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ABSTRACT

Poretskii, Aleksandr

Electromagnetic wave propagation in non-homogeneous waveguides
Jyvaskyla: University of Jyvaskyld, 2015, 121 p.
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ISSN 1456-5390; 224)

ISBN 978-951-39-6369-9 (nid.)

ISBN 978-951-39-6370-5 (PDF)

Finnish summary

Diss.

We investigate an electromagnetic waveguide, having several cylindrical ends.
The waveguide is assumed to be empty and to have a perfectly conductive bound-
ary. We study the electromagnetic field, excited in the waveguide in the presence
of charges and currents. The field can be described as a solution of the stationary
Maxwell system with conductive boundary conditions and “intrinsic” radiation
conditions at infinity. We prove the problem to be well-posed. Electromagnetic
waves propagation in the waveguide can be described by means of a scattering
matrix. We introduce such a matrix for all values of the spectral parameter k in the
waveguide continuous spectrum and study its properties. Moreover, we propose
and justify a method for approximating the scattering matrix for all k in the con-
tinuous spectrum, including thresholds; the presence of waveguide eigenvalues
does not influence the method statement.

The results of the thesis extend the area of electromagnetic waveguide the-
ory and have numerous applications. Particularly, the asymptotic and numerical
methods, developed in the thesis, can be used for design and analysis of complex
waveguides with resonators, SHF splitters, etc. To prove the results, we extend
the over-determined Maxwell system to an elliptic problem and study the latter
in detail. The information on the Maxwell system comes from that, obtained for
the elliptic problem.

Keywords: The stationary Maxwell system, waveguides, elliptic extension,
intrinsic radiation conditions, radiation principle, scattering matrix,
method for approximating the scattering matrix, minimizer of a quad-
ratic functional, exponential convergence rate, thresholds, stable ba-
sis, extended scattering matrix, limits of the scattering matrix at thresh-
olds.
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1 INTRODUCTION

1.1 Preliminaries

As a model for a non-homogeneous electromagnetic waveguide, we consider a
boun-dary value problem for the stationary Maxwell system

irotu?(x) —kul(x) = f1(x), —idivu?(x) = h'(x),
—irotul(x) — ku?(x) = f?(x), idivul(x) = K (x), xeG, (1.11)

with the conductive boundary conditions
v(x) x ul(x) =0, (u(x),v(x)) =0, x €3G, (1.1.2)

in a three-dimensional domain G having several cylindrical ends. Here u! and u?
are electric and magnetic vectors while v stands for the unit outward normal to
the boundary 9G.

The theory of electromagnetic waveguides basically deals with two prob-
lems: the problem of scattering (diffraction) of an electromagnetic wave on the
waveguide inhomogeneities and the problem of electromagnetic field excitation
by given charges and currents. Among numerous mathematical works devoted
to the problems, we outline two directions: in the papers of the first direction
(see [20], [8],[9] and references therein), there are considered cylindrical waveg-
uides with filling medium that does not depend on the cylinder axial variable;
some local perturbations (in a bounded domain) of the waveguide shape and
filling medium are allowed as well. Another direction is related to the Wiener-
Hopf technique and the mode matching method. One considers the case when
the Maxwell system can be reduced to the Helmholtz equation and a waveguide
consists of finitely many model domains. Surveys of the methods are given in
monographs [35], [24], [27].

An actual problem is to extend the class of electromagnetic waveguides
admitting a mathematically accurate investigation and to develop mathemati-
cal scattering theory of such waveguides. In particular, the problem is to define
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a scattering matrix in the scattering theory framework, to develop asymptotic
methods for the matrix investigation, as well as to elaborate and justify a method
for approximating the matrix.

In the present thesis, we abandon the limitations related to cylindrical shape
of waveguide and admit waveguides having arbitrary finite number of cylindri-
cal outlets to infinity. In a bounded domain the waveguide may have an arbitrary
shape with a smooth boundary. For such waveguides, we propose and justify a
radiation principle, introduce a scattering matrix that depends on the spectral pa-
rameter and is defined at the waveguide continuous spectrum. For any spectral
parameter, the matrix is unitary and have a finite size that changes at thresholds
and remains constant between two neighbouring thresholds. Moreover, in the
thesis we propose and justify a method for approximating the scattering matrix.

Results of the thesis extend the area of electromagnetic waveguide theory
and have numerous applications. A waveguide excitation is described by the ra-
diation principle and the wave propagation is described by the scattering matrix.
A method for approximating the scattering matrix can be applied for computer
modelling of a real-life wave propagation process. Particularly, the asymptotic
and numerical methods, developed in the thesis, can be used to analyze quality
of complex waveguides with resonators and SHF splitters, etc.

We use neither the methods nor the results of the works mentioned in the
second paragraph. Our investigation begins with extension of the overdeter-
mined Maxwell system (1.1.1)- (1.1.2) to an elliptic system. To this end, we use
the orthogonal extension method suggested by 1.S. Gudovich, S.G. Krein, and
LM. Kulikov (see [15] and references therein) and come to the system

irotu?(x) 4+iVa?(x) — ku'(x) = fi(x), —idivu?(x) —ka'(x) = h'(x),

—irotul(x) —iVal(x) —ku?(x) = f2(x),  idivul(x) —ka*(x) = K*(x),
(1.1.3)

x € G, with the boundary conditions
—(u'(x), 2(x)) = 0, (u' (x), u(x)) = 0, (WP (x), v(x)) = 0,a*(x) =0, (1.14)

x € 9G. Here u!, u? are, as previously mentioned, three-dimensional vector func-
tions, while a' and a? stand for scalar functions. Vectors 7;(x) and 1,(x) are unit
tangent vectors to dG and v(x) is the unit vector of outward normal, (7, o, V)
is a right-hand triple of vectors. Such an extension was used, in particular, in
papers by Birman and Solomyak [7] for investigating spectrum of the Maxwell
system in domains with non-smooth boundary. In the case of waveguides, such
an “elliptization” of the Maxwell system is employed for the first time, possibly,
because a theory of waveguides for elliptic systems was developed lately with a
sufficient generality. We refer the reader to the works of Picard et al. [28], [29],
Matioukevitch et al. [22] for other examples of the Maxwell system elliptization.

Elliptic boundary-value problems (for systems of equations) in waveguides,
having several cylindrical outlets to infinity, were studied in Nazarov and Plame-
nevskii [25] (see also an extensive bibliography therein). In particular, the in-
trinsic radiation conditions were described, the solvability of the boundary value
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problem with those radiation conditions was established, the unitary scattering
matrix was introduced. Essentially, the matrix was defined on the waveguide
continuous spectrum and for every value of spectral parameter the matrix has a
finite size equal to the multiplicity of waveguide continuous spectrum.

The theory of elliptic problems in waveguides was developed in further pa-
pers by Nazarov, Plamenevskii and their coauthors. We outline a series of papers
devoted to a method for approximate computation of the scattering matrix. For
the first time the method was proposed in Grikurov et al. [14] for approximating
the scattering matrix of the Helmholtz equation in diffraction gratings. Then it
was developed by Plamenevskii et al. [30], [31] for the case of waveguides. In
[30] the authors considered the two-dimensional waveguides and the Helmholtz
operator, while the waveguides of arbitrary dimensions and the self-adjoint el-
liptic systems of any order were discussed in [31]. The approach suggested in
[31] turns out to be new for the Helmholtz operator as well and more simple than
that in [30]. Let us mention that the method for computing the scattering ma-
trix of the Helmholtz operator in n-dimensional waveguides was described with
detailed proof by Baskin et al. [5].

We apply the methods of the elliptic theory described in the two preceding
paragraphs to the elliptic problem (1.1.3)- (1.1.4). Then we clarify specific proper-
ties of the problem coming from the Maxwell system. In particular, we investigate
in detail the operator pencils generated by the elliptic problem (1.1.3)- (1.1.4). Fi-
nally, we derive the information on the Maxwell system (1.1.1)- (1.1.2) from that
obtained about the elliptic problem (1.1.3)- (1.1.4).

The method for approximating the scattering matrix was discussed in [31]
under the condition that the spectral parameter does not coincide with thresh-
olds. When the spectral parameter crosses a threshold, the scattering matrix
changes its size and the method becomes inapplicable. We propose and justify in
Chapter 6 a modification of the method for computing the waveguide scattering
matrix of the Helmholtz equation in a neighborhood of a threshold. The problem
is simpler than that for the Maxwell system from a technical point of view, but it
represents a good illustration how to deal with “threshold effects” in general. We
construct a wave basis being “stable” in a neighbourhood of a threshold and in-
troduce an “augmented scattering matrix”, corresponding to the basis that keeps
its size and depends smoothly on the spectral parameter of the neighbourhood.
We compute the augmented matrix using a modification of the method [31] and
express the ordinary scattering matrix in terms of the augmented one.

Note that the “stable arguments” are not uncommon in asymptotic stud-
ies of various “threshold” situations. In this connection we refer to the work of
Costabel et al. [10] and the work of Maz'ya et al. [23], where the asymptotics
of solutions to elliptic boundary value problems were investigated near singu-
larities of the boundary. In the work of Kamotskii et al. [18], the asymptotics of
the scattering matrix for a two dimensional diffraction grating was justified, in
essence, with the help of a stable basis in the space of waves.

The method for approximating the waveguide scattering matrix, described
in the thesis, has been successfully implemented in real computations. A series
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of papers [2] - [5], [17] is devoted to investigating electron resonant tunneling in
quantum waveguides of variable cross-section. The basic characteristic of reso-
nant tunneling is a “transmission coefficient” which can be expressed in terms of
the waveguide scattering matrix. In [2] - [5] the method was applied for com-
puting the waveguide scattering matrix of the Helmholtz equation as well as
Pauli equation in various geometric situations. In [17] the scattering matrix of the
Helmholtz equation is computed in the case when the spectral parameter is close
to a threshold. To this end the authors apply both the “non-threshold” method
(described in Chapter 3 of the thesis) and the “threshold” method (described in
Chapter 5 of the thesis) and compare the obtained results.

1.2 Review of results

We consider a domain G in a three-dimensional space R?, coinciding outside a
large ball with a union of finitely many non-overlapping semi-cylinders IT} U
-+~ UTIT, where TT, = {(y7,#7) : y7 € Qf, 1 > 0}, and cross-section Q)1 is a
bounded domain in R2.

G » :

FIGURE1 An example of a waveguide, having several cylindrical ends.

Furthermore, in the introduction, for the sake of statement simplicity we
suppose 7 = 1 and denote the single cylindrical outlet by IT; = {y € Q,t > 0}.
The boundary 0G of the domain G is assumed to be smooth. The Maxwell system
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of equations

irotu?(x) — kul(x) = f(x), —idivu?(x) = h'(x),
—irotul(x) — ku?(x) = f2(x), idivul(x) = h*(x), xeG, (1.21)

with the boundary conditions
v(x) x ut(x) =0, (u*(x),v(x)) =0, x € 3G, (1.2.2)

describes an electromagnetic field, excited in an empty waveguide G with per-
fectly conductive boundary in the presence of charges and currents. Here u!, u?
are C3-valued functions, which stand for the vectors of electric and magnetic
field, (-,-) is an inner product in C3, - x - is a vector product in R3, and v is
the outward normal to dG. The system (1.2.1) is overdetermined (eight equations

and only six indeterminate functions). The compatibility conditions

divfl(x) —ikh?(x) =0, x € G,
divf?(x) +ikh'(x) =0, x € G, (1.2.3)
<f2(x),1/(x)> =0, x€0G

are necessary for the solvability of problem (1.2.1), (1.2.2).
In the Chapter 2, we introduce an elliptic boundary value problem

A(D,kU(x) = F(x), x € G, B(x)U(x) =G(x), x € IG, (1.2.4)

obtained from (1.2.1)- (1.2.2) by means of “orthogonal extension” method [15].
Here

U= (uta,u?a, F=(40 20, ¢6=(3558¢Y,

w, ff are three-dimensional and a/, i/ are scalar functions in G, j =12, and gl
is a scalar function in G, I = 1,...,4. The differential operator A(D, k) and the
boundary operator B are given by

irotu? +iVa® — ku!
—idivu? — ka®

—irotu! —ivVal —ku? |’
idivul! — ka?

A(D, U = x€G, (1.2.5)

BU = (—(ul,T2>, (u1,71>, <u2,v>,a2), x € 9G,

where Ty, Tp, v is a right-hand triple of orthonormal vectors in R3: v is an out-
ward normal to G, and 71, T, are tangent vectors. For U,V € C®(G;C?) and the
boundary operator Q : QU = —i({u?, 1), (u?, ), a', —(u',v)), x € 3G, the Green

formula

(A(D, KU, V)6 + (BU, QV)sc = U, A(D,K)V)c + (QU, BV)sc,  (1.2.6)
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holds, where (+,+)g and (-, )¢ are inner products in Ly(G;C?) and L,(dG;C*)
respectively. (In what follows we skip number of components in the notations of
vector function linear spaces.)

Solutions of the homogeneous problem (1.2.4) in the cylinder IT = Q) x R
play the role of waves propagating in the cylindrical outlet IT of the waveguide
G. We will seek solutions of the form

IT> (y,t) — exp(iAt)P(y), teR,ye Q.

Here A and P are an eigenvalue and a corresponding eigenvector of the operator
pencil

A(Dy, A;k)P(y) = exp(—iAt) A(D, k) (exp (iAt)P(y)), ye€Q,teR, (1.27)

with A(D, k) of the form (1.2.5). In Section 2.2, the spectrum of the operator pencil
is investigated in detail. We describe its eigenvalues, corresponding eigenvectors
and generalized eigenvectors.

In the domain D(2A) of the pencil (1.2.7), we include vector functions P =
(¢, &, 1, B) with components ¢, € C'(Q;C?) and &, B € C!(Q; C), satisfying on
0Q) the boundary conditions ¢3 = 0, ¢1v2 — @ov1 = 0, P1v1 + o1 = 0, B = 0,
where (v1,17) is an outward normal to dQ). A value A is said to be an eigenvalue
of the pencil (-, k) if there exists a non-zero vector function P € D(2), such that

AN k)P(y) =0,y € Q.

The vector function P is said to be an eigenvector. Its components are smooth
functions in Q). A restriction of the pencil 2(-, k) to D(9) = {P = (¢,0,¢,0) €
D(20)} is called a Maxwell pencil and denoted by Mi(-, k). In other words, M (-, k)
is an operator pencil of the form (1.2.7), defined for problem (1.2.1)- (1.2.2). A
value A is said to be an eigenvalue of the pencil M (-, k), if there exists a non-zero
vector function P € D (M), satisfying the equality (A, k)P = 0.

Given k € R, the eigenvalues of the pencil (-, k) (M(-,k)) lie on the real
and imaginary axes, symmetrically about the origin (numbers +A and —A are
eigenvalues at once and the dimensions of the spaces ker 2((A, k) and ker 2(—A, k)
(ker M(A, k) and ker M(—A, k)) are equal). The real axis contains finitely many
eigenvalues. If for some k € R\ {0} we have an eigenvalue A = 0 for the pen-
cil A (9), then for any corresponding eigenvector P € D(2) (P € D(M)) there
exists a generalized eigenvector in D(2() (D(M)) (an exact definition of general-
ized eigenvectors see in Section 2.2.2). The corresponding value of k is called a
threshold of problem (1.2.4). There are no generalized eigenvectors for A # 0.
Thresholds are located symmetrically relative to zero and can accumulate only at
infinity.

For a given eigenvalue A of the pencil M1(+, k) we fix a basis set of eigenvec-
tors { Py j } in the space ker M (A, k). Furthermore, the set is augmented by vectors
{Py 1} up to a basis of the space ker 2(A, k). The basis eigenvectors { Py ;}, { Py 1 }
and corresponding generalized eigenvectors (if they arise) are chosen in a specific
way.
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In the second part of Chapter 2 (Sections 2.3-2.5), we investigate problem
(1.2.4) in G, describe its continuous spectrum, introduce a unitary scattering ma-
trix and justify a “radiation principle” (a well-posed statement of the problem
with intrinsic radiation conditions). To this end, we apply the scheme for in-
vestigating elliptic boundary value problems in domains with cylindrical ends
proposed in Nazarov and Plamenevskii [25].

If for a number k there exists a solution U to the homogeneous problem
(1.2.4) that satisfies U(x) = O(|x|) for |[x| — oo and does not belong to Ly(G),
then the k is said to be a point in the continuous spectrum and the ¢/ is said
to be a corresponding continuous spectrum eigenfunction (CSE). We denote the
linear hull of CSEs by E(k). A number k is said to be an eigenvalue of problem
(1.2.4), if there exists a solution in L(G). Eigenvalues can not accumulate at a
finite distance. For the sake of simplicity, we assume in the introduction that k is
distinct from zero and eigenvalues of problem (1.2.4) (in the thesis we deal with
general case).

We first assume, that k is fixed, k > 0, and does not coincide within a thresh-
old. The asymptotics of CSEs is described in terms of incoming and outgoing
waves. For every real eigenvalue A of the operator pencil 2(+, k) and every eigen-
vector P in the set { Py}, { Py, }, corresponding to A, we introduce a function u
given at I, N G by the equality

u(y, t;k) = exp(iAt)P(y;k), yeQ, t>T (1.2.8)

for a sufficiently large T and extended smoothly to the rest of G. The obtained
functions satisfy the homogeneous problem (1.2.4) for a large |x| and are called
waves. If A is negative (positive), then the corresponding wave u of the form
(1.2.8) is said to be incoming (outgoing) and is denoted by u™ (u~). Since the
spectra of the pencils 2(-, k) and (-, k) are symmetric about the origin, the num-
ber of waves in the sets {u"} and {u~} are equal. We enumerate both sets with
theindex j = 1,...,Y. The linear hull of the functions u1+, .. ,u;r, UL, Uy is
called the space of waves and is denoted by W (k).

According to the elliptic theory [25], in the space E(k) there exists the basis

of CSEs Yfr PR Y\? , subjected to the relations

Y
Y (k) = uf (k) + lzlsﬂ(k)ul—(-,k) + O(exp(=4|x|)), j=1,...,Y (1.2.9)
for a large |x| and 6 < Jy(k) (where dy(k) = min [Im A| over imaginary eigenval-
ues A of the pencil (-, k)). The dimension Y (k) of E(k) is called the multiplicity of
continuous spectrum at k. The matrix S(k) of the size Y (k) x Y(k) with elements
Sj1(k) is unitary and is called the scattering matrix.

Let us describe a radiation principle of the elliptic problem. To this end, we
introduce a weighted Sobolev space H 113<G)/ I > 0 with the norm

l . 12
oy D“<p5u>|2dx) :

lu; Hg(G) || := llpgu; H'(G) | = (
|a|=0
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where pg is a smooth function on G, coinciding on G NT1; with the map (y, t) —
exp(Bt). Let us denote by H}];rl/ 2(dG) the space of traces on 9G of functions in
H EH(G) (as a rule, we will use the same notations for the spaces of vector func-
tions with components in Hfg(G) and H;;“/Z(BG)). The operator { A(D, k), B} of
the boundary value problem (1.2.4) implements a continuous mapping

Ly : H™'(G) — Hy(G) x Hy"'/2(3G) =: H(G) (1.2.10)

forany p € Rand! =0,1,.... The operator (1.2.10) is a Fredholm operator if and
only if the line {A € C : Im A = B} is free from the spectrum of the pencil 2((-, k),
the number k being fixed. Recall that an operator is called a Fredholm operator
if its range is closed and the kernel and cokernel are finite dimensional. Let us
chose 0 < 6 < dp, where ég is chosen in (1.2.9).

Proposition 1.2.1. Let {F, G} belong to the space H(G). Then:
1. Problem (1.2.4) has a unique solution U, subject to the radiation conditions

V=U-cu — - —cyuy € H:"(G). (1.2.11)
2. The coefficients c; in the asymptotics (1.2.11) are given by
¢j =i(F,Y; )c +i(9, QY] )ac,

where Yi = Y S].*lll/fr with functions Y;" from (1.2.9), and Q is the operator from
(1.2.6).
3. The inequality

IV; Hy H(G)|| + [ea| + -+ - + ley| < const||[{F, G}; H5(G)||
holds.

Chapter 3 is devoted to formulation and justification of a method for ap-
proximating the scattering matrix S(k). For elliptic boundary value problems
with a semi-bounded operator a method for approximating the scattering matrix
was essentially justified in papers by Plamenevskii, Sarafanov et al. (see [31], [5]).
An operator of problem (1.2.4) is not semi-bounded and a statement, as well as
justification of the method needs an essential modification. Such a modification
is described in this Chapter. We assume here k being distinct from the thresholds.
A method for computing the scattering matrix in a neighbourhood of a threshold
is discussed in Chapter 5.

Let IR = {(y,t) € IT: t > R}, GR = G\ IX for large R (see FIG. 2). Then
dGR\ aG =TR = {(y,t) € I : t = R}. Introduce a boundary value problem

A(D, kU (x) = F(x), xeGk
B(x)U(x) = G(x), x€oGR\TR, (1.2.12)
(B(x) +iQ(x))U(x) = H(x), xeTk
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FIGURE 2 A waveguide with truncated cylindrical ends.

The boundary dGR contains an edge oTR. Let r(x) = dist (x,0TR). We define

spaces V), (GR) and V}!,,(GR) as the completions of C2(GR\ arR), with respect
to norms

V2GR = [ rluPdn, [ VEaGOIE = [ (190 1 ufP)ax.
Let Vll//zz(FR) and Vll//zz(aGR \ T'R) denote the spaces of traces on TR and aGR \ TR
of functions in V! /Z(GR).

Theorem 1.2.2. For any right-hand-side
{F,6, 1} € Via(GF) x Vi3 (0GE\T) > V2 (IF),
problem (1.2.12) has a unique solution U € VI,(GR). If F = 0, G = 0, then the
solution U satisfies the equality ||U; Ly(TR)|| = || #H; Lo (TR)].
Let XIR(-,k; a) stand for a solution to the problem (1.2.12) with right-hand-
side

Y
F=0, G=0, H:(B+ig)<ul+(-,k>+zajuj<.,k)),
=1

where a = (ay,...,ay) is an arbitrary vector in CY. Introduce a functional

2

a s JR(a;k) HQ(XZ - k;a) Za] ., >'L2(FR)

(1.2.13)
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Let ZfR be a solution to the problem (1.2.12) with right-hand-side 7 = 0,G =
0,H=(B+ iQ)uli. We have X} = Z, + L4iZ; ps and the functional takes the
form

JR(a;k) = (aER,a) + 2Re (FR, a) + GR. (1.2.14)
Here ER, FR are square matrices of Y X Y, with elements

Ej = (QZx = 1), QZjp = u; e, Bf = (QUZjk = ), QZjg = u))rw,
FR is a row vector with number I of the matrix FX, and G} = || Q(Z;", —u;") ||%R
As an approximation to the row (Sy,...,S;y) of the scattering matrix S(k), we
take a minimizer a°(R, k) = (a¥(R,k),...,a%(R, k)) of the functional (1.2.13). For-
mula (1.2.14) implies the minimizer a°(R, k) to solve the equation

a®(R,k)ER + FR = 0.

Hence, a matrix SK, composed of such minimizers, satisfies SRER L FR = 0 and
serves as an approximation to the scattering matrix S.

Theorem 1.2.3. Let an interval [ky,ky] of the continuous spectrum of problem (1.2.4)
contain no thresholds. Then for all k € [ky, k] and R > Ry, where Ry is a sufficiently
large number, there exists a unique minimizer a’(R, k) of the functional (1.2.13) and

a9(R,k) — Syj(k)| < Ce™R, j=1,....,Y,

where 0 < & < miny, i1 00(k), do(k) is the same as in (1.2.9), and the constant C =
C(9) is independent of k and R.

Chapter 4 is devoted to coming back from the elliptic problem (1.2.4) to
the original nonaugmented one (1.2.1)- (1.2.2). We start with a description of
the continuous spectrum of the Maxwell system. The space E(k) of continuous
spectrum eigenfunctions of the problem (1.2.4) can be represented as a direct sum
of subspaces (the representation follows directly from the equations (1.1.3))

E(k) = E™(k) 4+ EV (k).

Here the space Em(k) consists of CSEs of the form (u?,0, u?, 0). A solution of the
form U = (u',0,u?,0) to the problem A(D, k)Y = F, BU = 0 is said to be a
Maxwell-type. Then components u!, u? of the Maxwell-type solution satisfy the
original problem (1.2.1)- (1.2.2). So, the space £(k) of CSEs of problem (1.2.1)-
(1.2.2) can be identified with the space E™ (k) of Maxwell-type CSEs of the prob-
lem (1.2.4). To introduce a scattering matrix for the problem (1.2.1)- (1.2.2), we
have to prove that in the space E™ (k) there exists a basis, subject to relations of
the form (1.2.9).

Let us introduce more detailed notations. The waves uli, corresponding to
(Maxwell) eigenvectors {ij}, are of the form uli = (ul,O, u?, 0). Such waves
are called Maxwell-type waves and are denoted by eli, I =1,...,v. The waves
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uli corresponding to (non-Maxwell) eigenvectors { Py}, are called gradient-type
and are denoted by fyli, I =1,...,Y —v. We prove that the scattering matrix
S(k) is block-diagonal S(k) = diag(s(k), o(k)). In other words, the Maxwell-type
(gradient-type) incoming waves e;r (’)/]*) are scattered only on the Maxwell-type

(gradient-type) outgoing waves ¢; (7, ). Let us denote by 5]-* the continuous

spectrum eigenfunction, with the asymptotics (1.2.9) that contains the wave ej+,

j=1,...,v. The functions E]*,j =1,...,v, form a basis in the space E™ (k). After
introducing new notations we come to the following theorem

Theorem 1.2.4. In the space £ (k) of problem (1.2.1)- (1.2.2) CSEs, there exists a basis
<S'Al+, ..., &}, subject to the relations

A

5Jf(.,k):éf(.,k)+lzzlsj,(k)é;(-,k)+O(exp(—5|x|)), i=1,...,0. (1215)

Here the functions & j+ and é]i are obtained from & j+ and e].i by crossing of

(zero) components a'!, a%. The matrix s is unitary and by definition, is a scattering
matrix of the problem (1.2.1)- (1.2.2).
Furthermore, from the elliptic problem radiation principle (Proposition 1.2.1),

we derive a radiation principle for problem (1.2.1)- (1.2.2). LetU = (u',a', u?,a?)
be a solution to the problem (1.2.4) with the radiation conditions (1.2.11) and a
right-hand-side {F, 0}, subject to compatibility conditions (1.2.3). Then the com-
ponent a' (a%) of the solution solves the homogeneous Neumann (Dirichlet) prob-
lem for the Helmholtz equation with intrinsic radiation conditions. By virtue
of uniqueness theorem, such a solution must be zero. Hence, the solution ¥/ is
Maxwell-type, that is, is of the form U = (ul, 0,12, 0). The obtained assertion is
still not completely satisfactory for our purpose (the return to the Maxwell system
(1.2.1)- (1.2.2)), since the statement of Proposition 1.2.1 contains other reminders
of the elliptic problem: the radiation conditions include the gradient-type waves
and the coefficients in (1.2.11) are calculated by means of elliptic CSEs. However
if compatibility conditions (1.2.3) hold, then the gradient-type waves appear in
(1.2.11) with zero coefficients and the radiation conditions include the Maxwell-
type waves e;- only. Since the scattering matrix S(k) is block diagonal, the coeffi-

cients of the Maxwell-type waves ej are calculated by means of the Maxwell-type

CSEs Ej* =Y/, sﬁ151+. After introducing new notations we get

Theorem 1.2.5. Let & satisfy 0 < 6 < &g and F = (f',h, f2,h?) in HY(G;C8) be
subjected to compatibility conditions (1.2.3). Then:

1. Problem (1.2.1)- (1.2.2) has a unique solution U = (u',u?), subject to the radiation
conditions

V=U-cié] — - —cod, €H(G;CO). (1.2.16)

2. The coefficients c; in asymptotics (1.2.16) are given by c; = i (f, & j_)c, where f =
(fY, f?) and EA].* =Y, s]fllff with & from (1.2.15).
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3. The inequality

IV; H5 ™ (G €Ol + fea| + -+« + [eo < const]| F; Hy(G;C°)|
holds.

Finally, in Chapter 5 we modify arguments of Chapter 3 and propose a
method for computing the scattering matrix in a neighbourhood of a threshold
(such a modification was developed in [33]). Instead of the Maxwell system, we
consider the Helmholtz equation with Dirichlet boundary conditions. The prob-
lem is simpler than that for the Maxwell system from a technical point of view,
but it represents a good illustration how to deal with “threshold effects” in gen-
eral. We have already justified analogous results for the Maxwell system, and a
paper on the topic is being prepared for the press.

The waveguide is described by the Dirichlet problem for the operator —A —
1, where 1 is a spectral parameter and A is the Laplace operator. The continuous
spectrum of the problem coincides with the semiaxis { € R : 1y < yu}, they
being a positive number. For every point y € [11, +00) there exist »(y) solutions,
»#(p) < oo, to the homogeneous problem

—Au(x) —pu(x) =0, x €G, (1.2.17)
u(x) =0, x € dG,

satisfying |u(x)| < Const(1 + |x|) in G and linearly independent modulo L,(G).
Such solutions are called the continuous spectrum eigenfunctions and the num-
ber s(yu) is called the multiplicity of the continuous spectrum. The threshold
values (thresholds) form a sequence 71 < T,..., T, — +o0. The multiplicity
() is constant on every interval [p/, 4] of the continuous spectrum containing
no threshold. The function y +— (i) has discontinuity at every threshold be-
ing continuous from the right. This is an increasing function, so »(y) — +co as
i — +oo. It is known [25] that, for every u € [17,+o0] in the space of continu-
ous spectrum eigenfunctions, there exists a basis Y1 (-, 4), ..., Yo (4 #) modulo
L(G), such that

x(p)

Yj(x, 1) = uf (x, 1) + kZ Sik(m)ug (x, 1) +O0(e) (1.2.18)
=1

for [x| - coand j =1,...,5(u). Here ¢ is a sufficiently small number, u;r(-,y)
is an "incoming" wave, and uj (-, ) is an "outgoing" one (precise definitions see
in Section 5.1). The matrix S(u) = |[Sjx(p)]| is unitary; it is called the scattering
matrix. Plamenevskii et al. [30], [31] discusses a method for approximating the
matrix S(p), under the condition that y varies on an interval [p/, "] of the contin-
uous spectrum containing no thresholds. In a neighbourhood of a threshold the
method turns out to be inapplicable and needs an essential modification. Such a
modification is described in this Chapter.

Let 7 < T < 7" be three succeeding thresholds. On the interval (7, 7t”),

one can choose a basis of incoming waves w; (-, jt),...,w} (-, #) and outgoing
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waves wy (-, jt),...,w,, (-, i) with analytic functions (7,7") > u — w]jE

(1),
which admit the analytic continuation to (7', 7”), where s = 3(u") (recall that
#(p) = const for y € [1,7")). Such a basis is called stable at the threshold 7. For
u € (t/,7), some incoming waves and the same number of outgoing waves turn
out to be exponentially growing as x — co. On the interval (7, 7”), in the space
of continuous spectrum eigenfunctions, there exists a basis Yy (-, ), ..., Vs (-, i)

satisfying the conditions

M
Vi(x,p) = w;r (x, 1) — Z Sip(wwy (x, 1) + O(e_sw). (1.2.19)
k=1

The functions p — Y;(-, ) and p — Sj(p) are analytic and admit the analytic
continuation to (7/,7"”). In contrast to S(u), the new matrix S(u) = |[Si(u)|
keeps its size on the interval, the matrix is unitary for all 1 € (7, 7). The entries
of S(yt) can be expressed in terms only related to the matrix S(u). In particular,
this enables us to prove the existence of finite limits lim S(y) as y — T+£0, to
calculate the limits, and in essence to reduce the approximation of the matrix S(u)
with p € [/, 4”] to that of the augmented matrix S(p). As an approximation to a
row of S(ut), we take a minimizer of a quadratic functional J (-, ). To construct
such a functional we use a boundary value problem in the bounded domain G
obtained from G by cutting off the cylindrical ends at a distance R. We set

R = {(y,f) eIl .+ >R}, GR=¢G\UL ¥,
IGR\ oG =TR =, I"R, T"R={(y,¢") eIl : ' = R}

for a large R and introduce the boundary value problem

—AXS xR =0, xeG;

Xt = 0 xeaGi\TK

. . M _

(—0y + zg)/’\,’].R = (=0n +il)(w] +) o mwp ), x € TR,
where w? is a stable basis in the space of waves, { € R\ {0} is an arbitrary
fixed number, and a; are complex numbers. As an approximation to the row
(Si(p), - -, Sim(p), we take the minimizer a®(R, y) = (a%(R, pt), ..., a% (R, u)) of
the functional

M
TR(@r,-cran) = |1 XR (1) — wf (o) — 3 o () La(TR) P,
k=1
where XJR(-, 1) is a solution to the boundary value problem. If T € i/, "] C
(t/, "), then the inequality
la(R, 1) = S| < C(A)e™ %

holds for all u € [p/, "] and R > R with positive constants A and C(A) inde-
pendent of  and R.



2 ELLIPTIC EXTENSION OF THE MAXWELL
SYSTEM. THE SCATTERING MATRIX AND THE
RADIATION PRINCIPLE

In this Chapter we introduce an extended (elliptic) Maxwell system and specify
the results established by Nazarov et al. [25] for the general elliptic problems,
self-adjoint with respect to a Green formula.

The extended Maxwell system and the boundary value problem for the sys-
tem in the domain G are introduced in Section 2.1. In Section 2.2 we consider the
problem in a cylinder () x IR and associate with the problem an operator pencil
C > A ~ 2(A) on functions in ), where Q) is a bounded domain in R? with
smooth boundary. Here we investigate in detail spectral properties of the pencil
and make up Jordan chains of eigenvectors and generalized eigenvectors, which
satisty special orthogonality and normalization conditions. Moreover, in Sections
2.3 and 2.4 we introduce the space of waves, describe the continuous spectrum
eigenfunctions, and define the unitary scattering matrix. Finally, we present a
well-posed problem with intrinsic radiation conditions in Section 2.5.

2.1 Extended Maxwell system

The system (1.2.1) is overdetermined. The compatibility conditions needed for
the solvability of problem (1.2.1), (1.2.2) are described by Proposition 2.1.1. Let us
recall the formulas

(rotu,v)g = —(u,v x0)y5+ (u,rotv)g, (2.1.1)
(Va,u)g = (a,(u,v))sc — (o, divu)g, (2.1.2)

where « is a scalar function, u# and v are three dimensional vector functions, while
(+,-)g and (-, -)sc in (2.1.1) and (2.1.2) on the left denote the inner products on
L,(G,C3) and L,(dG, C?), and on the right hand-side of (2.1.2) is the inner prod-
uct on Ly(G,C) and L, (0G, C). As a rule, we further denote by (-, -)g and (-, -)ag
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the inner products on Ly(G,CP) and L,(dG,CPF) for various p; the context ex-
cludes misunderstanding.

Proposition 2.1.1. Assume that (1.2.1) and (1.2.2) hold for some sufficiently smooth
functions w/, f/,W,j=1,2. Then

divfl(x) —ikh*(x) =0, x € G, (2.1.3)
divf?(x) +ikh'(x) =0, x € G, (2.1.4)
(f2(x),v(x)) =0, x € 0G. (2.1.5)

Proof. We apply div to the first equality (1.2.1) and obtain div f! + kdivu! = 0.
Since idivu! = h?, we arrive at (2.1.3). In a similar way, we can establish (2.1.4).
For (2.1.5), it suffices to verify (f2, Vip)g = —(divf?,¢)¢ for all p € C*(G) (see
(2.1.2)). We have

(%, Vp)e = —i(rotu', Vip)g — k(u?, Vip)c. (2.1.6)
From (1.2.2) and (2.1.2), it follows that
(12, Vp)g = —(divi?, 9)c.
Moreover, (2.1.1) and boundary condition (1.2.2) lead to
(rotul, Vi) g = (u!, rot Vi) + (Vv x ul)yg = 0.
Therefore, (2.1.6) implies
(f%, Vip)o = k(divu?, ) = —(div %, ¢)g. O

We now pass on to the "orthogonal extension" of system (1.2.1) (cf [15]). Namely,
in the domain G we introduce the boundary value problem for the "augmented
Maxwell system":

irotu?(x) +iVa*(x) —kul(x) = fl(x),
—idivu?(x) —ka'(x) = h'(x), (2.1.7)

—irotul(x) —iVal(x) —ku*(x) = f*(x),

idivul(x) —ka®(x) = Hh2(x)

with boundary conditions
—(u'(x), 1a(x)) = g'(x), (u'(x),mu(x)) = &(x),

(2 (x),v(x)) = g3(x), a*(x) = g*(x), x € 0G; (2.1.8)
where u! and u? are three dimensional vector-valued functions, a',a? are for

scalar functions in G. Moreover, 7;(x), T2(x) are tangent vectors and v(x) is out-
ward normal to dG, the vectors 71(x), T2(x),v(x) form a right-hand triple. The
next assertion can be verified by immediate calculation.

Proposition 2.1.2. Problem (2.1.7), (2.1.8) is elliptic.
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Rewrite (2.1.7), (2.1.8) in the form

A(D,kU(x) = F(x), x €G, (2.1.9)
BU(x) = G(x), x € 9G,

where D = (Dq,D;, D3), D;= —id/ox;, U = (u',a',u?,a%). The next proposition
follows from (2.1.1) and (2.1.2).

Proposition 2.1.3. The Green formula holds for

withd = (ul,al,uz,az), V= (vl,bl,vz, bz), where al, bl are in C®(G;Q), w, ol are
in C®(G;C3), and

BU = (—(u',n), (u', 1), (u?,v),a?),
QV = —i((v*, 1), (v*, »), bt, — (v}, v)). (2.1.11)
The operator of problem (2.1.9) is self-adjoint, with respect to Green formula (2.1.10).

Since k remains fixed, we will frequently drop it from future notations.
2.2 Elliptic and Maxwell operator pencils

Let us consider the operator { A(D), B} of problem (2.1.9) in the cylinder Q x R =
{x = (x1,x2,x3) : (x1,%2) € Q, x3 € R}, where Q) is a bounded domain in R? with
a smooth boundary 9Q). Assume that ® = (¢, &, ¢, B) with components ¢, ¢ from
C*(€;C%) and &, B in C*(Q); C) satisfies the boundary condition

B® = (vxg (pv),p)=0 (2.2.1)

on dQ), where v is the outward normal to 0(). We consider that v is a three di-
mensional vector of the form (vy,1,,0). Denoting by u and u, the tangent and
normal components of u on (), we rewrite (2.2.1) in the form

¢ =0, P, =0, BloQ =0.

For the vectors ® with above properties, we introduce the operator pencil C >
A = A(A) by

A(A)DP(x1,x2) = exp (—idx3) A(D)(exp (idx3)P(x1, x2)). (2.2.2)

For the usual operators V, rot, div, and A in () X IR, let us define in () the opera-
tors V(A), rot(A), div(A), A(A) by

V(A)a(x1,x2) = exp (—idx3)V (exp (iAxz)a(x1, x2)),
rot(A)@(x1, x2) = exp (—iAxz)rot (exp (iAx3)@(x1,x2)),
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etc. The formulas for the usual operators can immediately be extended to the
operations with parameter. For instance, from the equality rotrot = V div — A it
follows that rot(A) rot(A) = V(1) div(A) — A(A). For @, ¢ in C*(Q); C®) and & in
C*®(0Q;C), we have

(V& @)a = (& (e,v))aa — (a,div(A)e)a, (22.3)
(rot(M)p, ¥)a = (9.9 xv)aa + (¢, rot(M)P)q, (22.4)

v being the outward normal to 9Q).

Denote by H! (Q; CS), I =0,1,... the space of vectors with eight compo-
nents in the Sobolev space H'(Q);C) of complex functions in Q). The elements
® € H'(Q;C?) will be written as ® = (@, «, 1, B), where ¢, € H'(Q;C?) and
w,pBe H’(Q,'C). Forl=1,2,... weset

DH'(Q) = {® € H/(Q;C8) : ¢ = 0,9, = 0, B]0Q = 0}. (2.2.5)

Let us consider the operator 2(A) given by (2.2.2) on the domain DH!(Q). Ac-
cording to the general theory of elliptic operator pencils (see [1]), for A € C except
some isolated points the mapping 2A(A) : DH!(Q) — H'~1(Q; C8) is an isomor-
phism. The mentioned isolated values are the eigenvalues of the pencil A — 2(A)
of finite algebraic multiplicity. The components of eigenvectors and generalized
eigenvectors are smooth functions in Q. For U = (¢,a, ¢, ) € DH'(Q), from
(2.1.7) and (2.2.2) it follows that

) irot(A)p +iV(A)B — ke
N —idiv(A) P — ka
BV |7 —irot(A) g —iV(A)a — ky (2.26)
B idiv(A) ¢ — kB

The pencil 2 is called elliptic and its restriction to the set {{/ € DH'(Q) : U =
(¢,0,1,0)} is called Maxwell and denoted by 9. In other words, 911 is the oper-
ator pencil defined for the problem (1.2.1), (1.2.2). The pencils 2 and 9t depend
on the two parameters k and A. In what follows k remains fixed while A plays the
role of a spectral parameter. A number A is an eigenvalue of the pencil M1(-, k) if
there exists a smooth nonzero vector ® = (¢,0, 1, 0), that is subject to the bound-
ary conditions ¢r = 0,1, = 0 on Q) and satisfies the equation M(Ag, k)P = 0
(and therefore the equation 2A(Ag, k)® = 0).

2.2.1 Eigenvalues and eigenvectors of the pencils 2 and 9t

In this Section, when describing the eigenvalues and eigenvectors of the elliptic
pencil 2, we modify the approach known for the Maxwell pencil 2t (for example
see [37]). In the domain () we consider the system

itot(A) +i V(A)B — kg =0,

—idiv(A)yp —ka =0, 2.2.7)
—irot(A) ¢ —iV(A)a —kyp =0,
idiv(A) ¢ — kB = 0.
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Apply rot(A) to the rot-equations in (2.2.7). Since rot(A)rot(A) = V(A)div(A) —
A(A), we obtain

iV(A)div(A)p —i A(A)p = krot(A)e, (2.2.8)

—iV(A)div(A)p +iA(A)p = krot(A)y. (2.2.9)

Taking account of the second and the third equations (2.2.7), rewrite (2.2.8) in the

form of
AAN) P + K = 0. (2.2.10)

From (2.2.9), the first and the fourth equations in (2.2.7) it follows that
AAN)g + ke =0. (2.2.11)
Let us turn to « and . Applying div(A) to the first equation in (2.2.7), we obtain
idiv(A)V(A)B —kdiv(A)e = 0.
By virtue of the fourth equation in (2.2.7), the last equation can be rewritten as
AAN)B + KB =0. (2.2.12)

In a similar way, we derive
AN+ K2 = 0. (2.2.13)

Denote by ¢; and ¢; the components of ¢ and ¢ respectively, j = 1,2, 3, and write
down the rot-equations (2.2.7) through their projections onto the coordinate axes.
From the resulting equations we choose two pairs in order to form two linear
algebraic systems. In one of the system

kl/)l +Apy = —iag(pg, — 1014,
AP +koy = —idip3 + 028, (2.2.14)

where d; = 9/dx,, the role of unknowns is played by ¢; and @,. In the other
system

Mpp — kg1 = —idyp3 — 01,
klpz — Aqol = 181 P3 — iazl)(, (2215)

we take ¢, and @; as unknowns. Assuming that k> — A2 # 0 and solving both of
these systems, we obtain on () the relations

1 = (K —A*)71ird1 g3 + ikdpps — iAdaa + ikd1 B],

92 = (K> =A%) Hiddog3 — ko1 3 + iAd & + ikd, ], (2.2.16)
P = (K =A%) —ikdrps + ird s — ikdra — iAd2f],

vy = (K —A?)"ikdy @3 + iAdayps — ikdpa + ird1 f].

Thus, if (¢, «, §, B) satisfies (2.2.7), then every vector-valued function ¢, ¢, and
every scalar function &, 8 are solutions to the Helmholtz equation in (), see (2.2.10),
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(2.2.11) and (2.2.12), (2.2.13). Moreover, @1, @2, P1, and P, are expressed by
(2.2.16) through @3, 3, a, B.

The immediate task is to derive from (2.2.1) (see also (2.2.5)) some boundary
conditions on d() for the last four functions. Conditions (2.2.1) are equivalent to
the system of the following four equalities on d():

93 =0, B=0, (2.2.17)
vig2 =121 =0, Y1+ = 0. (2.2.18)
Taking into account (2.2.16), we rewrite (2.2.18) in the form
ik[(v102 — v201) @3 + (1191 + v202)a] — iA[(v101 + 1202) 3 — (1102 — 1201)B] = 0,
—iA[(v102 — 12071) @3 + (1101 + 1207)a] + ik[(v101 + V202)1P3 — (V192 — 1201)B] = 0.
By assumption, k> — A2 # 0. Therefore the two last equalities imply that
(1102 — 1201) @3 + (1101 + 10d2)a = O,
(1101 +1202)3 — (V102 — 1201)p = 0.
Besides, in view of (2.2.17)
(1192 —1201) @3 =0, (1102 — 1201)B = 0.
Therefore, on 9Q)
O3 = (1101 +1202)P3 =0, v = (V101 + 1202)a = 0.
We have proved the following

Proposition 2.2.1. Let A be an eigenvalue of the pencil (-, k) and (¢, a, ¢, B) a cor-
responding eigenvector, ¢ = (@1, 92, ¢3), ¥ = (Y1, Y2, 3). Moreover, assume that
k? — A% # 0. Then

AMNa+Ka = 0inQ,  dua=0 on o0, (2.2.19)
AMB+KB = 0inQ, B=0 on Q, (2.2.20)
AN g3 +Kgs = 0inQ,  ¢3=0 on 9Q, (2.2.21)
AN Y3 +Kps = 0inQ, 9,43 =0 on Q) (2.2.22)

while ¢;, ;i for j = 1,2 are defined by (2.2.16). Conversely, any nonzero vector (¢, a,, B)
whose component satisfy (2.2.19) — (2.2.22) and (2.2.16) is an eigenvector of the pencil
(-, k) corresponding to A.

If A (such that k> — A? # 0) is an eigenvalue for one of the pencils (-, k) and
M (-, k), then it is an eigenvalue for the other pencil as well. A number A turns out to be
an eigenvalue of these pencils if and only if A is an eigenvalue for at least one of problems
(2.2.19) and (2.2.20). The equalities

(A k) = 250m(A, k) = 23ep(A, k) + 25007 (A, k),

hold, where (A, k) and sen(A, k) are the geometric multiplicities of A for the pencils
(-, k) and M(-, k), while sczr(A, k) and »ep(A, k) are those for problems (2.2.19) and
(2.2.20).



28

We are now coming to describing the eigenvalues and eigenvectors under
the condition k> — A?> = 0. Formulas (2.2.10), (2.2.11), (2.2.12), and (2.2.13) take
the form

A =0, Ap =0, AB =0, Ax =0, (2.2.23)

where A := A(0) = 9% 4 93. The second and third equalities in (2.2.23), together
with (2.2.17), give us
¢p3=0, B=0 onQ. (2.2.24)

In what follows, we consider the cases of A = k? # 0 and A? = k? = 0 separately.
First we consider A> = k* # 0. From (2.2.14) and (2.2.24), we derive 91 (13 —
(A/k)a) = 0, while (2.2.15) implies 9»(¢3 — (A/k)a) = 0. That is

3 — (A/k)a = Cy = const.

Let us show, that Cy = 0. For the function u(x) = exp (iAx3)@(x1, x2), we write
the Stokes formula

/ (rotu), dx1dx; = / U, ds, (2.2.25)
Q a0

where (rot 1), is the projection of rot u onto the vector n = (0,0, 1), directed along
the axis of the cylinder () x R. From (2.2.25), it follows that

/Q(rot(/\) @) dxydx, = /an prds =0 (2.2.26)
because ¢, = 0. We project the second rot-equation (2.2.7) onto the axis x3:
(rot(A) @)n — ik(p3 — (A/k)a) =0,
integrate this equality over (), take account of (2.2.26), and arrive at Cyp = 0. Thus,
Y3 — (A/k)a =0  on Q. (2.2.27)

Let us obtain the boundary conditions for x. We use the second equation of
(2.2.14) and the first equation of (2.2.15), which in view of (2.2.24) take the form

k1 + Apy = —idia, kpy — Ap1 = —ioya.
This and (2.2.18) lead to
iy = —k(Vll/Jl + 1/21/72) — /\(1/1(p2 — Vz(pl) =0 on 0Q). (2.2.28)

We now turn to ¢;, ¥;, j = 1,2. Consider the third components of the rot-
equations and the div-equations (2.2.7)

i(81¢2 — 824)1) + i(i)\)ﬁ — kq03 =0, i(al(pz — achl) + i(i)\)zx + kl[J3 =0,
*i(a1l/)1 + 821[72 + i/\l[J3) —ka =0, i(81<p1 + azqoz + i)\g{)g) — k‘B =0,

which, in accordance with (2.2.24) and (2.2.27), take the form

01y — 0ot = 0, 0192 — 291 =0,
0191 + 22 =0, d1¢1 + 2 = 0. (22.29)
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We assume that () is a 1-connected domain. According to the first and fourth
equalities of (2.2.29), there exist (one-valued) potentials H and G in (), such that

@1 =0H, @2 = —01H
p;=09,G,  j=12 (2.2.30)

By virtue of the other two equalities in (2.2.29), we have
AH =0, AG =0 on Q. (2.2.31)

Substituting the expressions (2.2.30) into (2.2.18), we obtain the boundary condi-
tions for H and G:

WH=0, 3,G=0 ondQ. (2.2.32)

Therefore H = const and G = const in () and in view of (2.2.30)
p1=¢2=0, P1=¢=0 on. (2.2.33)

Now we consider the case A2 = k* = 0. From the second equation of (2.2.14)
we obtain dj« = 0, while the first equation of (2.2.15) implies d,a = 0, that is
« = const. Moreover, according to the first equation of (2.2.14) we get 9193 = 0,
and from the second equation of (2.2.15) we get dayp3 = 0, thus 13 = const. As
before, we have (2.2.33).

Summarizing the above discussion on the case k> — A2 = 0, we obtain the
following

Proposition 2.2.2. Let Q) be a 1-connected domain. Then the following assertions are
valid:

1. If A> = k? # 0, then A is an eigenvalue of the pencil (-, k). The corresponding
eigenspace is one-dimensional and spanned by the vector ® = (¢, a, ¢, B) with compo-
nents

¢ =0, « = const # 0, Y1 =1y =0, 3 = (A/k)a, p=0.

The vector ® does not belong to the domain of the pencil (-, k), and the number A is
not an eigenvalue of M(-, k).

2. For k = 0 the number A = 0 is an eigenvalue of (-, k
eigenspace is spanned by the vectors ® = (¢, &, P, p) and ® = (§

), where

). The corresponding
, X, li]/

P

$=0, & = const # 0, P =0, B=0,

$=0, &=0, $;=¢,=0, Ps=const#0, B=0.
The vector ® does not belong to the domain of M(-,k), while ® is an eigenvector of
M(-, k). Thus to the eigenvalue A = 0 of M(-,0) there corresponds the eigenspace
spanned by the vector ®.
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2.2.2 Generalized eigenvectors

We first recall some definitions in the general theory of operator pencils (e.g. see
[13]). Let A — 2A(A) be an elliptic operator pencil. An ordered collection of
vectors ®°, ..., ®* 1 is called a Jordan chain corresponding to an eigenvalue Ao,
if v
Yy =olA(Ag)®@ =0, wv=0,..,xk—1
— 9!
q=0

It is clear that ®° is an eigenvector. The elements ®!, ..., ®*~! are called general-
ized eigenvectors and « is the length of the chain. The rank of an eigenvector ®°
(rank ®°) is the maximal length of all Jordan chains, with the same eigenvector
@0, Any eigenvalue A is isolated, and dim ker2(Ay) < oo, and the ranks of all
eigenvectors are finite.

Let ] = dimker2(Ag) and let ®%1, ..., ®%/ be a system of vectors, such that
rank ®! is maximal among the ranks of all eigenvectors corresponding to Ag,
and rank ®%/, where j =2,...,],is maximal among the ranks of all eigenvectors
in a direct complement in ker2l(Ag) to the linear span £(®%!,...,®%~1). The
numbers k; = rank®Y/ are called the partial multiplicities of the eigenvalue Ag,
and the sum % + - - - + «; is called the (total) multiplicity of Ag. If for each j =
1,...,] the vectors ®%, ®1/, ... &%~ form a Jordan chain, then the system of
vectors {<I>0'j oL S j=1,...,]} is called a canonical system of Jordan
chains corresponding to the eigenvalue A.

Generalized eigenvectors of the pencil A — 2A(A, k) exist only for some iso-
lated values the parameter k € IR. Such values are called the thresholds. In the
present thesis, we use some information about the Jordan chains to define the
scattering matrix and to prove the basic theorems for the thresholds as well. Next
we will describe the generalized eigenvectors of the elliptic pencil A — (A, k)
given by (2.2.6). Let ®° = (¢°, a9 ¢, 8°) be an eigenvector corresponding to an
eigenvalue Ag of the pencil (-, k). A generalized eigenvector ®! is a solution to
the equation

Ao, k)P + 9,)20(Ag, k)P° = 0. (2.2.34)
If such a solution exists, then it is determined up to adding any eigenvector cor-
responding to Ag. We set ®' = (¢!, a!, ¢!, B!) and rewrite the equation (2.2.34)
more elaborately

itot(Ag) ' +iV(Ag)Bt — ke' +id rot(Ag) p° +i0,V(Ao)p° =0,
—idiv(Ag) ¢! — ka! —i9,div(Ag) ¥ =0, (2.2.35)
—irot(Ag) @' — i V(Ag)a! — kyp! —id,rot(Ag) 9 —i9,V(Ag)a’ =0,
idiv(Ag) ' — kB! +i9,div(Ag) ¢° = 0.
Notice that
arot(Ag) ¢ = (—igy,ip1,0),
a/\diV()\()) P = iq)3, (2.2.36)
9 V(Ag)a = (0,0, i),
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where ¢ is a vector function with components (@1, ¢2, ¢3) and « is a scalar func-
tion. Asin the preceding Section, we apply rot(Ag) to the rot-equations in (2.2.35).
Taking into account (2.2.36), (2.2.7), and the second and third equations in (2.2.35),
we obtain

APt + Kt —2A09° = 0. (2.2.37)

In a similar way we derive
A(Ao)g' + K 9" —210¢° = 0. (2.2.38)

Let us turn to a! and B!. Applying div()g) to the first equation in (2.2.35), we
have
idiv(Ag)V(Ag)B! — kdiv(Ag)e! 4 idiv(Ag)dAV (Ag)B° = 0.

In view of the fourth equation in (2.2.35) and the third equation in (2.2.36), the
last relation can be rewritten in the form

A(Ag)B! + KB —2208° = 0. (2.2.39)
In a like manner we obtain
A(Ag)at + Kot — 2100 = 0. (2.2.40)

Let us write the rot-equations through their projections onto the coordinate axes.
From the resulting six equations we choose two pairs in order to form two linear
algebraic systems. In one of the system

k1 + Aogy = —idyg3 —ida' — @),

Aot +kgh = —idy} +ioypt — ¢l (2.2.41)
the role of unknowns is played by ¢} and ¢3. In the other system

Aoy —kgy = —idzps —idip -y,

kpy — Aopl = 0195 —idpa! + Y, (2.2.42)

we take 13 and ¢! as unknowns. Assuming that k> — A3 # 0 and solving these
systems, we obtain on () the relations

(K = A5)'[iAo(d193 — igp) + k(9293 — iyl) — idodaa' + ikar '],
= (K2 — A2) " Miro(9293 — i¢9) — ik(d19p3 — ip?) + irgdial + ikd.BY], (2.2.43)
P1 = (K = A5) ' [—ik(9293 — ig) + iAo (193 — i) — ikora' — iAgdrB],
Py = (& — A§) ik(91 95 — ig)) +iro(dayp3 — i) — ikdoa! +iAgd1 B].

Thus the components of ®! are expressed by (2.2.43) through ¢, ¢3, al, p1. A
generalized eigenvector satisfies the same boundary conditions (2.2.1) as eigen-
vector. From this we derive boundary conditions for ¢}, 3, a!, B!. Conditions
(2.2.1) are equivalent to the following system on 0Q:

¢3=0, p'=0, (2.2.44)
vigh — el =0, vy} + 1yl = 0. (2.2.45)
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Taking account of (2.2.43), we write (2.2.45) in the form

K[i(v102 — v201) @3 + (V193 — 12¢0) + i(v101 + 1292)al] —
—Aoli(1101 + 1202)93 + (1] + voyp)) — i(1195 — 1297)B'] =0,
—Aoli(v192 — 1291) @3 + (V193 — 1290 + (V191 + 1292)al] +
+K[i(v101 + 1292)3 + (V1Y) +vayp3) — (1192 — 1291)B'] = 0.

The terms, containing components of the eigenvector, vanish due to the boundary
conditions. Recall that the case k? — )\% # 0 is assumed. Therefore the last two
equalities lead to

(1/182 — Vzal)goé + (1/131 + 1/282)0(1 =0,
(1/181 + 1/282)1/]% — (1/182 — 1/281)/31 = 0.

Moreover, in view of (2.2.44)
(1102 — 1201) @3 =0, (1102 — 1,91) B = 0.
Hence on 0Q)
A3 = (1191 +1202)93 =0,  dya’ = (101 + 1232)a’ = 0. (2.2.46)

We conclude that each of the pairs (¢9, ¢3), (B% B') consists of an eigenvector
and a generalized eigenvector corresponding to the eigenvalue A of the Dirichlet
problem for the Helmholtz equation (see (2.2.38), (2.2.44) and (2.2.39), (2.2.44)).
Each pair (3, 93), (a%,al) consists of an eigenvector and a generalized vector
corresponding to the eigenvalue A of the Neumann problem for the Helmholtz
equation (see (2.2.37), (2.2.46) and (2.2.40), (2.2.46)). (If Ag is an eigenvalue of
none of the problems, then the corresponding "eigenvector" vanishes and there
is no generalized eigenvector.) Let us clarify conditions that provide generalized
eigenvectors for the Dirichlet and Neumann problems. For instance, consider the
problem

AMX+KX =0in O, X =0 on Q. (2.2.47)

Let Ag and X" be an eigenvalue and an eigenvector of problem (2.2.47). The solv-
ability condition of the problem

AAg) X +K2XY —240X% =0 in O, X! =0 on 00

is 21(X?, X% = 0, so the Jordan chain XY, X! exists only for Ay = 0 (if the
number is an eigenvalue). The same is valid for the Neumann problem.

Thus the pencil A — (A, k) given by (2.2.6) can have a generalized eigen-
vector only in the case that 0 is an eigenvalue. Assume that the condition is ful-

filled and there exists a Jordan chain &Y, ®! corresponding to Ag = 0, where
@0 = (¢% a0 90 p%) is an eigenvector. Then (2.2.16) and (2.2.43) imply that a
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generalized vector ®! is of the form

i kol + ko1 Bt + id1 ¢ — idpa”
—lkali,b% + 1k82ﬁ1 + 182<pg + ialzxo
k2 1

ol L K> Zj%
T2 | —ikdagl —ikoral + 0] — idxp°
ikd1 p} — ikazzzl +1 10249 + 191 B
k2 l'[/;%

(2.2.48)

In order to make certain, that a generalized vector exists it suffices to verify by
immediate calculation that a vector ®! of the form (2.2.48) turns out to be a gener-
alized eigenvector. Such a vector is determined up to adding an arbitrary eigen-
vector of the pencil 2(-, k) corresponding to Ag = 0.

A chain ®°, ®! is continued by a vector ®? if there exists a solution ®? to
the equation

1
Ao, k)D? 4 9,2A(Ag, k)P + Eaﬁm()\o, k)®° = 0.
Since 932(A, k) = 0, this equation takes the form
Ao, k)D? 4 9,2(Ag, k)P = 0.

Repeating with slight modifications the argument done for the first eigenvec-
tor, we obtain that the components q)%, a?, lﬁ%, [32 of ®2 must satisfy the boundary
value problems

AAo)@3 + K293 —2X0p3 — @3 = 0inQ, ¢3=00nd0,  (2.2.49)
AMg)a? +K2a? —2Xp0t —a® = 0inQ, 9,42 =00nd0, (2.2.50)
AAg) P2 + K2 — 240l — ) = 0inQ, 9,92 =00ndQ, (2.251)
AN)B + KB =208 = B° = 0inQ, B*=00ndQ.  (2252)

Since Ag = 0, the third term of each equation above vanishes on (). The last
(fourth) term of these equations is an eigenfunction of the operator A(A) + k2,
which corresponds to the eigenvalue Ay and is subject to the Dirichlet boundary
condition (¢3 and B°), or the Neumann boundary condition (¢ and a°). There-
fore none of the problems (2.2.49) — (2.2.52) is solvable, so neither chain ®°, ®!
admits continuation and any partial multiplicity x of Ag = 0 equals 2. Thus we
have proved the following assertion:

Proposition 2.2.3. Let Ay be an eigenvalue of the pencil (-, k) with the corresponding
eigenvector (¢°,a%, 4%, B°), ¢ = (9, 99, ¢3) and ° = (¢?, 93, ¥3). Assume, that
k? — A3 £ 0. Then in the case Ay # O, there is no generalized eigenvector corresponding
to Ag. If Ao = 0O, then for any eigenvector there exists a generalized eigenvector ®!
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satisfying (2.2.48) and
AO)pl+K¢) = 0inQ,  ¢l=0 on 30Q, (2.2.53)
A0)a! +K2at = 0inQ,  dal =0 on 3Q, (2.2.54)
AOYPA+ K29l = 0inQ, 3,95 =0 on 30, (2.2.55)
AO)B +K2B = 0inQ, B =0 on 30, (2.2.56)

with A(0) = 93 + 3. Any partial multiplicity of Ag = 0 is equal to 2.

The elements ¢}, a!, p, and B! are generalized eigenvectors related to the
eigenvectors @3, a°, ¢, and B° respectively. The generalized eigenvectors can be
chosen up to adding the eigenvectors. In particular, we could choose all elements
go%, al, wé, and B! (or some of them) to be zero (see (2.2.53) - (2.2.56)).

Let us see whether generalized eigenvectors exist under the condition k* —
A% = 0. The formulas (2.2.37), (2.2.38), (2.2.39), and (2.2.40) take the form of

APt —209° =0, Ap' —21009° =0, AB' 218" =0, Al —21pa’ =0,
(2.2.57)
where A := A(0) = 97 + 3. The second and the third equalities in (2.2.57),
together with (2.2.24) and (2.2.44), mean that

pi=0, p'=0 onQ. (2.2.58)

Next, we consider the cases A3 = k? # 0 and A3 = k? = 0 separately.
First, we consider the case of /\% = k? # 0. From (2.2.41), (2.2.58), and (2.2.33),
we obtain 91 () — (Ag/k)al) = 0, while (2.2.42) leads to 92 (2 — (Ag/k)al) = 0.
That is
Pt — (Ao/k)at = Cy = const.

Repeating the arguments in (2.2.26), we have

/ (rot(Ag) ¢1)y dxydxs = 0. (2.2.59)

Q
We project the second rot-equation (2.2.35) onto the axis x3, make use of
(=i, rot(Ag) @) = 0,
and obtain
(rot(Ag) @1)n — ik(p} — (Ag/k)al) = 0.

We now integrate the equality over (), taking into account (2.2.59), and conclude

that Cy = 0. Thus,
¥y — (Ao/K)al =0 on Q. (2.2.60)

Let us consider the third components of the rot-equations and the div-equations
in (2.2.35)

i(9193 — 0a9p1) + i(iAo) Bt —keps — B° =0,
(0193 — 0291) +i(irg)al +kypl —a® =0,
—i( ] + o) +idgpd) —ka' + ¢ =0,

i(0191 + 92005 + iAo@3) — kB — 9§ =0,
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which according to (2.2.24), (2.2.58), and (2.2.60) take the form

A1y — 0rpy =0, 0193 — i +ia® =0,
MYl + oph + il =0, hel +0r9) = 0. (2.2.61)

As before, we assume the domain () to be one-connected. According to the first
and the forth equations in (2.2.61), there exist (one-valued) potentials H! and G!
in (), such that

@1 = 0,H, ¢ = —01H'
p;=0,G', j=1.2 (2.2.62)

In view of the rest two equalities (2.2.61), we have
AH' =ia®, AG'=—ip]  on Q. (2.2.63)

Substitute (2.2.62) into (2.2.45), which gives us the boundary conditions for the
potentials H! and G':

9,H' =0, 9,G'=0 onoQ. (2.2.64)
The solvability of problems (2.2.63) and(2.2.64) necessitates the equalities
@) =0  (a%1)=0,

which means that ] = 0,a° = 0 since 3 = const and a” = const. Therefore,
assuming the existence of a generalized eigenvector, we obtain a contradiction
because an eigenvector cannot be zero.

Now we consider the case of )\% = k? = 0. As before, we have (2.2.61),(2.2.63),
and (2.2.64). Hence the assumption of a generalized eigenvector existence again
leads to contradiction. We arrive at the following proposition:

Proposition 2.2.4. Let Q) be a one-connected domain and Ay an eigenvalue of the pencil
(2.2.6), with A3 = k. Then there is no generalized eigenvector corresponding to Ag.

2.2.3 Canonical systems of Jordan chains

Let Ag be an eigenvalue of the pencil A — 2A(A, k). Next, we construct canonical
systems of Jordan chains in the cases k? = A and k* # A3 separately. 1°. First, we
consider the case k? — A(Z) #£0.

Let Jp = Jp(Ao) Uy = Ja(Ag)) denote the dimension of the kernel of the
Dirichlet problem (Neumann problem) for the operator A(Ag) + k2 in Q. Let

Al AN BY BP @l o v, ey (2.2.65)

be the basis for ker (Ao, k). We write every vector in (2.2.65) as (¢/,al,9l, B)),

where ¢/ = (¢}, 95, ¢}) and ¢/ = (¢}, 1p£, Wy, and define the vector components
for the vectors of the four collections {A’}, {B/}, {®/}, and {¥/}.
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For A/, we choose &/, such that {a!,...,a/¥} form a basis for the kernel of
the Neumann problem for the operator A(Ao) + k2. We set (p3 =B/ =0and

define (Pl' @, 1,[71, i), according to (2.2.16), and substituting (p3 to (p3, etc. Then A/
satisfies

Al = (K2 — A3) Y (—iAgoaal, irgorad, 0, (k* — A3)al, —ikora, —ikdoal, 0, 0).

(2.2.66)
By Proposition 2.2.1, the vectors A/ are linearly independent in ker 2(Ag, k).
The components B,..., /> of the vectors B,..., B> form a basis of the

kernel of the Dirichlet problem for the operator A()\o) + k%. Besides, ¢} = ¢} =

= 0, and define q)l, (sz 1/11, and 1/)2 according to (2.2.16), with the new ¢3 = go]3,
etc Then

B/ = (K> — A3)~Y(ika, B, ikdpBl, 0, 0, —irgdafl, irgdr B/, 0, (K2 — A3)B)). (2.2.67)

By Proposition 2.2.1, the vectors B/ are linearly independent in ker 21(Ag, k).

We now define the vectors ®/. Choose q)é, such that go%, e, goé” form a basis
of the kernel of the Dirichlet problem, set 1,U3 = a/ = p/ = 0, and define (pé, (pé, w{,
and 1/)2 according to (2.2.16) where ¢3 = 4)3, etc., are adjusted again. We have

@ = (K2 — A3) " (iAod1 ¢}, irodagl, (K2 — A3)gph, 0, —ikdagl, ikdr gk, 0, 0).
' (2.2.68)
Finally, we describe the vectors ¥/. We choose 4)]3, such that ¢3,.. ., lPéN form a

basis for the kernel of the Neumann problem, set ¢} = a/ = p/ = 0 and then
define the rest components according to (2.2.16). As a result, we obtain

Wi = (kK2 — A3) " (ikdawpl, —ikoyl, 0, 0, idodr i, iAodatpl, (K — AZ)wl, 0).
(2.2.69)
Proposition 2.2.1 and the definition of the vectors (2.2.65) lead to

Proposition 2.2.5. Let Ay be an eigenvalue of the pencil (-, k), with Ay # 0 and k* —
A3 # 0. Then the vectors (2.2.65) form a basis for ker (A, k). There are no generalized
eigenvectors. The vectors ®l ..., dp, ¥l . ¥N form a basis for ker M (A, k), where
M is the Maxwell pencil.

Assume now, that g = 0 is an eigenvalue of the pencil (-, k). The vec-
tors (2.2.65), defined by the equalities (2.2.66)-(2.2.69) for A9 = 0, form a basis for
ker 20(0, k). We denote these vectors by A%,..., %9/ (instead of A/, ..., ¥/). Ac-
cording to Proposition 2.2.3, to construct a canonical system of Jordan chains, it
suffices to indicate a generalized eigenvector AVl .., %Y for every vector A%,
Y0, Each generalized eigenvector will be written in the form of (2.2.48), with
goé’ ,al, rp3 , B instead of ¢}, al, 3, B!, and with (p a0 lp , B% instead of
@3, 0% ¢9, B°. Let us define new notations for the four collectlons of the vectors
{AVI}, {BY}, {®V}, {¥1/}. We write the eigenvectors A%, ..., ¥%/, into the
form of (¢%,a%, %, g%); it is always clear from the context which vector is
meant.
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We will start with the vectors of the collection A'J. Recall that the com-
ponent 2% of A% is an eigenvector of the Neumann problem for the operator
A(0) + k2 in the domain Q. As for a'/, we take a generalized eigenvector ad-
joined to a%/. Set (pé’] = ;’] = BY = 0 and define A/ according to (2.2.48).
The generalized eigenvectors Bl/, ®!/, Y1/ are defined with the evident modifi-
cations.

As a result, we obtain the four collections of Jordan chains, each consisting
of two elements:

A%, AV, BY,BY; @Y, @l ¢yl (2270)
with
A% = k72(0,0, 0, %, —ikd;a®, —ikdal, 0, 0),
AY =k % (—i0,a%, i01a%, 0, K&, —ikd '/, —ikdpal, 0,0),  (2.2.71)
wherej=1,...,]x(0);

B = k~2(iko, B, ika, %, 0, 0, 0, 0, 0, kK*B%),
BY = k~2(iko, B, ika, Y, 0, 0, —i0,8%, id18%, 0, K*BY), (2.2.72)

wherej=1,...,]p(0);

% = k72(0, 0, KBgY!, 0, —ikdr 9y, ikd1 9%, 0, 0),
OV = k2(id1 9%, iongy, Koy, 0, —ikorgy, ikdrpy!, 0,0),  (2.2.73)

wherej=1,...,]p(0);

O — k=2(ikdpypy!, —ikd1pY, 0,0, 0, 0, Ky, 0),
YU — k2 (ikdypy!, —ikdry, 0, 0,19y, iy, KPpy’, 0),  (2.2.74)
where j=1,..., Jx(0).

Proposition 2.2.6. Assume that k* # 0 and Ay = 0 is an eigenvalue of the pencil
A +— (A, k). Then the chains (2.2.70), defined by (2.2.71)—(2.2.74) form a canonical
system of Jordan chains of A, corresponding to the eigenvalue Ag = 0. The chains (2.2.73)
and (2.2.74) belong to the domain of the Maxwell pencil MM (0, k), while the chains (2.2.71)
and (2.2.72) do not.

2.24 Special choice of Jordan chains

We use freedom in choosing Jordan chains to form a canonical system of chains
subject to some orthogonality and normalization conditions. For the statement of
problem with radiation conditions and for the definition of the scattering matrix
it suffices to consider only the real eigenvalues of the pencil (-, k). Therefore in
this Section we discuss Jordan chains with real eigenvalues Ay.
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2.2.4.1 The caseof Ay #0

Let Ag be an eigenvalue of (-, k), such that A € R\ 0 and k? — A3 # 0; then
A% < k2. Denote by al, .. adN (,81, ey ,BJD) an orthogonal basis for the kernel of
the Neumann (Dirichlet) problem for the operator A(Ag) + k*>. We assume, that

la®; La(Q)]| = 1187 La(Q) | = [2kAo| /2. (2.2.75)

We also assume, that the bases 1[)%, s, 1/)%” and go%, ces, qoéD in (2.2.69) and (2.2.68)
coincide, respectively, with the previously defined orthogonal bases a!,...,a/¥
and B!, ..., B/P. Let us define
Yo = (kK2 — A3) V2 (ikopat, —iko1at, 0, 0, irgdral, iAgdaal, (K2 — A3)ab, 0),
A% =(0,0,0, ka®, —id1a®, —ida®, Aga®, 0), (2.2.76)

and set

DT = (K2 — A3) " V2(irg01 BT, irgdaBT, (K2 — A2)BT, 0, —ikdo BT, ikd1 BT, 0, 0),
BT = (0187, i928%, —AoB%, 0,0, 0, 0, kBT). (2.2.77)

Define 2" := 9,2(A, k). From (2.2.6) and (2.2.36), it follows that

AD = (Y2, —91, —B, ¥3, — P2, 91,01, —P3) (2.2.78)

for any A and for every vector ® = (¢, a, 9, B), where ¢ = (¢1, 2, ¢3) and ¢ =
(41, ¢, P3). In particular, the matrix 2’ is symmetric and independent of A and k.

Proposition 2.2.7. Let A be an eigenvalue of the pencil A(-, k), such that g € R\ 0
and k* — A3 # 0. Then the eigenvectors (2.2.76) and (2.2.77) satisfy the orthogonality
and normalization conditions

(A AT, AY) = (A'Y", %) = sgn(kAo)dr s, T,0=1,... N,
(BT, B¢) = (W@, d°) = sgn(kAg)dr,;, T,0=1,...]p. (2.2.79)
Moreover, for all T and {
(A'PT,R%) =0, (2.2.80)

where one may change P and R for any of the letters A, B, ®, ¥ to obtain a pair of two
distinct letters. In other words, the left-hand-side of (2.2.80), obtained in such a manner,
must differ from those in (2.2.79).

Proof. To explain the definitions (2.2.76) and (2.2.77), we return to (2.2.66)—(2.2.69).
To avoid misunderstanding, the vectors Al, Bl, ® and ¥/ in these formulas we
will temporarily denote by A/, B/, ® and ¥/. The corresponding bases {a/}, {#/},
{94} and {}} we assume to be orthogonal and, for the time being, introduce no
other requirements. We first take up the eigenvectors

AT = (K2 — A3) "1 (—idgdoa™, +irgora™, 0, (k2 — A2)a™, —ikd a®, —ikoya™, 0, 0),

YT = (K> — A3) "N (ikdoyp3, —ikd1 3, 0, 0, iAgd1 s, iAgda s, (K> — A3)y3, 0).
(2.2.81)
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A straightforward calculation (using (2.2.78) and integration by parts) leads to
(A AT, AY) = 2kAo(a®,ab)/ (K — A3),
(WFT,¥E) = 2kAo (93, 5)/ (K — A2), (2.2.82)
(AT, ¥0) = —2A3(a%, y5)/ (K — A3),

where 7,0 =1, ..., Jnr. Moreover,
(AAT,BY) = (AT, %) = (WB5,¥7) = (AP, ¥7) =0 (2.2.83)

for all { and T. We now assume, that the bases al ..., 2N and 1/)%, ey wéf\" coincide
and satisfy the normalization condition (2.2.75). Now define AT = (k2 — A2)1/2 A7
and ¥¢ = (k* — A2)1/2¥¢. Then (2.2.82) takes the form

( A A) (kAO)df,gi
(AT, ¥¢) = sgn(kAo)dr, ¢, (2.2.84)
(AT, ¥%) = |A0/1<|5Té

The formulas for T = ¢ in theAthird line of (2.2.84) do not correspond to (2.2.80)
and have to be recast. We set AT = AT + (Ao/ k)‘f” and obtain

(WAT,¥7) = (A A", ¥7) + %(m"iﬂ, YT = — % + % =0. (2.2.85)
From (2.2.81) and the equalities a* = 13, it follows that
=N (kz _ A2)1/2
AT = TO(O, 0,0, ka®, —io1a®, —id2a®, Aga®, 0). (2.2.86)
In view of (2.2.84),
(WAT, A7) = (A (AT 4+ (Ag/k)¥7), AT + (/\O/k)‘f’T) =
I XT AT Ao I AT YT )‘2 T YT kz
=(A'A%, A )+27(21A,‘I’ )+ kz(Q(‘Y ¥7)) = sgn(k/\o)

Let us define A7 as
AT = k(K — A3)"V2AT = (0,0, 0, ka¥, —id1a", —idoa”, Aga”, 0)

and set ¥7 := ¥7; such AT and ¥7 coincide with those in the formulation of
Proposition 2.2.7. From the above argument it follows, that

(AT, A7) = sgn(khg), (AAT,¥7) =0,

Thqu we ha~ve obtained (2.2.79) and, moreover, (2.2.83) w~ith~AT and ¥¢ instead
of AT and ¥¢. The further transformation (going from B, ® to B, ®) does not
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involve AT and ¥¢ and does not "spoil" the formulas (2.2.83). We now consider
the eigenvectors

BT = (K* — A3) (ko1 8%, ikd2 8%, 0, 0, —iAgd2BT, iAgd1 BT, 0, (k> — A3)BT),

B¢ = (K2 — A3) 1 (irod1 905, iAd295, (K2 — A3) ¢S, 0, —ikdag, ikd1 95, 0, 0),
(2.2.87)

where 7,0 =1, ..., ]p (see (2.2.67 and (2.2.68)). We have
(A'BT, BY) = 2kAo (BT, )/ (K — A3),
(A'DT, ) = 2kAo (93, ¢5)/ (K — A3), (2.2.88)
(BT, &) = 205(", ¢5)/ (K ~ AF).
Let us assume that the bases {¢]} and {7} coincide and satisfy (2.2.75). Define

the vectors &7 = (k* — A%)1/2&>T and B¢ = (k* — A%)1/2§5. Then (2.2.88) takes the
form of

(A'BY, B) = sgn(kAg)dy, o
(AT, &%) = sgn(kAg)dr, ¢, (2.2.89)
(A'BT, &%) = |Ao/k|dr, ¢
We set B” := BT — (Ag/k)®". Then (A'B7,&7) = 0 and
BT = (kK> — A3)Y2/k(i91 8%, i028%, —AoBT, 0, 0,0, 0, kBT).
From (2.2.89), we get
(k* — A7)
k2

Define BT := k(k* — A2)~1/2B” and ®7 := &". Taking into account ¢} = B7 in
(2.2.87), we obtain

(A'BT,BY) = sgn(kAg).

BT = (ial,BT/ iaZﬁTI _AOﬂT/ Or Or 0/ 0/ k,BT)/

OT = (K — A3)"V2(iMgd1 BT, iAgda T, (K> — A3)BT, 0, —ika, BT, ikd1 87, 0, 0),
with (A'B7, BY) = sgn(kAg) and ('B7,®7) = 0. O
Proposition 2.2.8. Let Q) be a one-connected domain and A> = k* # 0. Then A is an
eigenvalue of the pencil A(-, k). To this eigenvalue, there corresponds a one dimensional
eigenspace, spanned by the vector A = k(¢,a, ¢, B), where ¢ = 0, « = const # 0,

Y1 =1p = 0,3 = (A/k)a, and B = 0. The vector A, normalized by 2| Ak||a|? |Q] =
1, |QY| being the measure of (), satisfies

(A'A, A) = sgn(Ak). (2.2.90)
Proof. It suffices to apply Proposition 2.2.2 and take into account (2.2.78). [J

Remark 2.2.9. The formula (2.2.76) holds for the vector A in the case of A> = k* # 0 as
well, however the vectors B, @, and ¥ do not exist in the case.
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2.24.2 Thecaseof A\j =0

We now assume, that Ao = 0 is an eigenvalue of the pencil (-, k) and k? — A3 #
0. Let a0, ... a0ln (,30'1, ., ,BOJD) be an orthogonal basis for the kernel of the
Neumann (Dirichlet) problem for the operator A + k, where A := A(0) = 92 + 93.
The vectors of the bases are normalized by the conditions

06 La(€) ] = 17 La()] = K 2 2291)

Let the bases l[Jg’l, e l[JgJN and (pg’l, e (pg'] P coincide respectively with the bases
w01, .., 2%V and g1, ..., B%)P. Moreover, assume that

W=l =T = lT =0, T=1,...]p,{=1,...]n. (2.2.92)
We set

A% = (0,0, 0, k&%, —id,;4%, —id,a%7, 0, 0),
AY =1(0,0,0,0,0,0,a%,0), (2.2.93)

wherej =1,...,]a(0);

B% = (i, 8%, i9,8%, 0, 0, 0, 0, 0, kB%),
BY = (0,0, —p%,0,0,0,0,0), (2.2.94)

wherej=1,...,]p(0);
0, _ 0,j . 0,j - 0,j
@ = (0,0, kg3, 0, —id293”, id195”, 0, 0),
Y =k (id19Y, 0,97, 0,0,0,0,0,0), (2.2.95)
wherej=1,...,]p(0);
YOI = (i0,pY, —idypd, 0,0, 0,0, kgd, 0),
w1 = k=1(0,0,0,0,id,9Y, id,pY, 0, 0), (2.2.96)
wherej=1,...,]a(0).

Proposition 2.2.10. Let Ay = 0 be an eigenvalue of the pencil (-, k). Then the Jordan
chains (2.2.93)-(2.2.96) satisfy the orthogonality and normalization conditions

(QL/Ai,T’ A]rC) — (QU‘YZ"T/ \F]rC) — sgn(k)(sl_, Céirl_]" Tlg = 1, . ]N,
(A'B"T, BIF) = (WP, &%) =sgn(k)dr, c6;1-j, T,0=1,...]p, (2.2.97)

forany i,j = 0,1. Moreover, for all T, { and i,j = 0, 1 there holds the equality
(A'PT,RIF) =0, (2.2.98)

where one can change P and R for any of A, B, @, and ¥ to obtain a pair consisting of
two distinct letters.
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Proof. We Eemgorargy denoteN the vectors A4, B/'T, 7, and ¥4 in (2.2.71)-
(2.2.74) by A4, BT, @7, and ¥¥¢, and assume the corresponding bases {a%¢},
{8°7}, {(pg’T}, and {1}73’(‘} to be orthogonal. The generalized eigenvectors {a'¢},
{B"7}, {q);’f} and {1/)%’5} are for the time being arbitrary. Now we have

(A APT, BI%) = (A AVT, PIF) = (A'BIS,¥1T) = (A DIF,¥T) =0 (22.99)

for all T,{ with 7,j = 0, 1. Therefore, we can discuss the orthogonality £2.2.98)~qnd
normalization (2.2.97) conditions independently for the collections {A"*}, {¥""}
and {B/t},{®/€}. Let us begin with A and ¥. A straightforward calculation
leads to

(AF0T,¥0%) =0,
(AT, §08) = (A FOT Tlé) (1/k) (%%, %), T,0=1,...]n, (2.2.100)
RFVT,I) = (1/k) ("7, M) + (¥, 92)),

(AW AT, ¥ =0,

(Q['AM qﬂlé) . (m/go,r {?1r§) =0, 1,(=1 J (2.2.101)
’ _ , =0, ,6=1,... N, -

(WA EE) = (<1/K) (", yF),

(Q[/AVO,T, AO,@) =0,

(A AVT, AVEY = (A ADT, AV = (1/k)(a"7,a%%), T,0=1,...]N, (2.2.102)
(AT, AM) = 1/, ) + (@, %),

We now require that the bases a0 . a%Iv and 1,00'1, el l[JO’]N coincide and are
normalized by (2.2.91). We choose the generalized eigenvectors to be zero: al** =
6 = 0for { = 1,...]y (see the paragraph after the formulation of Proposition

2.2.3). As in the case of Ay # 0, define the vectors A” = kAT and ¥¢ = k¥¢. Then
(2.2.100) and (2.2.101) take the form

(Q{/\?O,T’ $o.¢ ) =0,
(LT, 904) = (AP0, ¥14) = sgn(k)d,z, T,0=1,...]N, (2.2.103)
(Q[/\T;l,'r/ {Fl,@) — O,

(A A07,¥0%) =0,

(A AT, 908 = (W AOT, ¥ =0, T,0=1,...]N (2.2.104)
AV E) = (=17 k)b,

The third equality in (2.2.104) for T = { contradicts the orthogonality condition

(2.2.98) and has to be modified. Set A%T = A%T and ALT = ALT 4+ 1/k¥07 and
obtain

(Q[/A\O,T, 1‘{10,€) =0,
(WAL, 900y = (W ALY ¥1E) =0, T,0=1,...]n, (2.2.105)
(A AVT,¥18) =0,
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The vectors A%7, ALT satisfy the conditions (2.2.97):
(A A°T, A0S = 0,
(A AVT, A% = (A AVT, AV) = sgn(k)dr;, T,0=1,...]N,
(A AVT, AME) = 0.

For ¥/¢ = ¥i€ and AT = AT the relations (2.2.93),(2.2.96) and (2.2.97),(2.2.98)
hold. The derivation of (2.2.94),(2.2.95) for the chains B and ® do not involve the
chains Aand ¥. [J

2.3 Waves

In the Sections 2.3-2.5 we specify for the problem (2.1.9) the results, established
by Nazarov et al. [25] for the general elliptic problems self-adjoint with respect
to a Green formula. To this end, we use the knowledge of the pencil A — 2(A, k),
obtained in Section 2.2. We introduce the space of waves, describe the continu-
ous spectrum eigenfunctions, define the unitary scattering matrix, and present a
well-posed problem for the augmented Maxwell system with intrinsic radiation
conditions.

First we briefly summarize Section 2.2. Let us consider the problem (2.1.9)
taking as domain G the cylinder

IT={x=(x1,x2,x3) € R3: (x1,x2) € Q,x3 € R},

where () is a one-connected domain with smooth boundary 9Q). Assume the pa-
rameter k to be real. Let C > A — 2(A, k) be the operator pencil (2.2.6) with
domain DH!(Q) (see (2.2.5)). From Section 2.2, it follows that for every k € R
there exist real eigenvalues of the pencil 2(-, k). They are symmetric about the
origin; the collections of the partial multiplicities of symmetric eigenvalues coin-
cide. The nonzero eigenvalues have no generalized eigenvectors. The number 0
is an eigenvalue of the pencil (-, k) if and only if k? is an eigenvalue for at least
one of the boundary value problems

(02 +3)u(x) +Ku(x) =0, x€Q, u(x)=0, xca;
(3 +0D)u(x) +Ku(x) =0, x€Q, du(x)=0, x¢coO. (2.3.1)

If in addition k # 0, then every partial multiplicity of the eigenvalue 0 is equal to
2. If k = 0, then to the eigenvalue 0 there correspond two linearly independent
eigenvectors of the pencil (-, 0), while the generalized eigenvectors do not exist.
Thus for each k, the sum of the total multiplicities of all real eigenvalues of the
pencil A — 2((A, k) turns out to be even.

A value k is called a threshold of the pencil £, if k is an eigenvalue for at
least one of the problems in (2.3.1). (The first threshold on the semiaxis 0 < k < oo
is \/pi2 because py < A1, where i (A1) is the second (first) eigenvalue of the Neu-
mann (Dirichlet) problem, see [11] and references there.) Denote by Xy (k) and
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Zon(k) the sum of the total multiplicities of all real eigenvalues of the pencils
2(-, k) and M(-, k), respectively. Both functions Xy and Xgy are even. On the
semiaxis 0 < k < oo, each of these functions is constant on any open interval
whose ends coincide with neighboring thresholds and step-wise increases at ev-
ery threshold being continuous from the right. There hold the equalities

Sa(k) =2 for k € (— /12, \/12), (2.3.2)
(k) = 0 for k € (—/fi2, /E2) \0,  Zm(0) = 1. (2.3.3)

We first suppose, that a (fixed) number k is not a threshold. Then all eigenvalues
of the pencil (-, k) are nonzero, the generalized eigenvectors do not exist, and
the chosen bases of eigenvectors are described by Proposition 2.2.7. Denote by P
any vector of such a basis corresponding to an eigenvalue Ag and introduce the
vector function

IT> x — P(x) := exp (iAdgx3) P(x1, x2). (2.3.4)

The function P satisfies the problem (2.1.9) in the cylinder I1. Let R be a function
of the same type with any basis vector R in Proposition 2.2.7, that corresponds
possibly to another eigenvalue Aq. Let also x be a smooth cut-off function, x > 0,
x(t) =0fort <T—1and x(t) = 1fort > T. We introduce the bilinear form

an(xXP, xR) = (A(D)xP, xR)riny — (XP, AD)XR)1in) (2.3.5)
where IT(N) = {x = (x1,x,x3) € I1: x3 < N}, while T < N. We have
A(D)(xP) = xA(D)P + [A(D), x]P = [A(D), xIP,

where [A(D), x] = A(D)x — xA(D). Therefore the first inner product on the
right remains constant when N is increasing; owing to a similar reason, the sec-
ond product remains constant as well. Hence we can define the form

q(xP,xR) = (AD)xP, xR)r1 — (xP, A(D)xR)1- (2.3.6)

Proposition 2.3.1. Assume, that k is not a threshold and let Ay and A1 be eigenvalues of
the pencil A(-, k) (the equality Ay = A1 is not ruled out). We also assume that

P(.’X’) = exp (i/\0x3)P(x1,x2), R(x) = exp (i)\1X3)R(X1,Xz),

where P is a vector in the list (2.2.76), (2.2.77) corresponding to Ay, and R is a vector in
such a list corresponding to Ay. Then

q(xP,xP) = —isgn (kAo); q(xR,xR) = —isgn (kA1); (2.3.7)
g(XP,xR) =0 for P #R. (2.3.8)

Proof. We write down the operator A in the form

'A(Dll D,, D3) = A(Dll DZ/O) +A/D3/ (239)
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where A’ is a numerical matrix and integrate by parts the first term on the right in
(2.3.5). Since the operator of problem (2.1.9) is formally self-adjoint (Proposition
2.1.3), we obtain

an(XP,xR) = —iexp (i(Ao — A1)N)(A'P, R)q.

As before, we have qn(xP, xR) = q(xP, xR). On the other hand, from (2.2.2) it
follows that &' = A/, so

q(xP, xR) = —iexp (i(Ag — A1)N)(2A'P,R)q. (2.3.10)

If the eigenvectors P and R of the pencil 2(-, k) correspond to the same eigen-
value, then (2.3.10) and Proposition 2.2.7 provide the equalities (2.3.7). In the case
of Ay # A4, the right-hand-side in (2.3.10) is independent of N only if (A'P,R)q =
0, whereas the left-hand-side is always independent of N. Therefore, the equal-
ity (A'P,R)q = 0 holds for all eigenvectors P and R corresponding to distinct
eigenvalues of 2(+, k), so by virtue of (2.3.10), the equality (2.3.8) holds as well. [

We now suppose that k is a threshold and k # 0. The case in which k =
0 is special and we will discuss it separately in Section 4.5. Then all nonzero
eigenvalues of 2(-, k) are simple and the corresponding vector functions P are
constructed as in the non-threshold case (see (2.3.4)). The Jordan chains for Ag = 0
are described by Proposition 2.2.10. Let {PY, P'} be such a chain. Introduce the
vector functions

(iJC3 + 1)PO(X1,X2) + Pl(xl, XQ)
\/E .

Proposition 2.3.2. The functions P~ satisfy the problem (2.1.9) in the cylinder T1.

1> (xl,xz,X3) — Pi(xh Xz,.’)(g,) = (2311)

Proof. Taking account of (2.3.9), we have

A(D1,D;,0)P!(x1, x2) + A'P°(x1, x7)
7 .

From (2.2.2) it follows that 20(0,k) = A(D1, D,0) and 2" = A’. The right-hand-
side (2.3.12) vanishes by virtue of (2.2.34). [

For the nonzero eigenvalues of the pencil (-, k), we define functions P of
the form (2.3.4), and for the eigenvalue 0 introduce the functions (2.3.11). For
functions P and R of such type, corresponding to (possibly, distinct) eigenvalues
of (-, k), we introduce the form g as before by the formula (2.3.6).

A(D1, Dy, D3)P*(x) = (2.3.12)

Proposition 2.3.3. Let k be a threshold, k # 0, and let Ay and Ay be eigenvalues of the
pencil A(-, k) (the equality Ao = Aq is not ruled out). Assume that P and R are defined
for Ag and Aq relatively in the manner above. Then the following equalities hold

q(xP,xP) = —isgn(kAg) for Ao #0;
qg(xP,xP) = —isgn(+k) for Ay=0, P =P, (2.3.13)

and those obtained by replacing P and Ao by R and Ay. Moreover,
q(xP,xR) = 0 for P#R. (2.3.14)
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Proof. We repeat the argument in the proof of Proposition 2.3.1. Let us write
down the operator A in the form (2.3.9) and integrate by parts the first term in
(2.3.5). Since the operator of problem (2.1.9) is formally self-adjoint, we have

GxXP,xR) = —i(A'P,R)alxs=n = —iexp (i(A\g — A)N)(a2N* + a1 N + ag),

where a3, a1, ag are the constants determined by the functions P and R. If Ay #
Ao, then the right-hand-side is independent of N only in the case that it vanishes.
Thus g(xP, xR) = 0 for Ay # Ay.

Assume now, that the eigenvalues coincide. If Ay = Ay # 0, we repeat
the proof given in the non-threshold situation (Proposition 2.3.1). It remains to
consider the case of A\p = Ay = 0. Let P, R be given by (2.3.11), where P =
PR =RT, and o, T take values + and —. Then

9OP X RT) = =i/2(N* PO, R%) o+ (A (P + P1), TR + R )+
+iN((2'P%, TR” + R")q — (A (cP° + Pl),RO)Q)) (2.3.15)
The right-hand-side is independent of N only if
(AP, Rq =0, (AP’ RYq— (A'P,RY)n=0. (2.3.16)

According to Proposition 2.2.10, if the Jordan chains {P°, P'} and {R°,R'} are
distinct and/or o # T, then the right-hand-side of (2.3.15) vanishes. If the chains
coincide and ¢ = 7 (thatis R = P = PY), the second equality of (2.3.13) holds.
O

Let us return to the domain G with N outlets to infinity (defined at the be-
ginning of Section 2.1). We assume that pg is a smooth positive function on G,
given on IT], N G by pp(y?,t1) = exp (Bt7), where g = 1,...,N, and B is a real
number. For I = 0,1,... we introduce the space H;s(G) of functions on G with
the norm

1
lu; Hy(G) | = llogu; H'(G)|| := (HZ /G ID*(pgu)|? dx)'/2. (2.3.17)
a|=0

Denote by Hé_l/ 2(dG) for I = 1,2,... the space of traces on 9G of functions
in Hlﬁ(G). We will denote the spaces of vector functions with components in

HIIB(G) and H;;l/ 2(dG) in the same manner as their scalar analogues. The opera-
tor {A, B} of problem (2.1.9) implements a continuous mapping

Ly = {A,B}: Hy(G) — Hy (G) x Hy /*(aG) (2.3.18)
for] = 1,2,... and any B € R. The operator (2.3.18) is a Fredholm operator if
and only if the line {A € C : ImA = B} is free from the spectrum of every pencil
A — 29(A, k) defined for the problem (2.1.9) in the cylinder IT7, g = 1,..., N, the
number k being fixed. Recall that an operator is called a Fredholm operator if its
range is closed and the kernel and cokernel are finite dimensional.
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Denote by 2Y the sum of total multiplicities of all real eigenvalues of the
pencils 207(-, k), and by J a small positive number such that the strip {A € C :
|ImA| < 8} contains no eigenvalues of the pencils 27(-, k) except the real ones.

Proposition 2.3.4. There hold the equalities

dim coker £_5 = dimker L5 =: d,
dimcoker L5 = dimker L_s;=d+Y.

Let us explain these formulas. Since the operator L is Fredholm (as well
as L_s), the number 4 is finite. A basis zj,...,z; in the space ker £; consists of
solutions to the homogeneous problem (2.1.9) exponentially vanishing at infin-
ity. One can obtain a basis in ker £_; by adding to the collection z1, . .., z; some
solutions {1, ...,y of the homogeneous problem (2.1.9) in H" 5(G) linearly in-
dependent modulo H(IS(G) (a linear combination ¢1{q + - - - 4+ cy(y with constant
coefficients c; belongs to H}(G) if and only if ¢; = - - - = cy = 0).

Let k be a threshold of none of the pencils 219(-,k). We choose a cut-off
function y € C®(R),0< x <1,x(t) =1fort > Tand x(t) =0fort < T—1,
where T is sufficiently large. For every real eigenvalue of 29(-, k) and all solutions
of the form (2.3.4) to the homogeneous problem (2.1.9) in the cylinder 117, we
introduce the functions I'T7 5 (y4,t1) — x(+7)P(y7,17). Extend these functions by
zero to the domain G. If k is a threshold of the pencil 207(+, k), then we in addition
introduce the functions IT7 > (y7,t1) — x(#7)P(y7,t7) that correspond to the
eigenvalue A\g = 0 and all solutions of the form (2.3.11). We also extend such
functions by zero to G. As a result, we obtain the 2Y functions vy, ...,vy on G.
Denote by 91 the space spanned by vy, ..., vy and introduce the quotient space
W = (M + HL(G))/H%(G) whose dimension dim W equals 2Y. The elements of
W are called waves.

By arguments similar to those in the first part of Section 2.3, including Propo-
sition 2.3.1 and its proof, one can verify that for u,v € 9%+ H5(G) the bilinear
form

gc(u,v) := (Au,v)g + (Bu, Qu)yg — (u, Av)g — (Qu, Bv)yg (2.3.19)

takes finite values. If at least one of the elements u, v belongs to H, (IS(G), then
gc(u,v) = 0 and hence the form g is defined on W x W. For any waves U,V €
W there holds the equality q5(U, V) = —gg(V,U), so for every wave U € W
the number g (U, U) is imaginary. A wave U is called by outgoing (incoming), if

ige(U, U) is a positive (negative) number.
Proposition 2.3.5. 1°. In the space W, there exists a basis U, ..., us,uy,... Uy
subject to the orthogonality and normalization conditions

qG(uji,u;F) =0 iqc(uji,u,jt) =Fop, jk=1,...Y. (2.3.20)

Thus the waves Uy, ..., Uy are outgoing and the waves ur,..., ll;(r are incoming.
20, If a basis Wy, ..., Wyy consists of incoming and outgoing orthogonal waves,
then it contains Y ougoing and Y incoming waves.



48

The proof of Proposition 2.3.1 shows that the equalities (2.3.7) remain valid
if we change g for g and as P and Q take functions from the collection vy, . .., vpy
defined before (2.3.19). Then (possibly, after renumbering) the cosets Vj, ..., Voy
of v1,...,0vy mod H(IS(G) form a basis in W satisfying (2.3.20).

2.4 Eigenfunctions of continuous spectrum. Scattering matrix

By definition, k € R belongs to the continuous spectrum of the operator £; =
L;(k) if there exists a function in ker £_;(k) that does not belong to H}(G). Such
functions are called the continuous spectrum eigenfunctions of the operator L;(k)
(or problem (2.1.9)). To define the scattering matrix related to the (homogeneous)
problem (2.1.9), we need a special basis for the space of continuous spectrum
eigenfunction.

Proposition 2.4.1. Let U;", ..., Uy, Uy, ..., Uy bethe basis of W, mentioned in Propo-
sition 2.3.5 (1°). Then there exist bases Y;",...,Y{ and Y|, ..., Yy inker L_s(k) mod-
ulo HY(G), such that

Y
Y].— =U; + Y T, (2.4.1)
I=1
) Y
=1

where j = 1,...,Y and % is the coset representative of x € N+ H(l;(G). The Y x Y-
matrix S(k) = ||S;;(k)|| that consists of the coefficients in (2.4.2) is unitary , S* = S~ 1.
Moreover, S~ = T = || Tjy||, where Tj; are the coefficients in (2.4.1).

The matrix S(k) = ||S;;(k)| is independent of the mentioned coset repre-
sentatives and is called the scattering matrix (recall that U, , ..., Uy are outgoing
waves and U;, ..., U{ are incoming ones).

From Proposition 2.4.1, formula (2.3.2) and the paragraph in Section 2.3 pre-
ceding this formula, it follows that the continuous spectrum of problem (2.1.9)
covers the whole real axis. The dimension of the space of continuous spectrum
eigenfunction (modulo H} (G)) at a point k is called the multiplicity of continuous
spectrum at k. The multiplicity is equal to

(k) /24 + 2N (k) /2,

where N is the number of the outlets of G to infinity and Zé‘(k) is the sum of the
total multiplicities of the real eigenvalues of the pencil 2/ (-, k).
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2.5 Radiation principle

Let Uf, s, U?, u;,..., Uy be the basis in Proposition 2.3.5 (19). We choose any

u]7 S U]f, j=1,...,Y,and denote by & the linear hull of the functions u7, ..., uy .
On the space & + HJ(G), we consider the restriction L of £_s(k), which is a

continuous mapping
L:6& 4 H4(G) — HSY(G) x HLE1/2(9G).

Proposition 2.5.1. Let zy, ...,z be a basis in ker Ls(k) and {F,G} € H; ' (G) x
HVY2(9G) with

(F,zj)c +(G,Qz)ac =0, j=1,....,4,

where Q is the operator in the Green formula (2.1.10). Then

10. There exists a solution U € & + HY(G) to LU = {F, G} determined up to an
arbitrary term in ker L5 (k).

20, The inclusion

Vi=U-—cuy — - —cyuy € H(G), (2.5.1)

holds with
cj=i(F,Y; ) +i(G, QY Joc, j=1,....Y, (2.5.2)

where {1, ...,y are elements in ker L_s(k) satisfying (2.4.1).
3%. For such a solution U there holds the inequality

|V; HY(G)|| + |er| + - - - + ey (2.5.3)
< const(||F; HSY(G) || + ||G; H /2G| + ||psV; Lo (G) ).

A solution Uy that satisfies the additional conditions (Uo,zj)c = 0,j = 1,...,d, is
unique and subject to the estimate (2.5.3) with the right-hand-side replaced by
const(||F; HiH(G) || + ||G; H/29G||).

The inclusion (2.5.1) involves only representatives of outgoing waves. Such
an inclusion is called an intrinsic radiation condition. Then Proposition 2.5.1 is
entitled as the “radiation principle”.

Remark 2.5.2. Proposition 2.5.1 remains valid if the incoming and outgoing waves ex-
change their roles. A radiation condition involving only incoming waves will also be
named intrinsic. If required, we will explain what kind of intrinsic radiation is meant,
"incoming” or "outgoing”.



3 METHOD FOR COMPUTING THE SCATTERING
MATRIX BETWEEN THRESHOLDS

In this Chapter, we propose and justify a method for approximating the scattering
matrix under the condition, that the spectral parameter k belongs to an interval
of the continuous spectrum containing no thresholds. A minimizer of a quadratic
functional | ZR() serves as an approximation to a row S; of the scattering matrix S.
To construct such a functional, we solve an auxiliary boundary value problem in
the bounded domain GR, which is obtained by cutting off the cylindrical ends of
the domain G from a distance R,(see FIG. 2). The auxiliary problem is proved to
have a unique solution. As R approaches infinity, the minimizer approaches S; at
an exponential rate uniformly with respect to the spectral parameter.

In Section 3.1, we outline the description of the method. In Section 3.2 we
prove that the auxiliary problem has a unique solution in a function class. Section
3.3 is devoted to justification of the method, where we prove the existence of the
functional minimizer and establish a convergence estimate.

3.1 Description of the method

For approximating the scattering matrix S of elliptic problem (2.1.9) we will use
the scheme given in [31]. We set

7% = {(y7,#7) €17 : 47 > R},  GR =G\ Ul 1%" (3.1.1)

for a sufficiently large R; then 0GR\ 9G = TR = U;lef‘?'R, where IR = {(y7,41) €
I17 : 1 = R}. We are going to calculate the line (Sjy,...,Sy), I = 1,...,Y,
of the matrix S. As an approximation to this line, we take a minimizer a° =

(a(f, ey, aOY) € CY of the quadratic functional

Y
I (a1, ay) = QX[ (5a) —uf =Y aui); Lo (TR)|J2. (3.1.2)
j=1
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Here XR(-;a) is a solution to the problem
A(D,kU(x) = F(x), xeGRk,
B(x)U(x) = G(x), x€aGR\TR, (3.1.3)
(B(x) +iQ(x))U(x) = H(x), xeT¥,
with right-hand-side

Y
F=0 G=0 H= (B + iQ) (ul*(',k) + Zaju].(',k)) (3.1.4)
j=1

Let Z]%R be a solution to the problem (3.1.3) with ¥ = 0, G = 0, and H = (B +
iQ) u]i(',k). We have X = Z + Y.4jZ; and can write the functional in the
form

JR(a;k) = (aER,a) +2Re (FR,a) + G, (3.1.5)
where ER and FR are Y x Y-matrices with entries

Ezl'} =(Q(Z g —u;), Q(Z;R - “;))rRr

FE = (Q(Z — 1), Q(Zig — ) ).
ER is the row with number  of the matrix FX, and G} = [|Q(Z; — u/)[}z- A
minimizer a’(R) of functional (3.1.5) satisfies

A®(R)ER + F} = 0. (3.1.6)

The following theorem is a basic result of Chapter 3.

Theorem 3.1.1. Let an interval [ky,ky| in the continuous spectrum of problem (2.1.9)
be free from thresholds. Then for all k € [ky,kz| and R > Ry, Rg being a sufficiently
large number, there exists a unique minimizer a°(R, k) = (a%(R,k), ..., a3 (R, k)) of the
functional JR(-,k) in (3.1.2). The inequalities

|aY(R, k) = Syj(k)| < Ce™®K, j=1,...,Y, (3.1.7)
hold with the same 6 as in (2.4.1) and a constant C independent of k and R.

3.2 Solvability of auxiliary problem in GX

The boundary dGR of GR contains the edges oT%R. We set TR = uqllar%R and

denote by r a smooth positive function on GR\ ark coinciding, near aT'R, with
the distance dist (x,9T'R). Let Vé(GR), I = 0,1, be the closure of C¥(GR \ aI'R) in
the norm

1/2

||ut; Vé(GR)” - < Z /GR r(x)z(ﬁ—1+|a)|Df§u(x)zdx>

la| <1
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amd let Vﬁl/ 2(rR) and Vﬁl/ 2(dGR \ TR) be the space of traces of the functions in

Vé(GR) on I'* and 9GR \ TR respectively.

Theorem 3.2.1. For a sufficiently smalle > 0, p € (1/2 —¢,1/2 +¢), and any
{F,G, M1} € VJ(GR) x V2 (@GR \TR) x v /2(TR),

there exists a unique solution U & Vﬁl (GR) to problem (3.1.3).

To prove Theorem 3.2.1, we make use of a scheme in the theory of elliptic
boundary value problems in domains with piecewise smooth boundary (e.g. see
[25], Chapter 8, and references therein).

Let K = {(xl,xz) P X1, Xy > O}, 0= (0,0), and 8]K] = {(Xl,XZ) € JdK : xj >
0}, wherej=1,2. Inthe wedge D = K x R withedge M = O x R, we consider
the problem

A%(Dy, Do, D3)U(x) = F(x), x€D=KxR,
Bil(x) = G(x), x€aD; =0dK; xR, (3.2.1)
(Bz + le)Z/{(x) = H(X), x € dD,; = dK, x RR;

here A°(D) = A(D;0) denotes the principal part of the differential operator
A(D; k), while B; = B(x)|(x € dD;) and Q; = Q(x)[(x € dD;) are boundary
operators with constant coefficients
B = (—ul,ul, —u3,a%), QU = —i(u?,u3,a%,uld),
Bod = (—ud,ul, —u3,a%), Qd = —i(u3, u3,at,ui). (3.2.2)
Problem (3.2.1) reduces to the problem
A (Dy, w)U(n,§) = F(1,8), 1 €K,

(B2 +iQ)U(n,¢) = H(y,6), 1 €Ky,

in the angle K by means of the Fourier transform . = .#,, .+ and the change of
variables

n = (n,12) = |¢[(x1,x2), Dy = (Dy;,Dy,), w=75/|¢], (3.2.4)
U(n,&) = (FU)(n/18,8), F,8) =15~ (ZFF)(n/lEl, ), (3.2.5)
H(n,¢) = (FH)(n/1¢l,6),  G(n,8) = (FG)(n/151,6). (3.2.6)

According to Theorem 8.3.1 in [25], the operator of problem (3.1.3)
Ly = {A(D;k), B, B +iQ} : V5(GR) = VJ(GR) x V; /(@GR \TR) x v;/2(T%)
(3.2.7)
is Fredholm if and only if the operator of problem (3.2.3)

Ly(w) = {A%(Dy, w), B1, By +iQs} : ER(K) — EF(K) x Ej/?(9K1) x Ei/*(9K,)
(3.2.8)



53

implements an isomorphism for w = +1. Here E lﬂ (K), 1> 0, is the completion of

the set C°(K \ O) in the norm

I ER )2 = Y [ 9P+ n2 5 0) D Dty o) P
ki 4k <1
(3.2.9)

and E}/ 2 (0K;) is the space of traces on JKK; of the functions in Eé(]K)

Let us find the values of B for which operator (3.2.8) implements an isomor-
phism. We introduce polar coordinates (7, ¢) in K, r € (0, +o0), ¢ € (0,71/2), and
define, on the space C![0, 7z, 2], the operator pencil £(A) = {€(Dy, A), By, B, +
iQs}, where

€(Dy, M)®(¢) = r' A A%(Dy, Dy, 0) (1" ®(g)), (3.2.10)
Bjand Q; are given by (3.2.2), and
0 0 0 0 0 0 cos@p —sing
0 0 0 0 0 0 sing cos @
0 0 0 0 —cosg —sing 0 0
. 0 0 0 0 sing —cosqp O 0
€Dy, A) = 0 0 —cosg sing 0 0 0 0
0 0 —sing —cosg 0 0 0 0
cos@ sing 0 0 0 0 0 0
—sing cos ¢ 0 0 0 0 0 0
idp A0 0 0O 0 0 O
-Aidp 0 O O O O O
0 0 iy =A 0 0 0 0
0 0 A didp 0 O 0 O
“f'o o 0o 0 i A 0 0 (3:211)
0 0 0 0 —-Aip 0 O
0 0 0 0 0 0 iy —A
0 0 0 0 0 0 A idy

A number A € C is called an eigenvalue of the pencil £, if there exists a nonzero
function ® € C!(0, 7r/2], satisfying
€(Dy, A)@(¢) =0, ¢ € (0,71/2), (3.2.12)
Bi®(0) =0, (By+iQy)®(rr/2) =0. (3.2.13)
Proposition 3.2.2. There exist constant B, and B* such that . < 1/2 < B* and the
strip {A € C: Bx <ImA < B*} is free of the eigenvalues of the pencil £.

Proof. We first show that the line ImA = 1/2 contains no eigenvalues of £. We
will use the Green formula

0 = (&(Dg, 1)@, ¥)(0,/2)+(B19(0), 1%(0)) + (B2 ®P(71/2), Q¥ (71/2)) -

—(CI), ¢* (D(p, /_\)T)(O,T[/Z) — <Q1q)(0), B1T(O)> — <Q2q3(77.'/2), Bz‘f(ﬂ'/2)>,
(3.2.14)
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where

¢ (Dy, )@ () = PN A% Dy, Dy, 0) (71 D(9)) = €(Dy, A +1)().
(3.2.15)

Let us assume, that there is an eigenvalue A of the pencil £ with ImA = 1/2 and
let ® be a corresponding eigenvector. Then A +i = A and, in view of (3.2.15) and
(3.2.12),

¢*(Dy, M)@(9) = €(Dy, A +1)®(¢) = €(Dy, M) D(¢p) = 0. (3.2.16)
According to (3.2.12), (3.2.13) and (3.2.16), equality (3.2.14) for ¥ = & reduces to
0= (By®(1t/2), Qo®(1t/2)) — (Qo®(71/2), By ®P(7t/2)).

From this, taking into account the second condition of (3.2.13), we obtain
0= (Q®(71/2), Qo®(71/2)) = (Ba®P(71/2), By P(71/2)). (3.2.17)
Together with (3.2.2), these equalities mean that
®(7/2) = 0. (3.2.18)

Equation (3.2.12) consists of the four independent ordinary differential equation
systems

Dy(9) = (~1)id D 1(g), @Y 4(p) = (-1 A Dy(p), (3.2.19)

where j = 1,2,3,4 and &y is the k-th component of ®. From (3.2.18) and (3.2.19)
it follows that

@(¢) = (~1)ir®y;_1(9) = A2 Dyi(9), ¢ € (0,7/2), (3.2.20)
®h(11/2) = (—=1)iA Dyj_1(1/2) = 0. (3.2.21)

In a similar way, we obtain

D (¢) — A*Di(9) =0, ¢ (0,71/2), (3.2.22)
P(/2) =0, @|(m/2) = 0. (3.2.23)

for k = 1,...,8. The general solution to the equation (3.2.22) is of the form
Py (¢) = coch(Ag) + c1sh(Ag). In view of conditions, (3.2.23) the constants ¢
and c; are equal to zero.

Thus, the vector function @ is identically 0 and the line Im A = 1/2 contains
no eigenvalues of the pencil £. From the ellipticity of problem (3.1.3) it follows
that for any N > 0 in the strip {A € C : [ImA| < N}, there are at most finitely
many eigenvalues of the pencil £. Let A, and A* be the eigenvalues nearest to
the line ImA = 1/2 satisfying ImA, < 1/2 < ImA*; we set f, = ImA, and
B* =ImA*. O
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Proposition 3.2.3. The operator (3.2.8) implements an isomorphism for w = £1 and
all B, such that |p—1/2| < e = min(f* —1/2,1/2 — B.).

Proof. Here we only consider the case w = +1. The case w = —1 can be handled
in a similar fashion as the case w = +1. By Proposition 3.2.2 and Theorem 8.2.3
[25], the operator Lg(w) is Fredholm for B € (B, B*). It remains to verify, that
the kernel and cokernel of Lg(w) are trivial. We begin with proving the triviality
of the kernel and will assume that § = 1/2. The known inequality (see Section
4.3 from Nazarov et al. [25])

7 = [1F =120 (n); Lo (OK)|| < ¢ |[fo; V32 (@K)| (3.2.24)
provides the continuity of the embedding
E{/3(9K) C V//7(9K) C Ly(9K). (3.2.25)

Here Vé(lK) stands for the space, which is defined like Vé(GR) with the change
of GR, x, and r(x) for K, i, and |1;|, respectively. Vg/ 2(9K) is the space of traces

on JK of the functions in Vg (K). The maps

AY(Dy, w) :Ef ), (K) = EY ,,(K) = V{5 (K),
Ei/p(K) C E% (K) = VO, ,(K), (3.2.26)
Bj, Q; :Eq ), (K) — E}jg(alKj) C L»(0K;)

are continuous due to the continuity of operator (3.2.8) and embedding (3.2.25).
Therefore, the Green formula

(A°(Dy, w)U, V)k + (BiU, Q1V)ak, + (BoU, Q2V ok, =
= (U, A°(Dy, w)V)k + (Q1U, B1V )oK, + (U, B2V )k, (3.2.27)

makes sense for U and V in Ef ,, (IK).

Now we assume, that V.= U € ker £y ,5(w), where Lq/,(w) is operator
(3.2.8) for B = 1/2. Since U belongs to € Ej ,(K) and satisfies homogeneous
problem (3.2.3), from (3.2.27) it follows, that

0 = (BU, QoU)ak, — (Q2U, BoU gk, = —2i(Q2U, QU )k, = 2i(BU, BoU )i,
(3.2.28)

Hence Q,U = B,U = 0 on dKj; taking into account (3.2.2), we obtain
U(n) =0, nedK,. (3.2.29)

Being subject to the condition (3.2.29), a solution U to homogeneous prob-
lem (3.2.3) is trivial. To show this, we will verify that the components of such
a vector U satisfy the homogeneous Helmholtz equation in K and the homoge-
neous Dirichlet and Neumann conditions on dK5. Then, according to the unique
continuation theorem (e.g., see [6]), the function U is identically 0 on K.
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We first note, that the function U is smooth on K \ {O} because U is a solu-
tion to homogeneous elliptic problem (3.2.3). Applying A°(Dy, w) to the equality

A%(Dy, w)U(y) =0, 7 € K, (3.2.30)
we obtain
—(A,—1)U(y) =0, 7 € K. (3.2.31)

Here Ay, = 8% + 93, dj = d/dyj,and j = 1,2. LetV = AO(DW,w)W, where
W = (W, ..., Wg) is an arbitrary vector-valued function in C°(IK U dK3). Then
the Green formula (3.2.27) and (3.2.29) implies, that

(A°(Dy, w)U, A°(Dy, w)W)k = (U, A°(Dy, w) A’ (Dy, )W)k = (3.2.32)
=—(U, (A —1)W)k. (3.2.33)

From (3.2.30), (3.2.31), and (3.2.32), we get
—((A—1DUW)k =0=—(U, (A —1)W)k. (3.2.34)

Now we set W; = 0 for j = 2,...,8in (3.2.34). In view of the Green formula
for the Laplacian, the obtained equality (AU;, W)k = (Ui, AxWi)Kk takes the
form of (9, U, W1)ak = (Uz, 9, W1)aK- This and (3.2.29) lead to (9, U7, Wy )k = 0.
Since Wj is an arbitrary function in C° (K U 0K3), we have

AU (x) =0, x € 9Ko. (3.2.35)

Thus, U; satisfies homogeneous elliptic equation (3.2.31) and Cauchy data (3.2.29)
and (3.2.35). Therefore, by the unique continuation theorem, U; = 0 in K. The
relations U; = 0in K for j = 2,..., 8 can be verified like that for j = 1. Hence the
kernel of operator (3.2.8) is trivial for f = 1/2. Since the strip {A : . < ImA <
B*} is free of the spectrum of the pencil £, the kernel of operator (3.2.8) is trivial
forall B € (B, B¥).

Cokernel of the operator Lg(w) coincides with the kernel of the adjoint op-
erator

L(w)* : ER(K)* x Ey/*(@0Kq)" x Eg/?(9K,)" — Ef(K)". (3.2.36)

Arguing in the same way as in the proof of Proposition 4.3.8 [25] and using Propo-
sition 8.2.6 [25], we obtain

{u,0,w} € E{_4(K) x E}/3(3K1) x E}/%(9K») (3.2.37)

for any element {u, v, w} in the kernel of operator (3.2.36). The function u satisfies

the homogeneous problem (3.2.3) with B, +iQ; changed for B, — i Q> in the third
equation,

v(x) = Qu(x), x € 0Ky, and w(x)= Quu(x), x € JKy. (3.2.38)

As in the first part of the proof, with § and B, +iQ; replaced by 1 — g and B, —
iQy respectively, we find v = 0. Thus, the kernel and cokernel of operator (3.2.8)
are trivial for g € (B, f*) N (1 —p*, 1 —B.). O
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Let us return to problem (3.1.3) in the domain GR. In view of Proposition
3.2.3, operator (3.2.7) is Fredholm (see Theorem 8.3.1 [25]). When proving the
triviality of its kernel and cokernel, we will use the following lemma.

Lemma 3.2.4. Let § < 1/2. Then:
1. The Green formula

(A(D,k)U,V)cr + (BU, QV)aGR\rR — (U, A(D,k)V)cr — (QU, BV)aGR\FR =
= —(BU, QV)rr + (QU, BY)rr (3.2.39)

holds for any U and V in Vﬁl(GR).

2. If Uy belongs to Vé(GR) and satisfies (3.1.3) for F = 0and G = 0, then
ledo; Lo (T €%) |2 = [ Btdo; La(T™; €*) |12 + || QUho; La(TR; CH)J? =
= ||(B+iQ)Up; Lo(T®; C*) |12 (3.2.40)
3. If Uy belongs to Vﬁl(GR) and satisfies (3.1.3) for H = 0, then
[1BUo; Lo (T3 €[ = || QUo; La(T; €4 |* = [[tho; Lo (T €% [[2/2. - (3:241)

Proof. For B < <y the space Vﬁ1 (GR) is continuously embedded into V (GR), there-
fore, it suffices to verify the lemma for § = 1/2. We first prove the continuity of
the embedding

V2(9GR) C L,(aGR). (3.242)

In view of (3.2.24), for v € C®(dD \ M) and u € C®(ID \ M), such that u|;p = v,
the inequality

lo(:, x3); La(QK) |? < [[o(-, x3); Vi/F QK)|? < A lu(, x3); Vi (K)|? =

= cz/dxldxz{]x%+x%|_1/2|u(x1,x2,x3)|2 + |x2 + 13|12 Y. Dju(xl,xz,x3)|2}

K j=12
< CZ/dxldxz{ X3+ 37V 2|u(xy, x0, x3) 2 + |23 + 2312 |Dju(x1, x2, x3)|2}
i =123

(3.2.43)

holds with constant ¢ independent of x3 and u. Integrating over x3 € R, we have
o3 La(@D) 2 < lju; Vi, (D) . (3.2.44)
We extend, by continuity, this inequality to all u € V! /,(ID) and obtain
[o; L2 (@D)||* < ¢||v; V{/7 (9D) |12 (3.2.45)

because the norm on the right is equal to inf||u; Vll/z(]D) || for u : ulyp = v. Using
a partition of unity, we arrive at (3.2.42).
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The continuity of operator (3.2.7) and embedding (3.2.42) imply that of the
maps

A(D,k) :V{ 5(GR) = v, (GY),
Vin(GR) c V0, ,,(GY), (3.2.46)
B,Q:V},,(GR) — Ly(dGR),
which allows to extend the Green formula

(A(D, k)Z/l, V)GR + (BZ/{, QV)BGR - (Z/{,A(D, k)V>GR - (QZ/{, BV)E)GR - 0

(3.2.47)
to the functions ¢/ and V in V] , (GR).
Let us prove item 2. According to the identity
(B+iQ)U, (B +iQ)V)x =(BU, BV)rx + (QU, QV)pr—

the right-hand-side of (3.2.39) can be written in the form
—i{((B+iQ)U,(B+iQ)V)rr — (BU,BV)rr — (QU, QV)rr}. (3.2.49)
The left-hand-side of (3.2.39) vanishes for V = U = Uy and
1(B +iQ)Uo; Lo (T)[|* — || Budo; Lo (T[> — || QUlo; Lo (TF)[|* = 0. (3.2.50)
It remains to take account of the equality
[tho; Lo (T; C%)||* = || BUlo; Lo (T CH) 1> + || Quo; Lo (TR; €417, (3.2.51)

which follows from (2.1.11).
Item 3 immediately follows from the third equation in (3.1.3) and (3.2.51).
O

Now we are ready to complete the proof of Theorem 3.2.1. We use the same
scheme as in the proof of Proposition 3.2.3 and outline some basic steps. By
Theorem 8.3.1 [25], the operator (3.2.7) is Fredholm. Let us show that the ker-
nel and cokernel of this operator are trivial. We first assume that § = 1/2 and
U e V11/2(GR) is a solution to homogeneous problem (3.1.3). From item 2 of
Lemma 3.2.4, it follows that

U(x)=0, xeTX (3.2.52)
The function U is smooth on GR \ aI'R. Applying .A(D, —k) to the equality
A(D,k)U(x) =0, xeGK (3.2.53)
we obtain

—(A+K)U(x) =0, xec G (3.2.54)
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Let us verify that the components U{;, j = 1,...,8, of U satisfy the homogeneous
Neumann condition on TR. By virtue of (3.2.53), (3.2.54), and (3.2.39),

(AU, V)GR - (U, AV)GR (3255)

for an arbitrary V = (Vy,...,Vs) € C2(GRUTR). Weset V; = 0forj=2,...,8;
then (3.2.55) and (3.2.52) lead to

o Ui (x) =0, xeTIk (3.2.56)

By the unique continuation theorem, ¢/; = 0 in GR. The equalities Ui =0in GR
for j = 2,...,8 are obtained like that for ¢/;. Thus, the kernel of operator (3.2.7)
is trivial for = 1/2. According to the Theorem 8.3.2 [25], the kernel of operator
(3.2.7)is trivial for all B € (1/2 —¢,1/2 + ¢). The triviality of the cokernel follows
from Theorem 8.3.3 [25] in a similar way.

3.3 Justification of the method

To complete the proof of Theorem 3.1.1, it remains to verify that the matrix ER
in (3.1.5) is non-singular and to establish estimate (3.1.7). All inequalities of this
Section are uniform with respect to k € [ky, ky]. Furthermore, we consider func-
tions belonging to the space L, (I'R; C?), the values of operators B and Q on such
functions are in the space Ly (T'R;C*). To simplify formulae as a rule we do not
indicate the spaces in notations of inner products and norms. We set

@i(x,a) = uj (x) + Za] (), (3.3.1)

where a = (ay,...,ay) is an arbitrary vector in C¥ and x € GR. From item 3 of
Lemma 3.2.4, the functional (3.1.2) takes the form of

Ji(a) = 1/2]| X} (;a) — g1, a); Lo (T%; C°) |2 (33.2)
and the entries of the matrices EX and FR can be written as
Ef =1/2((Zig —u; ), (Zig—u;)), (3.3.3)
Ef =1/2((Zf —uf), (Zjg —u;), (3.3.4)
where (-, -) denotes the inner product in L, (T'R; C8).
Lemma 3.3.1. Let u ,j=1,...,Y, be incoming and outgoing waves subject to
qu(u]- Juf) =0, qu(u;—L,uli) =Foy, jl=1,...Y. (3.3.5)

Then for large Rand j,1 =1,...,Y
(u,uf) = (B+iQ)uf", (B+iQ)ui") = ¥y, (3.3.6)

(ui, uf) = (B +iQ)u;", (B +iQ)u) =0. (33.7)
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Proof. We rearrange the right-hand-side of Green formula (3.2.39) like in the proof
of Lemma 3.2.4. For U,V € W(k), the left-hand-side of (3.2.39) coincides with
definition (2.3.5) of the form g5 (-, -). We have

igg(U,V) = U, V) - ((B+iQ)U,(B+iQ)V). (3.3.8)
It remains to take into account (3.3.5). |

Proposition 3.3.2. The matrix ER with entries (3.3.3) is non-singular for all R > Ry,
where Ry is a sufficiently large number.

Proof. Assume to the contrary, that for any Ry there exist a number R > Ry and a
vector ¢ = (cy,...,cy), such that |c| = 1 and ERc = 0. Then, in view of (3.3.3), the
functions U = Y c]-uj_ and V = Y c]-Z]._R satisfy

U=YVonTk (3.3.9)
From item 2 of Lemma 3.2.4, it follows that
IVI2=|I(B+iQ)V|?=0. (33.10)
Taking into account (3.3.9) and Lemma 3.3.1, we obtain

0= [U|* = [I(B+iQu|* =} el =1, (3.3.11)
]

which is a contradiction, g.e.d. L]

Embedding theorems and the definition (2.3.17) of the space Hé(G) implies
the following Lemma.

Lemma 3.3.3. For every function U € H};(G) the inequality
[t4; La(TR)|| < CePR|jt; HE(G) ),
holds, where the constant C is independent of R, B and U.

Proof. The described result is local, so we firstly prove an analogous inequality
in a cylinder domain and then, using a partition of unity, we turn to the domain
with cylindrical ends. Let T17 = Q7 x R = {(y,t) : y € Q1,t € R}, and TR =
{(y,t) : y € Q1, t = R}. Then by an embedding theorem, for every u € H!(I19)
the inequality

[u; Lo (TR)|| < Cllu; HH(T19) | (3.3.12)

holds with the constant C = C(Q)7), independent of R and u. Substituting the
function u(y, t) = exp(Bt)v(y, t) into the inequality, we obtain

ePR[0; Ly(T7R) || < Cllo; HE(T17)]], (33.13)
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for every v € Hg;(Hq), where Hé(l_[q ) is a closure of the lineal C(I17) by the
norm

lo; Hy(TT) | = [[(y, ) = exp(Bt)o(y, t); H' (I17)]].
Let T be a sufficiently large number and x; : G — [0, 1] be a smooth cutting
function supported in G N 11"7, such that Xq(x) = 1forx € GN H‘iTH, where

HiT ={(y,t1) €Il : 47> T} ForU € HE(G), we introduce a function ; in
117

Uy(x) = xg(U ), x e T, Uy(x) =0, x € TI9\ TIV".

The function U, belongs to the space Hé(H‘f) and [|Uy; Hﬁl,)(H‘?) | = llxqu; Hé(G) Il
Using inequality (3.3.13) for iy and R > T + 1, we have

lo4; Lo(T¥5)|| < C(Q7)e PR | xqld; H (G-
Summing up the inequalities over g = 1,..., 7, we come to
[td; La(TR)|| < CePR|jt; HE(G) ], (33.14)
where C = max C(Q)1). O

Proposition 3.3.4. Let i°(R) = (a)(R),...,a%(R)) be a minimizer of the functional
JR(a) in (3.1.2). Then

JR (@ (R)) = O(e ) as R — oo, (33.15)

where & is the number in (2.4.1). For all R > Rg the componenents of a°(R) are uni-
formly bounded,

|a)(R)| < const <o, j=1,...,Y. (3.3.16)

Proof. We set
N(R) := [|[Y;" = ¢;(S1); Lo(T®; C%) |, (3.3.17)

where ¢;(S;) is the function x — ¢;(x,S;) in (3.3.1) fora = S; = (Sp,---,Siy),
and Sj; are the entries of the scattering matrix S of problem (2.1.9). According to
Lemma 3.3.3 the equation (2.4.1) implies N(R) < Ce™ %R, where the constant C is
independent of R. Let X[*(S;) be a solution to problem (3.1.3) with right-hand-
side (3.1.4) for a = S;. We have

1B +iQ)(X[(81) = Y)I* = [I(B +iQ)(@1(S1) = Y")||* < const N(R)*.

Here const stands for an universal constant. From item 2 of Lemma 3.2.4, we
obtain

IXF(S1) = Y/ II? = 1B +iQ) (X (81) = Y)|I* < constN(R)?.
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From the previous estimate, (3.3.17), and (3.3.2), we get
JE(S1) = 172/IX7(S1) = @i(S1)II” < constN(R)™.
Tlcg obtain (3.3.15), it remains to take into account the inequality JX(a°(R)) <
I (S1)-

To justify an uniform boundedness of the minimizer a’(R) we show that the
value ||a’(R)| — 1| decays at exponential rate as R — co. By virtue Lemma 3.3.1

a2 —1 = Z |72 = 1= llgu(a®)[I* = (B +iQ) g (a”) |- (3.3.18)

Let us figure the right-hand-side of (3.3.18) in the form of

(lgr@)ll = 1B +iQ)@i @) (@)l + (B+iQg(a)])  (3319)
Taking into account the definition of XIR (a%) and item 2 of Lemma 3.2.4, we have
1B +1Q)¢i(a%)|* = [I(B+iQ)X[ (a)|* = | X} (a%) | (3.3.20)
Making use of (3.3.20) and (3.3.2), we estimate the first factor of (3.3.19)
(@)~ 18 +iQ)qu(@) || = [llgr(@)]] — 1XF (@) ]| <
< i) = XF (@) = 2] (a%)) 12,
Let us majorize the second factor of (3.3.19) by const||¢;(a°)||. Furthermore,
lpr(a®)Il = lluy” + Y ajuy || < const(max [|us[|) (1 + |a°]). (3.3.21)
Taking into account the estimate for | lR(aO), we obtain
'\aO(R)| - 1’ < constN{N(R),

where the constant IN; = max ||u]i || = max(k/ /\j)l/ 2 is independent of R and ¢
and N(R) < C(d)e R, O

Proof. (of Theorem 3.1.1). Let ¢;(a’) and ¢;(S;) be defined as before by equali-
ties (3.3.1), and XK (a°) and XR(S)) be the corresponding solutions to the problem
(3.1.3). We will use the same arguments as in the proof of the previous proposi-
tion. From Lemma 3.3.1, we have

" — > = Z |aY(R) = Sijf* = [l (a°) = @r(SDII* = [1(B +iQ) (91 (a”) — 91 (S1)) 1%,
(33.22)

and from Lemma 3.2.4, we obtain

1B +iQ)(¢1(a") — gr(SD)II? = IXF () — X[ (51)|% (3.3.23)
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The right-hand-side of (3.3.22) we figure as

(llgr(a®) = @i (SDIl = (B +iQ)(g1(a”) = @r(s)]])
% (Illgn(a®) = @i(SDIl + (B +iQ) (91(a”) = @u(SI) -

The first factor is majorized by

1(g1(a®) — XF(a%) = (@1(S1) = XF(S))II < IR (a®)/* + (2] (S))V/* <
< constIN(R),

and the second factor by const||¢;(a’) — ¢;(S;)||, while
l91(a®) = @1(Sp)| < constNy[a® — .
Then
|a° — §)|? < constN{IN(R)|a® — S, (3.3.24)

where the constant IN; = max(k/ Aj)l/ 2 is independent of R and 6 and N(R) <
C(8)e°R, O



4 THE MAXWELL SYSTEM IN A WAVEGUIDE

Here we derive corollaries for the (non-augmented) Maxwell system from the
results of Chapter 2 on the elliptic system. We describe the continuous spec-
trum eigenfunctions; define the scattering matrix and establish that it is unitary
(Section 4.3); state the problem with intrinsic radiation conditions and prove its
well-posedness (Section 4.4). Sections 4.1 and 4.2 are devoted to preparations for
going from the elliptic system to the Maxwell system. The problems for the aug-
mented and non-augmented Maxwell systems are considered for k = 0 (statics)
in Section 4.5.

4.1 Onradiation properties of the elliptic problem with right-hand-
side subject to compatibility conditions

We introduce notations more detailed than those in 2.3-2.5. First assume that the
domain G has only one outlet to infinity. We fix a real k # 0 and let Ay be a real
eigenvalue of the pencil (-, k) such that k> — A3 # 0.

Consider the case kAg > 0. The vectors A%, ¥¢ (7 = 1,...]x(Ag)) and B,
T (t=1,...,]p(Ao)) given by (2.2.76) and (2.2.77) define a basis for the kernel
kerA(Ag, k). These vectors satisfy (2.2.79) and (2.2.80). We denote by Ej_ the

waves, each being determined by one of the vectors & or ¥, i=1,...,]p(Ao) +
Ja(Ao) (see the definition of waves before (2.3.19)); the waves Ej_ are enumerated

in arbitrary order. Similarly, let 17 be the waves corresponding to vectors of the

form A% or BT.

For every eigenvalue A, of the pencil (-, k), such that kA; > 0, we construct
similar collections {E]_ } and {F]_ }, numbering each collection (individually) with
one index. Thus we have composed the sets

{(E7Y_, {T7Y_, where J=Y(Jp(Ag) +In(Ag), (4.1.1)
q

where the summation is taken over all real eigenvalues of the pencil 2(-, k), sub-
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ject to kA; > 0 and k? — /\3 # 0.

The waves E;~ correspond to the eigenvectors of 2(-, k) in the domain of the
pencil M (-, k), whereas the waves [ are generated by the eigenvectors that do
not belong to the domain of M (-, k); all of these waves, E; and Fj_, are outgoing.

When composing the collections (4.1.1), we did not take into account the
wave related to the eigenvalue A = k of the pencil (-, k) (see Remark 2.2.9). The
eigenvector A does not belong to the domain of M1(+, k), so we include the wave
in the collection {17 }, which now has one element more than {E; }.

Recall, that the real spectrum of the pencil (-, k) is symmetric about the
coordinate origin. If the wave E;is generated by an eigenvector of the form @ (¥)
corresponding to an eigenvalue A, then E;” will stand for the wave generated by
the vector ® (¥), corresponding to the eigenvalue —Aq. According to the same
rule, we define the waves in {E;“} and {I’f} ; all of these waves, E;r and F;r, are
incoming.

If k is a thershold, then A = 0 turns out to be an eigenvalue of the pencil
2(-, k). To define the waves corresponding to that eigenvalue, we make use of
the solutions (2.3.11) of the homogeneous problem in the cylinder Il. If such
a solution is generated by a Jordan chain in the domain of the Maxwell pencil
M (-, k), then we include the related incoming (outgoing) wave in the collection
E™ (E7). If the chain is not Maxwell, we send the wave to I'™ (I'").

Let us finally turn to the domain G that has a total N outlets to infinity and
assume that a (fixed) k coincides with none of the threshold values of the pencils
AL (-, k),...,AN(-, k). We combine the collections of waves defined for all outlets
into the four collections

EY = {E Y, TH={I 1, (4.1.2)
numbering each collection (individually) by one index and keeping the above
correspondence between E and E; as well as between I'; and F]T. Taken to-
gether, the collections (4.1.2 ) form a basis in the wave space )V satisfying

qu(E]*,E],*) = -1, iqc(E; ,E;) =1forj=1,...,v, (4.1.3)
iqe(If, ) = =1, ige(T;,I7) =1forj=1,...,0+N, (4.1.4)
q96(P,R) = 0; (4.1.5)

in (4.1.5), the symbols P, R each can take any of the values E].i, F]i to form a pair
distinct from those in (4.1.3) and (4.1.4).

Let us consider the system (2.1.7) with homogeneous boundary conditions
(2.1.8), where gl, g2, and g3 are equal to zero. If the right-hand-side (f L, f2, h?)
of (2.1.7) is in Hé_l(G) for I > 2, then the compatibility conditions (2.1.3)-(2.1.5)
are immediately understandable. We explain how to interpret these conditions in
the case I = 1. Introduce the space

Hj(div,G) = {f € H)(G) : div f € H)(G)}
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of functions G 3 x — f(x) € C> with the norm
If; Hs(div, G)|| = (IIf; HY(G)I* + lldiv £; HY(G)|[*)'/2.

We denote by W; o(div, G) the closed subspace in H;(div, G) whose elements
satisfy
(f, V§)e = (div f, ¢)c (4.1.6)
forall y € C®(G). With f € H.!(G) for | > 2, the relation (4.1.6) is equivalent
to
(f(x),v(x)) =0 for xe€G; (4.1.7)

for I = 1, the equality (4.1.7) has to be replaced by (4.1.6). Thus for [ = 1 the
compatibility conditions mean, that

f € Hs(div,G), f* € W;o(div,G), h',h* € HY(G), (4.1.8)

div f1(x) —ikh?(x) =0, div f?(x) —ikh'(x) =0, x€G.
Proposition 4.1.1. Assume that k is a real number, distinct from zero, and a vector
F = (f, 1, f2,h?) in Hfs_l(G), which satisfies the compatibility conditions (2.1.3)-
(2.1.5) for I > 2 or (4.1.8) for | = 1. Let also d = (u',a',u?, a?) be a solution to

LU = {F,0} satisfying the intrinsic radiation conditions (2.5.1). Then the component
a' is a solution to the boundary value problem

(A+K)a'(x) =0, x€G, da'(x)=0, x€aG, (4.1.9)

being subject to the intrinsic radiation conditions defined for the problem (4.1.9), whereas
a? is a solution to the problem

(A+K)a*(x) =0, x€G, a*(x)=0, x€aG, (4.1.10)

that is subject to the intrinsic radiation conditions defined for the problem (4.1.10). There-
fore, a' (a?) is distinct from zero if and only if it turns out to be an eigenfunction of the
problem (4.1.9) (problem (4.1.10)).

Proof. We first show that a? is a solution to problem (4.1.10). The components of
U satisfy

irot u?(x) +iVa*(x) — ku!(x) f(x),
—idivu®(x) — ka'(x) h(x), (4.1.11)
—irotul(x) —iVa'(x) —ku®(x) = f*(x),
idivul (x) — ka®(x) h2(x)
with boundary conditions
v(x) x ut(x) =0, (u?(x),v(x)) =0, a*(x) =0, x € 9G. (4.1.12)

Multiply the first equation in (4.1.11) by V{ and the forth equation by ik, where
¢ € CZ(G). Now we have

i(rotu?, V) +i(Va?, V{)c — k(u', V) (Vs
—k(divul,0)G —ik*(a*, )¢ = ik(h*,Q)c.
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Let us integrate by part all terms in the first line and add the result to the second
line:
—i(Ad® +K2a%, Q)¢ = (—div f1 +ikh?, ).

Since the right-hand-side vanishes due to the compatibility conditions, we obtain
the problem (4.1.10) for a2.

We shall take up the component a'. Let 7 € C®(G) with 9,%|0G = 0. Let us
multiply the third equation in (4.1.11) by V# and the second equation by iky. We
have

—i(rotul, Vip)g —i(Val,Vn)c —k(u?, V) = (f2,Vn)e,
k(divu?®,n)c —ik*(at,n)c = ik(h',n)c.  (4.1.13)

Taking into account the boundary conditions (4.1.12) and the corresponding
compatibility condition, we integrate by parts all terms in the first line, then

i(a', An)g + k(divu?, ) = —(div £, 17)c.
Now we subtract this equality from the second equation of (4.1.13) and obtain
—(a', Ay + K26 = (div 2 +ikh!, ).
According to the compatibility condition, it follows that

(al, Ay + K1) =0 (4.1.14)

for all 7 € C°(G) such that
dn(x) =0 for xe€G. (4.1.15)

The equality (4.1.14) remains valid for all 7 € H3(G), subject to the condition
(4.1.15). We introduce the operator

AN (8) s = Dy + Ky, Ap(6) : D(An(6)) = HJ(G)
with domain
D(An(8)) = {n € H3(G): 9,y =0 on dG}.

The equalities (4.1.14) and (4.1.15) mean that a' € cokerA,s(d). It follows (e.g.
see [21] (Ch.2, 5.2, 5.3) and [25], (Theorem 5.1.4)), that a' belongs to H_ 5(G) with
any/ =1,2,... and satisfies (4.1.9).

Let us consider the radiation conditions for a' and 2. Given the new nota-
tion, (2.5.1) takes the form of

v v+N ]
U— Z cie; — Z div; € Hy(G). (4.1.16)
j=1 j=1
Here e]f and 'y; are representatives of the waves E; and 1"]7, whereas ¢j and d]-

are constant coefficients. Specifically,

11,2 2 11,1 1.2 .2 2 2
U= (u,a,u,a”) = (uy,uy uz,a ,uj, us, uz,a°).
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We first consider the nonthreshold case. Each function ej is generated by one
of the vectors ¥¢ in (2.2.76) or ®7 in (2.2.77) (see the definition of waves before
(2.3.19)). The forth and eighth components of such functions are equal to zero, so
the functions e contribute neither in the asymptotics of a' nor in that of a2. It
is also clear that the asymptotics of a' is independent of v generated by vectors
of the form BT in (2.2.77), whereas the asymptotics of a? is independent of Vi
generated by vectors of the form A¢ in (2.2.76). Therefore, from (4.1.16) it follows
that

at — ;dﬂ;4 € HY(G), o — ;d]"y;g € HY(G), (4.1.17)

where the sums ) 4 and ) p contain all the v corresponding to vectors of the
form A¢ and BY, while Vim stands for the m-th component of the vector function

Y-
J
We show that the relations (4.1.17) are the intrinsic radiation conditions for
the solutions a! and a? of problems (4.1.9) and (4.1.10). Let us consider the first of
relations (4.1.17) (containing a'). Each functions ')/;4 in the sum )_ 4 is generated

by a vector of the form A¢ with
(A (M) A%, A%) = sgn(kAg),

where A is an eigenvalue of the pencil 2, corresponding to A% (Proposition 2.2.7)
(it is not excluded that Ag = k, see Remark 2.2.9). Since (4.1.16) contains only
outgoing waves, the expressions iq('y]._, fy]_) for all terms in )4 are numbers of

the same sign. In problem (4.1.9), the function ;4 is a representative of incoming

or outgoing wave according to the sign of igar(7y iar Y 1), Where

‘1/\/(”/ U) = ((A + k2)ur v)G - (al/uf U)BG - (Ll, (A + kz)v)G + (Ll, avU)aG-

Let A — A xr(A) be the operator pencil corresponding to the problem (4.1.9) in the
same domain () where has been given the pencil 2. The pencil 2/ is defined by
the equality

Ay (ANu = (33 +095 — A2 +K)u

on the set of smooth functions in Q) satisfying d,u = 0. Since a¢ and A¢ are
connected by (2.2.76), we have

—k(Ayr(Ao)at,ab) = (A (Ag) A, AS). (4.1.18)
Considering (2.3.10), we derive from (4.1.18), that
—ikgn (Via via) = (v ))- (4.1.19)

Therefore all the expressions ig N('y]._4, 'yj_4) are numbers of the same sign. This
means, that the first of the relations (4.1.17) turns out to be an intrinsic radiation
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condition for the solution a! to problem (4.1.9). For the second relation (4.1.17),
the required relation can be proved in a similar way.

We now assume, that k coincides within a threshold. Let us consider for
instance the first of the relations (4.1.17) (containing a'). Each function v; in
the sum ), corresponds to a real eigenvalue of the pencil 2(-, k). If such an
eigenvalue A differs from zero, then one can again obtain (4.1.19) by repeating
word for word the argument given for the non-threshold case. If Aj = 0, then
'yj_ is a function of the form )(Agi, where ACi has been defined by (2.3.11) for the

Jordan chain {A%¢, AL¢},
(ix3 £ 1) A% (21, x5) + AV (x1,22)

Agt(x) = 7 .

As before, let A — 2\r(A) be the operator pencil of problem (4.1.9). Incoming
and outgoing waves vczc corresponding to problem (4.1.9) are of the form

4 (ix3 £ 1)a%% (x1, x3) + a4 (x1, x2)
a7 (x) == ,
V2
where {a%¢,a!¢} is the Jordan chain for the pencil 2 s connected with { A%¢, A1 ¢}
by (2.2.71). From Proposition 2.2.10, we get

(A AYT, A%C) =0,
(Q[/Al’r, AO,§> _ <2l/A0,T’ Al,C) _ k(aO,T/ DCO’§>,
(WAVT, AVEY = k[(a% T, 0V C) + (aV,a%%)), T,0=1,...]N. (4.1.20)

It follows that

—ikq (széi,)(zxgi) = iq(xAgi,XAgi). (4.1.21)
To verify this equality, it suffices to fulfil for the Helmholtz operator the calcula-
tions similar to the proof of Proposition 2.3.3 and to make use of (4.1.20). Thus
intrinsic radiation conditions (4.1.16) imply the intrinsic radiation conditions for
al in the sense of problem (4.1.9). [J

Corollary 4.1.2. Let the hypotheses of Proposition 4.1.1 be fulfilled. Then
U-y ce € HL(G), (4.1.22)
j=1

so the coefficients dj,j =1,...,7+ N, vanish in (4.1.16).

Proof. Since a! satisfies the homogeneous problem (4.1.9), we have either a' = 0
(if k% is not an eigenvalue of the problem) or a! € Hi-(G) (if a' is an eigenfunc-
tion). In both cases, all coefficients d; vanish from the sum }_, (see (4.1.17)). The
coefficients d; in the sum } 5 vanish for the same reason. Therefore (4.1.16) takes
the form (4.1.22). [

The representatives e of the waves E; are generated by eigenvectors of the

pencil M(+, k), so one can choose them to be "Maxwell" whose components e]._4
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and ¢ g vanish. However the inclusion (4.1.22) is still not completely satisfactory
for our purpose (the return to the Maxwell system), because the coefficients c;
are defined in the terms of the elliptic problem. Moreover, if k turns out to be
an eigenvalue of the elliptic problem, then, for the existence of a solution ¥/, the
right-hand-side must be orthogonal to the eigenvectors of the problem. Finally,
in this case the elliptic problem reminds of itself also by the fact that a solution ¢/
is determined up to adding its arbitrary eigenvector corresponding to the eigen-
value k.

4.2 Decomposing an eigenfunction of the elliptic problem into the
solenoidal and gradient terms

Proposition 4.2.1. Let U = (u!,al,u?,a®) be an eigenvector of problem (2.1.9) that
corresponds to an eigenvalue k # 0 and belongs to the space H(IS(G) withl = 1 (and,
consequently, withany | = 2,3,...). ThenU =V + W, where

V = ((i/k)Va?,al, —(i/k)Va',a?),
W = ((i/k)rotu?,0, —(i/k)rotu',0),

so at least one of the vectors V and W is nonzero. If V(W) is a nonzero vector, then it is
an eigenvector of the problem (2.1.9). The vectors V and W are orthogonal in Ly (G).

Proof. The vector U satisfies the homogeneous system in the domain G

irotu®(x) +iVa*(x) —kul(x) = 0,

—idivu?(x) —ka'(x) = 0, (4.2.1)
—irotul(x) —iVal(x) —ku*(x) = 0,
idivul (x) — ka?(x) 0
with boundary conditions
ul(x) =0, u2(x) =0, a®(x) =0, x € 9G. (4.2.2)

The representations U = V + W immediately follows from (4.2.1). As in the proof
of Proposition 4.1.1, we find out that a® satisfies the problem

(A+K)al(x) =0, x€G, dual(x)=0, x€aG. (4.2.3)

This time a' € H(ZS(G), so either a! is an eigenfunction of this problem or a' = 0.
In a similar way, we obtain that a? vanishes or turns out to be an eigenfunction of
the problem

(A+K)a*(x) =0, x€G, a*(x)=0, x¢caG. (4.2.4)

Let us show that V and W satisfy the boundary conditions (4.2.2). We have to
verify the equalities on dG for V

(Va?)r =0, (Va'),=0, a*=0, (4.2.5)
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and also the equalities for W on 0G
(rotu?); =0, (rotu'), =0. (4.2.6)

From a?(x) = 0 on G (see (4.2.2)), it follows, that (Va?); = 0. This, the condition
ul = 0, and the first equation of the system (4.2.1) imply that (rotu?); = 0. The
equalities 2 = 0 in (4.2.2), (Va'), = 0in (4.2.3), and the third equation in (4.2.1)
lead to (rotu'), = 0. Thus all conditions (4.2.5) and (4.2.6) are fulfilled.

We now show, that each of the vectors V and W is a solution to the system
(4.2.1). As before, denoting the operator of the system by .A(D), we have

AD)V = (0, —(1/k)Aa* —ka', 0, —(1/k)Aa® — ka?).

Hence A(D)V = 0is obtained (4.2.3) and (4.2.4). Therefore if V # 0, then V is an
eigenvector of problem (2.1.9).
We apply rot to the rot-equations of the system (4.2.2) and obtain

irotrotu? —krotu! =0, —irotrotu! —krotu? = 0. 4.2.7)
Since
A(D)W = ((1/k)rotrot u' —irotu?, 0, (1/k) rotrot u> + irotu', 0),

we arrive at A(D)W = 0. If the vector W is nonzero, then it is an eigenvector of
problem (2.1.9). The orthogonality of V and W can be verified by integration by
parts. U

Corollary 4.2.2. 1. A number k is an eigenvalue of the elliptic problem (4.2.1), (4.2.2) if
and only if at least one of the three conditions holds: (i) k is an eigenvalue of the problem
(1.2.1), (1.2.2) for the Maxwell system; (ii) k* is an eigenvalue of the Neumann problem
(4.2.3) for the Helmholtz equation; (iii) k? is an eigenvalue of the Dirichlet problem (4.2.4)
for the Helmholtz equation.

2. An eigenvalue k of elliptic problem (4.2.1), (4.2.2) turns out to be an eigenvalue
of problem (1.2.1), (1.2.2) as well only when at least one of the eigenvectors of the elliptic
problem corresponding to k has a solenoidal projection distinct from zero.

The notations in Proposition 4.2.3 are the same as those in Proposition 4.2.1.

Proposition 4.2.3. Let k? be an eigenvalue of at least one of the problems (4.2.3) and
(424)yandlet V = ((i/k)Va?,al, —(i/k)Va',a®) be an eigenvector of problem (4.2.1),
(4.2.2), corresponding to the eigenvalue k. If a vector F = (f',h!, f2, h?) satisfies the
compatibility conditions (2.1.3) - (2.1.5), then (F,V)g = 0.

To verify this assertion it suffices to substitute in (F, V)¢ the expressions of
the vector projections and then integrate by parts.
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4.3 The continuous spectrum eigenfunctions of the Maxwell sys-
tem. The scattering matrix

Let ¢ be a small positive number, such that the strip {A € C : [ImA| < §} con-
tains no eigenvalues of the pencils M7(-, k), g = 1, ..., N, except the real eigenval-
ues. The functions in H! ;(G) satisfying the homogeneous problems (1.2.1), (1.2.2)
and not belonging to H}(G) are called eigenfunctions continuous spectrum of the
Maxwell system. By M (k) we denote the operator of the system (1.2.1) defined
on the functions in H}(G) satisfying the boundary conditions (1.2.2).

We set pgn = min{pl, ..., ul}, where ],1]2 is the second eigenvalue of the
Neumann problem (2.3.1) in the domain ) which is the cross-section of the cylin-
drical outlet I—I]Jr). For pgn < k?, there exist continuous spectrum eigenfunctions
of the Maxwell system. In the Section, we show that the wave E;’ in the elliptic
system is scattered only into the waves E;, g = 1,...,v. Therefore the elliptic
system has a solenoidal continuous spectrum eigenfunction whose asymptotics
is a linear combination of representatives of the waves Ej+, E;,...,E, uptoa

term in H)(G). Such functions form a basis in the space of the continuous spec-
trum eigenfunctions of the Maxwell system. Moreover the gradient wave I'," can
be scattered only into the waves I';,, m = 1,...,v + N. Therefore the scatter-
ing matrix of elliptic system is block diagonal with two blocks ("solenoidal" and
"gradient") on the principal diagonal. Since this matrix is unitary, each of the
mentioned blocks turns out to be unitary.

If0 < k2 < uon, then the Maxwell waves do not exist, so there are no the
continuous spectrum eigenfunctions of the Maxwell system. In Section 4.5, we
show that for k = 0, there is no a Maxwell wave transporting energy. The scatter-
ing matrix for the (homogeneous) problem (1.2.1), (1.2.2) is defined only on the
set {k € R : k> > gy}, which we call the continuous spectrum of the aforemen-
tioned problem. The multiplicity of the continuous spectrum at a point k is equal
to the sum

Zh(k)/2+ -+ ZN (k) /2.

The next Proposition 4.3.1 describes a basis in the space of continuous spectrum
eigenfunctions of the Maxwell system.

Proposition 4.3.1. Let e]f and ej be representatives of the waves E;r and E]f respec-

tively. Then there exists a solution £ ].+ to the homogeneous problem (1.2.1), (1.2.2), such
that

EN( k) —ef (k) — ilsjq(k)eq_(',k) € H}(G) (4.3.1)
o

forj=1,...,v. Ifk is not an eigenvalue of problem (1.2.1), (1.2.2) for the Maxwell sys-
tem (that is the homogeneous problem with given k has no nonzero solutions in H(G)),
then the solution £ ].+ is unique. The functions " (-,k), ..., EF (-, k) form a basis in the
space of continuous spectrum eigenfunctions of the Maxwell system corresponding to the
number k. In the case that k is an eigenvalue for the problem (1.2.1), (1.2.2), the solution
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EJ.JF(-,k) is determined up to a term in ker Ms(k), whereas S].*(-,k), e, EF (- k) form
a basis modulo ker M (k).

Proof. We restrict ourselves to verifying the proposition under the condition that
k is not an eigenvalue for the problem (1.2.1), (1.2.2). Assume, that x € C*(R),
Xx>0,x(t) =0fort <T—1and x(t) = 1fort > T. Moreover let e;r coincide
with the mapping (y7,t1) — x(t7)P(y9,t7) in one of the cylindrical outlets of
the waveguide and be extended by zero to G. Here P is a solution of the homo-
geneous problem for the Maxwell system in the cylinder, generated by a vector
@7 or ¥¢ in (2.2.77) and (2.2.76)(or by Jordan chains {®%T, &7}, {¥9¢, ¥4} in
(2.2.95), (2.2.96)) (see the definition of waves before (2.3.19)). We have

A(D)ef (x) = [A(D), x]P(x), x € G, (43.2)
Be/(x) =0, x €0G.
The fourth and the eighth components of the vector function e; vanish, so in
accordance with Proposition 2.1.1, the right-hand-side of (4.3.2) satisfies the com-
patibility conditions (2.1.3) -(2.1.5).
Let us consider the problem

A(D)U(x) = [A(D),x]P(x), x € G, BU(x) =0, x € dG. (4.3.3)

We first discuss the case that not only k differs from the eigenvalues of the Maxwell
system, but also k? is not an eigenvalue for the problems (4.1.9) and (4.1.10). From
Proposition 2.5.1 and 4.1.1, there exists a unique solution U of problem (4.3.3)
with intrinsic radiation conditions, whereas the fourth and the eighth compo-
nents of U are equal to zero. We set £ := e/ — U and check that £ has the

required properties. From (4.3.2) and (4.3.3), it follows that £ ].* is a solution to the
homogeneous problem (1.2.1), (1.2.2). The properties of I just indicated lead to

1%
U= Z cqeq +0,
q=1
where v € H}(G). Therefore the equality £ ].+ = e;r — U implies (4.3.1) with con-
stants sj,.

We now drop the additional assumption on k?, that is we assume, that k? is
an eigenvalue at least one of the two problems (4.1.9) and (4.1.10). Then k is an
eigenvalue of the elliptic problem (4.2.1), (4.2.2) with "gradient”" eigenvectors of
the form

V = ((i/k)Va?,a', —(i/k)Va,a?) (4.3.4)
(see Proposition 4.2.1). From (4.3.2) it follows, that

(LA(D), 1IP), V)6 = (A(D)e}, V)6 = (¢f, (A(D)V)G =0

(the second equality can be obtained by integration by parts in view of the in-
clusion V € H(}(G)). Hence there exists a solution U/ to problem (4.3.3) with
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intrinsic radiation conditions. This time such a solution has been determined

up to a term of the form (4.3.4) in ker Ls(k). As before, we set 5;“ = e;r —U;

for any choice of U, the function £ satisfies the homogeneous elliptic problem
(4.2.1), (4.2.2). We make use of the arbitrariness in the definition of ¢/ in order
to provide the orthogonality of £ ].+ to ker L;5(k). Let us show that then £ j+ is a
unique solution to the homogeneous problem (1.2.1), (1.2.2), which satisfies the
inclusion (4.3.1). We write down 8 + = (u',a',u? a%) and obtain, as in the proof
of Proposition 4.2.1, that &; ]+ Vv —|— W, where V and W are defined by the same
formulas as in Proposition 4.2.1. Each of the vectors V and W is a solution to
(4.2.1) with boundary conditions (4.2.5) and (4.2.6). This, in particular, implies
that V € ker Ls(k), so (Ejf,V)G = 0 and moreover (V,W)s = 0. Therefore
(V,V)g = (E]-*, V)g — (W, V)s = 0 and finally 5]* =W

It remains to verify that £ ].Jr ,j =1,...,v, make up a basis in the space of
continuous spectrum eigenfunctions. Let £ be any continuous spectrum eigen-
function of the Maxwell system corresponding to k. Then

E— th] 2,8]] € HX(G),

where «; and §; are certain constants. Therefore ¢ := & — }.i'; a;€ ].Jr satisfies

v
Z ¢; € Hi(G

with constant coefficients d;. This means that ¢/ is a solution to the homogeneous

elliptic problem (4.2.1), (4.2.2), which is subject to intrinsic radiation conditions

and orthogonal to ker £;(k) (in the case that the lineal is nonzero, it consists of

the gradient eigenvectors V, see Proposition 4.2.1). Therefore i/ = 0 and £ =
=1 0E +

Proposition 4.3.2. Let ;" and v be representatives of the gradient waves T} and T

respectively. Then there exists a solution G- to the elliptic problem (4.2.1), (4.2.2), such
p Y i pticp

that
v+N

G = - Zl oYy € Hi(G) (4.3.5)
p=
forj =1,...,v+ N. If k? is an eigenvalue neither of the Neumann problem (4.1.9)
nor of the Dirichlet problem (4.1.10), then the solution g* is unique; the functions
G, ..., G, \ make up the basis in the space of gradient contmuous spectrum eigen-
functions of the elliptic problem corresponding to k. In the case, that k? is an eigenvalue
of at least one of the problems (4.1.9) and (4.1.10), then ker Ls(k) contains a nonzero
subspace V of gradient vectors and the solution G ].+ is defined up to arbitrary term in ),

whereas G, ..., G T\, constitute a basis modulo V.
1 v+N
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Proof: The proof is similar to the proof of Proposition 4.3.1; let us outline the
proof. Assume, that the wave I' ]+ corresponds to Ay # 0, generated, for example,
by a vector of the form

B = (i91 87, id92B%, —ApB*, 0,0, 0, 0, kBT)

in (2.2.77). When proving Proposition 4.3.1, we chose for the solenoid wave Ej+ a
"special” representative e;r with fouth and eighth components being zero. Deal-
ing now with the gradient wave 1”;“, we take a "special " gradient representative

’)/].+ which coincides in one of the cylindrical waveguide outlets with the mapping

(v, 1) = (IV(x(t) exp (iAot) B* (), 0, 0, 0, 0, kx(t) exp (iAot) B* (v)),

and vanishes in the rest part of G . Applying the operator of problem (2.1.9) to
'y].+, we obtain

A(D,k)y{ = (0,...,0,idiviV (x exp (idot)B7) — K x exp (iAot) B7),  (4.3.6)
B'y]-+ =0.

Let us denote the right-hand-side of (4.3.6) by F, and consider
A(D,k)U(x) = F(x), x € G; BU(x) =0, x € 9G. (4.3.7)

For simplicity, we assume that k is not an eigenvalue for the problem, that is,
ker L;(k)=0. According to Proposition 2.5.1, there exists a unique solution U to
the problem (4.3.7) with intrinsic radiation conditions

Uu-— ZC]-ej_ - de'y; € HX(G),

where ¢; = (F,& ]f)G and &; are continuous spectrum eigenfunctions satisfying
(4.3.8) (£ j are defined like £ ]f but the roles of the incoming and outgoing waves
are interchanged). The fourth and the eighth components of every function &£ i
vanish, whereas all components of F, except the eighth component, are equal to
zero. Therefore ¢; = 0 for all j and we can set § = 'y]* —-U.

If k is a threshold, then for a gradient wave corresponding to the eigenvalue
Ag = 0, we choose a "special” representative which coincides with the mapping

iV (x(t) (it +1)B%"(y)), 0, 0,0, 0, kx(t) (it +1)B*" (y))
(y,t) = :
V2
in one of the cylindrical outlets and vanishes in the rest part of G. U
The next assertion is justified by Propositions 2.4.1,4.3.1, and 4.3.2.

Proposition 4.3.3. The scattering matrix S(k) of the elliptic problem (for the augmented
Maxwell system) is block diagonal, S(k) = (s(k), o (k)). In the basis (4.1.2) the expan-
sions (4.3.1) and (4.3.5) hold, so the v x v-block s(k) = ||sj, || consists of the coefficients
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in (4.3.1), while the (v+ N) x (v + N)-block o(k) = ||oj;(k)|| consists of those in
(4.3.5). Each of the blocks is unitary. Moreover

E7 (k) —e; (k) qétm(k)e;(-,k) € H}(G) (4.3.8)

witht = s, where t = ||tjo]].

The block s(k) is called the scattering matrix of the homogeneous problem
(1.2.1), (1.2.2). In essence, Proposition 4.3.3 coincides with Theorem 1.2.4.

Remark 4.3.4. Applying Theorem 3.1.1, we compute an approximation SR to the scatter-
ing matrix S of the elliptic system. The matrix is block-diagonal S = diag(s, o). Hence,
as an approach to the matrix s serves the corresponding block of SR.

4.4 The radiation principle for the Maxwell system

A correct boundary value problem with intrinsic radiation conditions is called the
radiation principle. We are now in a position to derive the radiation principle for
the Maxwell system from that of the elliptic problem (Proposition 2.5.1). Using
the results of Sections 4.1 - 4.3, we first adapt for the purpose the statement of the
radiation principle of the elliptic problem.

Let Ef, ..., E§ beincoming wavesand E, ..., E, outgoing waves in (4.1.2).
For the waves E]i we choose representatives e]i which coincide with the function
(y,t) — x(£)P(y,t) in one of the cylindrical outlets and vanish elsewhere in G.
Here P(y, t) is the solution of the homogeneous problem (2.1.9) in cylinder given
by (2.3.4) (by (2.3.11))(see 2.3). Such e]i has the fourth and the eighth components
equal to zero in G, and satisfy the boundary conditions Beji = 0 on dG. As be-
fore, let § be a small positive number, such that the strip {A € C : [ImA| < J}
contains no eigenvalues of the pencils A — A7(A, k), g =1,..., N, except the real
ones. If the space ker L;(k) is nonzero, we represent every element as the sum of
orthogonal solenoidal and gradient eigenvectors of problem (4.2.1), (4.2.2); such a
possibility is provided by Proposition 4.2.1. Let ker' L;(k) denote the linear hull
of the solenoid eigenvectors in ker £(k).

Theorem 4.4.1. Let Zy,..., 2, be a basis in ker" Ls(k) and F = (f,h', f2,h?) a
vector in H(’;l(G) subject to the compatibility conditions (2.1.3) - (2.1.5) and the or-
thogonality conditions (F, Z;) = 0 for j=1,...,m. Then:

1. If kK> > poy (that is, k belongs to the continuous spectrum of the Maxwell
system), then there exists a solution to the problem

AD, k) U(x) = F(x), x€ G, BU(x) =0, x € 9G, (4.4.1)
with radiation conditions

Vi=U—cre] — - —coe, € H5(G)
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and with zero fourth and eighth components. Here c; = (F, & j*) with € i satisfying the
homogeneous problem (4.4.1) and the inclusion (4.3.8). Such a solution U is determined
up to an arbitrary term in ker Ls(k) and

IV Hy(G) || + let| + -+ + feo| < const([|F; Hy (G)| + o5V L2(G)))- (4.4.2)

A solution Uy, satisfying the additional conditions (Uo, Zj)c = 0, is unique and the
estimate (4.4.2) holds with right-hand-side replaced by const||F; H fs_l Q)]

2. If0 < k* < sy, then there exists a solution to problem (4.4.1) satisfying
u e Hi-(G) and having the fourth and the eighth components equal to zero. Such a
solution U is determined up to an arbitrary term in ker™ Ls(k) and

le6; H5 (G) | < const(||F; Hy " (G)I| + llosld; L2(G)]])- (4.43)

A solution Uy, satisfying the additional conditions (Uo, Z;)c = 0, is unique and the
estimate (4.4.3) holds with right-hand-side replaced by const||F; Hé_l (S1E

Proof. 1. Since F satisfies the compatibility conditions, the equalities (F,V)c = 0
hold for all gradient vectors V € ker L;(k) (Proposition 4.2.3). Thus the vector F
is orthogonal to ker £5(k). According to Proposition 2.5.1, there exists a solution
U to problem (4.4.1) subject to the intrinsic radiation conditions, which in view of
Corollary 4.1.2 take the form of
U—cre] — - —coey € H5(G).

Again using Proposition 2.5.1, we obtain ¢; = (F,£;")¢. Such a solution I/ is
determined up to an arbitrary term in ker Ls(k). Let us choose a special solu-
tion ¢’ and write down the general solution i/ = U’ + V + W with gradient
V and solenoidal W vectors in ker £5(k). Proposition 4.1.1 implies that ¢/’ =
(u',a',u?,a%), a* and a? being eigenfunctions of problems (4.1.9) and (4.1.10) re-
spectively. Hence there exists a unique gradient vector V', such that U’ + V' +
W = (01,0, v%,0) for all W € kerlﬁtg(k). Finally choose a vector W' so that the
solution Uy := U' + V' + W' satisfies (Uo, Zj)c = 0 with j = 1,...,m. Then Uy
is uniquely determined and the estimate holds given in the formulation of the
theorem.

2. If 0 < k? < pgn, then the real axis is free from the eigenvalues of the
pencils 9 (-, k). Therefore the functions £ e are absent as well as the corre-
sponding radiation conditions. It remains to repeat with evident modifications
the argument in the first part of the proof. [J

In order to get a radiation principle directly for problem (1.2.1), (1.2.2), we
have to somewhat change the notation in Theorem 4.4.1. Namely, the domain
of the operator of problem (4.4.1) consists of vectors with eight components,
whereas the fourth and the eighth components are equal to zero. Crossing out
these zero components, we replace the 8-vectors by the "Maxwell" 6-vectors and
obtain problem (1.2.1), (1.2.2) instead of (4.4.1). When going from (4.4.1) to (1.2.1),
(1.2.2), we change the notation /, e]i, I ]-i, L for U, é]i, & ]-i, M, respectively. More-
over, in the notation of the spaces of vector functions we explicitly indicate the
number of components, e. g., H (ls (G, C6). Then Theorem 4.4.1 in essence coincides
with Theorem 1.2.5.



78
4.5 Statics: k=0

In this Section we show that for k = 0 the Maxwell operator has N linearly in-
dependent waves participating in a well-posed boundary value problem, N be-
ing the number of cylindrical ends of the domain G. The waves do not transfer
electromagnetic energy. The operator of the boundary value problem describes
a closed system without energy dissipation. For k = 0 there are no nontrivial
solutions to the homogeneous problem exponentially decaying at infinity. There-
fore for any right-hand-side subject to the compatibility conditions the boundary
value problem is uniquely solvable. In the absence of magnetic monopolies, the
right-hand-side F = (f1,h!, f2,h?) of (1.2.1) satisfies f> = 0 and h' = 0. Then
the statement of the well-posed boundary problem contains no aforementioned
waves.

In what follows we assume that the domain G and all the cross-sections (27
are one-connected while the boundary 9G is connected.

4.5.1 Waves

Let A — 2A(A,0)(= 2A(A,0)) be the operator pencil of the augmented (elliptic)
Maxwell system for k = 0 in a one-connected domain (). The number Ag = 0 is a
unique real eigenvalue of the pencil. The eigenspace is spanned by the vectors

o, = (2|Q))~1%(0,0,0,1,0,0,+1,0) (4.5.1)
with orthogonality and normalization conditions
(A DL, @) =0, (AP, dy) = £1. (4.5.2)

There are no generalized eigenvectors (see Propositions 2.2.2 and 2.2.4). In G, the
dimension of the wave space is equal to 2N, N being the number of cylindrical
ends of the domain G. In the wave space we choose a basis Vi, ..., Voy with
representatives vy,...,van. The supports of v,, v, n belong to G N Hi ; on the
supports, the functions are given by

gy, t7) = x(NPL,  opn(y ) = x(t)@T,  g=1,.N,

where y is a cut-off function, 0 < x <1, x(t) =0fort < T —1,and x(t) = 1 for
t > T; the vectors @’ are defined by (4.5.1) on Q7. According to the argument
after Proposition 2.3.5, the basis Vj, .. ., Vo in the wave space WV satisfies (2.3.20).

Note that the forth and the seventh components of the outgoing Vi, ..., Vy
and incoming Vi1, ..., Vony waves are nonzero. However there exist N linearly
independent Maxwell waves W; = (V; — Vi n),j = 1,...,N. The waves do not
transfer energy, that is, qG(Wj, Wy) =0,j,k=1,..,N.

4.5.2 Continuous spectrum eigenfunctions. Scattering matrix

Recall, that the elements in ker£L_; not belonging to H}(G) are called the contin-
uous spectrum eigenfunctions (CSE) of the operator £; = L4(0). The number
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of CSE linearly independent modulo H}(G) is half of the wave space dimension
(see Proposition) 2.4.1) and is equal to N. In this Section we describe CSE in more
detail and calculate the scattering matrix.

Proposition 4.5.1. Let U = (u',a',u?a?) € kerL_5(0), where as usual u', u? are
three dimensional vector functions and a', a* are scalar functions. Then
ut=0, a'=const, u>=Vw, a*>=0, (4.5.3)
while w belongs to H 4(G), 1 =2,3,..., and
Aw(x) =0, x€G; dw(x) =0, x€adG. (4.5.4)
Proof. The waves Vj, ..., Von form a basis for the space of waves, so
U —c1o1 — - - — convan € HY(G) (4.5.5)
with certain constant ¢y, ..., con. It follows, that
a' — x1(c1+en)(21QN) 2 — - — xn(en + eon) (2IQIN) T2 € HY(G),(4.5.6)

a® € HY(G)(4.57)

where x; is a cut-off function with supportin G N 17, equal to 1 near infinity. The
function U/ satisfies the homogeneous problem (2.1.7),(2.1.8). Applying div to the
rot-equations in (2.1.7) and taking account of (2.1.8), we obtain the problems for
a' and a*:

Ad'(x) =0, x€G, d,a'(x) =0, x¢€aG, (4.5.8)
Aa®(x) =0, x€G, a*(x) =0, x€aG. (4.5.9)

We integrate (Aa',a')g and (Aa?, a%)g by parts, making use of (4.5.6), (4.5.7) and
(4.5.8), (4.5.9). As a result, we obtain

0= (Aaj,aj)G = —(Vaj, Vaj)(;, i=12,
soa' = const and 2> = 0 in G. Now from (2.1.7) it follows, that
rotul =0, divu' =0; rotu> =0, divu® =0.

Since the domain G is one-connected, we have u! = V-t and u? = Vw, where w

and 7 are harmonic functions in G. In view of (2.1.8), we obtain the problems
Aw(x)=0, x€G, dyw(x) =0, x€aG, (4.5.10)
At(x) =0, x€G, T(x) = const, x € dG. (4.5.11)

The set dG is one-connected, so "const” in (4.5.11) stands for the same constant

everywhere on dG. The change 7 for T — const has no effect on u!, and one can
assume that const = 0 in (4.5.11). Therefore T = 0and u! = 0in G. O

Proposition 4.5.2. There holds the equality kerLs(0) = 0.
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Proof. LetU € Hj(G) and U = (u',a',u? a*). Since kerL;(0) C kerL (0),
the conclusion of Proposition 4.5.1 holds for #/ and a/. This time a! € H}(G), so
a! = 0. Being subject to Vw € H}(G), a solution w of (4.5.4) admits asymptotics

of the form w(y,t) = ¢; + O(exp (—4t)) with ¢; = const on every set G N IT, as
t — +oco. Now we can integrate (Aw, w)g by parts and obtain ||Vw; L, (G)|| = 0.
Thus > = Vw = 0. O

Proposition 4.5.3. Let (1, ...,{n be the basis for the space of CSE, subject to (2.4.1).
The vectors of the basis are of the form {; = (0, al, Vw;,0), where 0 stands for the three-
functions component vector (0,0,0). Then:

1. The vector functions ; = (G, ajl., —Vw;,0) satisfy (2.4.2).
2. The scattering matrix s in Proposition 2.4.1 is self-adjoint with entries

o] V=L k= (4.5.12)
ik 2/\/d]-dk, k], -
where N
Y= ||
di=="—"1. (4.5.13)
Y
3. There holds the equality
a; = 7'2|Q]’ (4.5.14)
v Eylel) -

Proof. The formulas (2.4.1) for the eigenfunctions { i= (5, a}, ij, 0) are equiva-
lent to (2.4.2) for the eigenfunctions #; = (6, a}-, —Vw;,0) with matrix s = t = s*.
Therefore the unitary matrix s turns out to be self-adjoint (see 2.4). This and the

equalities gjl. = const lead to (4.5.12), while ajl. can be obtained from (4.5.12) and
(24.1). O

Remark 4.5.4. We set Y = (6, 1,0, 0). It is clear, that Y € kerLs(0), so Y turns
out to be a CSE for L;(G). The forth component of each ; is constant (and equal to
a]l. ). Therefore the fourth and the eighth components of any Z; := {; — ajl.Y vanish, and
Z; satisfies the homogeneous problem (1.2.1), (1.2.2). Among the functions Zy, ..., Zn
there are N — 1 linearly independent functions, because the linear hull of Y, Z4,...,Zn
coincides with kerLs(0). Thus in the space kerLs(0) there exists a basis consisting of
N — 1 solenoidal functions and one gradient function Y.

4.5.3 Radiation principle for the augmented Maxwell system

We are now in a position to specify Proposition 2.5.1. Let V3, ..., Vo be the basis
as in Proposition 2.3.5 (19). We choose the wave representatives vy, ..., von in the
same way as in 4.5.2. Denote by & the linear hull of v4, ..., vyN. On the space & +
H é(G) we consider the restriction IL of £_5(0), which is a continuous mapping

L: &+ HYG) — HSY(G) x HSV2(96).
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Theorem 4.5.5. Let {F,G} € H: 1(G) x Htlfl/z(aG) I and let the compatibility con-
ditions (2.1.3)-(2.1.5) be fulfilled. Then:

1. There exists a unique solution U = (u',a',u?,a?) € &+ HY(G) to the equation
LU ={F,G}.
2. There holds the equalities
a' = const, a®>=0. (4.5.15)
Moreover, if G = 0 then
al = 1(5171)‘3 (4.5.16)
Y1 |QI|

3. The vector (ul, u?) satisfies (1.2.1), (1.2.2) (for the non-augmented Maxwell sys-
tem) and

N
w? = 2 gt ZXI(OI 0/1) c Hé(G), wt=ul e H(IS(G)
I=1

4. For the solution (u',u?) of (1.2.1), (1.2.2) there is valid the estimate

[w'; H(G)|| + [|w*; H5(G) || + a1 | < const(||F; Hy '(G)|| +|G; Hy~/?0G|)).
(4.5.17)

Proof. The existence and uniqueness of solutions follow from Proposition 2.5.1
and the triviality of the kernel ker £5(0). Let us verify (4.5.15). Applying div to
the rot-equations in (2.1.7), and taking into account the compatibility conditions
(2.1.3), (2.1.4), we arrive at Aa' = Aa®> = 0in G. By virtue of (1.2.2) and (2.1.5)
we have 9,a! = 4?2 = 0 on 9G. The inclusions (4.5.6) and (4.5.7) follow from
Proposition 2.5.1 (2%). As in Proposition 4.5.1, we can now derive a! = const and
a?> = 0. It remains to calculate the constant a'. To this end, it suffices to find its
asymptotics in one of the cylindrical outlets. According to (2.5.1) and (2.5.2),

a' = (i(F, %)) +i(G,9%)ac)/ /2 Q. (4.5.18)

The expressions with Vw} vanish after integrating by parts. For G = 0 we have

(1 41 .
1 _ l(h ,IZ]')G _ l(l’ll,l)c ‘
J2lol BRI

Since a! = const and a> = 0, the vector (u',u?) satisfies (1.2.1), (1.2.2). The
asymptotcs for ul, 12 follows from (2.5.1), while (4.5.17) can be obtained from
(2.5.3). O

a

(4.5.19)
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4.5.4 Radiation principle for the Maxwell operator

Denote by L _5(0) the operator of boundary value problem (1.2.1), (1.2.2) for
k = 0 with domain H’ ;(G). Let & be the space spanned by the function
YN 1 x1(0,0,0,0,0,1). We consider the restriction IL ; of £ 1 _5(0) to & o + HL(G);
the mapping

L : 60+ HY(G) — HEH(G) x HEV2(96).
is continuous. The next assertion immediately follows from Theorem 4.5.5.

Theorem 4.5.6. Let F € Hé_l(G) and let the compatibility conditions (2.1.3)-(2.1.5)
be fulfilled. Then there exists a unique solution (u',u?) € & g + H4(G) of the equation

L (ul,u?) = {F,0}.
The vector (u', u?) satisfies
N
w?i=u*—a') x(00,1) € HL(G), w' = u' € HY(G),
=1
where a' = i(h', 1) /LN, | Q| The solution (u',u?) admits the estimate

lo'; H5(G) | + lw?; H(G) || + la'| < const||F; Hy(G)[|.0

Formula (4.5.16) shows that for the right-hand-side of (1.2.1) with f2 = 0
and h! = 0, the constant 4’ equals zero. In other words, in the absence of magnetic
monopolies, for any k € (—ko, ko), there exists a unique solution to the problem
(1.2.1), (1.2.2), which decays exponentially at infinity.



5 METHOD FOR COMPUTING THE SCATTERING
MATRIX IN A NEIGHBOURHOOD OF A
THRESHOLD

In this Chapter, we consider a waveguide described by the Dirichlet problem for
the Helmholtz equation

—Au(x) — pu(x) =0, x €G, (5.0.20)
u(x) =0, x € 0G.

The waveguide scattering matrix S(p) changes its size when spectral parame-
ter p crosses a threshold. To calculate S(y) in a neighborhood of a threshold,
we introduce an "augmented" scattering matrix S(u) that keeps its size near the
threshold, where the matrix S(u) is analytic in p. A minimizer of a quadratic
functional JR(-, 1) serves as an approximation to a row of the matrix S(u). To
construct such a functional, we solve an auxiliary boundary value problem in the
bounded domain obtained by cutting off, at a distance R, the waveguide outlets
to infinity. As R — oo, the minimizer a(R, i) at exponential rate tends to the
corresponding row of S () uniformly, with respect to y in a neighborhood of the
threshold. Finally, we express the elements of the “ordinary”, scattering matrix
S(u) through those of the augmented matrix S(p).

Section 5.1 is devoted to constructing a stable basis of waves in a neighbor-
hood of a threshold for the waveguide in the domain G. The continuous spectrum
eigenfunctions and the scattering matrices S(u) and S(p) are introduced in Sec-
tion 5.2; here we also prove the analyticity of the matrices on the corresponding
intervals of the continuous spectrum. We describe the connections between the
matrices S(¢) and S(u) and calculate the one-sided limits of S(y) at a threshold
in Section 5.3. The last Section 5.4 contains the statement and justification of the
method for approximating of the scattering matrices.
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5.1 Augmented space of waves

5.1.1 The waves in a cylinder

In the cylinder IT = {(y,t) : y = (y1,.-.,¥yn) € Q,t € R}, we consider the
problem

(A —pu(y,t) = 0, (yt) €1l
u(y,t) = 0 (y,t)€oll, (5.1.1)

where .
A=Ay+0;, Ay=)Y 07, 9;=0/dy,.
j=1
Let us connect with problem (5.1.1) an operator pencil C > A — (A, i), by
setting

AL wo(y) = (—8y +A2 = p)o(y), y€Q; vlon =0. (5.12)
We also consider the problem

(=8 —po(y) = 0, yeQ,
v(y) = 0, yea. (5.1.3)

The eigenvalues of problem (5.1.3) are called the thresholds of problem (5.1.1).
The thresholds form a positive sequence 71 < 7» < ..., which strictly increases
to infinity. Let us introduce the nondecreasing sequence {};> ; of the eigen-
values of problem (5.1.3), counted according to their multiplicity (generally, the
numbering of 7; and that of yy are different; every yy coincides with one of the
thresholds 77). We assume, that the corresponding eigenvectors ¢ are orthogonal
and normalized by the condition

/Q oY) ox(y) dy = 1. (5.14)

The spectrum of the operator pencil (for every fixed 1 € RR) consists of isolated
eigenvalues on the axes of complex plane. For any u the eigenvalues /\2E of the
pencil A — 2A(A, u) are defined by A¥ = = (u — pg) /2. If AF # 0, to the eigenval-
ues /\2E there corresponds the same eigenvector ¢, which is also an eigenvector
of problem (5.1.3), corresponding to the eigenvalue py. There is no generalized
eigenvector in this case. If pp_1 < u < py, then /\ki, A]:‘LH, ... are imaginary and
Af, .. .,/\ki_1 are real. In the case of u = py, to the eigenvalue 0 = /\k+ = A,
there corresponds a Jordan chain ¢°, ¢}, where ¢! is an eigenvector and ¢} is a
generalized eigenvector.

We fix a real y # pi, k = 1,2,..., that is, the p is not a threshold, and
introduce the linear complex space spanned by the functions

(y,) — exp(iAi ) gr(y) (5.1.5)
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with real Af = +(pu — pp)/?; the functions (5.1.5) satisfy (5.1.1). We denote the
space by W(u) and will call it the space of waves. Its dimension is equal to the
doubled number of y (counted according to their multiplicities), such that p <
. The functions

uf (v, ) = QIATD V2 exp(iATH pr(y) (5.1.6)

form a basis in W(u). We call u;/ (-, u) a wave incoming from +co, and (-, 1) a
wave outgoing to +co.

Assume now, that y = 7 is a threshold and, consequently, y is an eigenvalue
of (5.1.3) with multiplicity >« > 1. Then s numbers y; satisfy y; = 7. For each [
the functions exp(iA;"t);(y) and exp(iA; t)¢;(y) coincide. Therefore the number
of linearly independent functions of the form (5.1.5) for = 7 is s less than the
number of such functions for u satisfying T < p < 7+ B with small g > 0.
However for a more general notion of the waves, the dimension of the space
W () is continuous from the right at the threshold. In such a case, the definition
of incoming and outgoing waves is based on energy reasons as in the Sommerfeld
and Mandelstamm principles.

For the definition we introduce the form

qN(”rv) = ((_A - V)”r U)H(N) + (u/ _avv)aH(N)maH
—(u, (=A =)o)y — (=91, )ar(Nyrart (5.17)

where II(N) = {(y,t) € I : t < N}, the number ;1 € R is for the time being
not a threshold, u = xf and v = xg, while f and g are any of the functions
(5.1.6), corresponding to real /'\ki(y) (possibly with distinct indices); x stands for
a smooth cut-off function, x(t) = 0fort < T —1and x(f) = 1fort > T with
T < N. Integrating by parts, we see that

iqgn(xup, xuf) =0 forallk,l, (5.1.8)
iqn (xu, xu;") = Fou, (5.1.9)

so the result is independent of N and x; in what follows we drop N but keep
X- We name the wave u () incoming (outgoing) for —(+) on the right in
(5.1.9) and obtain the definition of incoming (outgoing) waves equivalent to the
old definition.

We are going to consruct a basis in the (augmented) space of waves "stable
at a threshold". Let u € R be a regular value of the spectral paremeter of problem
(5.1.3) and py;, the eigenvalue with the greatest number satisfying p,, < p. We
also assume that y; < pyy1 = -+ = . Then the numbers v’ := pj, 7:= pjq =
-+ = pm, and T := py 11 turn out to be three successive thresholds v/ < 7 < 7"
of problem (5.1.1) in the cylinder Il. (We discuss the general situation; the cases
I4+1=m,m =1 (and so on) can be considered with evident simplifications.)
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We set
4 12 eitﬂ—i-e_it\/m eit\/m_e_itm
wi (Y, t;p) =2 ¥ < ()
2 2/ — pk
(5.1.10)
+ . _ .+ .
wy (y, ) = uy (v, tp), (5.1.11)

wherek =14+1,...,m,p=1,...,],and u;t are defined in (5.1.6).

Proposition 5.1.1. The functions y — w]f (y,t;u),k=141,..., m, admit the analytic
continuation to the whole complex plane. These analytic functions smoothly depend on
the parameters y € QY and t € R (i.e., any derivatives in y and t are analytic functions
as well).

The functions p — wy, Sy, t; ) are analytic on the complex plane with cut along
theray {y € R: —o0 < y < tp}, p=1,...,1; they smoothly depend on y and t.

All the functions w , k =1,...,m, are solutions to problem (5.1.1). For every
pin (7" < p < +o0) the functzons (5.1.10), (5.1.11) satisfy the orthogonality and
normalization conditions

igixwE (- u), xwf (-;p1) =0 forallr,s=1,...,m, (5.1.12)
iq(xw, (-5 1), xws (- 1)) = Férs. (5.1.13)

Proof. The first and second expression inside the parentheses in (5.1.10) can be
decomposed in the series

— )2 _ 21
Z(Vk W g ity (=) 17 (=)'t

L L (zz+1' ' (5-1.14)

which are absolutely and uniformly convergent on any compact K C {(y,1) :
u € C,t € R}. This implies the analyticity properties of wi(y,t; ) for k =
I4+1,...,m. The corresponding assertions about w;,t(y, t,u)withp =1,...,1 are
evident.

It remains to verify the orthogonality and normalization conditions. We
first assume that y > 7 and consider, for instance, (5.1.13). If  and s are dis-
tinct, then the equalities in (5.1.13) follow from the orthogonality of ¢, and ¢; (as
well as (5.1.8)and (5.1.9)). In the case r = s < [, (5.1.9) contains the needed for-
mula. Finally assume that » = s > [ and substitute the expressions (5.1.10) into

q(xwit, xw?). Setting A := /i — T, we obtain

ig(xws, xws) = A((AE)AFigt +(AF1) (A £1)ig "
+ AFDXigTt+ (A£1)%ig ), (5.1.15)
where, for example, g7~ = 273g(xe'** s, xe 't
(5.1.6), (5.1.8), and (5.1.9), we arrive at (5.1.13).
We now consider the function

¢s), and so on. Taking account of

Coprmrgn(uop) = ((-4— ﬂ)urv) (N) + (1, —9v0)ar(NynarT
—(u, (=A =)o)y — (=91t 0)orinyrarn, (5.1.16)
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where TI(N), N, and x are the same as in (5.1.7), u = xwj(-;u), and v =
xwd (-;7)). Since u and 7 are analytic, the function y — qn(u,v; i) is analytic
as well. Therefore, the equalities (5.1.13) (with r = s > [) are valid for all u € C.
|

From (5.1.10) it follows that wi" (y, £; T) = 2" V2(1Fit)gr(y), k =1 +1,...,m,
and, in the case y < T, the amplitudes of the waves exponentially grow as t — co.
The space spanned by the waves (5.1.10) and (5.1.11) is called the augmented
space of waves for T/ < y < T and denoted by W,(u). Let W(p) denote the linear
hull of the functions (5.1.10) and (5.1.11) for T < u < 7" and the linear hull of the
functions (5.1.11) for T/ < u < 1. The lineal W () is called the space of waves.
An element w € W, (1) (or W(p)) is called a wave incoming from +oo (outgoing
to +00), if iq(xw, xw) < 0 (ig(xw, yw) > 0).

The collection of waves {wi}km:1 defined by (5.1.10) and (5.1.11) is called a
basis of waves stable in a neighborhood of the threshold 7. A basis of waves of
the form (5.1.6) is by definition stable on (i, u") if the interval [i’, "] contains
no thresholds.

5.1.2 Waves in the domain G

Let G be a domain in R" ! with smooth boundary 9G coinciding, outside a large
ball, with the union IT} U - -- UTIT of finitely many nonoverlapping semicylin-
ders
I, ={,t"):y e, t >0},
where (y", t") are local coordinates in IT, and )" is a bounded domain in R".
We introduce the problem

—Au(x) —pu(x) =0, x €G,
u(x) =0, x € 9G. (5.1.17)

With every IT" we associate a problem of the form (5.1.1) in the cylinder IT" =
{(y, ) 1y € Ot € R}. Let x € C*(R) be a cut-off function, x(t) = 0 for
t < 0and x(t) = 1for t > 1. Each wave in IT" we multiply by the function
t — x(f" — tj) with a certain £{; > 0 and then extend it by zero to the domain G.
All functions (for all IT"), obtained in such a way, we call waves in G. A number
T is called a threshold for problem (5.1.17) if the 7 is a threshold at least for one
of problems of the form (5.1.1) in IT", r = 1,...,7. Let T/ < © < 7" be three
successive thresholds for problem (5.1.17); then the intervals (7/,7) and (7, 7")
are free from the thresholds.

For u € (7/,7) we introduce the augmented space W, (1, G) of waves in
G as the union of the waves in G corresponding to the waves in W, (u) for IT',
r=1,...,T; if a space W,(p) is not introduced on the interval 7/ < u < 7 for
a certain IT" (which means that the 7 is not a threshold for problem (5.1.1) in
such a cylinder), then, from this cylinder, we include into the space W, (y, G) the
waves generated by the elements of the corresponding W(y). By definition, for
u € (t/,7") the space W(u, G) of waves in G is the union of the waves in G that
correspond to the waves in W () for all IT".
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The bases {u]i(-,y)} and {w]i(,y)} of waves in W(u,G) and W,(y, G)
comprise the waves obtained in G from the basis waves in IT", r = 1,...,7. The
basis waves in the spaces W(, G) and W, (1, G) are subject to orthogonality and
normalization conditions like (5.1.8) and (5.1.9) or (5.1.12) and (5.1.13) with the
form q in a cylinder replaced by the form g in G:

q6(1,0) == (=B = w)u,v)G + (1, =9v0)ac
—(u, (A — p)v)g — (—0v, v)yG- (5.1.18)

An element w in W,(p, G) (or in W(u, G)) is called a wave incoming from oo
(outgoing to o), if iqs (xw, xw) < 0 (ige (xw, xw) > 0).

A basis of waves in G is called stable near a value v of the spectral parameter
if the basis consists of bases in the cylinders 1%, ..., 117 stable near v.

5.2 Continuous spectrum eigenfunctions. Scattering matrices

Let 7 < T < 7" be three successive thresholds for problem (5.1.17). For sim-
plicity, we assume that these three numbers are thresholds for a problem of the
form (5.1.1) only in one of the cylinders I, ..., 117, for instance in IT! = O! x R.
Moreover, we suppose that T/ = y;, T = pj 1 = -+ - = pm, and v/ = py, 11, where
1y are eigenvalues of problem (5.1.3) in Q!. Thus for IT = IT! we deal with the
situation considered in 5.1.1.

5.2.1 Intrinsic and expanded radiation principles

We consider the boundary value problem

—Au(x) —pu(x) = f(x), x €G,
u(x) =g(x), x€9G, (5.2.1)

and recall two correct statements of the problem with radiation conditions at in-
finity: the intrinsic and expanded radiation principles. In the first principle, the
intrinsic radiation conditions contain only outgoing waves in the space W(u, G).
The second (expanded) principle includes the outgoing waves in the augmented
space W, (i, G). For the general elliptic problems self-adjoint with respect to the
Green formula, the first statement was discussed by Nazarov et al. [25] and the
second one was considered by Nazarov et al. [26] and Kamotskii et al. [19] (for
various geometric situations). We will apply the intrinsic principle with spectral
parameter outside a neighborhood of the thresholds. In vicinity of a threshold,
we make use of the expanded principle employing the stable basis of waves in
Wi (u, G) constructed in Section 5.1.

We first define needed function spaces. For integer I > 0 we denote by
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H'(G) the Sobolev space with the norm

1/2
l .
v H(G)|| = Do (x 2dx ,
||<>|(g42| m|)

la|=j

and let H'=1/2(3G) with I > 1 stand for the space of traces on dG of the functions
in H'(G). Assume that p+ is a smooth positive on G function given on IT, by the
equality p, (y",t") = exp(yt") with v € IR. We also introduce the spaces HAY(G)
and Hiflﬂ(aG) with norms ||u; HﬂY(G)H = |lo4u; H(G)|| and ||v; Hlfl/z(aG)H =
|o4v; H'=1/2(3G)||. The operator of problem (5.2.1) implements the continuous
mapping

Ay(n) : HA(G) — HY(G) x HY*(2G). (5.2.2)
As is known, the operator (5.2.2) is Fredholm if and only if the line {A € C :
ImA = 7} is free of the eigenvalues of the pencils A — A" (A, u), r =1,..., T,
where 2" is a pencil of the form (5.1.2) for the problem (5.1.1) in the cylinder IT".
(An operator is called Fredholm, if its range is closed and the kernel and cokernel
are finite dimensional.)

We now proceed to the intrinsic radiation principle. Assume that y does
not coincide within a threshold, u € (7v/,7”), and u # 7. Let 6 denote a small
positive number, such that the strip {A € C : |[ImA| < J} contains only real
eigenvalues of the pencils 2" (-, u), r = 1,...,T ; we denote the number of such
eigenvalues (counted with their multiplicities ) by 2M = 2M(yu). There exist
collections of elements {Y;" (-, 1), ..., Y3, (-, )} and {Y] (-, ), ..., Y3, (-, )} inthe
kernel kerA_s(u) of A_s(p), such that

M
(Y]-*(»u) —uf () — k; Sjk(u)uk‘(v#)> € H3(G), (5.2.3)

M
(ﬁmw—@«m—;nmwmwﬁe%mx 524

=1
where S(i) = ||Sjx(u)| is a unitary scattering matrix and S(u)~' = T(u) =

| Tjx(p) |l Every collection {Y;" (-, 1), ..., Yy3; (-, )} and {7 (-, 1), ..., Yy (- ) } is
a basis modulo kerAs(p) in kerA_s(p). This means, that any v € kerA_s(p)
is a linear combination of the functions Y; (-, ),..., Y (-, #) up to a term in
kerA;s(u). The same is true also for Y; (-, pt),..., Yy, (-, 1). If p is not an eigen-
value of operator (5.2.2), that is, kerAs(u) = 0, every collection {Y]-*} and {Y;"}
is a basis for the kernel kerA_ () in the usual sense.

The elements Y(-, i) in kerA_s(u) \ kerAs(p) are called the continuous
spectrum eigenfunctions of problem (5.1.17) corresponding to p.

Denote by 91 the linear hull £(u,...,u,,;). We define the norm of u =
Ycju; +v €N+ HF(G) with¢; € Cand v € Hy(G) by

lull = 3 lejl + llo; H3(G).
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Let A () be the restriction of the operator A_s(j) to the space 9 + H3(G). The
map
A(p) : M+ H3(G) — HY(G) x HY*(3G) =: H;(G) (5.2.5)

is continuous. The next theorem provides the statement of problem (5.2.1) with
intrinsic radiation conditions at infinity (the numbers y and § are supposed to
satisfy the requirements given just before (5.2.3)).

Theorem 5.2.1. Let zy, ...,z be a basis in the space ker As;(u), {f, g} € Hs(G) and
(f, z]-)G + (g, —a,,z]-)ac =0,j=1,...,d. Then:

1. There exists a solution u € N+ H3(G) of the equation A(u)u = {f,g}
determined up to an arbitrary term in kerAs(p).

2. The inclusion

v=u—ciuy — - —cpity, € H3(G) (5.2.6)

holds with ¢; = i(f, ij)c +i(g, —aquf)aG-
3. The inequality

o HAG) || + lex| + -+ + [eu] < const ({f, g} Ha(G) + ll0s0; La(G)])
(5.2.7)
holds with v and ¢, ...,cp in (5.2.6). A solution ug that is subject to the additional
conditions (ug,zj)g = 0 for j = 1,...,d is unique and satisfies (5.2.7) with right-hand-
side changed for const||{f,g}; Hs(G)||.

4. If {f, g} € Hs(G) N Hy(G) and the strip {1 € C : min{s,d'} < ImA <
max{d,d'}} contains no eigenvalues of the pencils A" (-, u), r = 1,...,T, then the
solutions u € N+ H3(G) and u' € N+ H3(G) coincide, while the choice between &
and &' in essence effects only the constant in (5.2.7).

Remark 5.2.2. In Theorem 5.2.1, one can take the numbers § and "const" in (5.2.7)
invariant for all p in [/, p"] C (7, 7") (in [/, u"] C (7', 7)). If u” approaches
7" (1), the § must tend to zero: an admissible interval for ¢ has to be narrowed
because the imaginary eigenvalues of the pencils move closer to the real axis; the
constant in (5.2.7) increases. From the proof of Theorem 5.2.1 in [25] one can see
that the constant also increases when y’ approaches 7 (or ).

We now turn to the expanded radiation principle in a neihgborhood of 7. To
this end, for problem (5.1.17) we construct a basis of waves stable at the threshold
7. We make up such a basis from the waves generated by the functions (5.1.10),
(5.1.11) and from the waves corresponding to the real eigenvalues of the pencils
A"(-,u), r=2,...,T. According to our assumption (at the beginning of Section
5.2), the interval [7/, 7”] contains no threshold for problems of the form (5.1.1) in
the cylinders I1%,...,T17. Therefore the number of real eigenvalues for every of
the pencils R 5 A — A"(A, u), r = 2,...,T, remains invariant for y € [t/,7"].
Thus when passing from the cylinder IT' to the domain G, the dimension of wave
space increases by the same number for all y € (7/,7"). Weset2L = dim W(y, G)
for y € (7/,7) and 2M = dimW(u,G) for p € (t,7”); then M — L = m — 1,
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where m and [ are the same as in (5.1.10), (5.1.11), and dim W, (y, G) = 2M for
ue ().

We choose the number +y for the operators A, (y) to be proper for all u
in a neighborhood of the threshold T = p;,. Let us explain such a choice. We
have A (1) = £(pu — w)V2, w1 = - i, 50 A (T) = Owithk =1+1,...,m.
The interval of the imaginary axis with ends —i (g1 — pm) "2, i(fmi1 — pim) ">
punctured at the coordinate origin is free of the spectra of the pencils A7 (-, py,),
g =1,..., 7. If ualittle moves along R, the eigenvalues of the pencils 29(-, i)
slightly shift along the coordinate axes. Therefore, for a small & > 0 there exists
B > 0, such that for p € (pm — B, ptm + B) the intervals il+, = Fi(a, (i1 —
1m)'/? — a) are free of the spectra of the pencils 27(-, ). So the lines {A € C :
ImA = £} with ¢ € I, do not intersect the spectra of 219(-, 1), while the strip
{A € C: |ImA| < 7} contains only the real eigenvalues of the pencils and the
numbers A (1) = £(u — )2 = £(4 — pw)/?in (5.1.10), k =1+ 1,...,m.

Letyu € (T—B,7+B), 7 € Ly, and let {w;" (-, )} be the stable basis of waves
in G described in 5.1.1 and 5.1.2. In the kernel kerA_, (1) of A_,(y), there ex-
ist collections of elements {yf(', i,.. .,ij(', )y and {V(op), o Yy (1)}
such that

M

(y]*(., ) —w (o, p) — kz Sik(pywy (-, y)) € H2(G), (5.2.8)
=1
M

(%(vﬂ) —w; (1) " Tjk(ﬂ)wk*(vu)> € H3(G), (5:29)
=1

where S(p) = [|Sjk()]| is the unitary matrix and S(u)~! = T (1) = || Ti(w)]|-
Every collection {V; (-, pt),..., Vi (1)} and {Y; (-, ), ..., Yy (-, )} is a basis
(modulo ker A (y)) in ker A_ ().

The elements V(- ) in kerA_,(p) \ kerA,(u) are called the continuous
spectrum eigenfunctions of problem (5.1.17) corresponding to the number .. The
matrix S(p) (with y € (t — B, 7)) is called the augmented scattering matrix.

Let & denote the linear hull £(w;,...,w;,). We define a norm of w =
Yew; +oe R+ H2(G), where ¢; € C and v € H7(G), by the equality

ool = Y- lejl + llo; H(G)I-
Let A(p) be the restriction of A () to the space & + H3(G); then the mapping
A(p) : 8+ H(G) — HY(G) x HY?(9G) =: H,(G). (5.2.10)
is continuous.

Theorem 5.2.3. Let y € (T — B, T+ B), v € Ly, and let {wF (-, u)} be the aforemen-
tioned stable basis of waves in G. Assume z1, .. .,z4 to be a basis in the space ker A (i),
{f.8} € Ho(G) and (f,zj)c + (8, —9vzj)ac =0,j =1,...,d. Then:

1). There exists a solution w € R+ H2(G) to the equation A(p)w = {f,g}
determined up to an arbitrary term in the lineal L(z1,...,z4).
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2). The inclusion
V=W — Wy — - — CMWy, € HAZY(G), (5.2.11)

holds with ¢; = i(f,Y; )¢ +i(8, —9vY; )ac-
3). Such a solution w satisfies the inequality

o H2(G)I| + ler| + -+ + [eu| < const (I1{f, g} Hy (G)]| + llos03 La(G) )
(5.2.12)
A solution wy, subject to the conditions (wy, zj)g = 0 forj =1,...,d, is unique and the
estimate (5.2.12) holds with the right-hand-side changed for const||{ f, g}; H~(G)]|.

4). If {f, 8} € Ho(G) NH,(G) and the strip {A € C : min{7y,7'} < ImA <
max{7y,y'}} contains no eigenvalues of the pencils A" (-, i), r = 1,..., T, the solutions
w(-, ) € R+H2(G) and w'(-, ) € R+ H%,(G) of the equation A(p)w = {f, g} co-
incide, while the choice between <y and «y', in essence, effects only the constant in (5.2.12).

We would like to extend relations of the form (5.2.8) and (5.2.9) to the inter-
val (7/, 7”) with analytic functions p — y],i (u). Unlike the situation in Remark
5.2.2, it is not possible, generally speaking, to extend (5.2.8) and (5.2.9) to any in-
terval [/, u"] C (7/,7") with the same index . However, to that purpose, one
can use a finite collection of indices for various parts of [/, i”’]. The following
Lemma explains how to compile such a collection.

Lemma 5.2.4. Forany interval (', u""] C (v, t") there exists a finite covering {LIP}IID\[:O
consisting of open intervals and a collection of indices {’YP}II,LO subject to the following
conditions (with a certain nonnegative number N):

1)"11/GUO,]AN€UN,’ Uoﬁup2®, p=2,...,N; UNOU,,:Q p=
0,...,N —2; moreover, U, only overlaps Up1 and Uy, 1<p<N-1

2) The line {A € C : ImA = P} is free from the spectra of the pencils 2" (-, i),
r=1,...,T forallp € UyN [, 4" and p = 0,..., N.

3) The strip {A € C : 4P < ImA < P*1} is free from the spectra of the pencils
A (-, pu),r=1,...,T forall y € Uy NUpy1and p=0,...,N — 1.

4) The inequality [Im(p — 7)Y/2| < P holds for w € Uy, N [/, u""] (recall that
+(u — 1)V are eigenvalues of A (-, ), T = pyp1 = -+ = Wm); there are no other
eigenvalues of the pencils A" (-, u), r = 1,...,T, in the strip {A € C : [ImA| < 7P}
except the real ones, p = 0,..., N.

Proof. Let us consider an interval [y/, u”] and let T € (y/, u”). Just before formu-
las (5.2.8) and (5.2.9), we have defined the interval (T — B, T + ) that can be taken
as an element of the desired covering. It was earlier shown that as an index <y for
such an element one can choose any number in I, = (&, (#p1 — pim) /> — &) with
small positive «; the number 8 depends on a.

Let us take some v € (7,7 + B). The eigenvalue Ay, (1) = (4 — pm)'/? of
the pencil A (-, u) is real for u > v, the eigenvalue Ay, 1 () = i(mi1 — )2 of
the pencil tends to zero when y increases from v to ©/ = p,, 11, and the interval
{zeC:z=1it0<t < (fpi1—n')"?} of the imaginary axis remains free
from the spectra of the pencils A" (-, i), ' < p < p”,r =1,...,T. Therefore
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FIGURE 3 A collection of ¥ and corresponding U, from Lemma 5.2.4. Here the curves
depict the functions v = Im Ax(u) = Im (u — pg) V2 with k = I, m, m + 1.

the interval (v, 7) with p”/ < 7 < 7" can serve as an element of the covering and
any number ¢ € (0, (fy+1 — #')!/?) can be an index for the element. Finally
we choose the elements U, to the left of the threshold 7 so that the graphs of the
functions U, > p — ¥ = const are located between the graphs of the functions
(t,7) 2 u = ImA(p) = (e — w)'"/%, k = m,m + 1, and the indices form a
decreasing sequence y* > 1 > ... 0

5.2.2 Analyticity of scattering matrices with respect to spectral parameter

Let us consider the bases {) ;r} and { y]f} for the space of continuous spectrum
eigenfunctions (CSE) defined near the threshold 7 (see (5.2.8) and (5.2.9)). We
first show that the functions y — y].i(-, i) admit the analytic extension to the
interval (7/,7”). In what follows by the analyticity of a function on an interval,
we mean the possibility of analytic continuation of the function in a complex
neighborhood of every point in the interval. Then we prove the analyticity of
the scattering matrix 1 — S(u) on (7/,7”). The analyticity does not exclude
the existence of eigenvalues of problem (5.1.17) embedded into the continuous
spectrum. However, the analyticity eliminates the arbitrariness in the choice of
CSE. Moreover, we establish the analyticity of the elements y — Y]?—L (,p)in(5.2.3)
and (5.2.4) as well as the analyticity of the corresponding scattering matrix y —
S(u) on (7/,7) and (7, 7").

In a neighborhood of any point of the interval (7/,7”), one can define an
operator A, (y), which is needed for relations like (5.2.8) and (5.2.9). The index 7y
has been provided by Lemma 5.2.4: the same number ¥ can serve for all u € U,,.
Therefore, for u € U, there exist the families {y].i (- 1)} C kerA_,p(p) satisfying
relations like (5.2.8) and (5.2.9) with unitary matrix S(y), so Theorem 5.2.3 holds
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with u € U,. Thus, it suffices to prove the analyticity of the "local families"
{y].i (- 1)} and that of the matrix S() on U, and to verify the compatibility of
such families on the intersections of neighborhoods.

We first obtain a representation of the operator A (u)~!, where A () is oper-
ator (5.2.5) or (5.2.10), in a neighborhood of an eigenvalue of problem (5.1.17). To
this end we recall some facts in the theory of holomorphic operator-valued func-
tions (e. g., see [12]). Let D be a domain in a complex plane, B; and B, Banach
spaces, and A a holomorphic operator-valued function D > y +— A(u) : By —
B,. The spectrum of the function A (-) is the set of points it € D, such that A(p) is
a noninvertible operator. A number i is called an eigenvalue of A if there exists
a nonzero vector ¢y € By, such that A (ug)@o = 0. Then ¢y is called an eigenvec-
tor. Let pp and ¢p be an eigenvalue and an eigenvector. Elements ¢1,..., ;1
are called generalized eigenvectors, if

n

1
)y a(aZA)(VO)(Pn—q =0
q=0"7"

where n = 1,...,m. A holomorphic function A is said to be Fredholm, if the
operator A(y) : By — By is Fredholm for all 4 € D and is invertible at least for
one .. The spectrum of a Fredholm function A consists of isolated eigenvalues of
finite algebraic multiplicity. The holomorphic function A* adjoint to A is defined
on the set {31 : i € D} by the equality A*(u) = (A(j1))* : Bj — Bj. If one of the
functions A and A* is Fredholm, then the other one is also Fredholm. A number
1o is an eigenvalue of A if and only if fig is an eigenvalue of A*; the algebraic
and geometric multipicities of fiy coincide with those of .

Let us consider the operator-valued function y — A () in (5.2.5) or (5.2.10)
on an interval [y, 4] that belongs to one of the intervals (7/, T) or (7, 7). Taking
account of Remark 5.2.2, we choose the same index ¢ in (5.2.5) and in Theorem
5.2.1 for all u € [/, 1”"]. When considering the function y — A(p) in (5.2.10)
on an interval [/, u"] C (7/,7”), we suppose the interval to be so small that
Lemma 5.2.4 enables us to take the same -y in (5.2.10) and in Theorem 5.2.3 for
all u € [y, u"]. According to Proposition 5.1.1, the waves in the definitions of
operators (5.2.5) and (5.2.10) are holomorphic in a complex neighborhood of the
corresponding interval [y’, u"]. Therefore, the functions u — A(p) in Theorems
5.2.1 and 5.2.3 are holomorphic in the same neighborhood.

Proposition 5.2.5. 1). Let u — A(p) be the function in Theorem 5.2.3, yy an eigen-
value of operator (5.2.2), and (z1,...,2z4) a basis for ker A, (yo). Then in a punctured
neighborhood of 1 there holds the representation

AN {f, 8t = (u—no) 'P{f. g} + R(W){f. 8} (5.2.13)
where {f, g} € H,(G),

d
P{f, g} ==Y ((f.7)c+ (& —z)ac) Z, (5.2.14)

=1
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and the function R(p) : H,(G) — R+ H3(G) is holomorphic in a neighborhood of o.

2). Let pu — A(p) be the operator-valued function in Theorem 5.2.1, yg an eigen-
value of operator (5.2.2) in (t/,T) or (t,7"), and (z1,...,z4) a basis for kerAs(uo).
Then in a punctured neighborhood of g there holds representation (5.2.13), where P{f, g}
is defined by (5.2.14) and the function R(u) : Hs(G) — N+ HZ(G) is holomorphic in
a neighborhood of .

Proof. 1). By Theorem 5.2.3, 1), the operator A(y) is Fredholm at any u €
[Hys 1 ]- We can consider that A(p) is Fredholm in a neighborhood U (the Fred-
holm property is stable with respect to perturbations that are small in the opera-
tor norm). Moreover, the operator A() is invertible for all y € [u},,, )] except
the eigenvalues of operator (3.2), which are real and isolated. Hence the function
i — A(p) is Fredholm in a neighborhood of j in the complex plane. From Theo-
rem 5.2.3, 4), it follows that the eigenspaces of operators (3.10) and (3.2) coincide,
that is, kerA (ug) = kerA, (o) C H3(G). Itis easy to verify that the operator-
valued function A has no generalized eigenvectors at ;9. Then the Keldysh theo-
rem on the resolvent of holomorphic operator-valued fuction (see [12]) provides
the equality

AN {f gt = (u—po) 'T{f, g} + R(W){f. g}, (5.2.15)

where T{f, g} = Z?:1<{f,g},{tpj,)(j}>z]-, the duaity (-,-) on the pair H,(G) ,
')

H4(G)" is defined by ({f, &}, {¢,x}) = (f, ¥)c + (8 X)ac, and (-, -)g and (-, -)ac
are the extensions of the inner products on L(G) and L;(9G) to the pairs Hg(G

HY(G)* and H,3y/2(8G),H§/2(8G)*. The elements {¢;, x;} € kerA(po)* C W(G;7)*
are subject to the orthogonality and normalization conditions

((0uA) (ho)zjy {$ x}) = 0 jk=1,....d. (5.2.16)

Furthermore, (9,A)(po)z; = {—z;,0} € W(G;7). The elements {¢y, xx} can be
interpreted in terms of the Green formula and, in view of (5.2.16), can be rewritten
in the form {yg, xx} = {—zk, vz} (e.g., see [25]). Now T{f, g} coincides with
P{f, g} in (5.2.14) and (5.2.15) takes the form of (5.2.13).

2). One can repeat with evident modifications the argument in 1). [

We are now ready to discuss the analyticity of bases in the space of the
continuous spectrum eigenfunctions. For instance, we proceed to the basis {y]*}

in (5.2.8). From the definition of the wave w;r in G (see 5.1.2), it follows that the
function G 3 x — w]+ (x, u) is supported by one of the cylindrical ends of G,

_ij*(x,y) — ywj*(x,y) — fi(x,u), x€G,
wh(x,u) =0, x€3G,

and the support of the function x — f;(x, ) is compact. Let us consider the
equation

A(ww(-,pu) = {f;(- 1), 0} (5.2.17)
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onaninterval [y, '] C (7, 7). We first assume that the interval [p/, ii”'] is free of
the eigenvalues of the operator-valued function yt — A(u). In view of Theorem
5.2.3,forall u € [/, "] there exists a unique solution w = v+ ciw; + - - -+ cpyw)y,
to equation (5.2.17),

w(, ) = {er(p),-...cm(u),o(, p)} € R+ H3(G). (52.18)

Since the functions y — A(u)~! and y — f;(-, ) are holomorphic in a com-
plex neighborhood of the interval [y/, "], the components of the vector-valued
function y +— w(-, i) are holomorphic as well. Therefore, the analyticity of the
function y — y]* (-, #) in the same neighborhood follows from the equality

yj+ = w]Jr —w. (5.2.19)

Assume now that the interval [p//, 4] contains an eigenvalue pg of the operator-
valued function p — A(u). We find the residue P{f, g} in (5.2.13) for {f, g} =
{f;,0} in the right-hand-side of (5.2.17). For z € kerA,(po), we have

(f/ Z)G + (g/ _avz)aG = (f]'/Z)G = (_Aw;r - ‘uw;r/ Z)G = (w;L/ —Az — :uZ>G =0.

Hence P{f;, 0} = 0 and, by virtue of (5.2.13),

w(, 1) = A(u) " {f;, 0} = R(u){f;, 0},

which means that the function y — w(-, ) is analytic in a neighborhood of 1.
This implies the analyticity of the function y — y].+ (-, m).

The analyticity of the functions y +— y]f(-, i) can be proved in the same
way. When verifying the analyticity of functions of the form y Y].*(-, ) and
U Y]-_(~, i) in (5.2.3) and (5.2.4) in a complex neighborhood of the interval
W,y c (t/,7t)or [, '] C (t,7"), one has to make only evident modification
of the above argument.

Lemma 5.2.4 and Theorem 5.2.3, 4) enable us to extend formulas (5.2.8) and
(5.2.9) to the whole interval (7, t”) for the analytic families p — y].i(-, #); how-
ever, one index 7 has to be replaced by a collection of indices. Nontheless, in a
neighdorhood of any given point i € (7/,7”), one can do with one index 7. Re-
mark 5.2.2 and Theorem 5.2.1, 4) allow to extend (5.2.3) and (5.2.4) to the intervals
(7, 7) and (7, 7”) for the analytic families y — Y].i(~, 1.

Theorem 5.2.6. Let T’ and v’ be thresholds of problem (5.1.17) such that T/ < 7"
and the interval (', ") contains the only threshold t. We also suppose that the three
thresholds relate to the same cylindrical end. Then:

1). On the intervals (', T) and (7, "), there exist analytic bases {y — in (u)}
in the spaces of continuous spectrum eigenfunctions of problem (5.1.17) satisfying (5.2.3)
and (5.2.4) with the scattering matrix y — S(p) analytic on the mentioned intervals.

2). On the interval (t',T") there exist analytic bases {y y].i(-,y)} in the
spaces of continuous spectrum eigenfunctions of problem (5.1.17) satisfying (5.2.8) and
(5.2.9) with the scattering matrix yp — S(p) analytic on (t/, T").
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Proof. From the argument in 5.2.2, it suffices to verify the analyticity of the scat-
tering matrices. For example, let us consider the matrix y — S(u). Equality
(5.2.19), the representation w = v + ciw; + -+ + cpmw,,, and inclusion (5.2.18)
lead to

M
ViGon) =wf ()~ kZ ce(p)wy (-, 1) € H3(G).
=1

Therefore, Sjk(],t) = —cx(n), k=1,..., M. It remains to take into account that the
functions y — ¢, () are analytic on (7/, 7). O
For the basis {y]* ()} ;VI (see Theorem 5.2.6, 2)), we introduce the columns

ya) =(,..., ¥ ) and y(;) = (V4. V)" and write down the scattering
matrix in the form
(1) Sy

SW)Z(% 1) S )

where 81y (p) is a block of size L x L and S (p) is a block of size (M — L) x
(M —L), while u € (¢, 7). We also set

D= (=" +1)/((n—1)"?-1)

with (4 — 7)2 = i(t — u)"/2 for p < Tand (t — u)'/? > 0. The next assertion
will be of use in Section 5.3.

Lemma 5.2.7. Assume that y € (t/,t| and S(p) is the scattering matrix in Theorem
5.2.6,2). Then

ker(D + Sp) (1)) C kerSa) (1), (5.2.20)
Im(D + S50 (1)) D ImS(p1) (). (5.2.21)
Therefore the operator S1p) () (D + S(a0) (1))~ is defined on Im(D + S99 (1))

Proof. Let us consider (5.2.20). We assume that i € ker(D + Sy (1)) and
(0,h)! € CM. Then

( San(m) Saz(w) ) ( 0 ) _ ( S(12) (1)h )

3(21)(14) 3(22)(11) h —Dh

Since the matrix S(j) is unitary and [D| = 1, we have [|h[|* = [|Sq1p) (u)h]|* +
[[1]|?, 50 S(12)(4)h = 0 and (5.2.20) is valid. Inclusion (5.2.21) is equivalent to

Moreover,

* _ 5(11)(#)* S(m)(ﬂ)*
s00° = (s st )

and the matrix S(u)* is unitary, therefore (5.2.22) may be proven by the same
argument as (5.2.20). O

*
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5.3 Other properties of the scattering matrices

Here we clarify the connection between the matrices S(u) and S(i) on the in-
terval T < p < T, prove the existence of the one-side finite limits lim S(u)
as 4 — T £0, and describe the transformation of the scattering matrix under
changes of basis in the space of waves W(y, G) for u € (t,7”). We keep the
assumptions introduced at the very beginning of Section 5.2.

5.3.1 The connection between S(yt) and S(y) for v/ < pu <t

Let us recall the description of the stable basis chosen for definition of S(y). In
the semicylinder IT} , we introduce the functions

Iy 3 (y,8) = e (v, 6 1) = x(b) exp (Fity/p — 1) x(y), (5.3.1)

where k = [ 4 1,...,m (the notation is the same as in (5.1.10); as before, y; 1 =
-+ = Uy = 7). We extend the functions by zero to the whole domain G and set

+ (.. - (.. + (.. o= (..
wt, (o) — 12 (SR U ey G Z e Ui
ST 2 2\/H— Py

forj=1,...,m—1= M — L (the equality m — | = M — L was explained just after
Remark 5.2.2). All the rest waves with supports in IT! that was obtained from the
functions (5.1.11) and the waves of the same type with supports in I2,..., HI,
we number by one index j = 1,..., L and denote by wli(';y), ... ,wf( ;u). The
obtained collection {wit, . ,wﬁ} is a basis of waves in G stable in a neighbor-
hood of the threshold 7. Finally, we introduce the columns w(il) = (wli, s, wf)t ,
+ _ ( + + + +

Wi = Wi, ..., wy)!, and (w(il),w(iz)) = (wy,...,wy,)!, where t stands for
matrix transposing. The components of the vector w?tl) are bounded, while the
components of wé) exponentially grow at infinity in IT! . Let e(il) = (e,...ef)!
and et) = (eal,...,e]j\fl)t, then

wé) =DTe}!, + D%e; (5.3.3)
with

D* = ((p—1)"2£1)/2v2(u—1)"2.

The following assertion is, in essence, from Nazarov et al. [26].

Proposition 5.3.1. Let u € (7', 7) and let S(u) and S(u) be the scattering matrices in
Theorem 5.2.6. Then

S(#) = Sy (1) — Saz) (1) (D + Sia) (1) S(an) (1), (5.34)
with
D=D"/D" = ((n=0"*+1)/((n - 7)'"2 - 1).
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Proof. We verify (5.3.4). Rewrite (5.2.8) in the form
- - 2
ya) W?» - S(H)w(l) - S(lz)w(z) S H’Y(G)’

1)

Vi)~ Wy — SanWa) — S Wy € H3(G). (5.3.5)

Recall, that v > 0 has been chosen according to Lemma 5.2.4, so the strip {A € C :
[TmA| < 7} contains the eigenvalues 4 (u — 7)'/? of the pencil A (-, u). We take
0 > 0, such that the strip {A € C : [ImA| < ¢} contains only the real eigenvalues
of the pencils (-, 1), r = 1,..., 7. Then § < y and H3(G) C H3(G). Instead of
w(iz), we substitute into (5.3.5) their expressions in (5.3.3). For the aforementioned
6 the vector-valued function e(z) belongs to Hg(G). As a result we obtain

Vi) =Wy +SanWw +SapD e + Ry, (5.3.6)
Yy = SayWay + (D + 822D ey + Ry, (53.7)

where R 1), R(2) € H(G). Introduce the orthogonal projector
P:CME = Im(D + Sp) (1))
Taking account of (5.2.21) and (5.3.7), we arrive at
’Py(-;) = 8(21)W(_1) +(D+ 8(22))D_e(_2) + ’P%(z) (5.3.8)

We apply the operator S(15)(#)(D + S(5) (1)) ! to both sides of (5.3.8) and sub-
tract the resulting equality from (5.3.6). We have

Z=wy + (San (1) = Sz (1D + Sy (1)) ™' Sy () wiy + R, (539
where

Z =Yy = Saz) (1)(D + Sy (1) PV, (5.3.10)

R = R1) = S(12) (1) (D + Sz (1)~ PRz). (5.3.11)

The components of the vectors y(+1) and y(g) satisfy problem (5.1.17). In view

of (5.3.10), the same is true for the components of the vector Z. Moreover from
R1), R(2) € H3(G), and (5.3.11) it follows that R € H(G). Hence the formula
(5.3.9) describes the scattering of the vector wzrl) of incoming waves in the basis
wzrl), w(_l) as well as (5.2.3), so we obtain (5.3.4).L]

5.3.2 The connection between S(y) and S(y) for v < p < 7

We consider two bases for the wave space W(u, G) for T < u < 7”. One of the
bases consists of the waves in G corresponding to functions of the form uff(~, i)
in (5.1.6), while the other one consists of the waves generated by the functions
w,;t (-, m) (see (5.1.10), (5.1.11)). As before, the scattering matrices defined in these
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bases are denoted by S(y) and S(p) (see Theorem 5.2.6); this time, that is, for
i € (t,7"), the matrices are of the same size M x M.

The scattering matrices are independent of the choice of the cut-off function
X in the definition of the space W (i, G). Identifying "equivalent” waves, one can
omit such a cut-off function from consideration. To this end we introduce the
quotient space

W, G) := (W(n, G)+H(G))/H3(G).

Let ¢ stand for the class in W(u, G), with representative v € W(u, G). In what fol-

lows, waves of the form xuz- (-, ) and yw (-, i) in G are denoted by uz-(-, ) and
w?f(,‘u) The Colle'ctions {ujit(,y)}]l\il and {aw;" (-, )}, are bases for the space
W(u,G), so dimW(u, G) = 2M. The form q;(u,v) in (5.1.18) is independent of
the choice of representatives in 11 and ; hence it is defined on W(u, G) x W (, G).
From (5.1.8) and (5.1.9) it follows that

ige (i (-;u),uf (;u)) =0 forallk,l=1,...,M, (5.3.12)
iqe (i (-5 ), 4 (-5 1)) = Fop, (5.3.13)

while (5.1.12) and (5.1.13) lead to

igc(wE(-;u),wF(-;u)) =0 forallr,s=1,...,M, (5.3.14)

i (@; (- 1), 3 (-3 1) = Fors. (5.3.15)

Thus W(u, G) turns out to be a 2M-dimensional complex space with indefinite
inner product < 1,0 >:= —igg(u,?). The projection

m: W(u, G)+H3(G) = W(i,G) (5.3.16)

maps the space of continuous spectrum eigenfunctions onto a subspace in W(u, G)
of dimension M; denote the subspace by £ ().

Let V4, ..., Voy be a basis for W(u, G), subject to the orthogonality and nor-
malization conditions

<V, Vi>=6j1, < Vi, Viem >= —6j forj,l =1,..., M. (5.3.17)

The elements V7, . .., Vi are called incoming waves while the elements Vi1, ...,
Vo are called outgoing waves. Assume that X, ..., Xy is a basis of £(y) that
defines, in the basis of waves Vi, ..., Vap, the scattering matrix &(u) of size M x
M (compare with (5.2.3)). We represent the vectors X; as coordinate rows and
form the M x 2M-matrix X = (X1,...,Xp)! (which is a column of the letters
X1,...,Xpm). Finally, let I stand for the unit matrix of size M x M. Then a relation
of the form (5.2.3) leads to

X =(L,&(u)V, (5.3.18)

where V is the 2M x 2M-matrix (V3 ..., Vam ) consisting of the coordinate rows
of the vectors V; and (I, &()) is a matrix of size M x 2M.
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Assume that Vi, ..., V) is another basis of waves subject to conditions of
the form (5.3.17), X1,..., Xy is a basis of £(u), and &(u) is the corresponding
scattering matrix, such that

X=(,&u)V. (5.3.19)

Assume, that V = TV and write down the 2M x 2M-matrix T as T = (T, l))%, -1
with blocks T4y of size M x M.

Lemma 5.3.2. The matrices Ty 1) + S ()T (21) and Ty 2) + S ()% (25) are invertible
and

S(u) = (Tan + ST 1) (T2 +S(1)T22)- (5.3.20)

Proof. For the bases Xi,..., Xy and X, ..., X there exists a nonsingular M x
M-matrix B, such that X = BX. Therefore, from (5.3.19), we have

Taking into account (5.3.18), we obtain B(I, & (u))V = (I,&(u))TV, so

B(I,&(p)) = (L, &(p))T.

Let us write this equality in the form of

(B,B&(1)) = (Ti1y + S(1)F(21), Ta2) + S (1) T 22))-

Now the assertions of Lemma are evident. [

We intend to make use of (5.3.20) taking as V the image, under canonical
projection (5.3.16), of the stable basis of WW(y, G) in (5.2.8) and as V the image
of the wave basis in (5.2.3). As &(u) and &(u), we choose S(u) and S(u) re-
spectively. We proceed to computing the matrix T in the equality V = TV. In
doing so, instead of V and V we can consider their just mentioned preimages in
W(u, G). We set

s 1t
u].—u.

Foowpme=ug, j=1M, (5.3.21)

where uji are the waves in W(u, G), generated by the functions of the form (5.1.6).

We also introduce

w; = w;r = uj+, WisM =W, = U7, i=1,...,L (5.3.22)
wp::w;, Wp M = W,, p=L+1,...,M,
where w;,t are the waves in W(j, G), generated by the functions (5.1.10). For the

matrix T, the equality w = Tu holds with the columns w = (wy, ..., wym)" and
u = (uq,...,upy)". For convenience, we will here denote functions (5.1.10) in the
same way as the waves w;t ; let us write down functions in the form

w;}t(‘u) _ 271/2((61})\ + efit)x)/z) T (eit/\ N eiit/\)/Z)\)(pp,
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where A = ,/u — T and 7 is a threshold; we also write the functions (5.1.6) in the
form
s (1) = (20) 2,

Then we have
wy = (1/2)(u A2 AV pu, A2 FA7V2), p=L+1,..,M;

here by w;,t and u;t one can mean the functions in the cylinder and the corre-
sponding waves in the domain G alike. Together with (5.3.21) and (5.3.22), this
leads to the following description of the blocks T;; of the matrix <.

Lemma 5.3.3. Each of the matrices ;) consists of four blocks and is block-diagonal.
The equalities

Ty (1) = Ti)(n) = diag{I, 271 (A2 L AV (5.3.23)

Tion) (1) = Ty (1) = diag{O, 271 (A2 =AYy 1} (5.324)

hold, where Ix is the unit matrix of size K x K, Oy, is the zero matrix of size L x L, and
A= pu—Twithy e (t,7").

We return to (5.3.20) with S and S instead of & and &. Let us divide the
matrix S into four blocks with S(1;) of size L x L and Sy of size (M — L) x
(M — L). We also set d* = 271(A1/2 £ A=1/2)_ Then

- It 5(12)‘1_
Tan) + ST (o) = ( O S Ll ) (5.3.25)

According to Lemma 5.3.2, the matrix T(1;) + ST(yy) is invertible, so the matrix
Syd™ + Im- 1d* is invertible as well, therefore

_ I —Sand™ (Sppyd™ + Iy_pdt)!
1_ (1L (12) (22) M-L )
(T(ll) +5‘I(21)) ( O (8(22)(17 + IM_Ld+)71 ) (53 6)
In view of (5.3.20), we obtain
Proposition 5.3.4. For p € (7, 7") the blocks S ;) of the scattering matrix
S(u) = (Tan + ST ) (Taa) + S()T2)
admit the representations
Sa1y = Sa1) — Sand (Saayd™ + Iv—1d") 'S, (5.3.27)
5(12) = 8(12)d+ — 5(12)(1_ (5(22)d_ + IM,Ld+)_1(S(22)d+ + IM,Ld_), (5.3.28)

So1) = (Spd™ + In-1d") ' Sp1), (5.3.29)
S22) = (Sepyd™ + I 1d7) " (S(appd ™ + In1d"). (5.3.30)
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5.3.3 The limitsof S(y) aspy — 7+0

To calculate the one-sided limits of S(y), we make use of (5.3.4) as 4 — T — 0 and
apply (56.3.27) = (5.3.30) as ¢ — T + 0. The computation procedure depends on
whether the number 1 is an eigenvalue of the matrix Sy (7).

5.3.3.1 The limits of S(y) as 4 — 7 £ 0 provided 1 is not an eigenvalue of
5(22)(7)

Recall, that the functions p — S()(p) are analytic in a neighborhood of p = 7.
Therefore from (5.3.4) it immediately follows, that

lim S(u) = S11)(7) — Saz) (1) (S(az) (1) = 1)~ Sa1) (7). (5.3.31)

u—t—0
Let us proceed to compute lim S(y) as ¢ — 7+ 0. By virtue of (5.3.27) and (5.3.31),

lim Sqpy(p) = Hm (Sq1) (1) — Spaz) (1) (Siaz) (1) + d+(ﬂ)/d_(ﬂ))_18(21)(ﬂ))

u—7+0 u—7+0
=811)(1) = S(a2) (1) (S22) (T) — 1)715(21)@) = VEIT{OS(H)- (5.3.32)
According to (5.3.30),

. T N—1 _ o
ygf&os(zz)(ﬂ) = ygﬂo(s(zz) +d"/d7) T (Spd /d +1) =
= (S (1) = 1) =Sy (1) +1) = ~ It 1. (5.3.33)
It follows from (5.3.29), that
So1) (1) = (S +d*/d™) 'Sy /d
Since d—(u) =27 1((p — T)V/2 = 1)/ (u — 1)'/*, we arrive at

Soy() =O0((p—0)""*) =0  for p—T+0. (5.3.34)

Finally, consider S(q5) (). We rewrite (5.3.28) in the form

St2) = Sand™ (1= (S +d+/d_)_l(8(22) +d=/d7)) =
= Su2)d (S +dT/d7) N dT/d™ —d ™ /d™).

In view of
A /d™ —d=/d*) = 2(u— DY/ ((u - D)V2 - 1),
we obtain

Saoy() =0((u—7)*) >0 for  p—T+0. (5.3.35)
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5.3.3.2 The limits of S(y) as 4 — 7 £ 0 provided 1 is an eigenvaue of S (1)

We set A = /i — T with 4 = 7+ A? and consider the function A + ®(A) :
cM-L _, cM-L

D(A) := Sy () +d ¥ () /d™ (1) = Sy (T +A%) + (A+1)/(A—1). (5.3.36)

The number A = 0 is an eigenvalue of the function A — ®(A), if and only if 1 is
an eigenvalue of the matrix S5 (7); in such a case, ker (S(2) (1) — 1) = ker ®(0).
To calculate the limits of S(y) as 4 — 7+ 0, we need a knowledge of the resolvent
A — ®(A)~1in a neighborhood of A = 0. Propositions 5.3.5 and 5.3.6 provide the
required information.

Proposition 5.3.5. There holds the equality
ker (8(22) (T) — 1) = ker (8(22) (T)* — 1) (5337)

Proof. Assume that i € ker(S()(7) —1). Then, as shown in the proof of
Lemma 5.2.7, the vector (0, /)" € CM belongs to ker (S(7) — 1) and Sy (7)h = 0.
The same argument with S(7)* instead of S(t) shows that the inclusion g €
ker (Sipp)(7)* — 1) implies (0,8)" € ker (S(7)* — 1) and S(51)(7)*g = 0. Since
S(1)* = S(1)~!, we have

ker (S(t) — 1) = ker (S(7)" —1). (5.3.38)

Let hy,...,h, be abasis of ker (8(22) (r) —1)and g, ..., the basis of
ker (S(5)(1)* —1). We set hj = (0, k)" and §j = (0, 8;)". Then (5.3.38) implies

hi,gj € ker (S(1) —1) =ker (S(1)*—1), j=1,...,x

Therefore, any vector of the collection hy, ..., is a linear combination of the
vectors g1, . .., g and vice versa. [J

Proposition 5.3.6. Let ® be the matrix function in (5.3.36) and dimker ®(0) = » >
0. Then, in a punctured neighborhood of A = 0, the resolvent A — ®(A)~! admits the
representation
4
DAt =—2A) Y {hjthi +T(A); (5.3.39)
j=1
here hy, ..., h, is an orthonormal basis of ker (S () (T) — 1), {u, v} is the inner product
on the space CM~L, and A +— T(A) : CM~L — CM~L is a matrix function holomorphic
in a neighborhood of A = 0.

Proof. It is known (e.g., see [12],[13]) that, under certain conditions, the resolvent
2(A)~! of a holomorphic operator function A + 2((A) in a punctured neighbor-
hood of an isolated eigenvalue Ay admits the representation

AA) = (A —Ag)” i ()9 +T(A), (5.3.40)
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where ¢1,..., ¢, and ¢y,. .., P, are bases for the spaces ker2(Ag) and ker2(Ap)*
satisfying the orthogonality and normalization conditions

(0aA(Ao)oj, i) = 0, L k=1,...,5, (5.3.41)

and I' is an operator function holomorphic in a neighborhood of Ay. Formula
(5.3.40) is related to the case where the operator function A — 2((A) has no gener-
alized eigenvectors at the point Ag. To justify (5.3.39), we have to show that there
are no generalized eigenvectors of the function A — ®(A) at the point A = 0 and
to verify agreement between (5.3.39) and (5.3.40).

We first take up the generalized eigenvectors. Assume that 0 # h° €
ker ®(0). The equation ®(0)h! + (9,®)(0)h° = 0 for a generalized eigenvector
h! is of the form

(S(a) (1) — 1) = 21",

The orthogonality of h° to the lineal ker (S22)(1)" = 1) = ker (S) (1) — 1) isnec-
essary for the solvability of this equation (see (5.3.37)). Since 0 # h0 € ker ®(0) =
ker (S(2)(t) — 1), the solvability condition is not fulfilled, so the generalized
eigenvectors do not exist.

Let us compare (5.3.39) and (5.3.40). We have (0,®)(0) = —2Ij_1. More-
over, in view of (5.3.37), the bases ¢1,..., ¢, and ¢, ..., ¢, in (5.3.40) can be
chosen to satisfy ¢; = —¢; = h;/ V2 and as hy, ..., h,, there can be taken an or-
thonormal basis of ker (S (7) —1). Then

{@A®@)(0)p), Y1} =6,  jk=1,...,5,

and the representation (5.3.40) takes the form of (5.3.39). U
Let us calculate lim S() as ¢ — 7 — 0. According to Lemma 5.2.7,

Im(S(zz) (T) — ].) D Im5(21) (T)

Therefore, Proposition 5.3.5 leads to the equalities {S(,1)(7)f,h;} = 0 for any
feClandhy,..., hyin (5.3.39). Because the function i — Sy (i) is analytic,
we have S(51)(i) = Sp1)(T) + O(|p — 7|); recall that [ — 7| = |A]>. Applying
(5.3.39), we obtain

(Sea2) () +D (1)) 'San) (1) = T(A)S(any (1) + O(|A)). (5.3.42)
Now from (5.3.4) it follows, that

lim S(p) = Sp1) (1) — Sa2) (DL (0)S 21y (7); (5.3.43)

u—1—0
Lemma 5.2.7 allows to treat the right-hand-side as the operator
Sy (1) = Sa2) (1) (S(22) (1) = 1) 181 (7)
(see (5.3.31)). For 4 — 7 — 0 there holds the estimate

S(p) — (Sa1)(T) — Sz (T (0)S(a) (7)) = O(|p — 7|1/2)). (5.3.44)
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Let us proceed to computing the limits as ¢ — 7 + 0. Compute limy, 710 S(11) (1)
in the same way as lim, ;o S(p) and obtain

Jim Sy () = Jim (1)- (5.3.45)

In view of (5.3.30),
-1
S2) (1) = (5(22)(Pl) +d+/d_> (5(22)(V) +d- /d+> d*/d-
— /i 4 (S () + /) (4l - d /A7) d

Applying resolvent representation (5.3.39), we write the last equality in the form
of

A+1 2 & 47
S)(1) = 37— <I+ 71 2(-,hj)hj - mrw) . (5.3.46)
]:
Hence .
JHm S (k) = 2];(-,%1]-)%:]- —1=P-Q, (5.3.47)

where P = Y77 (-, hj)hj is the orthogonal projector CM-L onto ker (Sa2)(1) = 1)
and Q = [ — P. Moreover, for i — 7 + 0, it follows from (5.3.46), that

S(a) () = P+Q =O(lu —7|'/?). (5.3.48)
In accordance with (5.3.29),
1) (1) = (Sz2(pt) + Iy —rd™/d™) ' S(ayy /d~
Taking account of (5.3.42) and of d~ = (A —1)/ 2v/A, we obtain
Sany () = (T(V)Sen (1) +O(IA)) 2VA/ (A = 1).
Consequently,
Son(w) =0(jp—t|"*) -0 for  p—T+0. (5.3.49)
It remains to find the limit of S(15) (4). By virtue of (5.3.28),

S(12) (1) = Sy ()d* (1 — (Say(u) +d*/d7) " (S (1) + d_/d+)) :

Since

4A
(Sa2y (1) + d+/d7)71(5(22)(ﬂ) +d7/dT) =1~ I (S(22) (1) + dt/d-)7,

A2 —
we arrive at

S0 = 27180200 (= gy T TV

Recall that h] S kel‘(SZZ(T) — 1) C kerSu(T) (see (5.2.20)), 8(12) (}l) = 8(12)(’[) +
O(|u — 7|), and  — T = A2. Therefore, as 4 — T + 0 we have

Sa2) (1) = O(lu —[*/*) — 0. (5.3.50)
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5.4 Method for computing the scattering matrix

We first recall the method for the scattering matrix S(y) in Theorem 5.2.6, 1) with
W < u < p’, where [, 0" C (v/,7) or [, u"] C (t,7"). The interval 3/, "]
may contain eigenvalues of the operator (5.2.5). The method was justified for the
Laplace operator by Plamenevskii et al. [30] and generalized for elliptic systems
by Plamenevskii et al. [31]. We set

R = {(y,#)ell: ¥ >R}, GR=¢G\UL Tk,
dGR\ oG =TR =u, IR, TR ={(y,t") eIl : ' = R}
for large R and introduce the boundary value problem
—AX]R(x,y) - yX]R(x,y) =0, xeG&
Xf(x,p) =0 x€aG\TK; (5.4.1)
(=0, + iC)X]R(x,y) = (=0 +1iQ) (u;“(x,y) + ZkM:1 akuk_(x,y)) ,x eIk,

where { € R\ {0} is an arbitrary fixed number, a; are complex numbers, and

u].i are the waves in (5.1.6). As an approximation to the row (S [y SjM) there

serves a minimizer a°(R, u) = (a2(R, p),...,a%,(R, u)) of the functional

M
IR @, am ) = X Com) —ul (o) = Y au () LT, (542)
k=1

where X]R is a solution to problem (5.4.1). To clarify the dependence of X]R on the
parameters ay, . .., ap;, we consider the problems

—Avji — yv]i =0, «x¢€ GR,
v]i = 0, xcaGR\Tk (5.4.3)
(—0 +ig)v].i = (—o, +ig)u]i, xel® j=1,...,M;

we have X]R = v;’R + Yk ax0; g- Let us introduce the M X M-matrices with entries

R _ _ _
E]-k = (vj — uj SV — Uy )rR'
R _ (oF oyt o= — 4
ij = (vj — u]. SV — Uy )rR'
We also set
R_ (o _ 4 o _ o+
G]- = (v]. Ui, vl = )rR'
Now functional (5.4.2) can be written in the form
Jf(a) = (aEX, a) + 2Re (FF, a) + GF,
where Ff is the j-th row of the matrix FR and (-, -) is the inner product on CM. The
minimizer a’ (R, i) satisfies a°(R, u)ER + Ff = 0; the matrix ER is non-singular.
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It was shown by Plamenevskii et al. [30] that the minimizer a’(R, 1) tends
to the row (Sj1,...,Sjm) as R — +oo at exponential rate. More precisely, the
estimate

ZISJk 1) — ap (R u)| < Ce™*

holds for any R > R, where ¢ is the number in (5.2.3), Ry is a sufficiently large
positive number, and the constant C is independent of R and p € [u/, "].

We now proceed to calculating the matrix S(p) in Theorem 5.2.6, 2) with
we [,y c (v/,7"). Theinterval [y, 4] may contain the threshold T as well as
some eigenvalues of the operator (5.2.10). Introduce the boundary value problem

—AXR —pxf =0, xech
Xt = 0 xeaGi\TK
(=0 +i0)AR = (=0, +iD) (W + Y awp), x €T, (5.44)

where w]jE is a stable basis (5.1.10), (5.1.11) for the space of waves, { € R\ {0}, and
ar € C. As an approximation to the row (Sjy, ..., Sju), we suggest a minimizer
a°(R) = (a)(R),...,a3,(R)) of the functional

M
TRy, ... am) = X8 —w Z aew; ; Ly (TR) |12, (5.4.5)

where X].R is a solution of problem (5.4.4). Let us consider the problems
0, xeGk

zE = 0, xeaGh\T1k
(=

]
(=0 +i0)z I +ig)ws, x €T, j=1,..,M,

+ + _
Az]. pzp =

set

R - —
Ejk = (z- — W,z — W )rR’ (5.4.6)

and rewrite functional (5.4.5) into the form of

ij(a) = (aER,a) + 2Re <]-']R,a> + Q]R,

where ]-"]-R is the j-th row of the matrix 7 R. Thus the minimizer a°(R) is a solution
to the system a’(R)ER + .7:jR =0.

The justification of the method is similar to the justification by Plamenevskii
et al. [31]. The following Propositions 5.4.1 and 5.4.2 can be verified in the same
way as the analogous assertions in [31].
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Proposition 5.4.1. The matrix ER (u) with entries (5.4.6) is non-singular for all u €
[, u"] and R > Ry, where Ry is sufficiently large number.

Proposition 5.4.2. Let u be a solution to the problem
—Au—pu = 0, x € GR,
u 0 x€aGR\TK,
(—0y +iQ)u = h,xcTRk,

with h € Ly(TR). Then

< L), (5:47)

Proposition 5.4.3. Let i°(R, ) = (a(R, 1), ..., a%;(R, u)) be a minimizer of the func-
tional j,R in (5.4.5). Then

;Lo (TR

TR (aO(R,y)) < Ce 2R for R = oo, (5.4.8)

where the constant C is independent of R > Ro, u € [y, u"], and v = ~(u) is the
piecewise constant index described in Lemma 5.2.4. For all R > Ro and p € [y, u"'] the
components of the vector a°(R, i) are uniformly bounded,

|a (R,u)| <const < oo, j=1,...,M.

Proof. Relation (5.4.8) has been obtained in the same manner as in [31]. Let us
verify the uniform boundedness of the minimizer a’(R, ). According to Lemma
5.2.4, for [y, u"] there exists a finite covering I, such that for each interval I, one
can choose a number 7 () in (5.2.8) (and consequently in (5.4.8)) independent of

p. Moreover, max,ej,Re /T —p <y < minyej,Re /7" — 1. We consider that p
runs through one of the covering intervals. Denote by Z the solution of problem

(5.4.4) corresponding to a®(R, i) = (a%(R, p),...,a% (R, p)). Setting u = v = ZR
in the Green formula, we obtain

(= ZR, ZR) e — (ZR, =0y ZF)rr = 0. (5.4.9)
By virtue of (5.4.8),
M
12} = (w] + Y aj(R, ww; ; L(TF) =0(e ™), R—oo,  (54.10)
j=1
uniformly with respect to p. Since
M
(—0v +i0)Z|rr = (=9 +i0) (w] + ) a} (R)w; )|rx,
j=1
from (5.4.9) it follows, that

| — — (w] + Za ;LT =0 "), R—>o0. (54.11)
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Recall, that for u > 7, the waves wli are bounded functions; for 4 < T the waves
wljE with L < | < M defined by (5.3.2) grow at infinity as O(ev™ #I*) and as
O(]x|) for u = . We use (5.4.10) and (5.4.11) to reduce (5.4.9) to the form

(=0v @1, @1)rx — (1, —0v@r)rx = |a®(R)| O(e~(T=VTTH=oIR),

where ¢; = w;" + Za?(R)w]f; as before, \/T —y = i\/y — 7 for y > 1, € being an
arbitrary small positive number. In view of (5.1.12) and (5.1.13), the left-hand-side

is equal to —i(1 — ) |a?(R) |?). Therefore,

[a°(R)|> =1+ o(la°(R)]),

which leads to [a’(R)| = 1+ o(1). Looking over all elements of the covering, we
obtain the desired estimate everywhere on [3/, u”']. O

Theorem 5.4.4. For all R > Ry, where Ry is a sufficiently large number, and for all
u e [W,u" c (v',7") there exists a unique minimizer a®(R, ) = (a%(R, p),...,
a9, (R, 1)) of the functional JR in (5.4.2). The estimates

M
Y- 1Sik(u) — ad(R, )| < Ce "R (5.4.12)
k=1

hold for all R > Ro, p € [, 4], and 0 < A < min, ¢, mRe (/T — p — /T —
where /T — p = iy/§ — T for p > T and the constant C = C(A) is independent ofR
and .

Proof. As in the proof of the previous assertion, we assume that y runs through
an interval I, of the covering of [/, "] in Lemma 5.2.4, so the number 7 in
(5.2.8), (5.4.10) and (5.4.11) is independent of y, while max;er,Re /T —p < 7 <
minyelpRe VT =

Let Y,R be a solution to problem (5.4.4), where a i j=1,..., M, are taken to be
the entries Sj; of the scattering matrix S, and let Z{ and (aJ(R, p), ..., a%,(R, p))
be the same as in Proposition 5.4.3. We substitute u = v = U; := Y] — Z,R into the
Green formula. Since U] satisfies the first two equations in (5.4.4), we have

(—ouUy, Up)rr — (Up, —0uUp)pr = 0. (54.13)
Setting
M M
pr=w+Y, a?(R,y)w;, Y =w + ), Sy(wwy, (5.4.14)
=1 j=1

we write down Uj in the form

U=Y-Z =i =)+ @ — o)+ (91 — Z).



111

Note that (Y; — ¢;)|;r = O(e~"R) by virtue (5.2.8). Moreover, by Proposition
5.4.3, the components of the minimizer a;(R, ) are uniformly bounded. In view
of (5.4.10)and (5.4.11), this leads from (5.4.13) to the relation

(0w (1 — 1), (91 — @1))rx — (1 — @1), =0 ($y — 1)) = O(e™ T VTH7IK),

(5.4.15)

where ¢ is an arbitrary small positive number. Straightforward calculation shows

that the left-hand-side is equal to izjﬁi 1 \a?(R, u) — Sji(p)|* (it suffices to use
(5.4.13), (5.1.12), and (5.1.13)). Hence

Z!a (R, 1) = Sij(u) > = O(e”(=VTH=9K)

and we arrive at (5.4.12) for u € I, and A < minyep, (v —Re /T —p —¢)/2.
We now prove that the inequality

M
Y 1a;(R, 1) — Syj(p)[2 = O(e 20— VTTR-a(1=2 1Ry (5.4.16)
=1

holds for any positive integer N. For N = 1 the inequality has been obtained, so
it suffices to derive from (5.4.16) the same estimate with N + 1 instead of N. We
have

M
W — @1 = 2(31].(#) _ ﬂj(R/V))wj_ — O(e—[(7—«/74—14)(1—2—57)—\ﬁT—}l—S]R)‘
j=1

So we can go from (5.4.13) to (5.4.15) with right-hand-side replaced by O(e*) with
(7= VTR —e)(1-2N) — T fi—e+qIR = —2(y— T i—e)(1 -

2-N-1)R. Again calculating the left hand-side of (5.4.15), we obtain

=

Z |ﬂ](R H) Sl](‘u)|2 — 0(672@—\/@,5)(1,2—1%1)1?)'
j=1

Hence we have proved (5.4.12) for any positive integer N with € I, and A <
mingep, (v — Re /T —p —¢e)(1 - 27N) | Increasing N and decreasing ¢, we can
take A to be arbitrarily close to y — Re /T — p. Looking over all intervals I, of
the covering, we obtain the needed estimate everywhere on [p/, u”] with A <
min,, ¢, (7(#) — Re /T — p). Finally, for the difference between y(p) and
Re /7" — pt to be so small as needed, it suffices to refine the covering of [p//, i”'].
O

In a neighborhood of the threshold 7, the matrix S(u) can be calculated by
the method presented in this paper. Since the limits of S(u) as 4 — T+0 are
finite, the connection between S(y) and S(u) allows to calculate S(u) for u in
vicinity of 7.
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5.5 Examples of the method application

The method for approximating the waveguide scattering matrix, described in
Chapters 3 and 5, has been successfully implemented in real-life computational
applications. A series of papers [2] - [5], [17] is devoted to the resonant tunnel-
ing in quantum waveguides. The authors consider the Dirichlet problem for the
Helmbholtz equation or for the Pauli equation in cylindrical waveguides, having
two narrows of small diameter. The narrows play the role of effective potential
barriers and the waveguide part between the narrows plays the role of a res-
onator. So, there arise conditions for resonant tunneling of electrons. The phe-
nomenon consists in the fact that, for electron with energy E (E stands for the
spectral parameter), the probability T(E) of passing from one part of the waveg-
uide to the other through the resonator has a sharp peak at a “resonant energy”
E,es. The probability T(E) is called a transmission coefficient.

In [2] - [5] the method, analogous to that in Chapter 3, was applied for com-
puting the transmission coefficient T(E). With a kind permission of the authors
we reproduce here some plots computed by means of the method. Suppose E
belonging to an interval between the first and the second threshold. Then the
scattering matrix S(E) is of size 2 x 2 and the transmission coefficient T;(E) is
equal to |S12(E)|?. Its dependence on E is presented in the FIG. 4.
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FIGURE 4 The transmission coefficient dependence on the spectral parameter E belong-
ing to an interval between first and second thresholds. The plot is computed
by the method, analogous to that in Chapter 3 [2], [4], [5].

If E is higher than the second threshold, then there arise several incoming
and outgoing waves and we deal with multichannel scattering. Let u;,...,u, be

the outgoing waves propagating in the first cylindrical end and u,,_ 4, ..., u,, be
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the outgoing waves propagating in the second cylindrical end, while n = n(E).

Then the total transmission coefficient of the incoming wave ] is equal to

2n
Ty (E) = Y, |Sy(E)P. (5.5.1)
j=n+1

Its dependence on E is presented in the FIG. 5.
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FIGURE 5 The total transmission coefficient dependence on the spectral parameter E
in the case of multichannel scattering. The plot is computed by the method,
analogous to that in Chapter 3 [4], [5].

In [17] the scattering matrix is computed near thresholds. To this end the
authors apply both the “non-threshold” method of Chapter 3 and the “threshold”
method of Chapter 5 and compare the obtained results. It turns out that, when
E is close to the threshold T and E > 7, the methods show good agreement in
accuracy. When E is close to the threshold and E < 7, the method of Chapter 5
converges much faster as R tends to infinity, than the method of Chapter 3 (see
FIG. 6), as it was expected from theoretical prerequisites. But the advantage in
accuracy of the “threshold” method becomes negligible for energies not too far
from the threshold T — E = 1 ~ 0.037 (see FIG. 7). Far from thresholds the “non-
threshold” method of Chapter 3 is preferrable, because the number of auxiliary
boundary value problems to be solved is less than that, needed for the method of
Chapter 5, and the accuracy is the same.
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FIGURE 6 A comparison of convergence rate for the method of Chapter 3 and the

method of Chapter 5. The computed transmission coefficient T}, := [S»|?
(1) using the method of Chapter 3, (2) using the method of Chapter 5, (3) the
computed difference for T — E = 1077 [17].
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FIGURE7 A comparison of convergence rate for the method of Chapter 3 and the

method of Chapter 5. The computed transmission coefficient T}, := [S1»|?
(1) using the method of Chapter 3, (2) using the method of Chapter 5, (3) the
computed difference for t — E = 1[17].



6 CONCLUSIONS

In the thesis, we use an original method that allows us to extend significantly the
class of electromagnetic waveguides, admitting mathematically exact investiga-
tion. Namely, we associate with the Maxwell system an elliptic boundary value
problem. The problem is investigated by means of waveguide theory for elliptic
systems. Finally, we derive the information about the Maxwell system from that,
obtained for the elliptic one.

The elliptization of the Maxwell system provides all the advantages of an el-
liptic case, in particular, possibility of localization, a freedom in choosing waveg-
uide geometry and filling medium. In the present thesis, we relax the restrictions
of the geometry. We consider waveguides having finitely many cylindrical out-
lets to infinity. A waveguide is supposed to be empty, i.e. dielectric and magnetic
permittivity are identity matrices, and the waveguide boundary is supposed to
be perfectly conductive. The proposed method can be used to advance the de-
veloped theory, particularly, to study waveguides with non-homogeneous filling
medium, with dissipation etc.

Main results of the work:

1. We propose and justify a well-posed problem statement with intrinsic radia-
tion conditions, the “radiation principle”. The intrinsic radiation conditions
mean, that the principal part of solution asymptotics at infinity consists of
outgoing waves only. A problem with the radiation conditions has a unique
solution that depends continuously on right-hand-side.

2. We describe the waveguide continuous spectrum, introduce a scattering
matrix, defined on the continuous spectrum, and study its properties. The
matrix is unitary and has a finite size that is called the continuous spectrum
multiplicity. The continuous spectrum multiplicity depends on the spec-
tral parameter, the function is even, piecewise constant, and increasing on
the positive semiaxis; the discontinuity points of the function are called the
thresholds. The positive thresholds form a sequence increasing to infinity.

3. We propose and justify a method for approximating the scattering matrix
under condition, that the spectral parameter belongs to an interval, con-
taining no thresholds. A minimizer of a quadratic functional serves as an
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approximation to the scattering matrix row. To construct the functional, we
solve an auxiliary problem in a bounded domain, obtained from the waveg-
uide by cutting off the cylindrical ends. The minimizer tends to the scatter-
ing matrix row at an exponential rate as the domain size tends to infinity.

We also investigate the threshold behaviour of the waveguide scattering
matrix for the Helmholtz equation with Dirichlet boundary conditions and
obtain the following results:

. We prove that the scattering matrix depends analytically on the spectral pa-
rameter in any continuous spectrum interval, containing no thresholds. In
aneighbourhood of a threshold, we introduce an augmented scattering ma-
trix that keeps its size and depends analytically on the spectral parameter in
the neighbourhood. Threshold behaviour of the (ordinary) scattering ma-
trix is described in terms of the augmented one. Particularly, we show the
scattering matrix to have finite left and right one-sided limits at thresholds.
. We propose and justify a method for approximating the augmented scatter-
ing matrix in the neighbourhood of the threshold. The ordinary scattering
matrix can be computed by way of computing the augmented scattering
matrix.

. Numerical simulations show that, in a neighbourhood of a threshold, the
method of Chapter 5 converges much faster, than the method of Chapter
3. Far from the thresholds, the method of Chapter 3 is preferrable, since
the methods have the same accuracy, but the method of Chapter 5 needs a
larger amount of computational operations.

The results of 4 and 5 on the Helmholtz equation are generalized for
the Maxwell system as well, and a paper on the topic is being prepared for
the press.
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YHTEENVETO (FINNISH SUMMARY)

Tutkimme sahkomagneettisia aallonjohtimia, joissa on useita sylinteriméisia péi-
ta. Aallonjohdin oletetaan tyhjdksi ja sen reuna taydellisen johtavaksi. Tutkimme
varausten ja sahkovirran luomaa sahkomagneettista kenttdd aallonjohtimen lahei-
syydessd. Sahkokenttd madrdaytyy Maxwellin yhtdloiden mukaan. Tarkasteltava-
ssa systeemissd oletetaan johtavat reunaehdot ja séteilyehdot ddrettomyydessa.
Todistamme matemaattisen ongelman olevan hyvin asetettu. Sdhkomagneettisen
kentdn vérdhtelyd aallonjohtimessa esittdd erityinen sirontamatriisi. Tutkimuk-
sessa esitellddn sirontamatriisi kaikille spektraaliparametreille k aallonjohtimen
jatkuvassa spektrissd ja tutkitaan sen ominaisuuksia. Lisdksi esitimme numeeri-
sen menetelman, jolla sirontamatriisia voidaan approksimoida. Menetelm ei ole
riippuvainen aallonjohtimen ominaisarvoista.

Viitoskirjan tulokset laajentavat sihkomagneettisen aallonjohtimen teoriaa.
Viitoskirjassa esitellyt asymptoottinen analyysi ja numeeriset menetelmét mah-
dollistavat esimerkiksi monimutkaisten aallonjohdinten resonaattoreiden ja SHF
jakajien tarkastelun. Matemaattinen tarkastelu perustuu ylimaaraytyvan Maxwe-
llin systeemin laajentamiseen elliptiseksi ongelmaksi.
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