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Abstract

A vector functional-difference equation of the first order with a special matrix coefficient is analysed.
It is shown how it can be converted into a Riemann-Hilbert boundary-value problem on a union of two
segments on a hyperelliptic surface. The genus of the surface is defined by the number of zeros and poles
of odd order of a characteristic function in a strip. An even solution of a symmetric Riemann-Hilbert
problem is also constructed. This is a key step in the procedure for diffraction problems. The proposed
technique is applied for solving in closed form a new model problem of electromagnetic scattering of
a plane wave obliquely incident on an anisotropic impedance half-plane (all the four impedances are
assumed to be arbitrary).

1 Introduction

The most powerful and general methods for exact solution of model problems in acoustic and electromag-
netic scattering are those of Wiener and Hopf (1931) and Maliuzhinets (1958). The former method leads
to the Riemann-Hilbert boundary-value problem on an infinite straight line L (it splits the complex plane
into two half-planes D and D™):

dT(t)=GH)® (1) +gt), telLl, (1.1)

where the unknown vectors (functions) ®*(¢) are analytic in D*. The matrix (function) G(t) and the
vector (function) g(t¢) are given. The Maliuzhinets method gives rise to a functional-difference equation
(a particular case of the Carleman boundary-value problem of the theory of analytic functions):

®(0) =G(o)®(c —h)+g(0), oc€Q={Re(s) =w}, (1.2)

where ®(0) is an unknown vector (function) analytic in the strip II = {w — h < Re(s) < w}. The matrix
(function) G(o) and the vector (function) g(o) are supposed to be known.

The method of exact solution of equations (1.1), (1.2) rests on our ability to factorise the coefficient
G of the problems, i.e. to split the matrix (function) G into two factors:

G(t) =X")[X" @), tel, (1.3)
in the case of equation (1.1), and

G(o) = X(0)[X(oc — h)]"!, o€, (1.4)



for equation (1.2). Here X*(z) are analytic and non-singular in the domains D*, and X(s) is analytic
and non-singular in the strip II.

If the aforementioned equations are scalar, then in either case there is an exact device for factorisation
which is, essentially, based on the Sokhotski-Plemelj formulae. Thus, practically all conceivable scalar
equations (1.1), (1.2) corresponding to applied problems can be solved exactly (for a survey see Noble,
1988; Osipov and Norris 1999).

It is known that for a system of functional equations (1.1) or (1.2) such a general procedure is not
available. In comparison with the difference matrix factorisation (1.4), there are significantly more studies
on the Wiener-Hopf matrix factorisation (1.3). We mention papers by Khrapkov (1971), Jones (1984) and
Moiseyev (1989). The paper by Jones also provides some references to other results on the Wiener-Hopf
matrix factorisation and their applications to physical models.

As for the vector functional-difference equation (1.2), to the best of the authors’ knowledge, classes
of matrices which admit the constructive difference factorisation (1.4) have not been studied. We, of
course, discard those cases when the matrix coefficient G can be diagonalised by multiplying the left- and
right-hand sides of equation (1.2) by a constant matrix.

In this paper, we study the vector functional-difference equation (1.2) with the matrix coefficient of

the form
[ ai(o) +az(o) fi(o) as(o)
Gl ( az(0) fa(o) ai(o) — ag(a)fl(a)> , 0EL, (1.5)

where a1(0),as(o) are arbitrary Holder functions on every finite segment of the contour Q, f1(0), f2(o)
are arbitrary single-valued meromorphic functions in the strip II such that f;(c) = fj(c — h), o € Q,
j = 1,2. Tt is assumed that the function f;(s) and the characteristic function f(s) = f2(s) + f2(s) have
finite numbers of poles in the strip II. The number of zeros of the function f(s) in the strip II is also
finite.

We propose a procedure for exact solution of the vector functional-difference equation (1.2) with the
matrix coefficient (1.5). The method consists of the following steps:

(i) reducing the initial equation (1.2) to two separate functional-difference equations of the first order
and a system of boundary conditions for the unknown functions on a system of cuts. The cuts join the
branch points in the strip of the function f/2(s);

(ii) converting the problem to a vector Riemann-Hilbert problem on a system of open curves;

(ili) setting up a Riemann-Hilbert problem on the contour £ = Ly U Ly, L; = (—=1,1) C Cj, on a
hyperelliptic surface R formed from the two copies C; and Cs of the cut complex plane;

(iv) constructing a solution of the Riemann-Hilbert problem on the surface growing at infinity;

(v) solving the Jacobi inversion problem (Springer, 1956; Zverovich, 1971; Farkas and Kra, 1991;
Antipov and Silvestrov, 2002) and remove the growth at infinity of the solution;

(vi) writing down the general solution of the Riemann-Hilbert problem on the surface and, afterwards,
the general solution of the vector functional-difference equation (1.2).

If the function f/ 2(s) has no branch points in the strip II, then one can find a closed-form solution
of the vector equation (1.2) by analysing a standard Riemann-Hilbert problem on the segment (—1,1) of
the complex plane. In general, however, it is necessary to formulate and solve a Riemann-Hilbert problem
on a two-sheeted surface of genus p, with 2p + 2 being the number of the branch points of the function
f1/%(s) in the strip II (the number of these points is always even). If the function f/2(s) has only two
branch points in the strip II, then the genus of the surface is zero and the solution of the Jacobi inversion
problem can be bypassed. For p > 1, the analysis of the Riemann-Hilbert problem requires solving the
Jacobi inversion problem in terms of either the Riemann 6-function (see, for instance, Farkas and Kra,
1991) if p > 2, or elliptic functions (see, for example, Hancock, 1968) if p = 1.

It turns out that applying the Maliuzhinets technique to problems of diffraction needs a special solution
which meets the symmetry condition:

P(w+it)=P(w—h—ir), —00<T< 0. (1.6)



The above relation not only narrows the class of solutions but also imposes some necessary conditions for
the matrix G(o) and the vector g(o). If those conditions are satisfied, then one needs to seek an even
solution of the Riemann-Hilbert problem on a surface of genus p’ = [p/2] ([a] is the entire part of a number
a). Therefore, in this case, there is no need to solve Jacobi’s problem if the number of the branch points
in the strip II is not greater than 4. Otherwise, for the number of the branch points not greater than 8,
the problem is solvable in terms of elliptic functions. We note that the number of the branch points of the
function f1/ 2(s) is a topological characteristics of the problem. To decrease the genus of the corresponding
surface we need an additional symmetry of the problem. Recently, Senior and Legault (2000) analysed
a second-order scalar functional-difference equation in the case when it is solvable by elliptic functions.
Although their method is different, it also uses some elements of the theory of Riemann surfaces (a torus
in their case).

To show how the proposed technique works, we choose a new canonical problem of electromagnetic
scattering by an anisotropic impedance half-plane. Senior (1978) formulated the problem for four different
impedance parameters using both Wiener-Hopf and Maliuzhinets methods. The Wiener-Hopf formulation
leads to a 1 x 4 vector Riemann-Hilbert boundary-value problem for an infinite contour on a plane. The
particular case, when the impedances meet the restriction 77;»r =1, (j = 1,2), was analysed by Hurd
and Liineberg (1985). They chose the Wiener-Hopf formulation and found a closed-form solution of the
corresponding 1 x 2 vector Riemann-Hilbert problem on the real axis in terms of elliptic functions. On the
other hand, the Maliuzhinets formulation of the general problem gives a second-order functional-difference
equation. As it was pointed out by Senior (1978), it was beyond known techniques.

In this paper, we present a closed-form solution of this most general case of the scattering problem.
Mathematically, it converts into a Riemann-Hilbert problem on a hyperelliptic surface of genus three that
is solvable in terms of the Riemann f-function of genus 3 (Antipov and Silvestrov, 2002).

The paper is organised as follows. In Section 2, we define sufficient conditions for the matrix coefficient
G (o) to be imposed in order that the proposed method works. We reduce the initial functional-difference
equation (1.2) to a scalar Riemann-Hilbert problem on an open contour of a Riemann surface in Section
3. A canonical solution of this problem is constructed in Section 4. The general solution of the Riemann-
Hilbert problem on the surface is written down in Section 5. In Section 6, we construct and analyse a
closed-form solution of the vector functional-difference equation (1.2). We also specify it for the case when
all the poles are simple.

For problems of scattering, it is crucial to know how to construct a solution that meets the symmetry
condition (1.6). This is the main aim of Section 7.

Section 8 is devoted to the problem of diffraction by an anisotropic impedance half-plane (all the four
impedances are assumed to be arbitrary). In Section 8.1, we reduce the problem to a vector functional-
difference equation of the first order. The general case (the corresponding surface is of genus 3) is analysed
in Section 8.2. Finally, in Section 8.3, a special case, when there are no branch points, is considered. We
emphasise that in this case the impedances are not necessarily the same, and the solution of the Jacobi
inversion problem is bypassed.

2 Vector functional-difference equation of the first order

Let II be a strip in the plane of a complex variable s: II = {s € C: w — h < Re(s) < w}, where w is
real and h > 0. Let Q, Q_; be the boundaries of the strip: 2 = {Re(s) = w}, Q-1 = {Re(s) = w — h}.
Consider the following boundary-value problem of the theory of analytic functions:

Given a 2 x 2 matriz G(o) and a vector g(o) find a vector ®(s) analytic in the strip I1, continuous
up to the boundary QU Q_1 apart from a finite number of poles (1, 82,...,0: € Il of orders Ty, To,..., 7%
and satisfying the boundary condition

®(0) =G(o)®(0c —h)+g(o), oce. (2.1)



At the ends of the strip, i.e. asIm(s) — £oo, ®(s) = O(e* ()Y with b* being real, finite and prescribed.
The matriz G(o) and the vector g(o) satisfy the Hélder condition on every finite segment of ). At infinity,
i.e. as 0 — w £ oo, the components of the G(o) and g(o) may have a finite exponential growth not
necessarily the same. The matriz G(o) is also nonsingular on Q.

This problem is a vector generalisation of Carleman’s boundary-value problem (Carleman, 1932, p.148)
O(0) = G(o)P(a(o)) + g(o), o € QUQ_; with the shift function a(c) = o —h on Q and a(c) = o+ h
on Q_;. Obviously, the function o meets the Carleman condition a(a(c)) =0, 0 € QU Q_;. The other
Carleman conditions G(a(0))G(0) =1 and G(o)g(a(o)) + g(o) =0, 0 € QUQ_; are satisfied identically
if we put G(o) = G(0), g(o) = g(0), 0 € Q, and G(0) = [G(c + h)] 7!, g(o) = —[G(c + h)]"'g(c + h)
oecN_.

Note, that at the same time, the boundary condition (2.1) can be regarded as a vector functional-
difference equation.

Let A1(0), A2(0) be the eigenvalues of the matrix G(o) and let A\1(0) # Az(0). In this section we define
a class of matrices representable in the form

G(o) =T(0)A(0)[T(c — )] Y, oeq, (2.2)

where A(o) = diag{A1(0),A2(0)}, and the matrix T(o) admits a two-valued analytical continuation
from the contour ) into the strip apart from a finite number of poles, branch points and points where
det T(s) = 0. It is also required that T(o) = T(o0 — h), o € Q2. The eigenvalues of the matrix

_ [ Gulo) Guafo)
G(o) = ( G (0) GZ@)) (2.3)

are given by
A(0) = 1[G11(0) + Gaz(0) + AV2(0)],  Xa(0) = 3[G11(0) + Gaz(0) — AY2(0)], (2.4)

where
A(U) = [Gll(U) — GQQ(J)]2 + 4G12(J)G21 (J) (2.5)

Take the diagonalising matrix T(o) in the form

1 1
T(o) = < Goa(0)—Gr1 (0)+AY2(0)  Gaa(0)—Gri(0)—AV/2(o) ) , 0€Q, (2.6)
2G12(0) 2G12(0)

with det T(0) = —A'Y2(0)[G12(0)] L. In order the matrix T (o) to be meromorphic and two-valued, it is
sufficient that the functions

GQQ(S) — Gll(s) A(S)
Cra(s) and ()" s eI, (2.7)

are single-valued meromorphic functions. Clearly, if the functions (2.7) are meromorphic, then the function
G21(s)/G12(s) is also meromorphic. To clarify the structure of the matrix G(s) that meets the above
conditions, introduce the functions

G11(s) — Gaa(s) G21(s)
s) = , 5) = , sell, 2.8
fl( ) 2G12(S) f2( ) G12(S) ( )
which are single-valued meromorphic functions in II. Then the original matrix has the form
Gi(o) Gi2(0)
G(o) = , e Q. 2.9
(@) (ﬁ(a)Gu(a) Gin(0) = 2£1(0)Galo) ) © (29)



Note, the elements G;;(c) are not required to be meromorphic in the strip II. Finally, we transform the
matrix G(o) into the form

G(o) = a1 (o) <é 2) +as(o) (ggg; _fi(o)> L oeq, (2.10)

where
al(a) = %[GH(U) + GQQ(J)], GQ(J) = Glg(d). (2.11)
In the new notations, the eigenvalues A1, A9 and the matrix of transformation T become
Ai(0) = ai(0) + az2(0) fY2(0),  Xo(0) = ai(o) — az(o) f/2(0), (2.12)
T(s) = 1 ! (2.13)
A+ 2s) —hls) = f2(s) ) '

where f(s) = f2(s) + fo(s). Here ay(0), as(o) are arbitrary Hélder functions on Q2 (although they may be
discontinuous at infinity), and f1(s), fa(s) are arbitrary single-valued meromorphic functions in the strip
I1. They do not have poles on . In the strip II, the functions fi(s), f(s) have finite numbers of poles. It
is assumed that the number of zeros of the function f(s) in the strip II is also finite. We emphasise that
the elements of the matrix T(s) are h-periodic or, equivalently, the functions f1(s), f1/2(s) are h-periodic.

Formula (2.10) can be treated as an analogue of the Chebotarev-Khrapkov matrix (Chebotarev, 1956;
Khrapkov, 1971) for the functional-difference equation (2.1).

3 Scalar Riemann-Hilbert problem on a hyperelliptic surface

In this section we reduce the vector functional-difference equation (2.1) with the matrix coefficient (2.10) to
a scalar Riemann-Hilbert problem on a Riemann surface. First, substitute the relation (2.2) into equation
(2.1)

[T(0)]"'®(0) = A(0)[T(0 — )]~ '®(0 — h) + [T(0)] 'g(0), o€, (3.1)

and introduce a new vector-function

o(s) = [T(s)] 1@(s), sell, (3.2)
with the components
s 1 Dy (s
P1(s) = <72]{11/(2()s) + 5) ®1(s) + _2f12/(2()s_)’
Pa2(s) = <—2J{11/7(28(L) + %) D (s) — 2;22/7(;29), s eIl (3.3)

These formulae indicate that the functions ¢1(s) and ¢2(s) are multi-valued. They have branch points at
the zeros and poles of odd order of the function f(s).

Among these points there can also be the two infinite points at the upper and lower ends of the strip.
From the theory of periodic meromorphic functions, by definition, the upper end = +ico (w —h < z < w)
of the strip is called a zero of order v of a function f(s) if f(s) ~ Ae?™¥/" as Im(s) — +o0 (A =const# 0).
The point z + ico is a pole of order v if f(s) ~ Ae=2™/" a5 Im(s) — +00. The lower end z — ioco is
treated similarly. It is known (Hancock, 1968) that any h-periodic meromorphic function has the same
number of poles and zeros in the strip of the periods (the poles and zeros including the upper and lower
infinite points are counted according to the multiplicity). Indeed, by the conformal mapping z = e~ 2mis/h
the strip IT is transformed into C = CU {oo}, and an h-periodic function in the s-plane becomes a rational
function in the extended z-plane with the same number of poles and zeros in C.



Therefore, the function f!/2(s) has an even number of the branch points (the infinite points x = ico
can be branch points as well). Let the branch points be s, 51, ..., 52,4+1. In the case p = —1, the function
f(s) is either a constant, or all its poles and zeros are of even order. Henceforth, it is assumed that p > 0.
Apart from the branch points sg,s1,..., 52,41, the functions ¢;(s) and ¢2(s) admit a finite number of
poles in the strip II. In addition to the prescribed poles f31, 32, ..., 3 of the vector-function ®(s), the
functions ¢1 and ¢ have new poles. Their multiplicity and location are entirely defined by the poles of
the function f1(s) and the zeros of even order of the function f(s). Let all the poles of the functions ¢1(s)
and ¢o(s) be ai,as,...,an of orders vy, v, ..., Up.

By using (3.2) the coupled difference equation (3.1) reduces to two separate equations

¢1(0) = Mi(0)p1(0 = h) +gi(0), o€,

$2(0) = Aa(0)pa(0 — ) + g5(0), o€, (3-4)
with
o o 1 o
o) = (FHs + 3 ) mlo) + 72
63(0) = (—%%) gl(a)—%, req. (3.5)

and A\, Ay being the functions (2.12). To fix a branch of the function f/2(s) we cut the strip II by
smooth curves I'; C II (j = 0,1,...p) which do not intersect each other and join the branch points so
that I'; = sgjs9541 (j = 0,1,... p). The positive direction of I'; is chosen from sg; to spj41. Denote the
limit value of the fixed branch on the left and the right sides of the cut as [f'/?(¢)]T and [f'/2(0)],
respectively. Clearly, [f1/2(0)]* = —[f'/?(0)]7, 0 €.

Since the vector-function ®(s) must be single-valued in the strip II, from (3.2), in addition, we get the
following boundary condition on the system of curves I'; (j =0,1,...,p):

THo)gt (o) = T ()¢ (o), o€l (3.6)

This requirement recovers the linear relations between the limit values of the functions ¢ and ¢2 on the
curves I';:

o1 (0) =3 (0), o1 (0) = ¢35 (0),
cel; (j=0,1,...,p). (3.7)

Therefore, the original vector functional-difference equation (2.1) with the matrix coefficient (2.10) is
equivalent to the system of two separate difference equations (3.4) and the two relations of Riemann-
Hilbert type (3.7).

To reduce this new problem to a vector Riemann-Hilbert problem on a system of open contours, we
map the s-strip II onto a z-plane cut along the segment [—1,1]. The mapping function and the inverse

map are defined by
ih 1+2

, T

z= —ztanﬁ(s—w), s=w+ %bg T
The contour §2 is mapped onto the upper side of the cut [—1, 1] (the left bank with respect to the positive
direction), the second side of the strip, 2_1, is mapped onto the lower side of the cut. The images of the
upper and the lower infinite points of the strip II, x — ico and z + ico (w — h < z < w), are the points
z = —1 and z = 1, respectively. The function log[(1 + z)(1 — 2)~!] is real on the upper side of the cut.
Introduce the following functions

(3.8)

th 1+2
Fj(z) = ¢ (w—i—%logl_z), z €C,

ih 1+1¢
(1) = \; A 1,1
L;(t) /\j(w—i—27r Ogl—t)’ te[-1,1],



h 14t
: +> el-1,1, j=1,2, (3.9)

*(t) = g° — 10
g;(t) gj<w+ 5 108 T
and also the notations for the images of the branch points s; and the poles ay:

Zj = —itan%(sj —w), j=0,1,...,2p+1,
T

E(ak—w), k=1,2,...,m. (3.10)
Let the cuts I'; be mapped onto curves I'j (j =0,1,...p). The curves I'¥ C C and do not intersect each

other and the segment [—1, 1].
Thus, the system of equations (3.4), (3.7) is equivalent to the following vector Riemann-Hilbert problem

FF () =hF () +gi(t), te(-1,1),
Ff(t) = L6 F; () +g3(t), te(=1,1),
Ff(t)=F; (t), teTy,
F(t)y=Fy (t), telj, j=0,1,...p. (3.11)

Finally, we reduce this vector problem on the complex plane to a scalar problem on a Riemann surface.
Let R be the two-sheeted surface of the algebraic equation

w? =q(2), a(2) = (2 = 20)(2 = 21) -+~ (2 = 22p11), (3.12)

formed by gluing two copies C; and Cy of the extended complex plane CU co cut along the system of the
curves I'; (j = 0,1,... p). The positive (left) sides of the cuts I'; on C are glued with the negative (right)
sides of the curves I'; on Cg, and vice versa. This gives rise to a two-sheeted Riemann surface R of genus
p. Then the function w, defined by (3.12), becomes single-valued on the surface R:

1/2
q/%(z), z€Cy
p— .1

‘ { —¢'2(2), z € Cy, (3.13)

o = —ttan

where ¢'/2(z) is the branch chosen such that ¢'/?(z) ~ 2#*1, z — oo.
Denote a point of the surface R with affix z on C; by the pair (z, q1/2(z)), and its counterpart on Co
by the pair (z, —¢'/?(z)). Introduce a function on the surface R

F(z,w) = {2%2: ((5,7;5)) 66&1 (3.14)

Because of the third and fourth conditions in (3.11), the function F(z,w) is meromorphic everywhere
on the surface except for the contour £ = Ly U Lo, where L; = (—1,1) C C; and Ly = (—1,1) C Ca.
Therefore, the system (3.11) is equivalent to a scalar Riemann-Hilbert problem on the surface R

FH(t8) =1t OF (1) +g7(t.€), (t,€) €L, (3.15)
where
L), (L8 €Lt . o _ Joi(t), (€L
e = { (t), (1.6) € Ly, ¢ 8= {g%u), (.€) € Lo, (316)
and & = w(t).

Without loss of generality, the Holder function [(t,£) does not vanish on the contour £ and has definite
limits at the end-points ¢ = £1. The function ¢g*(¢,€) is also a Holder function on £ except possibly the
ends:

lg* t{)‘<A ]t$1] V“, (t,§) e L,, p=12, t— =1, (3.17)

where A(()“ ) = const. The parameters 173[ are defined from (3.5) by the behaviour at the points w + ico of

the functions f1(c), f/%(0), g1(c) and go(0).



4 Canonical solution to the Riemann-Hilbert problem on a hyperellip-
tic surface

4.1 Class of solutions

First, describe a class of solutions for the problem (3.15). Clearly, the function F(z,w) admits poles at
the points (ag,q"/?(oy)) and (ag, —¢'/?(ay)) of orders vy, (k = 1,2,...,m). In addition, this function
may have poles at the branch points z; of order say, u; >0 (j =0,1,...,2p + 1). If one of these points
z;j is a removable singularity, then p; = 0. Obviously, if x; > 0, then p; is odd. We remind (Springer,
1956) that a branch point z; of a Riemann surface is called a pole of order p; for a function F(z,w) if
F(z,w) ~ AC"",( — 0, A= const, and { = (z — zj)1/2 is a local uniformising parameter of the point z;.

Formulae (3.3), (3.9) and (3.14) indicate that at the end-points of the contour £, the function F(z,w)
may have singularities:

IF(z,w) < APz £1)7%, (z,w) €Cpy p=1,2, z— £, (4.1)
where Ag“ ) = const, and fo > ﬁj. The numbers I/j are defined by the parameters fo, by the prescribed
growth at the ends of the strip of the functions ®(s), ®5(s), i.e. by the numbers b*, and also by the
behaviour of the functions f1(s)f~Y2(s)+1, fi(s)f~/?(s)—1and f~12(s) as s — z+ico (w—h <z < w).

The key step of the technique of solution is to factorise the function [(¢,&) or to construct a special,
canonical function. We say that the function X (z,w) is a canonical solution of the problem (3.15) if it
provides a solution to the following homogeneous problem on an open contour of the surface R:

Find a function X (z,w) which is meromorphic on R\ L, admits a finite number of poles and zeros
and has non-zero boundary values X* (t, &) satisfying the following boundary condition

XT(t,6) =1t )X (L), (¢ €ELCR, (4.2)

where the contour L consists of the contours L1 = (—1,1) C C; and Ly = (—1,1) C Ca. At the ends of
the contours L,

| X (z,w)] < Aé“)|z ¥ 1|_”3, (z,w) € Cy, z— =£1, Aé“) = const, p=1,2. (4.3)

4.2 Solution to the problem growing at infinity

We start with constructing a system of canonical cross-sections of the surface R: aj,as,...a, and
bi,ba,...b,. If p = 0, then the surface R is topologically equivalent to a sphere, and there are no
cross-sections. Let p > 0. The cross-section a; is a closed smooth curve built up from the banks of the
cut I'; = z9;29j41. As a; is traced in the positive direction, the first sheet C; is to the left (Fig.1).

The cross-section b is a smooth closed curve that consists of two parts. The first one (the solid line in
Fig.1) lies on the first sheet Cy, its starting point is 29, and the ending point is z;. The second part lies
on the second sheet (the dashed line in Fig.1), starts at the point z; (it belongs to both sheets C; and Cy)
and goes to the point z9; at which it returns to the first sheet. The contour b; crosses the cross-section
a; from right to the left and does not cross the other sections a; and by (k # j) and the contour £. We
mention that the choice of the system of the cross-sections is not unique. Another possibility, that under
some circumstances can be more convenient, is to take the cross-section b, as a loop joining the points
Z2,+1 and zp and passing through the infinite points of both sheets of the surface (Fig.2).

Choose Weierstrass’ kernel (Zverovich, 1971)

w4+ dt

aw = 2rs
26 t—2z’

= w(z), §= ’U)(t), (44)



Figure 1: Canonical cross-sections a;, b; (7 =1,2,...,p). The loop b, joins the points z; and za,,.

a bp

1

Figure 2: Canonical cross-sections a;, b; (j =1,2,...,p). The loop b, joins the points 29,41 and z.

as an analogue of the Cauchy kernel on the surface R. We next show that the function
X(z,w) = exp{x(z,w)}, (z,w) €R (4.5)

provides a partial solution of the problem (4.2). Here

] Phs i | P
x(z,w) :—/logltgdW+Z bgnn:Z/dW+sgn K, dw
J= 1 / jil /1
Puo
p ("7
+> /MV+ng%dW+mﬁ%ﬂV : (4.6)
7=1 \p; a; b;

where

p/10 = (17q1/2(1))7 pl20 = (17 _ql/Q(]‘))v p/1,0 = (_17(]1/2(_1))7 p,2/0 = (_17 _ql/Q(_l))v

= (6;,v5) €C1, v;=¢"%(5;), j=12,....p,

pu] (5;2]7(_ )M ! / )E (C/M UZL] :q1/2(5;¢j)7 ]: 1727"'7"%:‘7 n= 1727
Pl =0, ()P ) € Cuy vl =4"2(00), G=1.2, |k, p=1,2, (4.7)

are arbitrary fixed distinct points of the surface R which do not lie on the contour £ and the canonical
cross-sections. Also, they coincide with none of the branch points of the surface R and the poles of the



function F(z,w). The final formulae for the solution do not depend upon the choice of the points pibj, ij
and p;.

As far as the points r; = (0j,w;) (w; = w(oj), j =1,2,...,p) are concerned, they are unknown and
may lie on either sheet of the surface. The points r; are also assumed to be different from the branch points
20,21, - - - 22p+1 and the poles with affixes a1, ao, ..., o, The numbers /Qli, /a;ét,mj and n; (j=1,2,...,p)
are unknown integers. Branches of the function logl(¢,£) on the contours L; and Ly are chosen in an
arbitrary way and will be fixed afterwards. The points r; and the integers Kli, /-QQi, mj,n; will be chosen
later to make the function X (z,w) bounded at infinity and to satisfy the condition (4.3) at the ending
points of the contour £. The integrals in (4.6), apart from the integrals over £ and around aj, bj, are
taken over smooth curves joining the end-points and which do not cross the cross-sections a;, b; and the
contour L. The values of these integrals are independent of the shape of the path. The first integral in
(4.6),

Xolz,w) = 5 [logl(t,)dw, (4.
L

is discontinuous through the contour £ with the jump log i(t,£). The other integrals are also discontinuous
through the curves of integration. However, the corresponding jumps are 2mwik (k is an integer), and
therefore, the function X (z,w) satisfies the homogeneous boundary condition (4.2).

The second and the third terms in (4.6) are taken to achieve the prescribed behaviour (4.3) of the
canonical solution at the ends z = £1 of the contours L; and La (see Section 4.3). Analysis of the term
exp{x(z,w)} in the vicinity of the points pj ; shows that the function X (z,w) has simple poles at these
points if x} < 0 and simple zeros if x,7 > 0. Clearly, for £,/ = 0 there is no singularity at the point py,.
The same rule is applicable to the integrals over the curves with the ending point ij'

We emphasise that, in general, the function (4.5) has an essential singularity at infinity for the Weier-
strass kernel having the algebraic growth at infinity. To eliminate the essential singularity, the last sum
n (4.6) is added (see Section 4.4). At the starting points p;, the function X (z,w) possesses simple poles,
and at the ending points r;, it has simple zeros.

4.3 Choice of a branch of logl(t,£) and integers i, k3
Let us fix a branch of the function log (¢, &) such that
—m <argl,(0) <w, p=12. (4.9)
Then
logl,(1) = log,(0) +iA),, logl,(—1) =logl,(0) —iA}, pn=1,2, (4.10)

where A}, and A} are the increments of the arguments of the functions ,(t) as t traces the contours [0, 1]
and [0, —1], respectively, with ¢ = 0 as a starting point.

With a view towards recovering the property (4.3) of the function X (z,w) in neighbourhoods of the
end-points, we choose the integers /@}‘L and K,g:. To do this, first, rewrite the integral (4.8) in the form

1

@)t - 2)

and analyse its behaviour at z = £1. The first term in (4.11) has the logarithmic singularity B* log(z ¥ 1)
at the points z = £1 of both sheets of the surface, where

47

xolz,w) = 1 [ logh(®) +logla ()] ;2
21
() | at
i /[logll(t) ~log ()]l 173 (4.11)
41

1
B* = +—[logli(+1) + log ly(+1)]. (4.12)
e
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As for the second integral, its behaviour depends on whether or not the points z = +1 coincide with
the branch points of the surface. If z = +1 are not the branch points, then the second integral has the
logarithmic singularity B:f log(z F 1) on the sheet C,,, where

B = :F(_l)u logly(+1) —logla(+1)], p=1,2 (4.13)
M T 1 2 ) ) 4 .
If z=1or z = —1 is a branch point, then the second integral is bounded as z — 1 or z — —1 on both

sheets C; and Cs.
We thus obtain that if z = 1 is a branch point, regardless of which sheet the point z = 1 belongs to,
the function xo(z,w) behaves as

logl1(1) +logla(1)
4

Xo(z,w) ~ log(z—1), (z,w)eR, z—1. (4.14)

In the vicinity of the second end-point, if it is a branch point, then

_logli(—1) +logly(—1)

Xo(z,w) ~ 1 log(z+1), (z,w)€eR, z——1 (4.15)
i
If z = 41 are regular points of the surface,
log i, (£1
Xol(z,w) ~ j:()g;i(,)log(z F1), (sw)eC,, z—%l, p=12 (4.16)
i

Substituting formulae (4.14), (4.15), (4.16) into (4.5), (4.6) yields

X(z,w) =0(z F1%), (z,w) €Cy, 2 —£1, p=1,2, (4.17)
where 1
B = o argly(+1) - ke, p=1,2. (4.18)
This is true if z = 1 are regular points of the surface. If, however, z = 1 or z = —1 coincides with a
branch point, then
X(z,w) =0(z =1/, (z,w)eR, z—1 (4.19)
or
X(z,w)=0(z+1"), (z,w)eR, z— —1, (4.20)
with ]
fE = £~ [argli(+1) + arg lp(1)] - K. (4.21)
7

In this case we put k3 = 0 or k, = 0. Obviously, the function X (z,w) meets the condition (4.3) if the
numbers ﬂli, [+ satisfy the inequalities

—VE<BE<1-vE (p=12), —vf<pE<1-0f. (4.22)

Hence, if z = £1 are regular points of the surface R, then

1
ki = v+ {12— arg lu(jzl)] . op=1,2 (4.23)
T
Here [a] is the entire part of a number a. If z =1 or z = —1 is a branch point of the surface, then
b +_
Ky =1V + o (argli(1) +argla(1))|, kg =0 (4.24)
or )
Ky =v] + [_E (argly1(—1) +argl2(—1))} , Ky =0. (4.25)

11



4.4 Jacobi’s inversion problem

If the genus p of the surface R is zero, then the last sum in (4.6) vanishes, and the function X (z, w) given
by (4.5) is a solution (bounded as z — o) to the homogeneous problem (4.2). The choice (4.23) or (4.24),
(4.25) provides the prescribed behaviour of the solution to the original vector functional equation at the
ends z + 0o (h —w < z < w) of the strip.

Let us concentrate on the elliptic (p = 1) and hyperelliptic (p > 2) cases. In general, for arbitrary
rj, mj,n;, because of the pole of order p of the Weierstrass’ kernel at infinity, the function X (z,w) has
an essential singularity at infinity. The presence of the points r; and the integers m;, n; makes it possible
to eliminate this singularity. To do this, we rewrite the representation (4.6) for the function x(z,w) as
follows

X(z,w) = x1(2) + w(z)x2(2), (4.26)

where

+
N | —
Mm
@
=
tﬁ-
N
\

i
—
<.
Il
—
<
-
|

gj
dt B dt 1< dt
_Z+Sgn,€”§/lt—z +§jz::15 t—2z’

| O PAR
1< v dt a dt
A5 (e j
3 2 V" e 2 [ gy T | )
(o5,w5)
1 dt
+o / +mjf+nj7§ . (4.27)
2 2 | 0 —2)
(65,v5) aj b;
By use of the identity
1 1t tr—1 tP
- - 4.8
t—2z z 22 2P + 2P(t — z) ( )

we obtain the following asymptotic expansion of the function x(z,w) at infinity

1 v—1
I——Z{ /10gl1( ) — logZQ(t)]él/ig(?;
|

2 ‘“u| “ w=1g ‘“u| tu 1dt
_Z(—l)# sgn,q*Z/ 72; —|—sgn/€u Z/ 1/2
pn=1
14 (J]ﬂuj v 1dt ( )
w(z
Z / +mJ7{+n]y{ ~0 (o +0(1), z— oc. (4.29)
=1 (65,v5)

The function x(z,w) is bounded at infinity if and only if the following p conditions hold

o [ (0iwi)
Z / dwl,—f—mj?{dw,,—f—njj{dw,, =d,, v=12,...,p, (4.30)
j=1 . . ,
(85,05)
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where

1
1 tv=Lat
d, = ——— [ [logli(t) —logla(t)] —5—
: 2“/1[0g 1(1) ~ 1og (1)) 7

2 ‘HIJ‘| tl/ 1 ‘HIJ“ tll 1dt
+ Z(—l)ﬂ sgn/ﬁ‘ Z / 72 —|—sgn/€u Z / 1/2 ,
pn=1
tv=Ldt
dw, = ——. 4.31
The differentials dw1, dws, ..., dw, form a basis of abelian differentials of the first kind on the surface R.
The integrals
tvLat tv=ldt
Ayj=¢ ———, Byj=¢ —— (4.32)
§(t) §(t)
a; bj
are the A- and B-periods of the abelian integrals (Springer, 1956):
(z,w)
et
wy = wy(z,w) = FOR v=12...,p. (4.33)
(2070)
By use of the notations (4.32) and (4.33) equations (4.30) become
P
> lwi(oj,wy) +mjAy; + 0Byl =dy, v=1,2,...,p, (4.34)
7j=1
where )
& =dy + > wy(55,0)). (4.35)

j=1
The nonlinear system (4.34) with respect to the points (0, w;) € R and the integers m;,n; (j =1,2,...,p)
is the classical Jacobi inversion problem (Springer, 1956, Zverovich, 1971, Farkas, 1992). It is known that
its solution always exists.

In the elliptic case, p = 1, the problem is equivalent to the inversion of the elliptic integral

(o1,w1)

dt

VIt —20)(t —21)(t — 22)(t — 23)
(20,0)
It is solvable in terms of elliptic functions (Hancock, 1968). In the hyperelliptic case, p > 2, the inversion
problem gives rise to a system of p algebraic equations (Zverovich, 1971) that is equivalent to one algebraic
equation of order p (Antipov and Silvestrov, 2002). To provide a guideline to the reader, describe the
main steps of the procedure for the inversion problem (Antipov and Silvestrov, 2002):

(i) normalising the basis of the abelian integrals of the first kind (4.33);

(ii) setting up Jacobi’s inversion problem for the normalised basis;

(iii) reducing the problem to an algebraic equation of order p;

(iv) evaluating the coefficients of the algebraic equation in terms of Riemann’s #-function.

The function X (z,w) defined by (4.5), (4.26) is a canonical solution of the problem (3.15) provided the
continuous branches of the functions log l;(t), loglx(t) are chosen as in (4.9); the integers k7, k3 are fixed
by (4.23) to (4.25). The points (0j,v;) € R (j =1,2,...,p) are fixed in an arbitrary manner. The points
(0j,w;) € R and the integers mj,n; (j = 1,2,...,p) should be found from the Jacobi inversion problem
(4.34). We note that it is always possible to avoid (by changing the location of the points (4;,v;)) the
case when either some of the points (0;,w;) coincide, or some of them fall on the poles (ax, +¢'/?(a,)),
or on the branch points of the surface R.

+miA; + B = d? (4.36)
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5 Non-homogeneous Riemann-Hilbert problem

Use of the canonical solution enables us to find the general solution of the non-homogeneous problem
(3.15). First, by splitting the function

X*(¢,6)

l(t)é) = X,(t 5))

(t.§) € L, (5.1)

we obtain

F(t,¢) ((tt 9L e (5:2)

XH(t,6) &) Xt

It follows from (3.17), (4.17), (4.19), (4.20), (4.22) that the function [X*(¢,£)] tg*(¢,£) may have inte-
grable singularities at the ends t = £1 of the contour R:

/ -9 r_

Hence a partial solution of the problem (3.15) is the function X (z,w)¥(z,w), where

U(z,w) = 1(2) + w(z)a(2),
1 g (t,§) dt _ 1 g t,§)  dt
(z) = 4—m'£/X+(t,§)t— )= 4_7ri!§(t)X+(t,§)t—z' (54)

Then the general solution of the problem (3.15) becomes

F(z,w) = X(z,w)[¥(z,w) + R(z,w)], (5.5)

where R(z,w) is the meromorphic function on R whose poles are defined by the class of solutions described
in Section 4.1 and, also, by the properties of the canonical function X (z,w). The function R(z,w) has
poles of orders vq,vo, ..., v, at the points with the affixes a1, as, ... a,, on both sheets of the surface. It
also has simple poles at the points r; = (o, w;) (j =1,2,...,p) and poles of orders pg, pi1, ..., t2p41 (145
are either zero, or odd positive numbers) at the branch points zg, 21, ..., 22,41, respectively.

If Kf >0 (u=1orp = 2), then at the points pj,; = (5:U,(— )“flv}) €Cu(J=12...,5)
the canonical solution has simple zeros, and, therefore, the function R(z,w) may have simple poles at
these points. In the case nj < 0, the canonical function X (z,w) has simple poles at the points p;”-
(j=12..., —Ii:’;). Eventually, this causes the presence of inadmissible poles of the function F'(z,w).
In order for the solution to be bounded at the points p;”- it is necessary and sufficient that the function
U(z,w) + R(z,w) vanishes at these points. Analysis of the structure of the function R(z,w) at the points
Pl = (005, (D) ) € Cy (j=1,2,..., |k, |) is employed similarly.

In addition, the functlon U(z,w) + R(z,w) has simple zeros at the points p; = (§;,v;) (j =1,2,...,p)
and has to be bounded at infinity on both sheets (if of course none of the above poles coincides with one
of the two infinite points of the surface). The meromorphic function R(z,w) with the described poles has

the form

R(z,w) = Ri(2) + w(z)Ra(2), (5.6)
where ) o
FW 5 m Yk ki
Rl(z)—C()—f—Z ] J ZZ Z—O‘[y
j=1 95 k=1j= 1 k)
2041 (e—1)/2 g 2 R H v H"
kj % w ©i w
I SR SR T S O SRS S
e R R G = P e
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bQ
3
~
-
%

ZP:Z_UJJFE_:Z%

7j=1
2041 (u+1)/2 g Ry H’ o "
. Hj
+ + + (5.7)
Z Z (z — 2) Z(Zz—%] jz::lz—él’jj
Here r), = max{ﬁ;l‘f,O}, Ky, = max{x,,0} (u = 1,2), v:”- = ql/Q(él’U), ” = q1/2(6gj), w; = w(o;j).
If the upper index is less than the lower one, then the corresponding sum 1s assumed to be zero. The
constants Cj (j=0,1,...,p), D,;j, ng (k=1,2,....m; 7=1,2,...,v ) E,; (k=0,1,...,2p+1; j =
1,2,...,(u—1)/2), E,Zj(/-c:O,l,...,Qp—i—l;j:1,2,...,(,uk+1)/2), (j—1,2,... M,M:I,Q)and
H Z (j=12,..., Z, = 1,2) are arbitrary. The same choice of the conbtants Cj in the representations

for the rational functions R;(z) and Ray(z) is explained by the fact that the canonical function X (z,w)
has simple poles at the points r; = (0, w;) which lie either on the first sheet C; or on the second one.
The constants ngj and ng are not the same because the general solution has to have poles at the points

a1, Q9, ..., Qn, and the functions 1, w(z) are linear independent. For the same reason the constants El’cj,
Ey; and H,’n], Hy, ; are different for the functions R (z) and Ra(2).

The procedure of solution of the Riemann-Hilbert problem (3.15) will be accomplished if the following
conditions

Jim. K (2) + Re(2)] =0, k=1,2,...,p, (5.8)
U0k, vk) + R0k, vp) =0, k=1,2,...,p, (5.9)
are satisfied. In addition,
(8, (1P )+ R(8,, (1)) =0, j=12,....,—k}, n=12, (5.10)
and
(&, (1P ) + R0, (1) i) =0, j=1,2,...,—k,, pn=12, (5.11)

effective if the upper bounds are positive. The conditions (5.8) provide the boundness of the function
U(z,w) 4+ R(z,w) at infinity. The next group of the conditions lends itself to eliminating the poles at the
points (0g, vg). The relations (5.10), (5.11) guarantee the boundness of the function F'(z,w) at the points
(6, (1)1 ) and (67, (=1)*~1orl;) when £} < 0 and &, < 0, respectively.

Remark. Formulae (5.7) are written down under the assumptlon that the poles oy and the branch
points zx lie in a finite part of the complex plane. Otherwise these formulae and the conditions (5.8) should
be corrected in the appropriate manner. Alternatively, the conformal mapping (3.8) can be changed by
another mapping of the strip II into the complex plane with a cut different from [—1,1] to make all the

points oy, and z; finite.

6 Exact solution to the vector functional-difference equation

6.1 General case

Now we define the solution to the initial equation (2.1) with the matrix G(o) given by (2.10). Use of the
relations (3.2), (2.13), (3.9) and (3.14) gives

®y(s) = F(z,w) + F(z, —w),

Dy(s) = —f1(s)[F(z,w) + F(z,—w)] + fl/Q(S)[F(z,w) — F(z,—w)], sell, (6.1)

where

2= —itan (s —w). J(s) = J3(s) + fals),
w=q"%(2), q(z)=(z—20)(z—21)...(2 — 22p11)- (6.2)
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The functions fi(s), f2(s) are defined by (2.8). To analyse the behaviour of the solution at the singular
points, let us transform formulae (6.1). First, by making use of relations (5.4) — (5.6), (4.5) and (4.26),
the solution to the Riemann-Hilbert problem (3.15) becomes

F(z,w) = X1 &T0@2E) [y, (2) 4+ w(2)Ya(2)], (6.3)

where

Yi(2) = ¥1(2) + Ra(2), Ya(z) = ¥a(z) + Ra(2), (6.4)

and the functions x1, x2, ¥1, %2 and R1(z), R2(z) are defined by (4.27), (5.4) and (5.7). Substituting the
expression (6.3) into (6.1) gives the resulting formulae for the solution:

®;(s) = 2 [cosh{w(z)xa(2)}Y1(2) + w(z) sinh{w(z)x2(2)}Ya(2)],

a(s) = —f1(s)@1(s) + 212 (s)eX D [sinh{w(2)x2(2)} Vi (2) + w(z) cosh{w(2)x2(2)}Y2(2)].  (6.5)

The functions (6.5) satisfy equation (2.1). However, for arbitrary chosen constants in (5.7), they have
poles in the strip II. Indeed, the function F(z,w) has poles at the points of both sheets of the surface
with affixes aq, e, ... ap and 29, 21,. .., 22p41. Their images in the strip II, the points a1, as, ... an, and
50,51, - - . S2p4+1, respectively, are the poles of the functions ®1(s), ®2(s). The factors fi(s) and f1%(s) may
change the order of poles or add new ones to the set of poles of the function ®5(s). The conditions of
analyticity of the functions ®1(s), ®2(s) at their superfluous singular points provide additional conditions
which together with (5.8) — (5.11) are used to fix some of the arbitrary constants in (5.7).

6.2 The case of simple poles

Let all the poles o (k= 1,2,...,m) and the branch points z (k =0,1,...,2p+ 1) be simple, i.e. v, =1
(k=1,2,...,m),and up =1 (k=0,1,...,2p + 1). Then, obviously,

p Cws m D’ 2 HL H' 4. ’fﬁ H" 2"
Ri(z)=Co+ Y L+ J‘—Z<—1>“(Z—’” Pk

!
SRS A T | P wi

m " 2p+1 2 ’% ! ”vﬂ "

Ro(z) =) Gy > A > - Y1 H“], +y H“J,, : (6.6)
j j j =1 \j=17° " 5uj =% 5uj
Therefore, the solution (6.5) possesses 3p + 2m + k| + k) + k] + k4 + 3 arbitrary constants. Now we
write down all the conditions for the functions ®1(s), ®2(s) to be within the prescribed class. Assume
that the point (o, wg) € C;. Then from (6.6) the function F'(z,—w) is analytic at this point. Because
of the simple zero for X (z,w) at (op,wy), the function F(z,w) has a removable singularity at this point.
Similar result follows for (o, wy) € Co. The 2p conditions (5.8), (5.9) provide the required behaviour
of the solution at infinity and remove the simple poles of the canonical function X (z,w) at the points
(Og,vi) €Cy (k=1,2,...,p). Let aq,a,..., a4 (t < m) be the prescribed poles of the solution. Then to
eliminate the other poles ayy1, ..., an, We require

res ®i(s) =0, res Po(s)=0 (k=t+1,t+2,...,m) (6.7)
Z=ay Z=0p
where " |+
i z
= —1 . 6.8
s=w+ 5 108 T (6.8)

The above relations provide the additional 2(m—t) conditions. As for the poles z = z, (k =0,1,...,2p+1)
of the function Ry(z), they become removable points of the solution. This is because the functions

w(z)sinh{w(z)x2(2)},  f2(2)sinh{w(z)x2(2)}, 2 (2)w(z) cosh{w(z)x2(2)} (6.9)
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have simple zeros at the points z = z;. The relations (5.10), (5.11) give k1 + A2 + k1 + k2 conditions,
where &, = max{0, —«}'}, &, = max{0, -+, } (u=1,2). Finally, the function ®(s) defined from (3.3)
by

o(s) = [~ f1(s) + [2(5)]d1(s) — [fr(s) + 12 (5)] b2 (s) (6.10)

may have inadmissible poles at the poles of the functions fi(s) and f/2(s). Let these poles be s, sS,

.., Spo. Assuming that all the poles are simple, write down the regularity conditions for the function

®y(s) at these points
res Po(s) =0, j=1,2,...,n° (6.11)

o
8$=s"
J

Therefore, the total number of additional conditions providing the functions ®1(s), ®2(s) to belong to the
prescribed class, is 2p + 2m — 2t + n° 4+ &1 + ko + K1 + R2. Thus, the difference between the number of the
arbitrary constants in (6.6) and the number of conditions for them is p+2t —n°+ x| + Ky + K] + Ky +3.
Note, that p is the genus of the surface R (the number of the branch points of the function f/2(s) in the
strip IT is 2p + 2); ¢ is the number of the prescribed poles of the solution in the strip II; n° is the number
of the inadmissible poles s7; the integers ki and k3 are defined by (4.23) — (4.25) and depend on the
elements of the matrix G(o).

7 Even solution of the Riemann-Hilbert problem

In this section we aim to analyse a particular case of the Riemann-Hilbert problem (3.15) when its solution
is even, i.e. satisfies the condition

Fu(z) =Fu,(—=2), zeC,\[-1,1], p=12 (7.1)

Since the points s and 2w —h—s of the s-plane correspond to the points z and —z of the plane, respectively,
the relation (7.1) holds, if simultaneously

D,(5) =P,2w—h—3), pn=1,2,

fi(s) = fi2w —h —s), fY%(s) = fY2(2w—h—s), sell (7.2)

We also describe an algorithm for this case. To construct such an even solution is a crucial step in solving
problems of electromagnetic scattering (see Section 8).

7.1 Formulation

Assume that the poles oy (k = 1,2,...,2m’; m = 2m/) of the functions Fy(s), F5(s) and the branch points
2z (k=0,1,...,2p+ 1) of the surface R are simple and located symmetrically with respect to the origin:

/
A/ = —Qk, k:1727"'7m7

Zppi4k = =2k, k=0,1,...,p. (7.3)

Let also the points z = £1 do not coincide with the branch points.
Define a class of the Riemann-Hilbert problems (3.15) with additional condition of symmetry (7.1)
which have a solution. The relation (7.1) implies
Fi(=t)=F,(t), F,(-t)=F/(t), te(-11), p=12 (7.4)

Replacing t for —t in the equation

Er(t) =10 F, (t) +g,(t), te(-11), p=12, (7.5)
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that follows from (3.15), and using formulae (7.4) give

1 g,(—t)
e AC pa

By comparison of relations (7.5) and (7.6) we get the following necessary conditions for a solution of the
problem (3.15), (7.1) to exist:

LOL(=) =1, gi(t) +L(Og(—t) =0, te(=1,1), p=1,2. (7.7)

Note, that the above conditions are equivalent to the relations

Fft) = € (-1,1), wpu=1,2. (7.6)

A(@)Au(@) =1, gp(o) + Au(0)g,(6) =0, o€, p=12. (7.8)

This is because the points o and & of the contour §2 correspond to the points ¢ and —t on the segment
[—1, 1], respectively.

Thus, we have two possibilities: [,(0) = 1 and [,(0) = —1. We will henceforth assume that the
functions [,(t) and g;,(t) meet the conditions (7.7). By the relation (7.1), the functions F),(z) have the
same singularities at the points z = £1, and the inequality (4.1) becomes

Fu(z) < AP zx1, 21, AW =const (u=1,2). (7.9)

7.2 Even canonical function

Choose a branch of the functions logl,(t), t € [-1,1] (1 = 1,2) such that —7 < argl,(0) <7 (1 = 1,2).
Then, because of the conditions (7.7)

logl,(—t) = —logl,(t) 4+ 2mie,, te[-1,1], pn=1,2, (7.10)
where
{0 if 1,0)=1
n= { 1 if 1,(0) = -1, (7.11)

and also since ¢'/2(—t) = ¢*/2(t), t € [0,1], the integral (4.11) has the form

1
1 tdt
Xo(z, w) = 2—m/10gl1 )+ log lo(¢ )]m
0
w(z) | tdt
z ~
i 0/10gll — log s (t )]m + Xo(z,w), (7.12)
where
+ h dt €1 — € / dt
- €1+ € 1— €
= — - . 7.13
Xo(z, w) 9 O/t+z w(z) 9 O/ql/Q(t)(t—i—z) (7.13)

The function xo(z,w) is continuous everywhere on the surface R apart from the segments [—1,0] C
Cu, 1 =1,2. On these segments, for the function (2, w), the following boundary condition holds:

Xg (t,€) — Xg (£,€) = 2mie,. (7.14)

Hence the function exp{xo(z,w)} is continuous everywhere on the surface R. So, without loss of generality,
we can take the function x¢(z,w) without the last term yo(z,w), i.e. as

tdt

1
1
Xo(z,w) = 5 /[logll(t) + log l2(t)]7t2 —
0
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1
w(z) tdt
+ 9t 0/[10gl1(t) —loglz(t)]m. (7.15)

Introduce, next, a new algebraic function

PO=(C=CE=C)- - (C=C) G=2F i=01....p. (7.16)
Then, in view of the symmetry (7.3) of the branch points z;,
a(2) = (22 = )2 = ) . (2% — 22) = p(). (7.17)

Rewrite now formula (7.15) as follows

1 1
dr dr
Yolz,w) = O/ log 1 (v/7) + log 12 (/7)) - 4—0 0/ log i (v'7) = log (VT 55

where ( = 2%, £*=L;UL}, Li=][0,1] CCy, L5=1[0,1] C Cy, logl.(r,n) =logl,(y/7) on the contour
Ly, (p=1,2), and
u+mn dr

2n T—¢
is the Weierstrass’ kernel on a Riemann surface R’ of the algebraic function u? = p(z). Here u(¢) = w(1/Q),
1= u(r).

On the other hand, the function exp x¢«(¢,u) is a particular solution of the homogeneous Riemann-

Hilbert problem

dU =

(7.19)

exp X, (7,1) = L(7,n) exp xg.(7,n),  (7,n) € L” (7.20)

on the surface R’ of genus p’ = [p/2] with the branch points (o, (1, ...,(,. This solution is bounded at
the points (0,+p'/2(0)). It may have a power singularity at the points (1,+p'/?(1)) and an essential
singularity at infinity. By the device proposed in Section 4, remove these singularities by adding a new
function that does not affect the boundary condition (7.20)

o P
X (G u) = X0+ (¢, u) + ngmuz / dU+Z /dU+mJ7§dU+nJ}{dU . (7.21)

] 1 *
Here aj, b} (j =1,2,...,p") are the canonical cross-sections of the surface R’ which are the images of
the p/ cross sectlons aj, b; (j=1,2,...,p') of the surface R by mapping { = 22. The integers k, and the

points py are given by
1 1,
K’M - Z/M + % arg lﬂ(l) = Z/M + %A‘u ) H = 17 27

pZO = (17 (_l)uilpln(l)) = (17 (_l)ﬂilqln(l)) €Cu p= L2, (722)

where A7 is the increment of the argument of the function [,(t) as t traces the contour [0, 1] with ¢ =0
as a starting point. The other points pj,; and pj are arbitrary, distinct and fixed:

1/2( 1/2(

py] (’ija (_1)“711)#]') € C/M Vypj =P ’Y ) =(q ’Y/Lj)’ ] = ]-725 B |’€/1«|’ n= 1727

P} =(62,v;) €C1, v; =p"%(0%) =¢"2(5;), j=12,....0, (7.23)
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The integers m;,n; (j =1,2,...,p") and the points

ri=(0}u) €R, uj=u(or) =wloy) =wj, j=12,....0, (7.24)

are defined from the following Jacobi inversion problem on the Riemann surface R':

o
> lws ) +mjAy; +nByl =dy, v=12,../, (7.25)
7=1
where
* *(C ) (7U) TV*ldT 9 (Z/w) t2y71dt 9 ( )
w, =w,(C,u) = — Y = e T Wz w),
n(7) §(t) Y
(C0=0) (2070)
:}{dwfj:QAgyj, B:-:%dw*ZQBQVj’ j:1,2,...,p/,
a;f b;*
o 17 21 g
* —_— .
dV—QJZ:lwgy((SJ,U] —EO [log {1 (t) — log l2(t)] 2720
2 lkul 7 t2u 1dt
+2) (-1) sganZ/ e =1,2,...,70. (7.26)
p=1

We emphasise that the new Jacobi problem (7.25) related to the symmetric problem (3.15), (7.1) consists
of p' = [p/2] non-linear algebraic equations, and can be reduced to an algebraic equation of degree p’
(Antipov and Silvestrov, 2002). We remind that in the general non-symmetric case, there are p equations.

Next, by replacing in (7.18), (7.19), (7.21) ¢ and 7 for 22 and ¢* respectively, we obtain the even
canonical function in the form (4.26), where

‘“u‘ 7

1 o 9
1 tdt
Xl(z):2—m/[logl1( ) + log l2(t) +ngn@2/t2 /7t2—z2’
0

=15

1 2 |’€u|
) ¢ di tdi
Y2(z) = 2—mo/logl1 — log I5(t )]m—z Sgn/wZ/l/Z—)

pn=1
/ (Jj7wj)
° t dt
I=1\(6505) aj b;

7.3 General even solution

By use of the function x(z,w) we can find the general solution of the even problem (3.15), (7.1). Let us
write it down in the case of simple poles (analysed in Section 6.2):

F(z,w) = x(z,w) {1h1(2) + R1(2) + w(2)[v2(2) + R2(2)]}, (7.28)

_ 1 g*(t,f) tdt
wl(z)_fml X+(t, ) 12

where
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! g (&) tat
V) = o ,.;/ X (L P

C w m/ D K’ H,'Ulj K H”UQJ
CO+Z J2+Z e D D sy ) D s
9 jzlzz_aj j:lzz_'Vlj j= 122 =3
‘oo m’ " ro g K] g
Ro(2) =) S5+ 5o 5+> 55+, Y PR
j=1 22— o; j=1 22— aj =0 22—z =1 22 =i =1 22—,
K =max{k1,0}, " =max{rs,0}, wj=uw(o;), wvu; = a7 (1) (7.29)
Here we used formulae (5.4), (7.7) and also
XT(=,8) =X (t,) =X (1,§)/1(t,€), (t,E) € L. (7.30)

The solution (7.28) possesses p + p’ + 2m’ + k' + " + 2 arbitrary constants, and it has to meet the 2p’
conditions

ZILIEOsz[¢2(z)+R2(z)]:O, i=1,2...,0, (7.31)
¥1(6;) + R1(8;) + vj[12(d;) + Re(6;)] =0, j=1,2,...,0, (7.32)

which follow from (5.8), (5.9). As in the general case, it should also satisfy the relations
1) + Ra(yy) + 015 [W2(m15) + Re(ng)l =0, j=1,2,...,—r1 (if k1 <0) (7.33)

V1(725) + Ri(y25) — voj [Ya(y25) + Ra(y2)] =0, j=1,2,...,—ka (if wa <0) (7.34)

and the conditions (6.7), (6.11). Therefore, in total, we get 2p" +m —t+n°+ k1 + ko relations for arbitrary
constants. Here &, = max{0,—x,} (© =1,2), and n° is the number of equations (6.11).

7.4 0Odd solution

Finally, we notice that the even canonical function can be used for finding the general solution of the
problem (3.15) subject to the condition F,(2) = —F,(—z) (u = 1,2). We write down the solution in case
such a problem might arise in other applications:

F(z,w) = 2x(z,w) {1h3(2) + R1(2) + w(2)[a(2) + Ra(2)]}, (7.35)

2m / XJr
dt

Val2) 2m/§tX+t§ 222

where

(7.36)

It should be pointed out that the odd solution of the problem (3.15) exists only under the conditions

LOL(=t) =1, g5(t) —L(Dg,(—t) =0, te(=1,1), p=1,2 (7.37)
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8 Diffraction by an anisotropic impedance half-plane

8.1 Physical problem

To illustrate the technique of the paper, we consider scattering of an electromagnetic wave at skew incidence
by an anisotropic half-plane with different impedances. Let the primary source be a plane wave incident
obliquely whose z-components are

i ikpsin 3 cos(0—6p)—ikz cos
E; :ezez psin (3 cos( o)—ikz 5[3’

ZOH; _ hzeikpsinﬁcos(efeo)fikzcosﬂ’ (81)

where (p, 0, z) are cylindrical coordinates, k is the wave number (Im(k) < 0), Zj is the intrinsic impedance
of free space, 0 is the angle of incident (0 < 3 < 7/2), and e, h, are prescribed parameters. In the
most general case in which the impedance is anisotropic and differs on the upper and lower sides of the
half-planes {0 < p < 00,6 = £7 F 0, |2| < oo}, the boundary conditions are (Senior, 1978)

E, =¥ ZyH,, 0=+717F0,

E, =+nfZyH, 60=+717F0, (8.2)

where 77,75 are the surface impedances of the upper (§ = 7 — 0) and lower (§ = —x + 0) half-planes,
respectively. The surface impedances are assumed to be real. The p-components E, and H, are expressed
in terms of F, and H, as follows

1 oF, 1 6(ZOHZ)]
E, = -
P iksin? g [cosﬁ dp + p 00 ’
J0(ZoH,) 1 8EZ}
ZoH, = ——— - = . 8.3
0P ™ Gk sin2 8 {COS p dp p 00 (8:3)
Therefore, equivalently, the boundary conditions (8.2) can be written as
10E ZoH ik sin® BE
19E, —cosﬂa( oH-) + ! smiﬂ =0, 6==+717F0,
p 00 dp m
10(ZyH oF
—M +cos B——= + iknéﬁ sin? BZyH, =0, 0=4+71FO0. (8.4)
00 dp
Represent the total field in the form of the Sommerfeld integral (Maliuzhinets, 1958)
e—tkzcos 8 o
Ez(p,e,Z) — P /ezkpsmﬁcosozse(a_'_g)doé7
2l
e—tkzcos 8 o
ZoH,(p,0,2) = 5 /elk”smﬂcowsh(a + 0)da, (8.5)
i
5

where 7 is the Sommerfeld contour, the functions s.(a) and sp(«) are analytic everywhere in the strip
—m < Re(a) < 7 apart from the point o = 0, where they have a simple pole with the residues defined by
the incident field (8.1). At the infinite points a = = £ ico (|x| < 00), the functions s.(a) and sp(«) are
bounded. The boundary conditions (8.4) are satisfied if and only if (Maliuzhinets, 1958)

1
<sina + —sin 5) Se(a £ ) — cos acos Bsp(a = 7)
™

22



1
= (— sina+ — sinﬁ) Se(—a £ m) — cos acos Bsp(—a £ 7),
m

(sina + 3 sin ﬁ) sp(a £ ) + cos acos Bse (o £ )

= (— sin o & 73 sin B) sp(—a £ m) + cos acos Bse(—a £ ). (8.6)
Next, following Senior and Legault (1998) introduce the two functions
. I .
O (a+m) = (sma + — sin ﬁ) Se(av + ) — cos acos Bsp(a+ ),
L1
Oy(a+7) = (sina + 15 sin 5) sp(a + m) + cos acos Bse(a + 7). (8.7)

Inverting these relations gives

1
se(a+7) = —————[(sina + 5 sin B) ®1(a + 7) 4 cos acos fPo(a + )],
‘ Fa(l/nf’n;) ( 2 )
(a+7) : [<'+1'B>‘1>(+) B4 (a+ ) (88)
spla+7m) = —————— || sina + —sin o(a+ 1) — cosacos B3P (o + )|, )
Lo (1/nf,n5) nf
where
T'o(a,b) = (sin o + asin B)(sin o + bsin §) + cos? o cos? 3. (8.9)
Because of the identities
Qi(a+7)=®j(—a+m7), Pj(—a—-—7m)=2;(a+3m), j=1,2, (8.10)

the system of equations for the functions s, s, can be reduced to the system for the new functions ®, ®5:

Fa(—l/;f,—ﬁ;) _I‘a (%,—nj) Oy (o + 3m) — %cosasin2ﬁ<b2(a + 37)
- Fa< 1_,n§r> <I>1(a—7r)—icosasiHZﬂ@g(a—w)] ,
Ca(1/nn8) | m m
! T, (—i,n_> Dy (av + 3m) + 19 cos asin 2P (o + 3m)
La(=1/ni=n3) [ “\ 0™
- r, <i, —772_> Oy(v — ) + 19 cos asin 2P (v — W)] , (8.11)
Ca(l/nfm3) [~ \nf
where N
i:1<i++i_>’ g = 2T (8.12)
moo2\n M 2

If now express @1 (a + 37), Po(a + 37) in terms of the values ®1(a — ), Po(av — ) and put o = 37 + «,
then, on 2 = {Re(o) = 37},

®(0) =G(o)®(0c —4m), o €Q, (8.13)
where
_ [ ®1(0) _ [ Gul(o) Giz(o)
®(0) = <¢2(U)> , G(o) = (Ggl(d) G22(J)> , (8.14)
with

To(1/n7,—n3 )To(1/n1, —n5 ) + nony * cos? o sin? 23
D(o) ’

Gi1(o) =
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-1 , 1 , + nomy * cos? o sin? 20
Gan(0) = /3 ) Wo(=1/01 07 ) + many

D(o) ’
7o sin Bsin 23 sin 20 773
12(0) mD () ) 21(0) ?76771”2 12(0),
1/7717—;) -+ + — -1 _...2 . 2
D(o) = Lo (=1/n7 ,m3 )To(1/n1, —ny ) + m2ny * cos® o sin” 23],

(1/771 ,772)

1 _ _ 1
?73 =1 - —, M =M — - (8.15)

™ U5\

8.2 Arbitrary impedances: a surface of genus p' = 3

Equation (8.13) is a vector functional-difference equation of the first order with the shift h = 47 subject
to the additional condition of symmetry

®(0)=P®(27—0), oell={—m <Re(s)<3r}. (8.16)

In this section we show how to reduce the problem (8.13), (8.16) to a particular case of the even Riemann-
Hilbert problem (3.15), (7.1) analysed in Section 7, and also how to solve it.

8.2.1 Analysis of a Riemann-Hilbert problem on a surface

It is seen that the matrix (8.14) has the structure (2.10) required for the method to be applied. Indeed,
in the notations of Section 2,

a1(0) = 3[G11(0) + Gaz(0)],  az(o) = G12(0),

Jr —
fi(s) = M(COS2 scos? 34 sin? s — egsin? 3),
21, sin23cos s

+

fa(s) = 77—0,?71772, (8.17)
"o
where N
1
€= 4 —— < +772 77_2_) (8.18)
Mo + Mo T
Clearly, the functions (8.17) meet the conditions for al( ),a2(0), fi(s) and fa(s) imposed in Section 2.

The key function of the method is

+ — 2
Fls) = fE(s) + fals) = [’” e i ] I () (819)
where )
2
f(s) = (cos2 s — w> + 16¢; cos® s cot? 3,
sin
m21g Mo,

_ Ry (8.20)
m(ng +ng )
In the strip II = {—m < Re(s) < 3}, the function f(s) has four poles of the second order: —im,im, 37
and 3. Define the branch points of the function f/2(s). From (8.19), (8.20), they are the roots of the
equations
cos2s=A,, sell (r=1,2), (8.21)
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where

Ay =—1+

75 1 — egsin? B — 8ey cos? B + 4i(—1)" cos /B\/el(l —egsin? 3 —4dejcos?2B)| . (8.22)
sin

In the above formula, ,/. .. is one of the branches of the square root. From the whole set of the roots

i+ %log(AV +,/A2 1) (v=1,2; j=0,+1,42,..), (8.23)

one needs to choose those roots which lie in the strip II. We note that the expression
dy = e1(1 — egsin’® § — 4e; cos? 3) (8.24)

can be positive, negative and, also, equal to zero. If dy = 0, then, obviously, the function f/ 2(s) does not
have branch points at all. The roots of equation (8.21) become zeros of the function f1/2(s). This case is
reported in Section 8.3. Henceforward we assume that dg # 0 and, therefore, in the strip II, the function
f/2(s) has 16 branch points: sg, s1,..., 515

For example, for 3 = 1m, 03 /i =2, ny /oy =3 and n; /n{ = 4, the branch points are

so = —1.57080 —¢1.70392, s1 = 3y,

s9 = —1.57080 — 10.05375, s3 = S9q,
sj=sj_a+m (j=4,5,...,15). (8.25)

Analysis of formulae (8.17), (8.19) reveals that the functions fy(s)f~/2(s) and f~/2(s) are free of poles in
the strip II (all their singular points are the branch points sg, s1, ... s15). Since the functions s.(«), sp ()
have the prescribed pole at the point o = 6 and because of the relation (8.16) the functions ®4(s), ®a(s)
have simple poles at the points s = 0y, s = 2w — 0y. Therefore, the functions ¢1(s), ¢2(s), defined by
(3.3), have simple poles at the same points: a1 = 0y, as = 27 — 6.

As for the behaviour at the ends of the strip, because of the presence of the functions sin v and cos «
in (8.7), the functions ®1(s), ®a(s), grow exponentially as s — x +ico (—7 < x < 3m): ®;(s) = O(el]).
The functions fi(s)f~"/2(s) =1 and f~'/2(s) make different the principal term in the expansions of the
functions ¢1(s) and ¢a(s) as s — oo, s € II. To show this, choose a branch of the function f1/2(s) such
that

+
FY2(s) ~ SV . sin? Bcoss, s— x+ico, —m<ax<3m (8.26)
2sin 203 |n,
Then N
J1(s) o —2|s| .
=sgn|—+1|+0( ), s—xtio. (8.27)
f12(s) "o

Formulae (3.3) and (8.26) indicate that one of the functions ¢;(s), ¢2(s) grows at the ends of the strip,
and the other is bounded:

Z—O+ +1>0: ¢i(s) =0(), dy(s) =0(1), s— z=+ioo, (8.28)

0

Z—Of +1<0: ¢1(s)=0(1), ¢a(s) =0(e)), s —z+ic. (8.29)
0

From the relations (8.8), it is clear that the functions s.(«), s, () have inadmissible poles at the zeros
of the function I',(—1/n;", =13 ) which lie in the strip —7 < Re(a) < m. Let these zeros be ¢, j = 1,2, 3,4
(Re(ej) € (—m,m)). The points €; become removable points of the functions s.(«), sp(c), if the following
conditions hold
(—sins + 5 sin B)P1(s) — cosscos fPa(s) =0, s=¢j,
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1

(— sins + — sinﬁ) Py(s) + cosscos BP1(s) =0, s=¢;, j=1,2,34. (8.30)
™

Since the determinant of this system I'. (—1/n;", —1/13 ) is equal to 0, the above conditions are equivalent

to the following four equations

(—sinej + 0y sin B)®@1(gj) — cosejcos fPa(g;) =0, j=1,2,3,4. (8.31)

Following the procedure of Section 3 we reduce the vector functional-difference equation (8.13) to the
scalar Riemann-Hilbert problem (3.15) (¢*(¢,£) = 0) on the two-sheeted Riemann surface R of genus
p =7 (the number of the branch points is 16). In the example (8.25) the branch points become

zp = —0.45822 — 0.337927, 22 = —0.01574 — 0.414137,

z4 = —1.41358 — 1.042462, zg = —0.09165 — 2.4112441,
Zj = —Zj,1 (j = 1,3,5,7), Zj :Zj,4 (j :8,9, 10,11),
zj =Zj—12 (j = 12,13,14,15). (8.32)

It turns out that in all possible cases the branch points z; are symmetric with respect to the origin. Since
the function z = —itan 5_43” maps the points s and 27 — s into the points z and —z, respectively, and
because the functions ®;(s), ®a(s) and f1(s), f/2(s) meet the relation (8.16), the functions F,(2),u = 1,2
are even. It is also clear that they have simple poles at the points a;y = —i cot ”2‘90 and oy = —aj.
Define the behaviour of the functions F,(z) at the ends z = £1. Let, first, nj /n; + 1 > 0. Because
of formulae (8.28), the numbers v in inequalities (4.1) become v = 2, v = 0. Indeed, for F(z), for

“w
instance, we have

1 1
Fi(z) = ¢ (37T+2ilog +Z> ~ A%ell ~ A‘fexp{2 log Rk }
1-=2 1-=2
~ Az 172 z—Fl (s—ax+ico, —m <z <3m), A= const. (8.33)

For n$ /ng + 1 < 0, the same argument gives vi¥ = 0, v = 2.
Next, analysing formulae (8.15) as 0 — 37 £ io0 and as o = 37 we get

Gij(0) ~ 1, Gim(e) =0 ) (j#m), o—3rticc, jm=12,

G12(37) =0, G11(37) = Gao(37) =1, (8.34)
and therefore

Aj(3m) = Aj(3m £io0) =1, j=1,2. (8.35)
8.2.2 Even Riemann-Hilbert problem

We have already shown that the poles i, o and the branch points z; (j = 0,1,...,15) are simple and
symmetric with respect to the origin. The end-points z = 41 are not branch points of the surface. In
order that the functions F),(z) are even, it is necessary for the functions {,,(t) to satisfy the condition (7.7),
ie. 1,(t)lu(—t) =1,t e (=1,1). To check this relation, notice that for o = 37 +i{ (—o0 < § < 00)

cosgd =coso, sing = —sino, I[z(a,b) =Ts(—a,—D). (8.36)
Then from (8.15), (8.17), (8.19) and (2.8), (2.11)

D(o) D(o) D(o)

Gi(0) = G22(J)D(6)’ Gp(0) = Gll(U)D(6)a
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Figure 3: The set {l;(t) : 0 <t <1}, for B = L, 03 /nf = 0.001, ny /nf =10, ny /ni = 2.

ai1(6) = al(a)D(&)’ az(6) = —ag(a)gg;, Y2G) = f1%(0), oceq. (8.37)

So, for the characteristic functions A1(c), A2(o) we obtain

\a(@) = |a1(0) + (=1 as(0) f/2(0)] p=12. (8.38)

Then
(o) () = [G11(0)G22(0) —DC(*’;(U)Gm(U)]D(U)’ L—1.2. (8.39)

It is directly verified that

[(G11(0)Ga2(0) — Gi2(0)G21(0)]D(0) — D(5)

1o cos? o sin? 23

{Co /7, =n3) = Dol =1/n0 Do (1/mF, —n5) = Do(=1/nf ,m5)]

mD(o)

—4nd g sin? Bsin? 0’} =0. (8.40)
For this reason,

Mu(o)Au(@) =1, o€, (8.41)
and

L)l (=t)=1, te(-1,1), p=1,2 (8.42)

As for the quantities argl,(t), we get

l(—1) =1,(0) =1,(1) = 1. (8.43)
Choose argl,(0) = 0. Then, by formula (8.42), argl,(—1) = —argl,(1). Numerical results for dif-

ferent sets of the parameters of the problem show that as the point ¢ traverses from 0 to 1, the point
{Rel,(t),Im1,(t)} always passes once round the origin in the negative direction (see Fig. 3, 4 for 8 = 7 /4,
ny /nf = 0.001, n; /n{ = 10, ny /n{ = 2). This means, that the increments A7, of the arguments of the
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Figure 4: The set {lo(t) : 0 <t < 1}, for 8 = 1m, n3 /nf = 0.001, ny /nf = 10, 0y /o = 2.

functions [,,(t), as the contours L}, = [0, 1] € C,, are traversed by the point ¢ in the positive direction, are

equal to —2m:

1

—A7 =—1. 8.44

2r H ( )
We have verified all the conditions for the Riemann-Hilbert problem (3.15) to have an even solution. Thus,
to construct it, we may follow the scheme of Section 7.

8.2.3 Closed-form solution

We seek an even solution of the Riemann-Hilbert problem (3.15) in the class of functions:

|Fu(z)] < Aplz =117, z—1, p=12, (8.45)
with
2, 0y /ng > -1 0, ng /g >—1
v = 0 vy = 0 . 8.46
' {0, g /mg <17 2T\ 20w /g <1 (8:40)

The integers k1, ko are defined from (7.22)

L g /g > -1 ~1, g /ng > —1
K1 = 2 , = 2 . 8.47
' {—1, m /o <17 2T L wg/m < -1 (847)

The Riemann surface R’ introduced in Section 7 becomes a surface of genus p’ = 3. The even canonical
function x(z,w) has been constructed in Section 7.2, and it is defined by the relations (4.26), (7.27). The
points (UJQ», u;) € R’ and the integers mj,n; (j = 1,2, 3) should be found by solving the Jacobi inversion
problem (7.25).

We next specify formulae (7.27), (7.28) which describe the solution of the Riemann-Hilbert problem
(3.15), (7.1) relevant to the physical problem under consideration:

F(z,w) = x(z, w)[R1(2) + w(z) Ra(2)],

3
C‘w‘ D1 H1’1)115_ 1 Hgvgl(s_ 1
R1(z):Co+Zz2j_;2+z2_ 5 + e T,
7j=1 J

2 _ 2 2_ .2
ag z 11 z Y21
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3 7
C; Dy Hi0_ ;1 Hod_ 1 E;
Ro(z) = I+ + L 2 4 ) (8.48)
L gttt e t a2

with C; (j = 0,1,2,3), D1,D9, Hi,Hy E; (j = 0,1,...,7), being arbitrary constants, d,,, being Kro-
necker’s symbol, and

T —0 s; — 37
0, zj:—itanji
4 4

a1 = —1cot

(G=0,1,...,7). (8.49)

Thus, the functions (8.48) possess 15 arbitrary constants. Define the number of additional conditions for
them. Equations (7.31), (7.32) yield the first 6 conditions

lim z¥Ry(2) =0, j=1,2,3,

Rl(éj) + ’UjRQ((Sj) =0, 7=1,2,3. (8.50)
From (7.33), (7.34) we get either
Rl(’yn) + ’U11R2(’711) =0 for k1 =-1, Ky =1, (8.51)
or
Ri(y21) —va1Ra(y21) =0 for k1 =1, ky=—1. (8.52)

We also have the 4 equations (8.31) and the 2 regularity conditions (6.11) of the function ®9(s) at the
points —%7‘(‘, %7‘(‘

o5 (19)+ F20)061(5) = [s) + £2(5)]n(s)} = 0. (8.53)
Note that then, because of the symmetry condition ®o(s) = ®o(27 — ), the function ®o(s) will be regular
at the points s = 37 and s = 37 automatically. These conditions follow from (3.2) and (2.13). Finally, to

reproduce the incident field, the solution has to meet the two conditions

res sc(a) =e,, res sp(a)=ep. (8.54)
a=0g a=0g
The number of the constants is 15, and to fix them, we have the same number of linear equations.

The solution of the vector functional equation (8.13) is defined by (6.5). The constructed solution
meets the symmetry condition (8.16). The closed-form solution of the scattering problem is given by
formulae (8.5) and (8.8).

Remark 1. If n; =n, (1 = 1,2), then the initial vector functional-difference equation can be simplified
to a new one with h = 27 (see Senior, 1978, p.212). Following the above procedure reduces the problem
to a Riemann-Hilbert problem on a surface of genus p’ = 1 (a torus). The corresponding Jacobi inversion
problem is solvable in terms of elliptic functions. This symmetric case was analysed by Hurd and Liineberg
(1985). They used the Wiener-Hopf formulation and Daniele’s technique (1984) and found a closed-form
solution in terms of elliptic functions.

Remark 2. The above technique may be extended for the case of the complex impedances if the single
branch of the function f!/2(s) is chosen such that

+
f1/2(5)w_28i77T12ﬁ <%+1>sin2ﬂcoss, s —xtioco, —w<x<3m. (8.55)

We leave this interesting case and also physical and numerical analysis of the problem for future research.
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Figure 5: Some cases when p = —1. The angle of incident 3 vs 0y /n; for (1) ny /n = 0.01, ny /n{” = 10;
(2) n3 /mi" =2, my /mi” =105 (3) m3 /mi" =2, 1y /mi" = 0.1,

8.3 Case p = —1: no branch points

By convention of Section 3, if the function f1/ 2(s) does not have branch points in the strip II, then p = —1.
This is a very important case since the matrix of transformation (2.13) becomes single-valued, and the
solution of the Riemann-Hilbert problem on the Riemann surface R can be bypassed. In Fig. 5 we present
those angles of incident § for some values of the impedances when there are no branch points of f1/ 2(s)
in the strip II. Such cases can be used as a test for numerical computations for arbitrary values of the
impedances. In this section we give a closed-form solution of the vector functional-difference equation
(8.13) for p = —1. In addition, we show that for the isotropic case nli = néﬁ = 1, the integer p is also
equal to —1.
Instead of the Riemann-Hilbert problem on the surface R, we get two separate problems on a plane:

() =h®F (1), te(-1,1),
By (t) = L(O)F; (), te(~1,1). (8.56)
We are looking for a solution of the above problems subject to the conditions

Fu(z) = Fu(~2), = ¢ [-1,1] (8.57)

Then the limit values of the functions F),(z) satisfy the relations F,f(t) = F, (—t), te€ (=1,1).
Let ng /g > —1. In this case, as it was shown in Section 8.2,

Fi(2) =0(z£1]72%), Fy(z)=0(1), z— Fl. (8.58)
We also get
AV = A® = _4r (21 =1 (8.59)
L =8L = Y =L :

Choose argl,(0) = 0. Then, immediately, argi,(—1) = 27 and argl,(1) = —2n. Factorise the functions
Lu(t):

(t) = e 1E L, (8.60)



where

1
1 log ,,(t)
— (52 _1\Tk M
X, (2) = (22 — 1) exp { — /1 b dt} (8.61)
with 7, to be determined. Analysis of the Cauchy integral gives
1 logl (t)
37 P— ——2dt = —log(z £1) + Quz(2), 2z — FI1, (8.62)

-1

where the functions 2,4 (2) are bounded as z — +1. Therefore,

X,u(z) ~ Af(z F 2 41, Aljf = const. (8.63)
The class of solutions (8.58) indicates that
r=-1, rpg=1 (8.64)
The Sokhotski-Plemelj formulae and the identities (8.42) imply
Xu(2) = Xu(=2), z¢(-1,1); XF(t) =X, (-t), te(-1,1). (8.65)

The functions F}(z), Fa(z) must be bounded at infinity (the point z = 0o corresponds to the regular point
s = m of the functions ®1(s), ®2(s)). They may have simple poles at the points +z; (j = 0,1,2,3) and
+aq, where

T — 8% -0
. o) = —icot & v 0 (8.66)

and s3 (j =0,1,2,3) are the simple zeros in the strip {—m < Re(s) < 7} of the function

zZj = —1 cot

F2(5) = m (15 +776)tanﬁ<

— cos? 5 + 4ej cot? ). (8.67)
4n,y cos s

The general solution of the Riemann-Hilbert problems (8.56), (8.57) becomes

3 C.
Fi(z) = X1(2) |di + doz® + —a% —l—jz% —Z?;Xl(zj')] ;
By(2) = Xo(2) | 2y — Zgj < ] (8.68)
Il @ DKa(h) |
where dy,ds, D1, Do, Cy,C1,Cy, Cy are arbitrary constants. Here we used the relation
Zreiszj Fi(z) = _zi?tszj Fy(z), j=0,1,2,3, (8.69)

that follows from (3.3). Clearly, since X1(z) = O(272), Xa(z) = O(z?), 2 — oo, the functions F;(z), Fy(2)
are bounded at infinity.
To fix the 8 constants in (8.68), we have the same number of equations (8.31), (8.53) and (8.54).
Finally, notice that in the isotropic case we get

1
m=1 = =2 =), m?:n—;,
1
€p = 1, €1 = Z, do = 0, (8.70)
and the function f/ 2(s) does not have branch points:
/2y _ ntanf o 2 1
f=(s) Yeos s (cos® s + cot” 3). (8.71)
Thus, this is a particular case of the above problem for p = —1.
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9 Conclusion

In this paper we have analysed a class of vector functional-difference equations. It has been shown that a
vector functional-difference equation of the first order in a strip I of a complex plane subject to certain
restrictions, is equivalent to a scalar Riemann-Hilbert boundary-value problem on a two-sheeted Riemann
surface of genus p. The genus p is defined through the number N of the poles and zeros of odd order in
the strip of a characteristic function of the matrix coefficient by the formula p = (N — 2)/2 (N is always
even). In contrast with the Riemann-Hilbert problem on a union of two real axes of a hyperelliptic surface
considered by Antipov and Silvestrov (2002), in the present case, the corresponding Riemann-Hilbert
problem is formulated on a union of two finite segments. We have constructed a closed-form solution of
that new problem of the theory of analytic functions. The conditions quenching the pole of order p at
infinity of the Weierstrass kernel give rise to the classical Jacobi inversion problem.

Motivated by applications to diffraction theory, in addition to the general case, we have studied a
special symmetric case of the vector functional-difference equation. It has been revealed that in this case
the Riemann-Hilbert problem is reducible to a new problem on a surface of genus p’ = [p/2].

To convince the reader in the applicability and the viability of the technique proposed, we have solved
a new model problem for an anisotropic half-plane with imperfect interfaces (the impedances nli,ngt
are arbitrary) which are illuminated by a plane electromagnetic wave at oblique incidence. To solve this
problem, we started with the Maliuzhinets formulation or, equivalently, with a vector functional-difference
equation of the first order. It turns out that the matrix coefficient of the equation meets the restrictions
for the method to be applied. The genus of the corresponding Riemann surface is equal to three. To
complete the procedure of solution, one needs to solve the Jacobi inversion problem for a surface of genus
3. A device for its exact solution has already been reported (Antipov and Silvestrov, 2002). We have also
analysed a particular case when the characteristic function does not have poles and zeros of odd order,
and the solution of the Jacobi inversion problem has been avoided. Numerical results will be reported
elsewhere.

The proposed technique has a potential to be successfully applied to a variety of diffraction problems
have been considered insoluble. The complexity of the approach depends on the genus of the corresponding
Riemann surface. From numerical point view the only portion which becomes more complicated is solution
of the Jacobi inversion problem.
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