eigenvalues T := k* € C with
|7| > C satisfies R(1) > 0 and (1) < C|7|*°.

The above theorem rewritten for k € C states that, except for a finite set,
all transmission eigenvalues lie in an arbitrary small wedge about the real axis.
We do not include the proof of Theorem 4.20 here (we refer the reader to [64] for
the proof) since the proof employs an approach that is quite different from the
analytical framework developed in this chapter. More comprehensive results of a
similar nature on transmission eigenvalue-free regions in the complex plane can
be found in [116]. If D is a ball and n spherically symmetric, better estimates are
obtained in [104], where in particular for n constant it is shown that all transmission
eigenvalues lie in a strip.

Note that although the transmission eigenvalue problem (3.2) has the struc-
ture of a quadratic pencil of operators (4.10), it appears that available results on
quadratic pencils [94] are not applicable to the transmission eigenvalue problem due
to the incorrect signs of the involved operators. The crucial assumption in our anal-
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ysis in this chapter is that the contrast does not change sign inside D, i.e n — 1 is
either positive or negative and bounded away from zero in D, except that we allow
that n = 1 in a subregion of D. By using weighted Sobolev spaces it is also possible
in a similar way as in this chapter to consider the case when n — 1 goes smoothly
to zero at the boundary 0D [40], [47], [63], [111]. However, the real interest is in
investigating the case when n — 1 is allowed to change sign in D. The question of
discreteness of transmission eigenvalues in the latter case has been related to the
uniqueness of the sound speed for the wave equation with arbitrary source, which
is a question that arises in thermo-acoustic imagining [57]. In the general case
n > ¢ > 0 with no assumptions on the sign of n — 1, the study of the transmission
eigenvalue problem is completely open. As the reader has seen in Chapter 3, the
discreteness of transmission eigenvalues is obtained under the assumption that n—1
has a fixed sign in a neighborhood of the boundary. In the case when both the do-
main D and refractive index n(z) are C*°-smooth, with the additional assumption
that n # 1 on the boundary 9D, a complete characterization of the spectrum of
the transmission eigenvalue problem is presented in [108]. This study is done in
the framework of semiclassical analysis [35], relating the transmission eigenvalue
problem to the spectrum of a Hilbert-Schmidt operator whose resolvent exhibits
the desired growth properties following the approach of Agmon in [1]. For the sake
of completeness, we sketch here the main points of this approach.

Let n € C*°(D) where D C R3 such that 9D is of class C*°. Furthermore, we
assume that n(z) > ng > 0 for x € D and n # 1 on 9D (note that by continuity the
latter means that n # 1 in a neighborhood of 9D). As the reader has already seen,
the transmission eigenvalue problem can be written in terms of u := k—lz(w —v) €
HZ(D) and v € L?(D) as

-1
n v+ k2u=0 in D

1

—Au +

n
Av+ kv =0 in D (4.38)

For z € C define the operator B, : H3(D) x {L*(D), Au € L*(D)} — L?(D) x
L*(D) by

(u,0) = (f,9)
where
1 -1
“Au+ Ty = f in D (4.39)
Av —zv = in D. (4.40)

We already know from Section 3.1.3 that there is a fixed 2 € C such that R, := B!
is bounded. The spectral properties of the transmission eigenvalue problem can be
deduced from the spectral analysis of B, or more precisely its inverse R,. Indeed
if 7 is an eigenvalue of B, then k € C such that k> = —z — 7 is a transmission
eigenvalue with the same eigenfunction. To this end, a key tool is the following
lemma that is a direct consequence of Proposition 4.2 and the proof of Theorem 5
in [108]. Indeed the statement of the lemma is a slight modification of the celebrated
result of Agmon stated in Theorem 16.4 in [1].
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Theorem 4.21. Let H be a Hilbert space and S : H — H be a bounded linear
operator. If \=' is in the resolvent of S, define

Sy =S(I —AS)~L. (4.41)

Assume SP : H — H is a Hilbert-Schmidt operator for some integer p > 2. For the
operator S, assume there exist 0 < 01 < 0y < -+ < Oy < 27 such that 0, —0,_1 < %
fork=2--- /N and2nr—0n+0, < Q’T—p satisfying the condition that there exists ro >
0, ¢ > 0 such that supy>r, ||(S)eior |Hom < c fork=1,--- ,N. Then eigenvalues
of S exist and the space spanned by the nonzero generalized eigenfunctions is dense
in the closure of the range of SP.

One can now apply Lemma 4.21 to the operator S := R, for fixed z and
H := L?(D) x L?(D) to derive the desired spectral decomposition for R,, noting
that (R,)x = R.4 where (R.), is defined by (4.41) with S replaced by R,. To this
end one needs to prove:

1. A regularity result for the solution of (4.38). This part is quite technical and
the approach involves results from pseudo-differential calculus. For the details
we refer the reader to [108]. In particular, it is possible to prove that R, is two
orders smoothing, i.e. the mapping R, : H?(D) x L*(D) — H*(D) x H?(D)
is bounded which first proves that R, on H?(D) x L?(D) is compact and then
applying Theorem 13.5 in [1] proves that R? on H?(D) x L?(D) is Hilbert-
Schmidt.

2. Then using the theory of pseudo-differential operators for symbols with a
parameter, it is possible to prove a growth condition for R, along the rays
such as stated in Theorem 4.21 for p = 2. This step is also technical and more
details can be found in Section 3.1 in [108].

The final result of the above effort is stated in the following theorem.

Theorem 4.22. Assume that n € C>(D) where D C R® is such that OD is of
class C* and n(x) > ng > 0 for x € D and n # 1 on 0D. Then there exist an
infinite number of transmission eigenvalues k € C and the space spanned by the
generalized eigenfunctions is dense in HZ (D) x {L*(D), Au € L*(D)}.

We note that although in [108] the refractive index is allowed to be complex
valued, the analysis there does not imply any result on transmission eigenvalues
for absorbing media, i.e when the refractive index depends on the wave number.
Further results on transmission eigenvalues for isotropic media, including Weyl-
type asymptotic estimates for the counting function for transmission eigenvalues,
can be found in [55], [85], [87] and [103].



156 Chapter 4. The Existence of Transmission Eigenvalues

4.2.3 Remarks on Absorbing Media

The refractive index n(x) for an absorbing media depends on the wave number k,
more precisely for a large range of frequencies it assumes the form

for real valued functions € and «y. The reader can view the complex part in the re-
fractive index as arising from the Fourier transform of the damping which involves
the time derivative of the field. In our analysis in the previous chapters we have
considered the complex valued refractive index where we have ignored the depen-
dence on k of the imaginary part. This is fine as long as we are considering a fixed
frequency and this is the case in our discussion of the direct scattering problem, the
reconstruction techniques and the solvability of the interior transmission problem.
However, in order to correctly investigate the spectral properties of the transmission
eigenvalue problem for absorbing media, it is necessary to take into consideration
the k-dependence of the refractive index since k is the eigenvalue parameter. At this
time, very little is known about the spectral properties of the transmission eigen-
value problem in this case, and in many recent studies (e.g. [108]) the k-dependence
on the refractive index is dropped.

The study of the transmission eigenvalue problem in the general case of ab-
sorbing media and background has been initiated in [21] (see also [53]), and we now
present these results. In particular we prove that the set of transmission eigenvalues
in the open right complex half plane is at most discrete provided that the contrast
in the real part of the index of refraction does not change sign in D. Furthermore,
using perturbation theory, we show that if the absorption in the inhomogeneous
media and (possibly) in the background is small enough then there exist (at least)
a finite number of complex transmission eigenvalues each near a real transmission
eigenvalue associated with the corresponding non-absorbing media and background.

Before we start with our presentation, we alert the reader that up to now
we have considered for simplicity a homogeneous non-absorbing background with
refractive index scaled to one. On the other hand, as the reader has by now seen,
the interior transmission problem depends on the refractive index of the scattering
inhomogeneity and the refractive index of the background in the region D occupied
by this inhomogeneity. The difference of the refractive index of the inhomogeneity
and background, referred to as the contrast in the media, fundamentally characterize
the properties of the interior transmission problem. In order to introduce the reader
to the interior transmission problem arising from scattering due to an inhomogeneity
embedded in a complex background, in this section we consider a inhomogeneous
(possibly absorbing) background to the scattering inhomogeneity.

The interior transmission eigenvalue problem for an inhomogeneous absorbing
media of support D occupying a part of an inhomogeneous absorbing background
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is formulated as

Aw + k? (el(x) + i%]ix)) w=0 in D (4.42)
Av + k? <eo(x) + i%]ix)) v=0 in D (4.43)
v=w on 0D (4.44)

% = ?ﬁ% on 0D (4.45)

where w € L%*(D) and v € L?*(D) such that w — v € H3(D). Here we assume
that ¢ € L*°(D) and 71 € L*°(D) such that e;(z) > n1 > 0, v1(z) > 0 almost
everywhere in D, and similarly g € L*°(D) and 79 € L (D) such that ey(z) >
1o > 0, yo(z) > 0. Similarly to Section 3.1.1, it is possible to write (4.42)-(4.45) as
an eigenvalue problem for the fourth order differential equation

1

(A + k€1 (2) + ikmi (2)) keo(x) + ive(w)

(A +K’eo(z) + ikyo(z)) u =0 (4.46)
for u € HZ(D), where we denote by €, := (€1 —¢g) and 7. := (71 —70) the respective
contrasts. Obviously if u € HZ(D) satisfies (4.46) then

-1

— T (At ke +ik L2(D
U e iy, O R e T iko)u € LA(D)

and v = w — u € L?(D) satisfy (4.42)-(4.45).
In variational form (4.46) is formulated as the problem of finding v € HZ (D)
such that

1 y - - —
/ [~ [Au+ (Keo + ikyo)u] [AT + (K2 + ikn)o] dz =0 (4.47)
D

for all v € HZ(D). Tt is easy to see that the interior transmission problem (4.42)-
(4.45) does not have purely imaginary eigenvalues k = it as long as 7 > 0 is such
that Te. + v. > 0. Indeed, after integrating by parts and using the zero boundary
conditions, we have that

0= / . [Au —(T%e0 + T’YO)U] [AH — (%1 + T’Yl)ﬂ] dx

T+ Ve
D
1
:/m | Au — (%60 + m0)u|” d‘”_T/ [Au— (€0 + Ty0)u] T dz
c C
D D
1
:/776 e ]Au—(7260+7’}’0)u‘2 dx+T/|VU\2d$+T2 /(T€0+70)|“|2dx
b (& (& D D

which implies that © = 0 in D. In a similar way, by exchanging subindices ; and
o one can show the same result for 7e. + 7. < 0. The situation is not clear for
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k =it for which Te. 4+ 7. changes sign. For example if ¢g > 0, ¢ > 0, 79 > 0 and

~v1 > 0 are all positive constants then k = i7y where 79 = % is an eigenvalue
and the corresponding eigenspace is infinite dimensional since for any solution v to

the Helmholtz equation Av — 7o(7p€p + i70)v = 0, v and w = v are eigenfunctions.

Remark 4.23.

1. If e.(x) > 0 > 0 and 7.(z) > 0 almost everywhere in D, then k = i7 where 7
suppye o _infp7e

is such that 7 > —-
infp e, SUpp €

is not a transmission eigenvalue.

2. If ec(z) > 6 > 0 and |v.(x)| < M almost everywhere in D, then k = i7 where
7 > 0 is large enough such that 7 >

- is not a transmission eigenvalue.
infp e,

In the following we assume that the real part of k € C is positive. Furthermore,
we assume that the contrast €. is bounded and does not change sign, more specif-
ically, due to the symmetric role of €; and €, we require that 0 < 6 < e.(x) < N
almost everywhere in D, whereas the contrast 7, is only bounded, i.e. |y.(z)| < M
almost everywhere in D.

Lemma 4.24. Assume that 0 < 0 < e.(x) < N and |y.(z)| < M almost ev-
erywhere in D. Then the set of transmission eigenvalues in the region G, :=
{k=k+ir:k>0>0and7 <2M/0}U{k =K+ iT:k € Rand T > 2M/0} is dis-

crete.

Proof. Let us define the following sesquilinear forms on HZ(D):

1
Ak(u,v):/mAuAﬁdx

uv| dx.

kec + 1. kec + iyc kec + 1y

By (u,v) = / [kq TN py g kPO N0, pg g2 B0t 0)(kes F i)
From our assumption we have that |ke. + 7. > 8 > 0 almost everywhere in D and
therefore the above bilinear forms define bounded linear operators Ay : H3(D) —
H2(D) and By, : H3(D) — HZ(D) by means of the Riesz representation theorem.
In terms of these operators the transmission eigenvalue problem takes the form

(Ag +Bg)u=0, u € HZ(D). (4.48)

In particular, k is a transmission eigenvalue if and only if the kernel of the operator
Ay + By is non-trivial. In the same way as is Section 3.1.1 one can prove that
Ay is invertible for fixed k € G, C C and By, is compact. Since (4.48) becomes
(I + A;lBk) u = 0, if k is a transmission eigenvalue —1 is an eigenvalue of the
compact (non self-adjoint) operator A,;lBk and hence transmission eigenvalues
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have finite multiplicity. Note that the eigenfunctions of A;lBk are elements of the
kernel of Ay + By and vice versa.

Next we show that the set of transmission eigenvalues is discrete and to this end we
apply the analytic Fredholm theory. Obviously the bilinear forms Ay (-, -) and B (-, -)
depend analytically on k € G, C C, and thus the mapping k — Ay and k — By are
weakly analytic in this region and hence strongly analytic [42]. Therefore, &k +— A,;l
is also strongly analytic and so is k +— A;lBk. Furthermore, from Remark 4.23,
ko = ir for some 7 > 2M/0 is not a transmission eigenvalue, i.e. the kernel
of Ay, + Bj, and hence of I + A;:[)lBko, is nontrivial. Hence from the analytic
Fredholm theory [42] we can conclude that the set of transmission eigenvalues in
the region G, C C of the complex plane is discrete (possibly empty) with co as the
only possible accumulation point. 0O

Now since the region k € C such that R(k) > 0 is included in ;> ; Gy/, we
have proven the following theorem:

Theorem 4.25. Assume that 0 < 0 < e.(z) < N and |y.(x)| < M almost every-
where in D. Then the set of transmission eigenvalues k € C, R(k) > 0 is discrete

(possibly empty).

The existence of transmission eigenvalues for absorbing media is in general an
open problem. However, for small enough conductivities vy and 71, using perturba-
tion theory [72] it is possible to show the existence of transmission eigenvalues near
the real axis. The following theorem is just a reformulation of Theorem 4.12.

Theorem 4.26. Assume that both g = 0 and y1 = 0 almost everywhere in D and
€0 € L>*(D) and ¢, € L*>®(D) are such that eg(x) > 0y > 0, e1(x) > 61 > 0 and
€c := €1 — € > 0 > 0 almost everywhere in D. Then there exists an infinite set of
positive real transmission eigenvalues that accumulate only at +o00. F(’uréhermore,
A (D

supp €c

the smallest real transmission eigenvalue k1 > 0 satisfies k1 >

A1(D) > 0 is the first Dirichlet eigenvalue for —A in D.

, where

Our aim is to now use the upper semicontinuity of the spectrum of linear
operators. To this end we rewrite the eigenvalue problem (4.42)-(4.45) in a different
equivalent form. Note that we already know by Theorem 4.25 that in the right half
plane (4.42)-(4.45) has a discrete point spectrum. Obviously in terms of v and
ui=w — v, (4.42)-(4.45) can be written as

Au + (k261 + ik’yl) u + (erC + ik’yc) v=20 in D (4.49)
Av+ (k*eo +iky)v=0  in D, (4.50)

together with the boundary conditions
u=0 % =0 ondD. (4.51)

These equations make sense for u = HZ(D) and v € L?(D) such that Av € L?(D).
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Setting X (D) := HE(D) x {v € L*(D): Av € L*(D)}, we can define the linear
operators A, B, D : L?(D) x L?(D) — L?*(D) x L?(D) by

_( Ag O i e [ e e
A_< 0 A)’ BV_(O 7;70 ’ DG_ 0 €0

where Agg indicate that the Laplacian acts on a function in Hg(D), i.e. one with
zero Cauchy data on 0D. Let p := ( Z ) and note that the domain of definition

of A is X(D) and A is an unbounded densely defined operator in L?(D) x L?(D).
Furthermore, A is a closed operator, i.e. for any sequence {p,} € X (D) such that
pn — p in L?(D) x L?(D) and Ap,, — q, we have that p € X (D) and Ap = q.
Indeed, since || Agoul|2(py defines an equivalent norm in Hg (D), if u, — win L?(D)
and Agou, — q1 in L?(D) then v € HZ(D) and ¢ = Agou. Similarly, if v, — v
in L?(D) and Av, — g2 in L?(D) then Av = go. The operators B., and D, are
bounded in L?(D) x L?(D) and D! exists in L?(D) x L?(D) and is given by

]D)fl o i €0 —€c
< €0€1 0 €1 '

Thus the transmission eigenvalue problem is equivalent to the following quadratic
eigenvalue problem

Ap+kB.,p+k°D.p=0, pcL*D)xL*D). (4.52)

Introducing U = ( ) the eigenvalue problem (4.52) becomes

p
kD, p
(KU - kL., )U=0  Ue€ (L*D)x L*(D))?, (4.53)

where the 4 x 4 matrix operators K and I, . are given by

(A0 _( -B, ~I
(42w (3 )

where I is the identity operator in L?(D) x L?(D). By straightforward calculation we
obtain I_) := D" ( —]]g _BH ) which is a bounded operator in L?(D) x L?(D).
€ Y
Thus we have that the original transmission eigenvalue problem (4.42)-(4.45) is
equivalent to an eigenvalue problem for the closed (unbounded) operator Te . :=
HE_},K (note T 4 is closed since it is the product of a closed operator with bounded
operator in (L*(D) x L*(D))?). Let us denote by T ,—o the operator defined as
above corresponding to the non-absorbing case, i.e. 7 = 0 and 13 = 0 almost
everywhere in D (B,=o becomes the zero operator). Let 3(T. ) be the spectrum
of Tc., and R(k;Te~) the resolvent of Tc.. We have proven in Theorem 4.25
that R(k;Tc,) = (T — kI[)~! is well defined for all & € C such that R(k) >
0 except for a discrete set of k without any finite accumulation point (possibly
empty). Furthermore, from Theorem 4.26 we already know that (T ,—o) contains
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infinitely many isolated points lying on the positive real axis, which indeed are real
transmission eigenvalues. Our aim is to use the stability of eigenvalues for closed
operators under small perturbations as described in [72] (Chapter 4, Section 3). To
this end we need to define what small perturbation means and prove that T, . is
a small perturbation of T, ,—¢ assuming that the absorptions vy and ~; are small
enough.

To do this we set P := T, , — T ,—o and by straightforward calculation we see
that the perturbation P is a bounded operator in (L?(D) x L?(D))? given by

0 0
IP< 0 —]D)6_1187>'

According to [72], the perturbation P is considered small if the so-called gap between
the two closed operators T, Tc—o, denoted by 5(TEW,T6W:0) is small. For the
sake of the reader’s convenience we include here the definition of the gap ) (T,S)
between two closed operators 7' and S on a Banach space X. In particular

5(T,S) = max(8(T, S),8(S,T)), where &(T,S)= sup dist(u, G(5))
u€G(T),||u||=1

where G(T) and G(S) are the graphs of T and S respectively, which are closed
subsets of X x X. In particular, if § =T + A with A a bounded operator in X
then (see [72], Chapter 4, Theorem 2.14)

T+ A,T) < |A].
In our case it is now easy to show that
0(Ters Tery=o) < [[B]l < DB, | (4.54)

e (o) o)

Now let k* be a real transmission eigenvalue corresponding to the operator T ,—o,
and consider a neighborhood N, (k*) C C of k* of radius ¢ > 0. Then there is
a ng= > 0 (of course depending on o) such that this neighborhood contains at
least one point in X(T, ) as long as S(Tem Te,y—0) < M= since otherwise from [72]
(Theorem 3.1, Chapter 4) N, (k*) must be included in both resolvents, R(k; Te )
and R(k; Te y=0). Thus we have shown that for small absorption there is at least
one transmission eigenvalue near k*.

Theorem 4.27. Let ¢y € L°(D) and ¢; € L>(D) satisfy eo(x) > 0y > 0, €1(x) >
01 >0 and e := € —€e >0 >0, and let k; > 0, j = 1,...,¢ be the first {
real transmission eigenvalues (multiple eigenvalues are counted once) corresponding
to (4.42)-(4.45) for non-absorbing media, i.e. for vog = 1 = 0. Then for every
o > 0 there is a 17 > 0 (depending on o) such that if the absorption in the media
is such that supp Yo + supp 71 < 17, there exist at least £ transmission eigenvalues
corresponding to (4.42)-(4.45) in a o-neighborhood of k;, j=1,...,¢.
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Proof. To prove this theorem, it suffices to choose 7 = max (7, , M, , - - - Nk, ) thanks
to (4.54), where

infp(eg) infp(er)
"dsupp(eo) + 4supp(e1)

Tk; < Mk

and 7, is the size of the perturbation corresponding to kj, j = 1,--- £, as discussed
above. 0O

Remark 4.28. The approach developed in this section can be seen as a the de-
velopment of continuity property for the resolvent of the transmission eigenvalue
problem. In particular, for a real-valued refractive index the same analysis can
be done to show that, if the real-valued refractive index in the media is slightly
perturbed, then so are the transmission eigenvalues.

4.3 Existence of Transmission Eigenvalues for
Anisotropic Media

We now return our attention to the transmission eigenvalue problem for anisotropic
media (3.96) and prove the existence of real transmission eigenvalues under a sign
restriction on the contrast. As the reader has already learned from Section 3.2, the
transmission eigenvalue problem for anisotropic media assumes a different structure
provided whether n =1 or n # 1.

Let us recall the transmission eigenvalue problem for anisotropic media:

V- AVw + k*nw =0 in D,

Av+k?v=0 in D,

w="v on 0D, (4.56)
ow v

= - D.

Ovy Ov on 0

with w € H(D) and v € H!(D), where in view of Theorem 3.33 we assume that
$(A) =0 and ¥(n) = 0 and remind the reader of the notations

a4 ;= inf inf £- AE >0 and a*:= sup sup - AL < 0,
D ¢l=1 D |¢]=1
(4.57)

ne = infn >0 and n*:= supn < oco.
D D

4.3.1 The Casen =1

We start by assuming that n(z) = 1 for almost all z € D and in addition $(A4) =0
and either a, > 1 or 0 < a* < 1. Under these assumptions, in Section 3.2 (right
below Remark 3.34), it is shown that real transmission eigenvalues, i.e. the values
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of k > 0 for which there exists non-zero solutions v € H'(D) and w € H'(D) of

V- AVw+kw=0 and Av+k>v=0 inD

ow  Ov
M = % on 8D,

w=wv and
are the values of 7 := k? for which the kernel of the operators
Ar—7B or A, —7B  defined in Ho(D), (4.58)
is nontrivial. Here we recall
Hy(div, D) : = {u € L*(D)?>, V-u e L*(D), v-u=00ndD}
Ho(D) : = {u € Ho(div,D): V-ue Hj(D)}

and the bounded linear operators A, : Ho(D) — Ho(D), A, : Ho(D) — Ho(D) and
B : Ho(D) — Ho(D) are defined via the Riesz representation theorem respectively
applied to the forms

Ar(uu’) = (N =1)7"(VV - u+7u),(VV-u' + ) ) +7° (u,u) 5,

A (u,v):= (NI -N)""(VV-u+ru),(VV-u +ru))
+(VV-u,VV-v),,

D

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

with N = A~! and (-,-)p denoting the L?(D)-inner product (see (3.118) and the
equations following). Exactly in the same way as in Lemma 4.9 we can prove the
following result.

Lemma 4.29. The bounded self-adjoint operator A, : Ho(D) — Ho(D) is positive
definite if 0 < a* < 1, whereas A, : Ho(D) — Ho(D) is positive definite if a, > 1.

Lemma 4.30. The self-adjoint non-negative linear operator B : Ho(D) — Ho(D)
1§ compact.

Proof. Let u, be a bounded sequence in Ho(D). Hence there exists a subsequence,
denoted again by u,, which converges weakly to u® in Ho(D). Since V - u, is
also bounded in H'(D), from Rellich’s compactness theorem we have that V - u,,
converges strongly to V - u® in L?(D). But

[B(un — 1) [l3,(0) <V - (W — 1)l 220
which proves that Bu,, converges strongly to Bu®. 0
The kernel of the operator B : Ho(D) — Ho(D) is given by
Kernel(B) = {u € Ho(D); V-u= 0},
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which is obvious from the representation
(Bu,v)y,py=(V-u,V-v)p,.

To carry over the approach of Section 4.2 to the eigenvalue problem for anisotropic
media, we also need to consider the corresponding transmission eigenvalue problem
for a ball Bg of radius R centered at the origin with a constant index of refraction
0 < n # 1, which is formulated as

Aw+k’nw =0 and Av+k*v=0 for |z| <R, (4.59)
10w Ov
w=wv and 3 = B for |x| =R. (4.60)

By separation of variables we can prove the following lemma :

Lemma 4.31. Let D := Bgr and n > 0 a positive constant such that n # 1. The
infinitely many real zeros of

in(kR) in(ky/nR)
dn (k) = det( jj;l(kR) —%j;(kx/ﬁf?) ) -

are transmission eigenvalues for the anisotropic media with support Bgr and refrac-
tive index A := %I.

We denote by kg, the smallest real eigenvalue. An eigenfunction correspond-
ing to kg, is uBrn = pvwBrn — VyBr" ¢ Ho(Br), where wBrm™ pBrR1 g g
nonzero solution to (4.59)-(4.60). Furthermore, uB7" satisfies

1
/ . (VV -uBPrn k2 aBrmy . (vv.alen 4 g2 paPrm)de =0, (4.61)
_ : ,
Br

By definition u#:" is not in the kernel of B : Ho(D) — Ho(D). Finally, if B C D,
then the extension by zero @ of uP®" to the whole D is in Ho(D), respectively.

Now we have all the pieces to repeat word by word the proof of Theorem 4.12
to obtain the following theorem on the existence of real transmission eigenvalues
for anisotropic media.

Theorem 4.32. Assume $(A) = 0, n = 1 and the matriz valued function A
satisfies either

1.1<a, <& A@) <a*<ooor
2.0<a, <& A@)E<a*<1

for almost all x € D and all £ € R® with ||€|| = 1. Then there exists an infinite set
of real transmission eigenvalues for the anisotropic media problem (4.56) with 400
as the only accumulation point.
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4.3.2 The Casen # 1

We here discuss 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 — I
and n—1. The approach presented here follows the lines of [32] where, motivated by
the case of n = 1, the 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 the following.

Example 4.33 The spherically symmetric case: In the case when D := Bp is a ball
of radius R centred at the origin and both constitutive material properties A = a(r)I
and n = n(r) depend only on the radial variable, similarly to the isotropic media in
Theorem 4.7 we can directly show that there exists an infinite set of transmission
eigenvalues. We assume that both a € C?[0, R] and n € C?[0, R]. Obviously if both
a=1and n =1 every k > 0 is a transmission eigenvalue (i.e. this corresponds to
the case when there is no inhomogeneity and therefore no waves are scattered). To
avoid such a situation we assume that either a(R) # 1 and n(R) # 1 or otherwise

5::;0/12(253);&7&1. (4.62)

We restrict our attention to solutions of (4.56) that depends only on r = |z|, that
is

v(x) = agjo(kr)
where jg is the spherical Bessel function of order zero and ag is a constant. Next,

making the substitution w(x) = [a(r)]"}/2W (x) we see that the first equation in
(4.56) takes the form

AW+<k2ZE:;m(r))W0

where

1
m(r) = Av/a(r
(r) o) (r)
Hence, settin
tting o = by M
la(r)]z T

where by is a constant, straightforward calculations show that if y is a solution of

n (kzzgs - m(r)) y=0, y(0)=0, () =1,

then w satisfies the first equation in (4.56). Define ¢(r) by
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Again following [42], [48], in order to solve the above initial value problem for y we
use the Liouville transformation

”

2(€) = [e)ty(r) where &(r) = /[C(P)]%dp
0

which yields the following initial value problem for z(§):

S —p©)]z =0, 20)=0, 2(0)=/[c(0)] (4.63)

e ) 5 EER | m)
c’(r 5 |c'(r m(r
p(é-) = > T 1a 3 + .
Afe(r)] 16 [c(r)] c(r)
Now exactly in the same way as in Theorem 4.7, then (4.63) can be rewritten as
a Volterra integral equation and using the method of successive approximations
we can obtain the asymptotic behavior for y which is the same as (4.5) and (4.6)
where n(r) is replaced by c¢(r). Applying the boundary conditions on || = R, the
transmission eigenvalues are the zeros of
1 yR)

[Q(R)]1/2 T ]O(kR)

amd (Y
(R)dr<[a(7’)]l/2 r >r=R kjo(kR)

which has the same asymptotic expression as in (4.7) where

RL _ 1 1 B 172 [¢(R) 1/4
=% A G rem ) ol

Then, as in the proof of Theorem 4.7, we can conclude the existence of infinitely
many eigenvalues provided the above assumptions are met.

In the following we need to consider a particular case of the above spherically
stratified media where A = al and a # 1 and n # 1 are both positive constants.
Separation of variables leads to solutions of (4.56) of the form

o) = aje (WY @), wlr,2) = buje (kﬁ ) ene)

where j, are spherical Bessel functions of order n, Y,)* are the spherical harmonics
and & = z/r. Then the corresponding transmission eigenvalues are zeros of the
determinants

jo(kR) je (k\/f R) .
do(k) = det e s (k \/ZR) =0 (4.64)

for £ > 0. For later use we denote by k, , r the smallest transmission eigenvalue,
which may not necessarily be the first zero of do(k). N

=y \
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We now turn our attention to the general case (4.56). To simplify the expres-
sions we set 7 := k% and observe that if (v, w) satisfies (4.56) then subtracting the
equation for v from the equation for w we arrive at the equivalent formulation for
w:=v—w€ H(D) and v € H*(D)

V-AVu+tnu = V- (A—I)Vo+7(n—1)v in D,
(4.65)
v-AVu = v-(A—1)Vv on 0D,

along with
Av+7v=0 in D. (4.66)

The main idea of the proof of the existence of transmission eigenvalues consists in
expressing v in terms of u, using (4.65), and substituting the resulting expression
into (4.66) in order to formulate the eigenvalue problem only in terms of u. In
the case when A = I this substitution is simple and leads to an explicit expression
as a fourth order equation satisfied by u as discussed in Section 3.1.1 (see also
[75]). 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 — I) 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 when (A — I) and (n — 1) have
the opposite sign almost everywhere in D. Thus we now assume that either a* < 1
and n, > 1,0r a, > 1 and n* < 1.

Note that for given u € H{ (D), the problem (4.65) for v € H*(D) is equivalent
to the variational formulation

/[(A —D)Vu-VY —71(n—1)ve|de = /[AVu V¢ —Tnuy|de  (4.67)
D D
for all ¢p € H'(D). The following result concerning the invertibility of the operator

associated with (4.67) can be proven in a standard way using the Lax-Milgram
lemma. We skip the proof here and refer the reader to [32]

Lemma 4.34. Assume that either a, > 1 and 0 < n* < 1, or 0 < a* < 1 and

n. > 1. Then, for every u € H3(D) and 7 > 0 there exists a unique solution
v = v, € HYD) of (4.67). The operator A, : Hi(D) — HY(D), defined by
U > Uy, 1S bounded and depends continuously on T > 0.

For fixed u € H}(D), we now set v, := A,;u and denote by L,u € Hg(D) the
unique Riesz representation of the bounded antilinear functional

v (Vo Vi = o] de tor v € HY(D).
D

ie.
(Lrw,¥)grpy = /[Vvu Vi — 1o, dr for ¢ € Hi(D). (4.68)
D
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Obviously L, also depends continuously on 7. Now we are able to connect a trans-
mission eigenfunction, i.e. a nontrivial solution (v, w) of(4.56), to the kernel of the
operator IL,.

Theorem 4.35. The following statements are true:

1. Let (w,v) € HY(D) x HY(D) be a transmission eigenfunction corresponding
to some eigenvalue T > 0. Then u =v —w € H}(D) satisfies Lru = 0.

2. Let u € HY(D) satisfy Lyu = 0 for some T > 0. Furthermore, let v := v, =
Au € HY(D) be as in Lemma 4.4, i.e. the solution of (4.67). Then T is
a transmission eigenvalue with (w,v) € HY(D) x HY(D) the corresponding
transmission eigenfunction where w = v — u.

Proof. Formula (4.68) implies that (L,u,¥)y1(py = 0 for all ¥ € H{(D) which
means that L,.u = 0.

The proof of the second part of the theorem is a simple consequence of the
observation that (4.66) is equivalent to

/[Vv Vi —Tvip]de = 0 forall ¢ € H)(D). (4.69)

D

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

The operator L, plays a similar role as the operator Ay — k2B for the case of
n = 1 discussed in the first part of this section.
Theorem 4.36. The bounded linear operator L, : HY(D) — H}(D) satisfies:
1. L, is self-adjoint for all T > 0.

2. (oLou,u) g1 (py > CHU’”%U(D) for all w € HY(D) and ¢ > 0 independent of u
where 0 =1 ifa, >1 and0<n* <1, ando=—-1if0<a* <1 andn, > 1.

3. L, — Ly is compact.

Proof. 1. Let uy,us € H& (D) and vy := v,, and vy := v,, be the corresponding
solution of (4.67). Then we have that

(Lruq, uQ)Hl(D) = /[Vvl - Vg — Tvlng} dx
D
:/[AVvl-V@—Tnvlﬁg} dx
D
— /[(A—I)Vvl'V%—T(n—l)Ul%] dx .
D
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Using (4.67) twice, first for u = ug and the corresponding v = vy and ¥ = v; and
then for u = u; and the corresponding v = v; and ¥ = v, yields

(Lruq, UQ)Hl(D) = /[(A — Vv, -Vog —7(n—1)un @] dx
D
- /[Avu1 Vg — Tnuy Uz d (4.70)
D

which shows that L. is self-adjoint.
2. In order to show that olLg : Hi(D) — H}(D) is a coercive operator, we
recall the definition (4.68) of Lo and use the fact that v = v, = u + w to obtain

(Lou, w)gi(p) = /vu-vmx = /|Vu|2dx+/Vw~Vﬂdx. (4.71)
D D D

From (4.67) for 7 = 0 and ¢ = w we now have that

/Vw'VEdm = /(A—I)Vqu@dx. (4.72)
D D

If a, > 0 we have [, (A—I)Vw - Vwdr > (a. — 1)||Vw|\%2(D) > 0 and hence

(Low, u) g (py > /|Vu\2dx.
D

Since from Poincaré’s inequality ||Vu||z2(py is an equivalent norm on H} (D), this
proves the strict coercivity of L.
Now if 0 < a* < 1, from (4.70) with u; = up = v and 7 = 0 we have

—(Lou, u) g1 (p) :—/(A—I)Vw‘V@dz + /AVU'VﬂdI
D

D
2(1*/|Vu|2 dx
D

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

We are now in the position to establish the existence of infinitely many positive
transmission eigenvalues, i.e. the existence of a sequence of 7; > 0, and correspond-
ing u; € Hy(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 correspond to one being an eigenvalue
of the compact self-adjoint operator T, where T, : H}(D) — HZ (D) is defined by

T, := (oLo) " (o(Lr — Lg)) (0Lg) 2.
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Thus we can conclude that real transmission eigenvalues have finite multiplicity.
We can now use Theorem 4.6 to prove the main result of this section.

Theorem 4.37. Assume that either a, > 1 and 0 < n* <1, or 0 < a* < 1 and
ny > 1. Then there exists an infinite sequence of positive transmission eigenvalues
kj >0 (1 := k7 ) with 400 as the only accumulation point.

Proof. We sketch the proof only for the case of a, > 1 and 0 < n* < 1 (i.e. take
o = 1 in Theorem 4.36). First, we recall that Assumption 1. of Theorem 4.6 is
satisfied with 79 = 0 from Theorem 4.36 part 2. Next, from the definition of L.
and the fact that v = w + u, we have

(Lru, u) g (p) (4.73)

:/[VU~VE—TUU] dm:/[Vw-Vﬂ—Twﬂ+|Vu\2—7'|u\2] dx
D D

We also have that w satisfies

/[(A NVw -V —7(n—1)wi| d /Vu-V@—Tum dx (4.74)

for all ¢» € H'(D). Now taking ¢ = w in (4.74) and substituting the result into
(4.73) yields

(Lru, w) gy (4.75)

= /[(A — N)Vw -V — 7 (n—1) [w]* + |Vul> = 7 |u|?*] dz
D
Let now 7 be such that 7 := k2, R (the first transmission eigenvalue corresponding
0 (4.59)-(4.60) for the disk Br with a := a, and n :=n ) We denote by o,
the corresponding non-zero solutions and set 4 := © — @ € Hg(Bgr). We denote the
corresponding operator by L. Of course, by construction, we have that (4.75) still
holds, i.e. since L;u = 0,

0= (Lr, @) 1 5, (4.76)
_ /[(a* — |V — 7 (n* — D)[o]? + |Vaf? — 7 [a]?] de.
Br

Next we denote by @ € H}(D) the extension of @& € H}(Bgr) by zero to the whole
of D, let ¥ := vy be the corresponding solution to (4.67) and set w := o — 4. In
particular w € H'(D) satisfies

/[(A—I)vw-v@—%(n—l)wm de = /[va-v@-m@] dzx

D D

= [(va-vi-tavlar = [[@-0Va-Vi-¢ 0 - D07 ds

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

/(A—I)vw-va—f(n—mwﬁdx
D

- /(a*—l)vw-vﬁwm* _ 1|0 da.

Br

Using the Cauchy-Schwarz inequality we obtain

/(A—I)vw.vﬁ—%(n—l) |w|* dx

D

< /(a* _ ) [Va? + 7 n* — 1] ] da /(a* S Va2 + 7 n* — 1) @] da
\Br R

< /(a* — 1) |V|]? =7 (n* — 1) |0]* de L/(A — Vi -V — 7 (n — 1) |@|* do
LBr

since [ln — 1] =1—n>1—-n* =|n* — 1|. Hence we have

/[(A — DV -V — 7 (n—1) |0]*] do
D
< /[(a* — D[Vl =7 (n* = 1) |[@]*] de.

Br

Substituting this into (4.75) for 7 = 7 and u = 4 yields

(L3, @) oy = /[(A — )V -V — 7 (n— 1) [5]* + |V |* — 7 |@*] dz
D

< /[(a* )|V (0 — 1) [ + Va2 — 7 0] de = 0

Br

by (4.76). Hence from Theorem 4.6 we have that there is a transmission eigenvalue
k > 0, such that k? € (0, 7]. Finally, repeating this argument for disks of arbitrary
small radius, we can show the existence of infinitely many transmission eigenvalues
exactly in the same way as in the proof Theorem 4.12. In a similar way we can
prove the same result for the case when 0 < ¢* < 1 and n, > 1 where in the proof
we consider the operator —IL; and the ball Bg with a :=a* and n:=n,. 0O

We end our discussion in this section by making a few comments on the case
when (A —I) and (n — 1) have the same sign. As indicated above, if we follow a
similar procedure, then we are faced with the problem that (4.67) is not solvable

2
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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 n* — 1 is small
enough. To avoid repetition, we refer the reader for more details to [32]. We also
mention that the approach of this section can be modified to include anisotropic
media with small voids [62].

4.3.3 Inequalities for Transmission Eigenvalues

Similarly to the case of isotropic media, our proof of the existence of real transmis-
sion eigenvalues provides a framework for deriving inequalities between transmission
eigenvalues and the matrix valued refractive index. In view of the fact that the ma-
trix valued refractive index can not be uniquely determined from scattering data,
such inequalities become particularly important in the context of the inverse prob-
lem for anisotropic media since real transmission eigenvalues can be determined
from far field data (see Section 4.4). In Section 4.4.1 we show that the inequali-
ties and monotonicity properties of transmission eigenvalues can be used to obtain
information about anisotropic media from scattering data.

Let us start with the case when n = 1. Rephrasing Theorem 3.35 we have the
following lower bounds for transmission eigenvalues.

Theorem 4.38. Let A € (L>®(D))**3, $(A) =0, n=14in D and 0 < a, and
a* < oo be defined by (4.57). Then all real transmission eigenvalues k > 0 satisfy

1. k2 > a*\(D), if 0<n* <1 or
2. k2> M\ (D), if 1 < n,
where M\ (D) is the first Dirichlet eigenvalue for —A in D.

As the reader has already seen, the analytical structure of the transmission
eigenvalue problem for anisotropic media with contrast only in A resembles the
one corresponding to isotropic media with N := A~!. Hence, as in the proof of
Theorem 4.16, we can prove a monotonicity property for transmission eigenvalues
for anisotropic media. To this end let k; = k;(A(z),D) > 0 for j € N be the
increasing sequence of transmission eigenvalues for the media with support D and
refractive index A, such that t; = k7 is the smallest zero of A;(7, D, A(x)) = 7 where
Aj(1, D, A(x)), j > 1, are the eigenvalues of the auxiliary problem (see Theorem
4.32) given by

Wel; uew

Aj(7,D, A) =min max /(A*1 — 7YYV - u+ kP de + k4/|u|2da:
IV-ullL2(py =1 b p

(4.77)
where U; denotes the set of all j-dimensional subspaces W of Ho (D). Then for this
sequence of k;(A(z), D) > 0 we have the following monotonicity property.

Theorem 4.39. Let A € (L*(D))**3, $(A) =0, n=14in D and 0 < a, and
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a* < oo be defined by (4.57). Assume that By and Bo are two balls such that
B1 C D C By. Then

1. If a* < 1, then
kj(a, Ba) < kj(as, D) < kj(A(z), D) < kj(a*, D) < k;(a*, By).
2. If 1 < ay, then
k;i(a*, Bs) < kj(a*,D) < kj(A(z), D) < kj(a«, D) < kj(amin, B1).

In particular, these inequalities hold true for the smallest transmission eigenvalue

k1(A(z), D).

As a consequence of this theorem we have the following more general formu-
lation of the monotonicity property for the sequence of transmission eigenvalues
k;(A(x), D) > 0 described above.

Corollary 4.40. Let D1 C D C Dy and A1 < A < Ay where Ay, A, Ay all satisfy
the assumptions of Theorem 4.39.

1. If Ay < A< Ay < I, then
kj(AlvDQ) < kj(AhD) < kJ(A7D) < kj(AQaD) < kj(A27D1)'

2. If[ <A <A< Ag, then
kj(Az, Do) < kj(Az, D) < kj(A, D) < kj(A1, D) < kj(Aq, Dy).

Here I is 3 x 3 identity matrixz and for any two matrices B < A means that the
matric A — B is positive definite uniformly in D.

Theorem 4.39 shows in particular that for A = al where a # 1 is a positive
constant the first transmission eigenvalue k;(a, D) as a function of a for D fixed is
monotonically increasing if @ < 1 and is monotonically decreasing if ¢ > 1. As in
Theorem 4.18, this leads to the following uniqueness result for the constant index
of refraction in terms of the first transmission eigenvalue.

Theorem 4.41. The constant index of refraction A = al is uniquely determined
from a knowledge of the corresponding smallest transmission eigenvalue k1 (a, D) > 0
provided that it is known a priori that either a > 1 or 0 <a < 1.

Next we consider the case when n # 1. Unfortunately, the proof of the ex-
istence of transmission eigenvalues in this case has a more complicated structure.
Hence we can derive only an inequality for the first transmission eigenvalue.

Theorem 4.42.  Let B C D be the largest disk contained in D and A (D)
the first Dirichlet eigenvalue of —A in D. Furthermore, let ki(A,n, D) be the first
transmission eigenvalue corresponding to D, A and n, and 0 < a, < a* < o0,
0 < n. <n* < oo define by (4.57).
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1. Ifay, > 1 and 0 < n* <1 then

M (D) < k2(A,n,D) < ki(as,n*, Bgr).

2. If 0 <a* <1 and n, > 1 then

Proof. The upper bounds in both cases are consequence of the proof of Theorem
4.37. 'We now prove a lower bound for the first transmission eigenvalue. To this
end, let us assume that a, > 1 and 0 < n* < 1 and consider (4.75), i.e.

(Lo, )i (o) = //[(A—I)Vw-vw—T(n—l) il + [Vul? - 7 [uf?] da.
D

The first term is estimated by

//[(A—[)Vw-VE—T(n— 1) |w[*] dz > min(a, —1),7(1 —n")) Hw||2H1(D) >0
D

and, since u € H}(D), we have that ||Vu||%2(D) > \(D) ||u||2L2(D) where A\ (D) is
the first Dirichlet eigenvalue of —A in D. Therefore, (L u,u)g1(py > 0 as long as
7 < A1(D). Thus, we can conclude that all transmission eigenvalues k are such that

k? > X\ (D).

Next we consider 0 < a* < 1 and n, > 1 and from (4.70) since v = w + u we
have that

—(Lru,u) g (py = //[(I — A)(Vw + Vu) - (VW + V) + 7(n — 1) |w + ul?] dz

D
+ /\/[AVU'VQ*TH‘UF] dx .
D

In this case

//[(1 — W)V + Vul +r(n— 1) o+ ul]dz > Cllu+vl3py > 0
D
where C' = min((1 — a*), 7(n. — 1)), whereas

//[AVU Vu—r1nluf’lde > [a.\(D)—1n*] HU||2L2(D) )
D

Hence if 0 < 7 < 22 X;(D) there are no transmission eigenvalues which proves the
lower bound in the second case. 0O
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We end this section by stating an estimate on transmission eigenvalues which
is a consequence of the proof of Theorem 3.37.

Theorem 4.43. Assume that either 0 < a* <1 or a, > 1, and [,,(n — 1)dx # 0.
Then the nonzero eigenvalue k1 € C of the smallest modulus satisfies

2 a*(lf\/ai*)
k1" = Cp max(n*, 1) (1 ++/n*)

with Cp > 0 defined by

2 2

i — min ||Vw||é) + ||V1;||D

Cr (ww)eym) lwlip+lvlp
(w,v) # (0,0)

V(D) =< (w,v) € H(D) x H(D), w =vondD, /(nw —v)dz =0
D

Note that under the weaker assumption on n in Theorem 4.43 it is not known
whether real transmission eigenvalues exist. In particular, the eigenvalue of the
smallest modulus may not necessarily be real.

We end this section with the comment that, similarly to the case of isotropic
media, alternative approaches have been introduced to investigate the spectral prop-
erties of the anisotropic transmission eigenvalue problem under the assumptions that
A—1T has one sign in a neighborhood of the boundary. Under the latter assumption,
in a series of papers by Lakshtanov and Vainberg [83], [84], [85] and [86], the exis-
tence of transmission eigenvalues is proven and a study of the counting function for
transmission eigenvalues is initiated. We also mention that there is a considerable
body of work connected with numerical computations of transmission eigenvalues
[69], [70] and [80].

4.4 The Determination of Transmission Eigenvalues
from Far Field Data

We discuss in this section the determination of transmission eigenvalues from a
knowledge of the far field data. This is important for applications as it shows
that these quantities can be determined from measurements and therefore can be
exploited in the solution of inverse problems. We restrict ourselves to the scattering
problem for isotropic media defined by (1.25)-(1.27). We make the assumption that
S(n) = 0 for which real transmission eigenvalues are proven to exist. The case of

anisotropic media can be treated in a very similar way and is skipped here.
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We present three approaches to determine transmission eigenvalues from the
far field operator (2.1) as introduced in Chapter 2, namely F : L%(S?) — L?(S?)
defined by

(Fg)(#) == / oo (2, d)g(d) ds(d) (4.78)
S2

where o (&, d) denote the far field pattern.

The first approach uses the LSM algorithm and requires a priori knowledge
of a non empty open subset of D (which is the support of n — 1 where n is the
refractive index) [20]. For z in this subregion we exploit the fact that the linear
sampling method indicator function blows up if k is a transmission eigenvalue while
it remains bounded if k is not a transmission eigenvalue. The second approach
uses a similar characterization but is based on the GLSM algorithm [5]. The third
approach uses a different philosophy [79]. It is based on an analysis of accumulation
points of the normalized eigenvalues of the far field operator. Roughly speaking,
transmission eigenvalues are detected when these normalized eigenvalues accumulate
at two different points as the the wave number approaches a transmission eigenvalue.

We remark that our presentation here is slightly different from the one in the
indicated literature.

4.4.1 An Approach Based on LSM

The main assumption here is that the operator F' has dense range. This is indeed
guaranteed if k is not a non-scattering wave number. Moreover we assume that a
non empty open subset of D is known a priori and that D is simply connected (see
Remark 4.46 for a discussion of the case of a multiply connected domain D). We
set ¢.(&) := 7= "% to be the far field pattern associated with the fundamental
solution ®(-,z). We let g¢ € L?(S?) be the solution to

(a+F*F)gg = F¢..

Recall that F = GH where H : L?(S?) — Hi,.(D) is the Herglotz operator defined
by (2.3) and G : Hi,.(D) — L?(S?) is defined by (2.4). We prove the following

result.

Theorem 4.44. Assume that n —1 > a > 0 (respectively 1 —n > a > 0) in D
for some constant a and that k > 0 is not a non-scattering wave number. Then for
any ball B C D, |[Hg¢||z2(p) is bounded as o — 0 for a.e. z € B if and only if k is
not a transmission eigenvalue.

Proof. If k is not a transmission eigenvalue, then one can apply Theorem 2.27
and Theorem 2.35 to deduce that || HgZ| z2(p) is bounded as o — 0 for all z in D.
Now assume that k is a transmission eigenvalue. Since F' has dense range (by the
assumption that k is not a non-scattering wave number, Theorem 1.16) then,

Fg? — ¢, as a — 0,



4.4. The Determination of Transmission Eigenvalues from Far Field Data 177

(c.f. Theorem 1.30). Assume that there exists a ball B C D such that for a.e.
z € B, |Hg2|lL2(py < M for some constant M > 0 as a — 0 (the constant M
may depend on z). Then (for fixed z) there exists a subsequence v, = Hg?" that
weakly converges to v, in Hiy(D). Since G is a compact operator, we deduce
that Gv, = ¢,. Using Rellich’s lemma, one deduces the existence of a solution
(uz,v,) € L?(D) x L*(D) of the interior transmission problem

Au, + k*nu, =0 in D,

Av, +k%v, =0 in D,

Uy —v, = ®(,z) ondD,

O(uy —v,)/0v =09(-,2)/0v on dD

(4.79)

such that the function w, = u, — v, € H%(D). As in Chapter 3, one verifies that
w, satisfies

1
/ 71(sz + Ew,)(Ap + k*np)de =0 Vo € HX(D) (4.80)
D

and

ow,  09(-,2)
o v
Since k is a transmission eigenvalue, according to the results of Chapter 3 there
exists a non trivial function wy € HZ(D) satisfying

w, = ®(+, z) and on 0D.

1

Taking ¢ = wp in (4.80) and applying Green’s theorem twice yields, after using
(4.81),

/ (nll(Awo + k‘ano)) % ds

oD

_ / (% (1(Aw0 + anw0)> ®(-,2)ds =0, (4.82)

n—1
oD

where these integrals have to be understood in the sense of HF'/2(9D) (resp.
HT3/2(9D)) duality pairing. Defining 1(z) := 15 (A + k?n(z))wo(z) in D, we
observe that

A+ Ek*p=0 in D.
Classical interior elliptic regularity results and the Green’s representation theorem
imply that

00(x,z)  OP(x)
P(z) = U(x) - D(x,2) | dss for z € D. (4.83)
aé < )

ov ov
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Equation (4.82) and the unique continuation principle now show that ¥ = 0 in D.
Therefore (A + k*n(z))wo(x) = 0 in D. Since wy € HZ(D) one deduces again from
the unique continuation principle that wg = 0 in D, which is a contradiction. 0

There are two weak points of the characterization provided by Theorem 4.44.
The first one is related to the assumption that k& should not be a non-scattering
wave number. It is shown in [9] that, in two dimensions, if the domain D contains
corners, then the set of non-scattering wave numbers is empty. The only known
case for which the set of non-scattering wave numbers is not empty is the case of
sphere with constant index of refraction. We refer to [20] for a way to get around
this problem exploiting the fact that the noisy operator has in general dense range.

The second weak point is indeed the fact that the characterization of trans-
mission eigenvalues is given in terms of the behavior of ||[HgZ| r2(p) which re-
quires a knowledge of D. In practice, numerical experiments show that replacing
1Hg2 | 2 (py with [|g2 |12 (s2) provide satisfactory results [23, 18, 59].

Numerical Examples

For the numerical experiments one needs to have access to points z; i = 1,..., N
inside the domain D. We then evaluate

N
k— Z 192: 22 (s2)
=1

for some regularization parameter o that can be chosen using the Morozov discrep-
ancy principle. This in turn assumes that one has access to the far field operator
for a range of wave numbers that contain the sought transmission eigenvalues. We
now give some numerical examples from [59] for a circular domain D of radius = 0.5
with index of refraction n = n; in an inner circle and n = n. in the outer annulus
(see Figure 4.1). More examples can be found in [25] and [62].

Figure 4.1. Configuration of the refractive index in a circular domain D
of radius 0.5. Reproduced from [59] with permission.

In Figure 4.2 we indicate the behavior of k + ||g2 || 12(g2) for several choices
of the refractive index n; and n. and for different choices of the points z;. The
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parameter « is fixed using the Morozov discrepancy principle. Observe in particular
that some peaks disappear (or are less sharp) for some choices of the points z;. This
confirms that several points are needed in order to obtain stable determination of
the peaks that correspond to transmission eigenvalues.

200, 250,
180|
160|
140|
120|

100|

Figure 4.2. From left to right, plots of k + [|g2|12(s) for several choices
of points z, respectively for (ne,n;) = (11,5), (22,19), (67,61). Reproduced from [59]
with permission.

4.4.2 An Approach Based on GLSM

One can also use the algorithm of GLSM to detect transmission eigenvalues and
thus avoid the second weak point of the algorithm introduced above. We use the
same assumptions as above and shall rely on the version of GLSM that uses the Fj
operator defined as

Fy = [R(E)[ + [S(F)].
To this end, define

Jo(6239) = a(Fyg, 9)12(s2) + ||IFg = b2ll72 g2
and set

ja((bz) = inf Ja(¢z§g)~

gE€L2(S?)

We then consider ¢g¢ to be the minimizing sequence satisfying

Ja($:92) < ja(9) + p(e)

with0<%—>0asa—>0.

Theorem 4.45. Assume that n —1 > a > 0 (respectively 1 —n > a > 0) in D
for some constant o. Assume in addition that k > 0 is not a non-scattering wave
number. Then for any ball B C D, (Fyg,9s)12(s2) is bounded as o — 0 for a.e.
z € B if and only if k is not a transmission eigenvalue.

Proof. The case when k is not a transmission eigenvalue is a consequence of
Theorem 2.36.
If z is a transmission eigenvalue then, since F' has dense range, by Lemma 2.6,

FgS — ¢, as a — 0.
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We also remark that, thanks to Lemma 2.33 and Theorem 2.31, Fy = H*T}yH with
Ty : L*(D) — L?*(D) being coercive on R(H).

Now for fixed z, assume that (Fyg2, g2)r2(s2) is bounded as a — 0. Thanks to the
coercivity property of Ty, we deduce that ||HgZ||z2(p) is also bounded as o — 0.
We then can conclude the result as in the second part of the proof of Theorem 4.44.

|

Remark 4.46. For Theorems 4.44 and 4.45, the assumption that D is simply con-
nected can be removed by assuming that the intersection of the set of points z with
each connected component of D contains an open set with positive measure. Also in
the case of a multiply connected domain D, if we restrict the set of used points z to
a connected component of D, then one recovers the transmission eigenvalues related
to that connected component. This has been observed and numerically tested in
[59].

4.4.3 An Approach Based of the Eigenvalues of the Far Field
Operator

We present in this section a different approach to identify transmission eigenvalues
based on the behavior of the phase of the eigenvalues of the normal operator F. In
many aspects, this approach can also be seen as the complement of the (F*F )1/ 4
method (Section 2.4.1) in determining transmission eigenvalues. We here adopt
the notations of Section 2.4.2 and explicitly indicate the dependence on k in our
notation: for instance the far field operator is denoted by F}. We recall that

Fy, = Hi Ty Hy,

with T) : L?(D) — L?(D) is defined by (2.17). We recall (Lemma 2.26) that if
n—12> a > 0 (respectively 1 —n > a > 0) in D for some constant o > 0 and
if k > 0 is not a transmission eigenvalue then the operator T} : L?(D) — L?(D)
(respectively —T}) satisfies Assumption 3 with Y = Y* = L?(D).

Moreover, the operator I + iy Fy, with v = ﬁ, is unitary which is equivalent
to the fact that Fj is normal. If & > 0 is not a transmission eigenvalue, then
Fy is injective. We hence have the existence of an orthonormal complete basis
(9;(k))j=1,+00 of L*(5?%) such that Fyg;(k) = \j(k)g;(k) where \;(k) # 0 form a
sequence of complex numbers that goes to 0 as j — co. Define

Aj (k) = A (R) /| (R)].

Since A;(k) (for all j) lies on the circle of radius 1/ and center i/ and A\; — 0
as j — 0o, the only possible accumulation points of the sequence (\;(k)) are —1
and +1. From the proof of Theorem 2.25 we see that if k£ is not a transmission
eigenvalue and n — 1 > « > 0 then +1 is the only accumulation point of S\j (k). In
the case 1 —n > a > 0, applying Theorem 2.25 to —Fj shows that in this case —1
is the only accumulation point of A; (k).

The following theorem is almost the contrapositive of these statements.
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Theorem 4.47. Assume that n —1> a > 0 (respectively 1 —n >« > 0) in D for
some constant «.. Let kg > 0 and (k¢) be a sequence of positive numbers converging
to ko as € — co. Assume that there exists a sequence (NY) such that N\ = j\j[(kg)
for some index j, and N -1 (respectively N +1) as ¢ — oco. Then kg is a
transmission eigenvalue.

Proof. The proof uses basically the same arguments as the proof of Theorem 2.25
and a continuity property with respect to k of the operator T}, formulated in Lemma
4.49 below. We shall consider only the case n — 1 > a > 0 since the other case
follows from the same arguments (replacing Fy, with —F}). Define

1
b= g,
V |)‘j15| e

From (2.43) we clearly have

(Tkz¢é7¢£)L2(D) = /A\e(gjf,gjz)L2(S2) = 5\6 — —1. (4.84)

Assume that kg is not a transmission eigenvalue. Then from Lemma 2.26 we deduce
that Ty, is coercive. Using the continuity of k — T} we deduce that T}, are
uniformly coercive for ¢ sufficiently large since

[(Te, 0, ) 2Dyl = [(Tio ¥, ) 20y = 1 Tho — Tieo 191172y -

Choosing ¢ sufficiently large so that || Tk, — Tk, || < (/2 where 3 is the coercivity
constant for Ty, we get

|(Th, ¥, ¥) L2(Dy| > é||1/}||2L2(D)'

We then deduce from (4.84) that the sequence (1) is bounded in L?(D). Therefore,
up to a subsequence, one can assume that (¢y) weakly converges to some 1y in
L*(D). Since

Atpy + kjtpg = 0 in D,
we deduce that

Atpo + koo = 0 in D,

meaning that ¢ € R(Hy,). Let us denote by w, € HZ (R?) the solution of (2.2)

with ¢ = 1y and wj® the corresponding far field pattern. We recall from (2.35) that
43(T,be, i) = ko / |w$e|?ds. (4.85)
s2

From Lemma 4.48, the Rellich compact embedding theorem and the continuity of
the mapping w — w* from L?(D) into L?(S?) we deduce that

%(Tké,(/}ea w@) — (‘}(Tkow()a wo)
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From (4.84) we then get (Tk,%0,%0) = 0 and therefore ¢y = 0 (since ko is not a
transmission eigenvalue). We now note that

k2 k2
ﬁ((n — Do, o) 20y = (Thy e, e) 12Dy — ﬁ((n — 1)ve, we) 12 (D)

where ((n — 1)bg,we)r2(py — ((n — 1)tpo, wo)r2(py by Lemma 4.48 and the Rellich
compact embedding theorem. Consequently

kg
?((n — D), Ye)p2(py — —1

7

0<
which is a contradiction. 0

We now proceed with proving the continuity property with respect to k of
the operator Tj,. We first show a uniform bound on the solution of (2.2) for wave
numbers in a bounded interval.

Lemma 4.48. Let ¢ € L*(D) and wy, € HL(R3) be the solution of (2.2) for the

wave number k > 0. Then, for all bounded intervals I C Ry and compact K € R3
there exists a constant C' independent of k and ¢ such that

”wk”Hl(K) < C||¢HL2(D) Vk e 1.

Proof. Using the Lippmann-Schwinger integral equation for wy, (see Theorem (1.9))
we have
wy, + Aywy = —Aptp  in L*(D) (4.86)

where Ay, : L?(D) — L?(D) is the compact operator defined by
A= K [ @1(0.)(1 = n(w)ely) dy.
D

From the expression ®y(z,y) = exp(ik|x —y|)/(4w|x — y|) one can easily verify that

|Are — Aproll2(py < Clk = K'll[¢ll22(p) (4.87)

and
IAxellL2(py < CllelLz(p) (4.88)

with a constant C independent from &, k" € I and ¢. Fix ¢ sufficiently small such
that 2C6§ < infy¢ey ||Z—|— Ak” Let kg € I. Writing T+ Ay, = (I+Ak0) + (Ak — Ak0)7
we then deduce from (4.87) that for k € (ko — 6, k0 + 9),

I(Z + AR) M < 20T+ Axy) -
Combined with (4.88) we observe that for k € (ko — 9, ko + 9)

lwill 2oy < CllYllz2(p)



4.4. The Determination of Transmission Eigenvalues from Far Field Data 183

for some different constant C' independent from k. Since
wn(@) =K [ Bu)(1 = nl))(6(0) + wnl)dy, 7 € B
D

we then also get, with a different constant C, that
HwkHHl(K) < CHwHLz(D) Vk € (k‘o —0,k0+ (5)

The result follows from considering a finite covering of I with intervals of size 2.
O

We now prove the following technical lemma needed in the proof of Theorem
4.47.

Lemma 4.49. The mapping k — Ty, is continuous from Ry into the space of linear
mappings from L%(D) into itself.

Proof. Consider two wave numbers £ > 0 and k¥’ > 0 in some given bounded
interval I. Then

Wy — Wy + Ak(wk — wk/) = —(Ak — Ak‘/)(w + wk/) in L2(D)
Therefore, using (4.86), (4.87) and Lemma 4.48 one deduces that

lwie — w20y < C(R)k — K[l 2D

for some constant C'(k) independent of k¥’ € T and ¢. The proof then directly follows
from the expression of Ty,. 0O

The criterion of Theorem 4.47 can be used as an indicator of transmission
eigenvalues. However, the hard part is to prove that it occurs for every transmission
eigenvalue. We refer to [79] for a proof that this is the case for the first transmission
eigenvalue if the contrast is a sufficiently large constant (or small perturbation of a
constant). A different proof of Theorem 4.47 based on the scattering operator can
also be found in [79] and [91]. A discussion of numerical issues related to the use of
this criterion can be found in [71].
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Chapter 5

Inverse Spectral Problems
for Transmission
Eigenvalues

5.1 Spherically Stratified Media with Spherically
Symmetric Eigenfunctions
The (normalized) transmission eigenvalue problem for an isotropic spherically strat-

ified medium in R? is to find a nontrivial solution v,w € L*(B), v — w € HZ(B)
to

Aw+ E*n(r)w=0 in B (5.1)

Av+Ek*v=0 inB (5.2)

v—w=0 ondB (5.3)
v Ow

where B := {z: |z| < 1}. We assume that n € C3[0, 1] although this condition can
be weakened. If we look for spherically symmetric eigenfunctions

sin kr
kr

where ag, by are constants then
Yy +kn(r)y =0

y(0) =0, y'(0) =1

where the second initial condition is a normalization condition. From this we see,
after simplification, that k is a transmission eigenvalue if and only if

y(1) e
y' (1) cosk

d(k) := det

185
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Note that, in contrast to previous sections, we are now allowing the possibility that
k is complex, i.e. we drop the condition that k£ > 0.

Theorem 5.1. If d(k) is identically zero then n(r) is identically equal to one.

Proof. [2] If d(k) = 0 then
sin k
k

Each of the four functions in (5.5) is an entire function of k of order one. Fur-
thermore, ¢'(1) and y(1) cannot vanish simultaneously and 1 sin k and cos k cannot
vanish simultaneously. Thus (5.5) implies that + sink and y(1) = y(1; k) must have
the same set of zeros including multiplicities and that cos k and 3/(1) = 3/(1; k) must
have the same zeros including multiplicities. Hence, by the Hadamard factorization
theorem [112] and the fact that  sink and y(1; k) are even entire functions of order
one we can conclude that

y(1;k) =1

y'(1) = y(1) cos k. (5.5)

sin k

Y (1;k) = ¢y cosk

for some nonzero constant ¢;. But the zeros of y(1; k) and y'(1; k) correspond to
two sets of spectra for y” + k?n(r)y = 0 and it is well known that this information
uniquely determines n(r) for r € [0,1] [8]. Thus n(r) is uniquely determined by the
combined knowledge of the zeros of % sin k and cos k and these zeros correspond to
n(r)=1forr€[0,1]. O

If n(1) =1 and n’(1) = 0 then an elementary asymptotic analysis shows that
[42]

d(k) = W sink(/l V/n(p) dp — 1) +0 (;) (5.6)
as k — oo and hence if ’

) ::/\/n(p)dp7é 1
0

there exist an infinite number of positive transmission eigenvalues. This can also
be shown to be true of n(1) # 1 and n’(1) # 0 [48]. However, as the following
examples show, there can also exist complex eigenvalues.

Example 5.2 [2] When n(r) = 1/4 we have that

(k) = 2 sin’ (’;)

and hence there exist an infinite number of real eigenvalues and no complex eigen-
values. On the other hand, if n(r) = 4/9 we have that
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i.e. in this case there exist an infinite number of both real and complex eigenvalues.

The above examples are special cases of the following theorem [92]:

Theorem 5.3. Let n(r) = n2 where ng is a positive constant not equal to one. Then
if ng is an integer or the reciprocal of an integer all the transmission eigenvalues are
real. If ng is not an integer or the reciprocal of an integer then there are infinitely
many real and complex transmission eigenvalues.

‘We now note that

1. d(k) is an even entire function of order one, i.e. d(v/k) is an entire function
of order 1/2.

2. If 0 < n(r) < 1 then d(k) has a zero of order two at the origin.

Both of these facts can be seen by determining y(r) by successive approximations
as a perturbation from yo(r) = r and then substituting y(1) and /(1) into the
expression for d(k). Hence, if 6 # 1 and the zeros {k;} of d(k) are known (including
multiplicity) then by Hadamard’s factorization theorem [112]

d(k) =ck* || (1 - k2>

where, from the asymptotic expansion (5.6), we can determine cn(0)!/* (we assume
from now on that, in addition to 0 < n(r) < 1, we have that n(1) = 1 and n’(1) = 0).
Thus, under these assumptions, the transmission eigenvalues (real and complex and
including multiplicity) determine n(0)Y/4d(k).

Further results on transmission eigenvalues for constant index of refraction
can be found in [104], [105] and [114].

We now turn our attention to the inverse spectral problem of determining
n(r) from a knowledge of the transmission eigenvalues. From the above discussion
and assumptions this is equivalent to determining n(r) from a knowledge of the
determinant d(k). We first need an integral representation of the solution to

y' + K n(r)y =0

y(0) = 0,4/(0) = 1.

To this end, using the Liouville transformation

Srjmdp
0

2(€) = [n(r)] " y(r),

we arrive at

24 K =p(&)]z=0 (5.7)



188 Chapter 5. Inverse Spectral Problems for Transmission Eigenvalues

2(0) = 0,2/ (0) = [n(0)] "/ (5.8)

where
n"(r) 5 [n/(r))?

p(§) = - ~
4[] 16 [n(r)®
The solution of (5.7), (5.8) can be represented in the form [76]

&
1 sin k& sin kt
= K d
z(§) [n(())]l/4 Lk Jro/ (€:1) k t

(5.9)

for 0 < ¢ < § and K(&,t) is the unique solution to the Goursat problem
Kee — Ky —p()K=0 ,0<t<E<6
K0 =0 ,0<¢<96
¢
K(,6) = %/p(S)ds L0< <.

0
The following theorem, due to Rundell and Sachs [109], is fundamental to our
investigation.

Theorem 5.4. Let K(&,t) satisfy the above Goursat problem. Then p € C*[0,6] is
uniquely determined by the Cauchy data K(0,t) and K¢(9,t).

We can now establish our desired inverse spectral theorem [43].

Theorem 5.5. Assume that n € C3[0,1], n(1) = 1 and n'(1) = 0. Then if 0 <
n(r) < 1 the transmission eigenvalues (including multiplicity) uniquely determine

n(r).

Proof. Recall the determinant

I E7CO I
d(k) = det (1) cosk| = 0.
From the above discussion we have that
r 5
1 sin ké sin kt
y(l) = +/K(57t)7dt
(0] R I k
1 [ in k& ;
, sin
y' (1) = ———— |coskd + /p(s) ds
[n(0))"* 2k )
5
sin kt

+/K5(5,t) pay
0
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where again
1
] ::/\/n(p) dp.
0

Note that ¢ can be determined from the asymptotic expansion (5.6). The above
formulas now give us

§
wd ({m *ﬂ infmw infmw
brd (b)) = [n(O)}lM sin £ 5—|—0/K(5,t)s bt dt (5.10)

and

Ird <€7r> = y(l)g—w cos tn

) ] )
5 (5.11)
s A
L 2 P il
[n(O)}1/4 (-1) +€7TO/K€(5,t)bln 5 dt

We now note the following:

1. Since {sin ¢nt} is complete in L2[0,d] if § < 1 ([118], p.97) we have from (5.10)
that K (6,t) is known.

2. Since {sin &'} is complete in L?[0,4] we have from (5.11) that K¢(5,t) is
known.

Hence from Theorem 5.4 we can now conclude that p(§) is uniquely determined for
0<E<s.

We now need to determine n(r) from p(§). Suppose nq(r) and na(r) correspond
to the same set of eigenvalues. Then p(&;) is uniquely determined where

&= [Vuldp =12
0
Since n;(1) =1 and nf(1) = 0 we have from (5.9) that n;(r(§;)) satisfies
1
(ni“) —p(fi)ni/4 =0 ,0<¢& <9

n(r(8)) = 1
(n") o) =0

for ¢ = 1,2. Hence by the uniqueness of the solution to the initial value problem
for linear ordinary differential equations we have that ni(r(-)) = na(r(-)). But
r; = r(&) satisfies

d’l”i 1

& \/ni(r(&))
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for i = 1,2 and hence r1(-) = r2(-). This implies that £ = & and hence nq(r) =
no(r). 0O

In view of Theorem 5.5, a natural question to ask is whether or not complex
transmission eigenvalues exist. To this end, we define &, z(£) and J as before and
set

o = n(0)Y/4.

Then, under the assumption that n € C2[0, 1], we have that

r 5

z(8) = i sin(kd) + /K d,t) sin(kt d] (5.12)
- ’ s

2(0) = i k cos(kd) + K (4,0) sin(kd) +/ K¢(6,t) sin(kt) dt] : (5.13)
L 0

and note the z(§) and 2’(§) are both entire functions of type ¢ as a function of k.
Since z(¢) = n(r)*/4y(r) we have that

y(1).

and hence

d(k) = [5?15)(5)4 + Zn((ll)) Sink(k)} 2(5) - n(1)1/478mkf’“) 2(9).

Integrating by parts in (5.12) we have that

5
z(0) = i [sin(k6) — K(4,9) COS](CM) + /Kt(é7 t) COS]-(ckt) dt]

0

and thus in terms of the kernel function K (¢,t) we have from (5.13) that

B cos(k) n/(1) sin(k)
d(k) = (akn(1)1/4 * 4dan(1) k2 )

5
. (sin(kz&) — K(5,6) COS](CM) +/Kt(6, H cosl(fkt) dt)

0

5
_ w [kcos(k:é) + K(6,6) sin(k3) + / Ke(6, ) sin(kt) dt] .

0
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Setting
D(k) := an(1)"* kd(k)

we can now arrive at the formula

D(k) = cos(k)sin(kd) — v/n(1) sin(k) cos(kd) 4+ H (k) (5.14)
where
() = (ot = Va6, ) TR (s gy sl eosthd)
5
n'(1 sin(k) cos(ké cos(k
B 4[71(1()])3/4K(5, 3) ( )k,g (k0) + kf ) /Kt(5, t) cos(kt)dt

0
0

5
_ (2 Stk / Ke(6,1) sin(kt)dt+4n¢sm(k) / K,(8, 1) cos(kt)dt.
0

k [n()]¥/4 k2
0
Using the representation (5.14) we intend to show that if n(1) = 1, n’(1) = 0,
n'(1) # 0 and § # 1 then there exist an infinite number of complex transmission
eigenvalues, i.e. an infinite number of complex zeros of d(k). However, in order
to do this we must first collect together a number of results from the theory of

entire functions of exponential type. Our first result is the celebrated Paley—Wiener
theorem [81], [118].

Theorem 5.6 (Paley—Wiener). The entire function f(z) is of exponential type
less than or equal to T and belongs to L? on the real axis if and only if

.
1) = [ oty i
-7
for some p € L?(—7,7). f(2) is of type 7 if p(t) does not vanish in a neighborhood
of T or —T.
We say that an entire function belongs to the Paley—Wiener class if it has the
representation given in the Paley—Wiener Theorem.

A simple consequence of the Paley—Wiener theorem is the following corollary.

Corollary 5.7. Suppose f(z) and g(z) are in the Paley-Wiener class of types T
and o respectively. If o < 1 then the sum f(z) + g(z) is of type 7.

For future reference we note that

/ (t) sin(zt) dt
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can be expressed as
-

/ B(t)et dt

for some function ¢(t) defined for t € [—7, 7] if ¢ (¢) is extended onto the interval
[—7,0] in an appropriate fashion.

Now let ny(r) denote the number of zeros of an entire function f(z) in the
right half plane for |z| < r (One can also define a corresponding function n_(r) for
zeros in the left half plane). We then have the following theorem [81].

Theorem 5.8 (Cartwright—Levinson Theorem). Let the entire function f(z)
of exponential type be such that

[ log" | ()]
2) / Tz e
and suppose that
b) Tim |f(iy)| -
y—Foo |y‘

Then
r—00 r ;
The limit 7/7 is called the density of the zeros of f(z) in the right half plane.

Corollary 5.9. Let f(z) be an entire function that is real valued for z real and is

in the Paley-Wiener class of type at most 7. Suppose @ f(x) = sin(rz) — O (1) as

x tends to infinity on the real axis. Then f(z) is of type T.

Proof. The density of the positive zeros of f(z) is 7/m. Therefore the type of f(2)
must be at least 7 and so it equals 7. 0O

Armed with the above tools from the theory of entire functions, we now return
to (5.14) and use this representation to prove the following theorem [44].

Theorem 5.10. Suppose the refractive indezx n € C3[0,1] withn(1) =1, n'(1) = 0,
n”(1) # 0 and § # 1. Then the entire function d(k) has infinitely many non-real
zeros and infinitely many real zeros.

Proof. From (5.14) and the fact that n(1) = 1 and n’(1) = 0 we have that
cos ((6 — 1)k)

D(k) =sin ((6 — 1)k) — K(4,9) -

) é
/ Ko (6,1) cos (kt) di — 2K / Ke(6,t) sin (kt) dt.
0 0

cosk
+
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An integration by parts on the last two integrals and using the fact that K¢(d,0) =0
shows that

D(k) =sin (5 - 1)b) — K (5,5) <22 = DR

k
cos k sin (k6 sin k cos (k¢
+ K (o, 5)% + K¢ (6, 5)%
k ink ;
_ cos sin
/ Kou(5,0)sin(t) dt — S / Kei(6,1) cos(kt) dt
0
In the above expression the terms of order 1/k? can be rewritten as
K.(0,0
tz(k; ) [sin((6 4 1)k) + sin((6 — 1)k)] +
K
52(]52’ %) [sin((d + 1)k) — sin((6 — 1)k)].

Hence, by Corollary 5.9, the sum of the expression with the remainder term which
is of order 1/k® is an entire function of exponential type § + 1 if the coefficient of
sin ((6 + 1)k) is nonzero. This coefficient is

K(0,6) + K¢(6,0)

and since

for 0 < ¢ < § we have that

K(9,9) ; Ke(0,0) _ %p@_

From (5.10) we see that p(5) = 1n”(1) since n(1) = 1 and n/(1) = 0. In summary,
under the assumptions of the theorem, the asymptotic expansion of D(k) has the
form

5
D(k) =sin ((6 — 1)k) i /p dscos ((6 —1)k)
0

K(8,8) — K¢(6,90) n’(1) . 1
572 sin ((6 — 1)k) + sin ((6 + 1)k )+O<k3>

Hence, if 6 # 1 then from Corollaries 5.7 and 5.9 we have that D(k) is of exponential
type d + 1. Since the leading term sin ((6 — 1)k) generates an infinite set of positive
real zeros with density equal to |1 — §| /7 while the density of all the zeros in the
right half plane equals (6 +1)/7 we have by the Cartwright—Levinson theorem that
in addition to the infinite set of positive real zeros there exist an infinite number of
non-real zeros in the right half plane. 0O
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5.2 Spherically Stratified Media with All Eigenvalues

We return to the inverse problem for (5.1)-(5.4) but no longer assume that the
transmission eigenfunctions are spherically symmetric. In this case, we will show
that the transmission eigenvalues uniquely determine n(r) provided n(0) is known
but without assuming that 0 < n(r) < 1 as in Theorem 5.5. More specifically
we consider the interior transmission eigenvalue problem (5.1)-(5.4) where again
B :={z:|z| <1} and assume that either 0 < n(r) < lorn(r) >1for 0 <r <1
and n € C?[0, o).

Introducing spherical coordinates (r, 6, ¢), we look for solutions of (5.1)-(5.4)
in the form

v(r,0) = agje(kr)Py(cos0),
w(r, 0) = beye(r)Py(cos §),

where P, is Legendre’s polynomial, j, is a spherical Bessel function, a; and b, are
constants, and ¥, is a solution of

2 (e+1
vy <k2n(7“)— (; )>ye=0

for r > 0 such that y(r) behaves like jo(kr) as r — 0; i.e.,

Ly _ Tkt
Y rye(r) = Ser e 32)

From [42] Section 9.4, in particular Theorem 9.9, we can deduce that k is a (possibly
complex) transmission eigenvalue if and only if

ye(a)  —je(ka)
dy(k) = det ~0 (5.15)
yp(a) —kjy(ka)

and that dy(k) has the asymptotic behavior

de(k) = W sink [ a— /[n(r)]1/2dr +0 (122k> . (5.16)
0

From [50] pp. 45-50, we can represent ye(r) in the form

ye(r) = je(kr) + /G(T,s,k)jg(ks)ds, (5.17)
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— G(r,r, k) = /p dp

Figure 5.1. Configuration of the Goursat problem. Here L(G) = 0 denotes
(5.18).

where G(r, s, k) satisfies the Goursat problem

k2T

G(r,r k) = o /pm(p)dp, (5.19)
0

G5, k) = O ((rs)1/2> ’ (5.20)

and m := 1—n (see Figure 5.1). It is shown in [50] that G can be solved by iteration,
is an even function of k, and is an entire function of exponential type satisfying

G(r, s, k) p)dp (1+O(k?)). (5.21)

- b [

We now return to the determinant (5.15) and compute the coefficient cas42 of the
term k**+2. A short computation using using (5.15), (5.17), (5.21), and the order
estimate

, Vr(kr)
Je(kr) = AT 3D (1+ O(k*r?)) (5.22)
shows that
Vs
2617 (0 4 3/2)1° d | 1 ;
Car2 [(4_1)/2} Za/d* 5 /ﬂm(p) dp s"ds (5.23)
Vra ) dr TS / _
a Vas :
1
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After a rather tedious calculation involving a change of variables and interchange
of orders of integration, the identity (5.23) remarkably simplifies to

a

7ra2

- - 2042
0

We now note that jg(r) is odd if £ is odd and even if ¢ is even. Hence, since G is an
even function of k, we have that dy(k) is an even function of k. Furthermore, since
both G and j, are an entire function of k of exponential type, so is dy(k). From the
asymptotic behavior of dy(k) for k — oo, i.e., (5.16), we see that the rank of dy(k)
is one, and hence by Hadamard’s factorization theorem

M k
de(k) = E2eH2eack+be H <1 - ke) 6k/k"£,

n = —oo

n#0
where ay, by are constants or, since dy is even,
2042 - k?
dz(k) = k + CQ€+2 H <1 - kQZ) 5 (525)

n=1 n

where cop49 is a constant given by (5.24) and k,, are zeros in the right half-plane
(possibly complex). In particular, k,, are the (possibly complex) transmission
eigenvalues in the right half-plane. Thus if the transmission eigenvalues are known,

S0 is ,
de(k) — orys T k
o I =
2042 ne1 nt

as well as (from (5.16)) a nonzero constant -y, independent of k such that

de(k) _ e o a—/a[n(7“)]l/2 dr| +0 (lnk>7
0

Cop+2 a’k k2
ie.,
1
= e
caeta [n(0)] /21
From (5.24) we now have
a 2
2042 dp — (2Z+1F(€—|—3/2))
p= T mlp) dp = 0/2+1/1 :
[ (0)] 7>

0

If n(0) is given, then m(p) is uniquely determined by Miintz’s theorem [118].

Theorem 5.11. Assume that n(r) € C?[0, 00), 0 < n(r) <1 orn(r) > 1 and that
n(0) is given. Then n(r) is uniquely determined from a knowledge of the transmis-
sion eigenvalues corresponding to (5.1)-(5.4).
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