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CrossMark
Abstract

We consider an inverse medium scattering problem for the Helmholtz equation
in a closed cylindrical waveguide with penetrable compactly supported scat-
tering objects. We develop novel monotonicity relations for the eigenvalues
of an associated modified near field operator, and we use them to establish
linearized monotonicity tests that characterize the support of the scatterers in
terms of near field observations of the corresponding scattered waves. The
proofs of these shape characterizations rely on the existence of localized wave
functions, which are solutions to the scattering problem in the waveguide that
have arbitrarily large norm in some prescribed region, while at the same time
having arbitrarily small norm in some other prescribed region. As a byproduct
we obtain a uniqueness result for the inverse medium scattering problem in
the waveguide with a simple proof. Some numerical examples are presented to
document the potentials and limitations of this approach.
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1. Introduction

Inverse scattering problems in closed cylindrical waveguides inherit several interesting fea-
tures that are not present in free space inverse scattering problems. For instance one has to
distinguish between propagating and evanescent modes, the latter being virtually undetectable
far away from the scatterer for all practical purposes. Moreover, due to the waveguide geo-
metry the available near field scattering data are usually of very limited aperture, which typ-
ically increases the instability in reconstruction algorithms. Nevertheless, inverse scattering
problems in waveguides are of practical relevance and have thus received increasing attention
in recent years. For instance, sampling-type reconstruction methods, which are closely related
to the approach considered in this work, have been discussed in [6-9, 42] (see also [40, 44]
for inverse scattering problems modeled by Maxwell’s equations). A sampling method for a
multi-frequency inverse scattering problem has recently been proposed in [41], and a time-
domain sampling method has been established in [43]. Furthermore, optimization schemes
have, e.g. been considered in [49, 50].

In this work we extend the results on monotonicity-based shape reconstruction and loc-
alized wave functions for the inverse medium scattering problem in unbounded free space
from [20] to an inverse scattering problem in a closed straight cylindrical waveguide with
Neumann boundary conditions featuring all the obstructions mentioned before. Our goal is to
detect and recover the support of one or more penetrable scattering objects from a knowledge
of near field scattering data using a monotonicity-based reconstruction scheme. Although we
focus on a simple model problem, we expect that everything presented here can be general-
ized to other types of obstacles, other kinds of boundary conditions, and to more complex
geometries.

Monotonicity-based shape reconstruction has been proposed in [47] for an inverse problem
in electrical impedance tomography. The starting point for this method has been the obser-
vation that if o; and o, are positive functions representing electric conductivities in some
bounded domain 2 C R? such that oy < 05, then the associated Neumann-to-Dirichlet operat-
ors Ay, and A, on 02 satisfy A,, — A,, > 0 in the sense that the self-adjoint compact linear
operator A,, — A, is positive semidefinite, i.e. with respect to the Loewner order. A rigorous
theoretical justification of the method has been established in [29]. This analysis combines
monotonicity estimates for Neumann-to-Dirichlet maps (see also [31, 32] for earlier contri-
butions in this direction) with the existence of localized potentials for the Laplace equation
that has been shown in [19]. Localized potentials are solutions to the Laplace equation in )
that have arbitrarily large norm in some prescribed region B C (2, while at the same time hav-
ing arbitrarily small norm in a different prescribed region E C Q). A regularization strategy
and numerical realizations for monotonicity-based shape reconstruction in electrical imped-
ance tomography have been considered in [16-18]. The case of impenetrable conductivity
inclusions has been discussed in [11]. Recently the method from [29] has been extended to
an inverse boundary value problem for the Helmholtz equation in [27, 28] and to an inverse
scattering problem with compactly supported penetrable scattering objects in unbounded free
space in [20]. These results have been generalized to time-harmonic Maxwell’s equations in
[2, 26]. Inverse scattering problems with impenetrable obstacles and an inverse crack detec-
tion problem have been considered in [1, 14], and the connection to the factorization method
[33, 35] has been further clarified in [15]. Monotonicity-based shape reconstruction techniques
for eddy current problems and magnetic induction tomography have been proposed in [45, 46,
48], fractional order Schrodinger equations have been discussed in [23, 24], and nonlinear
materials have been studied in [10, 13, 22, 25]. Furthermore, we refer to [5, 36, 38] for studies
of related monotonicity principles from a different view point.
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In contrast to [20], where the monotonicity relation has been shown for a modified far
field operator, we deal with near field observations in the waveguide setting. Accordingly, our
analysis of the monotonicity relation as well as the proof of the existence of localized wave
functions require a near field variant of the scattering operator appears that is not unitary as in
the far field setting, but we show invertibility. Describing the radiation condition in the wave-
guide by means of modal expansions of the associated Dirichlet-to-Neumann operators, the
corresponding terms in the monotonicity relations can be estimated more directly than in [20],
which allows to carry over estimates of the dimension of the finite dimensional subspaces that
have to be excluded in the monotonicity relations from [28]. However, the improved dimension
bounds from [27] do not seem to be applicable straightforwardly. Comparing these theoretical
dimension bounds with the number of propagating modes of the waveguide we find that the
dimension of the finite dimensional subspaces that have to be excluded might grow much faster
than the number of propagating modes when increasing the wave number, in particular if the
refractive index of the scatterer is large, or if the scatterer is not just contained in a very nar-
row section of the waveguide (see example 3.14). On the other hand, in our numerical results
we observe that the method works reasonably well even if we work with propagating modes
only.

This paper is organized as follows. In section 2 the governing equations for the scattering
problem in the Neumann waveguide are presented. In section 3 we show the monotonicity
relation for the near field operator in terms of the Loewner order up to a finite-dimensional
subspace. We also discuss the dimension of this subspace and compare it to the dimension
of the subspace of propagating modes of the waveguide. In section 4 we extend the existence
result for localized and simultaneously localized wave functions from [20, 21] to the waveguide
setting. In this section we also give a uniqueness result for the inverse scattering problem in the
waveguide that is proved using the monotonicity relation and the existence of localized wave
functions. Section 5 contains the theoretical justification of linearized monotonicity tests for
shape reconstruction for both sign-definite and sign-indefinite scattering configurations. Some
numerical results to illustrate our findings are provided in section 6, and we conclude with
some final remarks.

2. Scattering by an inhomogeneous obstacle

We are concerned with acoustic wave propagation in a closed straight cylindrical waveguide.
The interior of the waveguide will be denoted as {2 := R x 3, where 3 C R 4= 2,3, 1s
the cross section. We assume that ¥ = (0,4) with 2 >0 when d =2, while ¥ is a bounded
connected Lipschitz domain when d = 3. For x € {2, we use the notation x =: (x;,xx) with
x; € R and x5, € 2. Often, we will only consider a finite section of the waveguide. Fixing
some R >0, let Q¢ := (—R,R) x . We also use the notation Cx := {£R} x X, and we write
Cg := C} UCy for the boundary section 9 \ 092. We will frequently identify L?(Cg) with
L2(Ch) x 2(Cy)-

The propagation of time harmonic acoustic waves in the homogeneous waveguide is gov-
erned by the Helmholtz equation with Neumann boundary conditions

0
Aut+ku=0 inQ, al:o on 9Q, @2.1)
v
where k > 0 is the wavenumber. Throughout, we understand Helmholtz equations such as (2.1)
to hold in the weak sense with solutions in some Sobolev space, e.g. H}.(£2) such that bound-
ary conditions have to be understood in the trace sense. We assume that an incident field u,

satisfying (2.1)in 2 \ Cg, is scattered by an inhomogeneous object within the waveguide. This
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scatterer is described by the refractive index n> = 1 + g with a contrast function g € Ly, (),
where Lg®, (€2) denotes the space of essentially bounded real-valued functions on €2 that are
larger than —1 almost everywhere in €2 and vanish identically outside (2. The total field u,, is
then a superposition of the incident and the scattered field due to the inhomogeneity,

i s
Ug =u —l—uq,

such that u, is a weak solution to the Helmholtz equation with inhomogeneous coefficient,

0
Auy+k2(1+q)u, =0 inQ\ Cg, l}j:o on Q.
Moreover, qu is assumed to solve
s 2 s 2 i . 8”2
Auy +k*(1+ q)uy = —k“qu'  inQ, E:O on 082, (2.2)

and to be outgoing.

In a waveguide, the notion of outgoing fields is defined via a representation obtained by
separation of variables. It is well known that there exists a complete orthonormal system of
Neumann eigenfunctions (6,,)men, € L*(3) of —A in X, and that the corresponding eigen-
values (k2,)nen, form a non-negative, non-decreasing sequence accumulating at co. A simple
application of Green’s first identity in ¥ shows that the sequence (6, )men, is also orthogonal in
H'(X) with [0,/ () = 1 +k;,. Thus expanding ¢ = 37 (¢, 0)12(s5)0m, and using inter-
polation techniques [39, p 329], we find that the norms

o0

ey = > I+ N0 0mem?, 0<s<1, (2.3)

m=0

llo

on H*(X) are equivalent to the standard norms. By duality, this extends to —1 < s < 0. From
now on we assume that k € (ky,ky41) for some N € Ny, and for any m € NQ we set (3, :=
\/k? — k2, Throughout this work, the square root is such that for any z = |z|e!*¢() € C with
arg(z) € [~1/2,37/2) we have /z = /]z]¢'*2(0)/2, Then, the functions

UE(x) = O, (s )eT P01 xeQ, meNy,

m

are solutions to (2.1), called the modes of the waveguide. For m = 0,..., N, the mode unﬁj

propagates along the waveguide from x; = Foo to 00, while for m > N, u,ﬂ,f is exponentially
decaying as x; — *o0o and exponentially growing as x; — Fo0. The radiation condition is that
outside the finite section 2, the scattered field u; satisfies

oo

u)(x) = Zaiui(x), xeQ, £x; 2R, (2.4)

q m%m
m=0

for some (), C C.

It is often advantageous to formulate this radiation condition via Dirichlet-to-Neumann
maps. Given a function = on Ci, we define

o0

(As™) (R, -) := > iBule™ (£R, ), O0n)r2(s) O

m=0
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Identifying H*(Cif) with H*(X) for s = +1/2 and using the norms (2.3), we obtain that
Ay - H'Y?(CE) — H-'/2(C5) is bounded. If we denote the unit outward normals on C5 with
respect to {2z by v, the radiation condition (2.4) is equivalent to the boundary conditions

% = A u and % =A_u (2.5)
81/ + -0t 61/ — B e '
CR CR

Remark 2.1. The dual operators A%, : H'/2(CE) — H='/2(C¥) satisty
oo

(ALe®) (R, ) = =) " 1Bul™(£R, "), 0n)12(5) O - (2.6)

m=0
Accordingly, Ay — A% : H'/2(CE) — H-'/2(CY),

N
(Ai _Aft)so = Zziﬁm<<pi(iR7 ')a9m>L2(Z)0Wn 2.7

m=0
has finite dimensional range. Therefore, AL — A% is also bounded and compact as an operator
from H'/2(CE) to L*(CY). O

To simplify the notation, we introduce A : H'/?(Cg) — H~'/?(Cy),
Ap = (A+<P|c;raA—<P|cR*) )

where we identify H*!'/2(Cg) with H'/2(Cy) x HF'/2(Cy ). Accordingly, we will write
(+,")c, for the associated anti-dual bracket (with complex conjuganon on the second argu-
ment). Therewith, we can state the weak formulation of the scattering problem in the wave-
guide, which is to find u, € H'({2) such that

/Q (Vg - Vv —k*(1 4 q)ugv) dx — (Aug,v)
— Auf,v> forallve H'(Qz).  (2.8)
C Cr

ol
T\ dv

As usual, an additional superscript + or — at a Neumann trace indicates that the trace is taken
from the outside or the inside of (g, respectively.

Throughout this paper, we will assume that (2.8) admits a unique solution. This, of course,
is not the case for all positive k. To obtain solvability results, one may proceed as done in [3, 4]
for a related waveguide problem by proving that the operator associated with the bilinear form
in (2.8) admits a Garding inequality and establishing analytic dependence on k of the Dirichlet-
to-Neumann map A except along branch cuts of y/k? — k2,, m € Ny. Analytic Fredhom theory
then implies that the scattering problem is uniquely solvable for all k except for a sequence
(k )jeN, With oo as its only accumulation point. We will always assume that k # k for all
J € No.

An important tool to represent solutions to waveguide problems are volume and layer poten-
tials. Hence we introduce the Green’s function of the waveguide, defined as

X eiBulxi—y|
21 ﬂﬂ'[
see, e.g. [8]. In particular we have that

G()C,y) = (I)(xvy) ‘H/J(X,y)a X,y € QR» X#y,

G(x,y) := — O (x5)0m(yy), X,yEQr, xFYy, (2.9

m=0
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where ¢ is an analytic function in Qg x 2z and ¢ denotes the fundamental solution to the
Helmholtz equation in free space, i.e.

ngl)(k|x—y|)7 )C,yGRZ, X#y,

eik\x—y|

O(x,y) :=
x,yER x#y,

dm |x—y|

where H(()l) denotes the Hankel function of the first kind of order zero.
We will consider incident fields of the form

) = [ GEIR0)a),  ref (2.10)

where g € L*(Cg).

Remark 2.2. Our analysis below requires incident fields as in (2.10) that are non-physical.
However, it has been shown for a related problem in [4] (see also [34]) that these non-physical
incident waves can be approximated by superpositions of physical fields arbitrarily well.

The incident field u;, solves (2.1) in Qg \ Cg and thus it is a valid incident field in (2.8).

Denoting the associated solution of (2.8) by u, ¢ and the scattered field by u;, , = uy o — u,, we
define the near field operator N, : L>(Cg) — H'/?(Ck) by

N,g = @2.11)

e,
In the next lemma we establish some integral identities for V.
Lemma 2.3. (a) Let g € LYY, () and g € L*(Cg). For any v € H' (),

S
8uq ¢

s X, 2 s = )
/QR (Vi ,-Vv—k (l+q)uq7gv) dx—<8y

v :kz/ quiydx. (2.12)
CR CR QR

(b) Let g € Ly°, (Q) and g, h € L*(Cg). Then,
/ hN,gds = k? / quiig g dx. (2.13)
CR QR

(c) Let q1,q2 € LR, () and g,h € L?(CR). Then, for any j,l € {1,2},
ou’
R qjsh K}
,u;/7h> = < o ,uqhg> R
CR CR CR CR

Ny—N} = N;(A—A)N,. (2.15)

ous
* _ * — qi1,8
/th (qu(A A )N,,,) gds <au
(d) Letq € Ly, (). Then,

Proof. (a) The scattered field u; , satisfies (2.2), and (2.12) is the weak form of this equation.
(b) We obtain from (2.2) that uy , satisfies the Lippmann—Schwinger equation

@) =B [ g0l )G dy. xeCe,
R

6
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where G denotes the Green’s function introduced in (2.9) (see, e.g. [12, theorem 8.3], where
this result is shown for the inhomogeneous medium scattering problem in unbounded free
space), and thus

/C KN ds = / i 7 ds = K2 /Q 40)itg0) / h(x)Gr,y) ds(x) dy.

Together with (2.10) this gives (2.13).
(c)

/ h(N;j(A—A*)NqI) gds = / Ny h (AN,)gds — / (AN, )h N, gds
Cr Cr Cr

] s (2.16)
_ < au}i17g u > o < au‘?jvh ux >
o g,k *%q1,8 :
ov Cr ? Cr v Cr 1 Cr

(d) If g = g; = . then (2.16), (2.2) and (2.13) give

» Otg| s

9 h - . ' Yyq,

C q ‘. ov e 9,8 ‘.

— [ i) ax =~ [ (00~ )
QR QR

= sz/ g (g, — g, ) dx = f/ gN,,hds+/ hN,gds.
Qg Cr Cr

Since g,h € L*(Cg) is arbitrary, we have shown (d). O

S
4,8

WV A AN Jgds = |
RN =

We also define the bounded linear operator S, : L*(Cg) — L*(Cg) by
S, = I+ (A—A)N,. 2.17)

In the analysis of the monotonicity properties of the near field operator N, in section 3 below,
the operator S, takes the role of the scattering operator in the corresponding analysis for the
inverse medium scattering problem from [20]. Recalling (2.7) we note that S, changes ele-
ments of the subspace of propagating modes only, while it coincides with the identity on the
subspace spanned by the evanescent modes.

Lemma 2.4. The operator S, has a bounded inverse.

Proof. In remark 2.1 we have seen that A — A* is compact from H'/2(Cg) to L?(Cg), thus S,
is a Fredholm operator with index zero. Accordingly, it suffices to establish injectivity of S,
in order to prove that S, has a bounded inverse.

Suppose g € L?(Cg) with S;g = 0. Then (2.17) shows that g = —(A — A*)N,g, and denot-
ing by W := span{fy,...,0y} C L*(Cg) the subspace of propagating modes, the identity (2.7)
implies that g € W. Furthermore, again by (2.17) and (2.7), S, maps W to W, and we denote
its restriction to W by S,|w. Accordingly, let :S'; : W — W be defined by

S, = (A—=A")128, |y (2.18)
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Here, (A — A*)~'/2: W — Wis given by

(Ax —Aft)—l/Zh = <g0,9m>L2(CRi)9m, heWw.

N 1
mz:% \/Eeiw/4\/67m
Therewith we find that
8 8= (A = M) 2Ny (4 = 8)72) (A=A 724+ (A =A%),
=i(A—A") " +i (N, —N; =N (A= A")N,) .
Applying (2.15) shows that
8, 8y =i(A—A7)"

which is injective, and thus we have shown that g; is injective. Therefore, (2.18) implies that
S,|wisinjective, and we obtain that g = 0. Accordingly, S, is injective and thus it has a bounded
inverse. O

Remark 2.5. From (2.15) we find that
Ny =N;(I+(A=A")N,) = N;S,.
Substituting this into (2.17) gives
S =1+ (A=A )N; S, = Sq_lSq +(A=A")N;S,.
Accordingly,
S, =T—(A=A")N; = (I+Ny(A—A"))". (2.19)
This will be used in the proof of theorem 4.4 below. O

3. A monotonicity relation for the measurement operator

We discuss a monotonicity relation for the near field operator with respect to the refractive
index of the scatterer. This relation will be formulated in terms of the following extension
of Loewner order from [28]. Let A, B : X — X be compact self-adjoint operators on a Hilbert
space X, and let r € N. We say that

A< B for some r € Ny,

if B— A has at most r negative eigenvalues. Moreover, we write A <g, B if A <, B holds for
some r € N. The following characterization of this partial ordering has been established using
the min-max principle in [28, corollary 3.3].

Lemma 3.1. Let A, B : X — X be self-adjoint compact linear operators on a Hilbert space X
andr € N. Then A <, B if and only if there is a finite dimensional space V C X with dim(V) < r
such that

(v,(B—AW)y =0  forallve V*.

We denote by I: H'(Qg) — H'(2z) the identity operator, and by J : H' (Q2g) — L*(Qg) the
compact imbedding. Accordingly, we define for any g € Lg°, (2) the compact self-adjoint
operators K : H' (Qg) — H' (Qg) and K, : H'(Qg) — H' () by

Kv:=J*Jv and  Kpy:=J((1+q)v), veH ().

8
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Then, for any v € H'(Qz),
(I-K- kZKq)v,v>H,(QR) = /Q (Vv —k* (1 +q)[v[?) dx. (3.1)
The following definition from [28] is used to describe the dimension of the subspace of

H'(Qg) where this sesquilinear form is positive semidefinite.

Definition 3.2. Let g € Lz°, ({2), consider the eigenvalues of K + k?K, that are larger than 1,
and let V(g) C H'(£2g) be the sum of the associated eigenspaces. We define d(q) := dim(V(q)).

It follows immediately from the spectral theorem for compact self-adjoint operators that
d(q) is finite, and that

/ (Vv —k*(1+q)p[*)dx >0  forallve V(g)*.
Qr
Now we establish a monotonicity relation between the index of refraction and the near field

operator.

Theorem 3.3. Forany q1,q; € LY, (), there is a subspace V C L*(Cg) with dim(V) < d(g2)
such that

Re (/ 88y (Ngy, — Ny, )gds) > k2/ (g2 —q1)|ug, o|*dx  forallge V*. (3.2)
CR QR

In particular, q; < qy implies that Re(S; Ny, ) <a(q,) Re(Sy Ny, )-

Remark 3.4. Using (2.17), we find for any q1, ¢ € Lg°, (€2) that

Re (S;] (qu _Nlh) - S(;kz(qu _Nlll)) = —Re ((N;z _NZI)(A* - A)(qu _Nlll)) =0.
Therefore, (3.2) remains true if we replace by S; by S in this formula. ¢

Exchanging the roles of g; and g,, except for S, (see remark 3.4), we obtain the following
corollary.

Corollary 3.5. Forany qi,q> € L, (), there is a subspace V C L*(Cg) with dim(V) < d(¢:)
such that

Re (/ gS;, (Ng, — Ny, )gds) < k2/ (g2 — ql)\uqz,g|2dx forallge V*. (3.3)
CR QR

Remark 3.6. Choosing g; =0 and ¢, = g in theorem 3.3, the monotonicity relation (3.2)
shows that g > 0 implies Re(N,) >4, 0. Similarly, g; = 0 and g, = ¢ in (3.3) shows that
g < 0 implies Re(N,) <y(y) O. O

The proof of theorem 3.3 is obtained from lemmas 3.7-3.10 which we present next.
Lemma 3.7. Let q1,q> € Ly, () and g € L*(Cg). Then,

/ ¢Nygds — / gN, gds — / ¢ (N (A— A )N, gds + K2 / (61— @2)lutg 5P dx
Cr Cr Cr

R

B /Q (|v<uflz’g - ”le,g)‘z _k2(1 +‘12)|”fzz,g o uf]hg|2) dx
R

_ 8(”;]2,8 — u;lsé’)
ov

S S
Ugy g — uq17g> : G4
Cr

Cr

9
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Proof. The right hand side of (3.4) can be expanded as

2 2 s s 2
/Q (‘V( Ug g uql,g)| —k (1+‘I2)‘”qz,g_uqhg )dx

s S
_ 8(1'{42;8 u‘{l;g) u’ —u
77q2,8 q1,8
Cr Cr

ov
/Q (|v”ng| —k2(1+q2)|uf]2$g|2)dx"'/9 (lv”qlgl _k2(1+q2)|“21,g‘2)dx
R R

—2Re (/Q (V Uy, o Vuf“g—kz(l—qu) Ugs g qng) dx)

o, ,—u
- < W 7“;2’8 o uf]l,g> : (3.5)
Cr Cr

Using (2.12) we find that

/Q (|V( Up g uzl,g)|2_k2(1+CI2)‘”22,g_”21,g|2)dx

_ 6(”22,g — uzl,g) u’ —u
v e T Mg
Cr Cr
ou’ ou’
98 s 2 q1,8
= U +k / qzu u_ dx+
< v ‘. qz,g>CR 0, 8 0.2 v
+k2/ ql”g @ gdx+k2/Q (41 —qz)\u2]7g|2dx
R
ou
92,8 s 2
—2Re << a; ’”;1,g> +k / ‘D”g qlgdx>
Ck CR QR
o, ,—u ,)
.8 tqi.g s s
- < : : ’u:{z,g - uj{l,g
Cr Cr

v
= kz/ QZ” g, g dx —k / ql“zuqngderkz/ (q1 *612)|”q17g|2dx
Qr Qr Qr

s
+ 8“‘11 8 uw _ Ou 4278 us
v 72,8 ov 1 7q1,8 :
Cr Cr Cr Cr

Applying (2.13) and (2.14) gives (3.4). O

The real part of the left hand side of (3.2) can be simplified using the following identity.
Lemma 3.8. Let q1,92 € Ly, (Q) and g € L*(Cg).

(R R R
= Re (/CR (85 (N, —qu))gds> )

10
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Proof. Observing that S; =TI+ N (A* — A) and Re(N;, (A — A*)N,, ) =0, we find that
Re (S; (Ng, —Ng,)) = Re (Ng, — Ny, — N (A= A")N,) . (3.6)

Accordingly, the first three terms on the left hand side of (3.4) satisfy
Re (/ gN,,gds— / 8N, gds — / g (N;1 (A—A*)qu) gds)
Cr Cr Cr
= Re (/ 8 (Ng, —Ng, — N, (A — A*)N,,) gds)
Cr

= Re (/CRg(S;‘I(NZ —qu))gds> .

O
Next we discuss the right hand side of (3.4).
Lemma 3.9. Let q1,9> € Ly, (Q) and g € L*(Cy). Then,
o, ,—us ,)
—Re <<"~’gay -8 ) ,u“;27g—u21’g> ) > 0. (3.7)
R Cr

Proof. Using the radiation condition (2.5) and the orthogonality of the Neumann eigenfunc-
tions (0,,)men, of —A in X, we find that

S S
_Re a(u(h’g — Ug, 78) vt
ov 12,8 q1,8
Cr Cr

> 2 2
—Re (Zlﬁm (’«”f/zs — tly, o) (—R, ')’9’">L2(2)‘ + ’<(“;zs — g, ¢)(R, ‘)79m>L2(2)‘ ))
m=0

= S S 2 s S 2
Zlm(ﬂm) (‘((”qz,g - uqug)(fR7 .)’0m>L2(Z)‘ + ’((”qz,g - uqug)(R’ .)’0'">L2(E)‘ ) .

m=0

If 0 < m < N, i.e. for the propagating modes, we have that Im(/3,,) = 0, and if m > N, i.e. for
the evanescent modes, Im(3,,) > 0. This gives (3.7). O
As a consequence of the proof, we note that the propagating part of the left hand side of (3.7)

vanishes identically.

Lemma 3.10. Let q1,q> € L*(Qr). Then there is a subspace V C L*(Cg) with dim(V) < d(q2)
such that, for all g € V-,

[ 5, )P K0 gt )
R

o, ,—us ,)
q2,8 q1,8 K} K}
—Re << By gy e T Ug g = 0.
CR C
R

Proof. Forj =1,2let A, : L*(Cg) — H'(Qg) be the bounded linear operator that maps g €
L?(Cg) to the restriction of the scattered field u;hg to 2g. Combining (3.1) and (3.7) we find

that, for any g € L*(Cg),

1
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/Q <|V(uf]2,g - uf]l,g)lz o kz(l + ‘12)‘”22@ o uf]l,g|2> dx
R

s S
—Re a(u‘h,g uql,g) us _ MS
ov 77q2,8 q1,8
CR CR

Z <(I_ K- szﬂz)(qu _Ath)gr (qu _Aql)g>H1(QR) .

Let V(g2) be the sum of eigenspaces of the compact and self-adjoint operator K + k2K, asso-
ciated with eigenvalues greater than 1. Then dim(V(q;)) = d(q) is finite, and

<(I—K—k2Kq2)w,w>Hl(QR) >0 forallwe V(g)™*.
Since, for any g € L?(Cg),
(Ap —Ag)8 € V(g2)"  ifandonlyif g€ ((A—Ay) V(g2)" .
and dim((Ag, —A,,)*V(q2)) < d(g2), choosing V:= (A4, — A4, )*V(g2) ends the proof. [

Proof of theorem 3.3. Taking the real part of (3.4) and substituting (3.6), we find that

Re (S5, Ny~ No) ), ) 1 [ (a1 =)y o

R

= 9= OB =20+ ) = )
R

S8
—Re Oug, ¢ — g o) R
ov 77q2,8 q1,8 !
(o Cr

Applying lemma 3.10 shows that there is a subspace V C L*(Cg) with dim(V) < d(g2) such
that (3.2) holds. O

At the end of this section we now discuss an upper bound for the dimension d(g) of the
subspaces V C L2(CR) that have to be excluded in (3.2) and (3.3). To this end, we quote two
results from [28]. The first lemma relates the dimension d(q) (see definition 3.2) to the number
of negative Neumann eigenvalues of —A — k?(1 4+ ¢) in Q.

Lemma 3.11 ([28, lemma 3.10]). Let g € Lg°, (©2).

(a) There exists a complete orthonormal system of Neumann eigenfunctions (Vu)men, C
L2(Qg) of —A — k(1 + q) in Qg, i.e. each v,, € H' () solves

0
—Av,, —k2(1 +q)Vm = Ao in Qg, % =0 ondQpg,

Sfor some \,, € R. The Neumann eigenvalues (A\y)men, form a non-decreasing sequence
accumulating at oo.
(b) d(q) is the number of negative Neumann eigenvalues of — A — k*(1 + q) in Q.

The next lemma is an immediate consequence of definition 3.2.

Lemma 3.12 ([28, lemma 3.9]). Let q1,q2 € Lg®, (). If g1 < q2 a.e. in Qp, then d(q1) <
d(q2).
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Proof. Letv € V(g;). Then,

<(K+k2qu)v,v>Hl(QR) :/Q (lJrkzqz)\v\zd)c2/Q (14 k*qy)|v|* dx
R R

— <(K+k2Kq1)v,v>Hl(QR) > 1.

Accordingly, lemma 3.2(b) in [28] implies that d(g,) > dim(V(q)) = d(q1). O
Combining these two lemmas we obtain the following upper bound for d(g) (see also [28,
corollary 3.11]).

Corollary 3.13. Let g € Lg®, () with q < qmax a.e. in Qg for some qma € R. Then d(q) <
d(gmax 1y ), and d(Gmax1qy) is the number of Neumann eigenvalues of —A in Qg that are
smaller than k*(1 + Gmax)-

Next we will explore the relation between the upper bound d(gmax 1, ) and the number of
propagating modes of the wave guide.

Example 3.14. We consider the two-dimensional case and assume that Qg = (—R,R) x (0,1),

D C Qpg, and
) a, xe€D,
x) = _
i 0, xeQ\D,
is piecewise constant for some a € (—1,0) U (0,00).
The cross section of the waveguide is 2 = (0, 1). The Neumann eigenfunctions of —A in
Y are given by
Om(x2) = cmcos(mmxy), m e Ny,

2

with ¢co =1 and ¢, = \/2 for m > 1. The associated eigenvalues are k,zn = m?n2, and accord-

ingly the number of propagating modes is N+ 1 = [k/7].
For I,m € Ny we define v, ,, € L?(QR) by
Im
Vim(X1,X2) := bjey, cos el cos (mmx,) , (x1,x2) € Qr,

with by = 1/v/2R and b; = 1/+/R for [ > 1. Then,

2
—Avyy =7 ((l) +m2> Vim inQg, Pim _ o on o0,

R ov
i.e. the functions v, ,, are Neumann eigenfunctions of —A in 2z and we denote the associated
eigenvalues by A7, := 72((I/R)* +m?).
Since g < a in €2, corollary 3.13 says that the number d(q) from definition 3.2 is bounded
by the number of Neumann eigenvalues ); , that are smaller than k?(1 + a). This is equivalent

to
2o, (kY
ﬁ—i-m < (ﬂ') (l—i-a)}

12
ﬁ+m2 < (N+1)2(1 +a)} .

d(q) < # {(l,m) € Ny x Ny

(3.8)
< #{(l,m) € No x Ny

13
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We define p, := (N + 1)v/1 + a. The constraint on the right hand side of the second line of (3.8)
describes a quadrant of an ellipse with semi-axes of length Rp, and p,. Accordingly, an upper
bound for d(g) is given by

d(q) < 5 (Rpu+V2)(pa+V2) = T (ROL+V2R+1pu+2)

which grows quadratically in the number of propagating modes N + 1 as the wave number k
increases unless R(1+a) < 1/(1+N) = 1/[k/7]. This means that the dimension of the finite
dimensional subspaces that have to be excluded might grow much faster than the number of
propagating modes when increasing the wave number, in particular if the refractive index of
the scatterer is large, or if the scatterer is not just contained in a very narrow section of the
waveguide. O

4. Localized wave functions

In order to exploit the monotonicity relations from theorem 3.3 and corollary 3.5 in a shape
reconstruction algorithm for the support of the contrast function, we require localized wave
functions. Given two open bounded subsets E, M C Qg such that E Z M, a localized wave
function has arbitrarily large norm on the set E while at the same time having arbitrarily small
norm on M.

Following [29] we say that a relatively open subset O C Qp is connected to C;F if O is
connected and C N O # ().

Theorem 4.1. Let g € Ly, () and E, M C Qg be open domains such that Qg \ M is connected

to C;g|r or Cy. If EZ M, then for any finite dimensional subspace V C L?(Cg) there exists a
sequence (gn)men, in V& such that

/|uq7gm|2dx—>oo and / |uq,gm\2dx—>0 asm— 0o,
E M

where ug g, € H'(QR) denotes the solution of (2.8) with the incident field ”;;,,, as in (2.10) with
density g = g

We will prove this theorem using two lemmas which are concerned with properties of the
operator

Lq,O : Lz(CR) _>L2(0)7 g ”q,g|07

where we assume that O C Qg is open. The compact imbedding of L?(Cg) in H~'/?(Ck)
already tells us that L, o is a compact linear operator. We will proceed to characterize the
adjoint operator L; . To this end, we note that 172 is simply the single layer potential on Cg
with density g. Hence this function is outgoing outside of {2 and thus

+

AP
—Aug.

;
8ug

ov

Cr
By (2.6), we have A*p = A, so we conclude

.
1
8148

v

Cr
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Lemma 4.2. Let O C Qg be open. The adjoint operator of L, o is

CR) )

where S, is given by (2.17) and wy, s € H] () is the unique outgoing function satisfying

L o: L*(0) = L*(CR), [f—S; (wq,f

8Wq7f
ov

Proof. We write down the weak formulation of the boundary value problem satisfied by w, ¢
with u, , as the test function and conclude using (2.8) that, for any g € L*(Cg) and f € L*(0),

Aw, s+ k(1 +qw, = —f inQ, =0 ondN. 4.1)

/ Lq,ogfdx = uq,gfdx
0 Qr

= / (V”q’g'qu,f_kz(l"'Q)”q,gm) dx—< 3,/7

'R

_ [ Ougge| Wo.r . Owg, s u

= W, 1 Uq,g ‘
191% e ‘. v C ‘.

Using the radiation condition (2.5) and the jump relation for the normal derivative of the single
layer potential, we have

+
+ Au‘é’g =g+ A*u; + Au‘q'_’g.
Cr

S
Ugg

ov

__5ui7

_ 8

Oug
Ce ov

o
ov CR_g v

Cr

Noting that w, is outgoing, we obtain
/OLq,ngdx =(g+ A*u; + AM;=8’quf>cR — (Awg,pUge) ¢,

_ /C (g+ (A= A*)u ) Wy ds.
R

The assertion now follows from the definitions (2.11) and (2.17) of N, and S, respectively. [

Lemma 4.3. Let g € Lz°, () and E, M C Qg be non-empty open domains such that Qr\

(EUM) is connected to C§ or Cy and ENM = (. Then R(L} ;) "R(L; ) = {0} and
R(L; ), R(L; y) are dense in L*(Ck).

Proof. First we prove the injectivity of L, 5, and note that the same proof applies to L, g. Sup-
pose L, yg = 0 for some g € L?(Cg). It follows that u, | y = 0 and from unique continuation
[28, theorem 2.4], we find that u, , vanishes throughout €). As u, , is the solution of (2.8), it
satisfies the Lippmann—Schwinger equation

na) = )+ [ GG 0)dy,  xe 2.
where G denotes the Green’s function introduced in (2.9) (see, e.g. [12, theorem 8.3], where
this result is shown for the inhomogeneous medium scattering problem in unbounded free
space). This implies that ufg = 0in 2 and hence the jumps of the normal derivative of ufg vanish
across Cf,et. We conclude g = 0 from jump relations of the single layer potential. Thus L,  is
an injection, which implies R(Lj ,/) is dense in L?(Cg).

15
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Next, we prove R(L; ;) NR(L; ) = {0}. Let h € R(L; ;) NR(L; 5)- Then there exist
fe € L*(E) and fy € L*(M) such that h = L oy = L \; fur. Let wy, ;, and w, 5, denote the cor-
responding outgoing solutions of (4.1). Then,

S; (W‘iva|CR> = S; (Wq’fM|CR) =h.

From lemma 2.4, we obtain w, 7, = w, 7, on Cg. As these functions are outgoing, their Cauchy
data on Cy coincide. Using the variant of Holmgrem’s theorem formulated as stated in part (b)
of [28, theorem 2.4], we obtain wy 5, = wy 5, in Q \ (EUM). Define

Wa.fe = Wq,fu> XEQ\<EUM)’
Wg = § Wq.fi s xeM,

Wy fu s x€ek.

Then w is the outgoing solution of

0
Aw, +k*(14+q)w, =0 inQ, %:0 on 9.

and thus w, = 0 in 2. Therefore,

h=8; (wal,) = 0.
0

We can now carry out the proof of theorem 4.1 which is obtained from straightforward
modifications of the proof of theorem 4.1 in [20].

Proof of theorem 4.1:. We note first that we may assume that ENM = () and that Qg \
(EUM) is connected to C; or Cy . If this is not the case, replace E by E' such that Ef C E and
ET N MT = () for some open Mt D M.

Let V C L?(Cg) denote a finite dimensional subspace and Py : L?(Cg) — V the orthogonal
projection. Assume that R(L; ;) € R(L; /) + V. As R(L; ) NR(L; ;) = {0}, this implies
dim(R(L; g)) < dim(V) < oo by [28, lemma 4.7]. However, this contradicts that R(L} ) is
dense in L*(Cg). Hence

* * * * L 5 :
R(L g) L R(Ly pg) +V =R(L; ) + R(PY) =R ([ ;é”] ) :
Lemma 4.6 in [28] now implies that there exists no constant C > 0 such that, forall g € L2(C ®)
12 r8lae < C (ILauglEan + I1Pv8lcy) -

Hence there exists a sequence (g, )men, in L*(Cg) with

I Lg,E8mll12(E) — 00, ILgm&mll2 ey + I1PVEmlli2(cey = 0 asm — oo.
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We now set g,, = (I — Py) g, € V* and obtain

22E) = ILq.8mlli2 (&)
> ||Lg e8mll2 ey — ILg.Ell |PvEmll2(c) — 00 asm — oo,

g,

lttg,gu |22 (1) = | Lg,m18mll12(0)
< |ILgm8mllz oy + I Lgmll | PVEmll2(cey = 0 asm — oo

O

As a further consequence of lemma 4.2, one obtains that the L[2-norms of total fields for
the same incident field but for two different contrast functions may be estimated against each
other on the support of the difference.

Theorem 4.4. Suppose that q1,q2 € Ly, (), and let M C Qg be open. If g1 = q2 almost
everywhere in Qg \M, then there exist constants ¢, C > 0 such that

C/ |”q1,g|2dx < / |“qz,g|2dx < C/ |“q1,g|2dx forall g € LZ(CR)-
M M M

Proof. Let w; denote the outgoing solution of (4.1) for g = ¢; j = 1,2. Then

ql,Mf S (Wl |CR) ) qz,Mf (W2|CR) : “4.2)

We can rewrite the Helmholtz equations as

Awi + (14 g)wi = —=(F+k* (1 —q2)w1) inQ,
Awi +E*(14+q1)wy = —(f+k*(g2 —q1)w2)  in Q.

As supp(q1 — q2) C M, it follows that

Sy wile) = iy u(F+ K (g1 —q2)wh), (4.3a)

S, (Walce) = Ly u(f+ k(g2 — q1)wa). (4.3b)
Combining (4.2) and (4.3), we obtain
S, L wf = Wilce) = S, L w(f + k(g1 — q2) (Wil c,))
S rL wf = Walcy) = S;7La w(f + k% (g2 — q1) (walcy)) -

From this we conclude R(S, "Ly, y) = R(S,, "Ly, y)- It remains to show that R(S, "Ly /) =
R(Lj, ) forj = 1,2. Then the assertion follows from lemma 4.6 in [28].
Using (2.19) we find that for any f € L*(Qg) and j = 1,2,

Sy Lol = Lol +No(A = AT)Lg uf 4.4)
The definition of the near field operator N, shows that qu(A —A*) LZ/, wf= uf?jvl’i f| ¢, With
pjy=(A—A")Ly yf. Since
Au k(1 4g)ul = —k*qu’  inQ %—O 90
Uq.p;.s q4j)Ug; p; s = qjltp, , 1ML, o on ,
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we find using lemma 4.2 that
ufi/-,pj,/|CR = Sq/- *L;/,M(k qju]laj,/)'
Substituting this into (4.4) and rearranging terms shows that, for any f € L*(Qz),
* _ —% ok —% 7ok 2 i
Lomf = Sg Loyuf = Sg Lo m (k q-’ull?/,/> ’

ie. R(L;j’M) C R(qu*L’q“j’M).
Similarly, using (4.2) and (2.19) we have that, for any f € L*(Q) and j = 1,2,

Sy Lyml = S S Wiler) = 84,847 wiley)

4q; 4qj

(4.5)
= S5, (Wilce) + SgNg (A = A)(wilcy) -
Writing p; s := (A — A*)(wj|¢, ), we obtain as before that
No (A= A*)(wjle) = w), = S, Ly y(K*qu, ).
Substituting this into (4.5) and applying (4.2) we find that, for any f € L*(Q),
S, "Ly mf = Ly uf+ L;,,M(kz%";,,f) )
ie. R(S, Ly w) € R(L; u)- .

Combining the monotonicity relation in theorem 3.3 and the localized wave functions from
theorem 4.1, we can prove the following uniqueness result for the inverse medium scattering
problem in the waveguide which is a variant of the local uniqueness results in [28, theorem 5.1]
and [30, theorem 1.1].

Theorem 4.5. Let q1,q9> € Ly, (Q). Furthermore, let O C Qg be open such that O is connec-
ted to C,'é' or Cy and q1 < q a.e. in O. If there is a non-empty open subset B C O such that

g <q—c a.e.in B for some ¢ > 0,
then
RC(S;IN,“) }éfin Re(S‘;qu) .

This means that the operator Re(S;, (Ny, — Ny, )) has infinitely many positive eigenvalues, and
it implies that Ny, # Ng,.

Proof. Assume on the contrary that Re(S, (N;, — Ny, )) <fin O and let V; denote the finite-
dimensional space spanned by all eigenfunctions corresponding to positive eigenvalues of this
operator. Let V, denote the space in theorem 3.3 and set V = V| + V5. Then, by theorem 3.3,
for all g € V*,

0>Re( / gs;(NqZ—qu))gds) > / (42— q1)litg o dx
CR R

= kz/ (QZ—Q1)|”ql,g‘2dx+k2/ 7(612—%)‘”41,g|2dx (4.6)
ONQg Q

r\O
2
2 ck /'uqhg
E

de—Ckz/ |ug, > dx,
Qx\O

18
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where we have set C:= ||q1 |1 (o) + |42/l (). Let M := Qg \ O. Note that since O is con-
nected to Ct or Cg, it holds that Qg \ M is connected to C or Cx and theorem 4.1 may be
applied. However, this contradicts (4.6), as the theorem guarantees the existence of a sequence
(gm)men, in V- such that

/ |1g, g,
E

It follows that Re(S}, (Ny, — Ny, )) £gin 0. O

2 dx — 00, /|uqhgm|2dx—>0 asm— 0o.
M

Next we consider a refined version of theorem 4.1, where we establish the existence of
simultaneously localized wave functions. These have arbitrarily large norm on some prescribed
region E C Q) while at the same time having arbitrarily small norm in a different region M C
Qg. In contrast to theorem 4.1 we not only control the total field but also the incident field.

Theorem 4.6. Suppose that q € Ly, (), and let E,M C Qg be open and Lipschitz bounded

such that supp(q) C EUM, Qg \ (EUM) is connected to C or Cg, and ENM = (). Assume
that there is a connected subset ' C OE \ M that is relatively open such that T is C*"'-smooth.
Then for any finite dimensional subspace V C L*(Cg) there exists a sequence (g, )men C

V& such that
/|uq,gm|2dx—>oo and / (\uq’gm
E M

where ug . € H'(QR) denotes the solution of (2.8) with the incident field ufgm as in (2.10) with
density g = g,

2+|u;m|2)dx—>0 asm— 0o,

The proof of this theorem is the same as the proof of [21, theorem 2.1] with similar modific-
ations as required in the proof of theorem 4.1, when compared to [20]. Therefore it is omitted.

5. Shape reconstruction

In this section, it is our goal to develop an algorithm to recover the support of g using the mono-
tonicity relation for the near field operator that we developed in section 3. In this algorithm, we
will relate the near field operator N, associated to the unknown scatterer to the Born approxim-
ation of near field operators associated to certain probing domains. For any open set B C (g,
the incident field (2.10) naturally defines an operator Hp : L*(Cg) — L*(B) by

(Hg)x) = i) = [ GEek)asty).  xeB.
Cr
The scattered field in the Born approximation is obtained by replacing u, , by u;, in the bound-
ary value problem
ou’

7.8 _
£y =0 onodf).

We consider the case in which g = 1z which gives rise to the operator Tp : L*>(Cg) — L*(Cg),

(Tsg)(x) = K / Gla,y)u () dy = K /

B

Aul  + k7w, = —k*qug, in,

G(x.) /C GhDe(@ds@)dy,  x€Cr.

(5.1)

Combining both equations, we obtain the representation T = k>H};Hp.

19
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We will now use the operator T'p to formulate criteria with which to determine the support of
q. The proofs of these results essentially require no new arguments and are hence rather similar
to similar proofs in [20] for free space scattering. However, in contrast to [20] we establish
upper bounds on the dimensions of the finite dimensional subspaces that have to be excluded
in these criteria (see theorems 5.1-5.3 below) similar to [28]. To begin with, we consider the
special case when the contrast function g is either strictly positive or strictly negative a.e. on
its support. The general case will be treated in theorem 5.3 below.

Theorem 5.1. Let B,D C Qg be open such that m\b is connected to C;: or Cy, and let
q € L2, () with supp(q) = D. Further suppose that 0 < gmin < ¢ < gmax < 00 a.e. in D for
some constants qmin, ¢max € R.

(a) If BC D, then aTp <44 Re(N,) for all o < guin.
(b) If BZ D, then for all o.> 0, oTg %sin Re(N,), and hence the operator Re(N,) — o Ty has
infinitely many negative eigenvalues.

Proof. To show part (a), we apply theorem 3.3 with g; = 0 and ¢, = q. Hence there exists a
subspace V C L?(Cg) with dim(V) < d(g) such that

Re (/ gAc,gds> > kz/q|u;|2dx for all g € V*-.
Cr D

On the other hand, from B C D and o < gmin, for any g € L?(Cg), we obtain
iZ(B) = k2/a|u;|2dx < kz/q|u;;,|2dx.
B B

For part (b), assume that for some B Z D and « > 0 there holds aTp < Re(Nq), i.e. there
exists a finite dimensional subspace V; C L%(Cg) such that

akz/ |uf|*dx < Re (/ qugds> forall g € Vi-.
D Cr

We apply corollary 3.5 with ¢; =0 and g, = ¢ to see that there exists a finite dimensional
subspace V, C L?(Cg) such that

a/ gTpgds = ak®||Hpg
Cr

Re (/ gAc,gds> < kz/q|uq,g|2dx forall g€ Vs .
Cr D

Combining both inequalities, we obtain that there exists a finite dimensional subspace V :=
Vi + V, C L*(Cg) such that

ak2/B|ug|2dx < k2/Dq|uq,g|2dx < kzqmax/D|uq$g|2dx forall g € V*.

We next apply theorem 4.4 with g; =0 and g, = ¢ to see there exists a constant C > 0 such
that

akz/ |ui,|2dx < Ckzqmax/ |u;|2dx forall g € V*.

B D

However, this contradicts theorem 4.1 with ¢ =0, E=B, and M = D. O
An analogous theorem holds if the contrast function is negative on its support.
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Theorem 5.2. Let B, D C Qg be open such that Qg \ D is connected to Ci or Cy, and let
q € L2, () with supp(q) = D. Further suppose that —1 < gmin < ¢ < gmax < 0 a.e. in D for
some constants Gmin,qmax € R.

(a) If BC D, then aTp >44) Re(N,) for all o> Cqmax with the constant C >0 from the-
orem 4.4.

(b) If BL D, then for all « <0, aTg #n Re(N,), and hence the operator Re(N,) — oTp has
infinitely many positive eigenvalues.

Proof. Let B C D. We use corollary 3.5 and theorem 4.4 with g; = 0 and ¢, = ¢ to show that
there exists a constant C > 0 and a subspace V C L?(Cg) with dim(V) < d(g) such that

Re (/ gN(1gds> < kz/q\uq7g|2dx < kzqmax/ g o|* dx < Ckzqmax/ \u;\zdx
Cr D D D

forall g € V. We immediately obtain the assertion of (a) for a > Cqpax.
For the proof of part (b), we let BZ D, aw <0 and assume, contrary to the assertion, that
aTg >fin Re(N,), i.e. there exists a finite dimensional subspace V; C L?(Cg) such that

akz/ || dx > Re(/ g]\Q,gds) forall g € Vi
D 5

From theorem 3.3 for g; = 0 and g, = ¢, we obtain that there exists a finite dimensional sub-
space V, C L?(Cg) such that

Rc(/gMﬂm>>k{/ﬂ@Fw forall g € Vy .
Cr D

Combining both inequalities yields the existence of a finite dimensional subspace V:=V; +
V, C L*(Cg) such that

osz/ |u;,|2dx > kZ/q|u;|2dx > kzqmin/ |u£,|2dx forall g e V4.
B D D

Noting that « < 0, we again have a contradiction to theorem 4.1 withg=0, E=B,and M = D.
Thus our assumption was wrong, which finishes the proof of (b). O

Finally, we consider the general case when the contrast function g is neither strictly positive
nor strictly negative a.e. on its support. In contrast to the criteria developed in theorems 5.1
and 5.2, which determine whether a probing domain B is contained in the scattering object
D or not, the criterion in theorem 5.3 characterizes whether a probing domain B contains the
scatterer D or not.

Theorem 5.3. Let D C Qg be open and bounded such that Qg \ D is connected to Cjy or Cy
and OD is piecewise C"'-smooth. Let g € L, (Q) with supp(q) = D, and suppose that —oo <
Gmin < g < @max < 00 a.e. on D for some constants qumin,max € R. Moreover, we assume that
forany x € OD, and for any neighborhood U C D of x in D, there exists a relatively open subset
O C Qg that is connected to C,J{ or Cy with 0 #E:=0ND C U such that

qle 2 qming >0 or  qlg < gmaxe <0 (5.2)

Jor some constants qmin £, Gmax.e € R.
Let B C Qg be open such that Qg \E is connected to C; or Cy, and let Ty denote the
corresponding probing operator from (5.1).
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(a) If D C B, then
aTp <d(q) Re(Nq> <d(0) BT forall a < min{()vCImin}z B = max{OaCQmax}

with the constant C > 0 from theorem 4.4.
(b) If D € B, then

aTp &sin Re(N,) foranya € R or Re(N,) &sn BT forany f € R.

Remark 5.4. The assumption on the contrast function g in theorem 5.3 basically says that for
any pointx € 0D on the boundary of the scatterer the contrast function is either strictly positive
or strictly negative in a small neighborhood of a boundary segment I' C 0D in D that either
contains x in its interior or on its boundary. In particular the theorem is valid, when the contrast
function is either strictly positive or strictly negative near the boundary of the scatterer. O

Proof. To show part (a) we assume that D C B, and we apply corollary 3.5 and theorem 4.4
with ¢; = 0 and ¢, = ¢. Accordingly, there is a constant C >0 and a subspace V| C L*(Cy)
with dim(V;) < d(0) such that, for all g € Vi~ and any 3 > max{0, Cqmax }

Re </ qugds> < k2/Q|”qyg|2dx < kz‘lmaX/ |”qyg|2dx
Cr D D

< KCs [ P ar < £ [ uf P,
D B

On the other hand, theorem 3.3 with g; = 0 and g, = g shows that there exists a subspace
V, C L*(Cg) with dim(V3) < d(g) such that, for all g € V5 and any o < min{0, gmin },

Re (/ gl\@gds) > kz/q|u;|2dx > kzqmin/ |u;,\2dx > kza/|ui,|2dx.
Cr D D B

For part (b) we observe that D Z B implies that U := D\ B is not empty. Accordingly, we
choose a point x € U N AD and an open neighborhood O C Q of x with OND C U and ON
B = 0, such that (5.2) is satisfied with E := O N D. Without loss of generality we suppose that
O and Qg \ O are connected to C3 or Cy.

Suppose that g|g > gmin,z > 0 and Re(N,) <gn 75 for some 5 € R. Then we apply the-
orem 3.3 with ¢; = 0 and g, = ¢q to see that there exists a finite dimensional subspace V3 C
L*(Cg) such that, for any g € V5,

0> [ g (Re)x=5Tie) ds > K | (=B P

Qr

—& [ g BuiParek [ (g B P
Qr\O QxNO

> K (gl + 181) / P dr o Kmine / 2.
Q\O £

R

This contradicts theorem 4.1 with M = Qg \ O and g = 0, which guarantees the existence of a
sequence (g )meN C Vﬁ- with

ul [2dx — oo and ul Pdx—0 asm — 00.
8m &m
E Qr\O

Hence, Re(N,) &sn 8T forall 8 € R.
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If ¢|£ < gmax,e < 0 and aTp <gin Re(N,) for some o € R, then the corollary 3.5 withg; =0
and g, = g shows that there is a finite dimensional subspace V4 C L?(Cy) such that, for any
geVy,

0< / g (Re(Nq)g—aTBg) ds < kz/ (q\uq’g|2 — ozXB|u£,|2) dx
Cr

Qr

= kz/ ,(‘1|“q7g|2 *O‘XB|”;;|2) d’CJrkz/ (‘1|“q7g
QR\O QrNO

2 OéXB|M;|2) dx

< kz‘ImaX/ 7|”q,g|2dx+k2|a|/ 7\u;|2dx+k2qmaX’E/|uq,g\2dx.
QR\O QR\O E

We define M := Qp \5. Since 0D is piecewise CU! smooth, there is a connected subset I' C
OE \ M that is relatively open and C'»! smooth. Applying theorem 4.6 we find that there exists
a sequence (g, )men C V* such that

[l Parsooand [ gl faes0 asmes oo
E Qz\O

Since gmax,z < 0, this gives a contradiction. Accordingly, aTs %1in Re(N,) for all o € R.
O

6. Numerical examples

To demonstrate the feasibility of the shape reconstruction algorithm, we present some
examples for two-dimensional scattering problems with sign-definite contrast functions. We
consider obstacles with a constant refractive index which differs from the background medium.
In this case, the scattering problem may be formulated as a transmission problem. The solu-
tion can be obtained by solving a system of two second kind weakly singular boundary integral
equations using the approach of [37]. We solve these integral equations by a Nystrom method.

To discretize the operators N, from (2.11) and T from (5.1), a suitable subspace of LZ(CR)
needs to be chosen. We define a complete orthonormal system on L?(Cy) induced by the Neu-
mann eigenfunctions of —A on X,

gV (x) = (9m(gz)>7 gD (x) = (Hm((lz)) x€Cr, meN,.

Here, we identify L?(Cg) with L>(Cy ) x L*(Cy ). As we consider a two-dimensional problem
in Q =R x (0,4) in this section, the Neumann eigenvalues are k2, = m*7*/h*, m € Ny, with
the corresponding eigenfunctions 6y (y,) = \/1/7 and 0,,(y,) = \/m cos(kny2), m € N, for
y2 € X. Fixing M € N, we obtain the 2M + 2 dimensional subspace

Xy = span{gﬁnl), g,(nz) ‘m:O,l,...,M} C L*(Cg).

The incident fields corresponding to these basis functions are easily worked out using the
modal representation (2.9) of the Green’s function

oo efiE(Rerl) efiE(R%FX])

u' oy (x) = —— 0(x2) (0,0 = —— Ou(x2), x € Qg,
gﬁn')( ) - 213, f( 2)( €>L2(o,h) 2iB, ( 2) R
and likewise

) e—im(R—xl)e Q

Uy (x) = ——060,(x), x € Qg.

() = S () r
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We now obtain a discretization N, := (N;/",,) e € CEM+2)XM¥2) of the near field operator
Lm0l

N, by computing the orthogonal projections of the scattered field on the basis functions of
Xu,

N;:Zm = <u;(nu)7g§y)>L2(CR)7 v, = 172; £7m:O7..-’M.

In our implementation, these scalar products are computed by the composite trapezoidal rule on
(0, h) which is highly accurate as the integrands extend to even 2 h-periodic smooth functions.
In the examples below, we use a rule with 81 quadrature points.

In what follows, we implement the criteria from theorems 5.1 and 5.2. As the test domain,
we chose a square B = £ + (—a,a)? C Qg with center point ¢ € Q and lateral length 2a > 0.

The Born scattering operator Tz from (5.1) applied to one of the basis functions g,(,f) of Xy
with © = 1,2 and m € Ny satisfies

(TBg(m) (x) = L ZOO el /eiﬁdxlimeé(yz’)”i (v)dy x € Cg.
" 2i — Be Jg ) ’
Introducing the coefficients

&rta
Ve 1= / 00(y2) O (y2) dys, £,me Ny,
I3

2—da

and inserting the expressions for the incident fields, we obtain

2 §ita —
TBg(“) (x) = kf Mﬁxz) 1 eiBelxi—yi] g =iBn(R—(=1)"y1) dy;, x € Cg.
" 4 —0 ﬂéﬁm 3

The discretization Tp := (T,"), , € CEM+DX(M+2) of T} is again obtained by orthogonal
T pm

1—a

projection on Xjs, which gives

T,k = (T, (1) (V)> - kj Tem /51“ elBe(R—(=1)"y1) g =1Bu(R—(=1)"y1) 4
= (T8l 8 ) e = T 5,50 "
Both this remaining integral and the coefficients v, ,, can easily be computed analytically.

In the case ¢ > 0, for a given parameter «, lateral length a, cut off parameter § and grid of
center points £, we compute the indicator function /,, : Qg — N,

1,(§) == #{\ < —0]| \is eigenvalue of Re(N,) —aTg}.

Theorem 5.1 suggests that I,, is larger for test domains B = ¢ + (—a,a)? that do not intersect
the support supp(q) of the scattering object than on test domains B contained in supp(g).
Appropriate value of  was estimated from a plot of magnitude of the eigenvalues of the matrix
N,. In all examples below, we have chosen 6 =2 - 106,

In a first example, we consider a waveguide of height # =35 and the wavenumber k = 6.
This corresponds to N = [hk/m| = 10 propagating modes in the waveguide in either direc-
tion. We take one evanescent mode in either direction into account and accordingly, choose
the 22 incident fields generated by the Neuman eigenfunctions 6,,, m =0,...,10, on Cy and
Cy , respectively, for R = 6. Including these two evanescent modes in our computation slightly
improved the reconstructions. Contributions from further evanescent modes are so small that
they offer no further improvement. The obstacle in this example is an ellipse located near the
center of the waveguide with constant contrast g = 2.

We have chosen equidistant grid points & € {2 with a step width 7=0.05 and a lateral
length 2a = 0.02 for the test squares. Plots of the corresponding indicator function /,, for four
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Figure 1. Indicator function for an ellipse in a waveguide at wavenumber k=6 and
contrast ¢ = 2 for lateral pixel size 2a = 0.02 and various values of . The boundary of
the true obstacle is shown in white.

different values of « are displayed in figure 1. As expected, the value of the indicator function
is lower for points inside or close to the obstacle than for points away from the obstacle.

In the example shown in figure 2, we consider a similar scattering problem, but at the wave
number k£ = 11. The obstacle is a circle with g =2 and it is placed towards one of the waveguide
edges. In this example, there are 18 eigenfunctions corresponding to modes propagating in
either direction. These are used in the reconstruction, i.e. we choose 36 incident fields, and
do not include any evanescent modes. Again we plot the indicator function for four different
values of «, but with the same mesh and lateral test domain length as previously.

In the final example, we return to the wavenumber k£ = 6 but now consider an ellipse shaped
obstacle with a negative contrast ¢ = —0.5. The same 20 propagating modes as before, but no
evanescent modes, are used to discretize the near field operator and the test operator. In this
example, due to the negative contrast in the refractive index, the indicator function needs to be
modified to

I,(§) := #{\ > 0| Nis eigenvalue of Re(N,) — aTp}

(see theorem 5.1). We again choose § = 2- 10~°. The results for various values of « are dis-
played in figure 3.

In all examples, with an appropriately chosen value of «, the indicator function clearly has
lowest values for points located inside or close to the obstacle. Low values of the indicator
function also occur near the waveguide edges. Some of the examples also show that a badly
chosen value of « leads to the appearance of patches with low values of the indicator through-
out the waveguide. A clear reconstruction of the shape of the obstacle appears to be beyond
what can be achieved from the available data. The magnitude of the cutoff value § had to
chosen significantly larger than for the numerical results presented in [20], mainly due to the
accuracy with which the waveguide Green’s function G is evaluated in the boundary integral
method to generate the scattering data. In particular, at the higher wavenumber, where more
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(¢) @ = 0.0375 (d) @ = 0.05

Figure 2. Indicator function for a circle in a waveguide at wavenumber £ = 11 and con-
trast ¢ = 2 for lateral pixel size 2a = 0.02 various values of «.. The boundary of the true
obstacle is shown in white.

(¢) a=-0.03

Figure 3. Indicator function for an ellipse in a waveguide at wavenumber k=6 and
contrast ¢ = —0.5 for lateral pixel size 2a = 0.02 various values of «. The boundary of
the true obstacle is shown in white.
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propagating modes and thus a larger data set are available, the reconstructions are significantly
better.

7. Conclusions

We have shown that the rigorous monotonicity-based shape characterizations for inverse
boundary value and inverse medium scattering problems from [20, 28, 30, 47] can be trans-
ferred to inverse medium scattering problems in closed cylindrical waveguides. In particular
the treatment of the near field operator in the proofs of the monotonicity relation and of the
existence of localized wave functions required some additional nontrivial estimates and the
introduction of a near field equivalent of the scattering operator in the waveguide. Having
established the monotonicity relation and the existence of localized wave functions the final
proofs of the shape characterizations turned out to be rather close to the corresponding proofs
in [20, 28]. In our numerical examples we have seen that the method works reasonably well
using only the propagating part of the scattered fields in the waveguide, which is not covered
by our theoretical results.

In contrast to linear sampling and factorization methods the monotonicity based character-
ization of scattering objects is independent of transmission eigenvalues. Another advantage of
the monotonicity based approach is that it also applies to a large class of indefinite scattering
objects, i.e. when the conductivity contrast takes values larger and smaller than 1 inside the
scattering objects. On the other hand the numerical results that have been reported for linear
sampling and factorization methods in wave guides are superior to the results we obtained for
the monotonicity-based method in this work.
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