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Abstract

We study boundary value problems posed in a semistrip for the elliptic sine-Gordon equa-
tion, which is the paradigm of an elliptic integrable PDE in two variables. We use the method
introduced by one of the authors, which provides a substantial generalization of the inverse
scattering transform and can be used for the analysis of boundary as opposed to initial-value
problems. We first express the solution in terms of a 2 X 2 matrix Riemann-Hilbert problem
whose “jump matrix” depends on both the Dirichlet and the Neumann boundary values. For
a well posed problem one of these boundary values is an unknown function. This unknown
function is characterised in terms of the so-called global relation, but in general this character-
isation is nonlinear. We then concentrate on the case that the prescribed boundary conditions
are zero along the unbounded sides of a semistrip and constant along the bounded side. This
corresponds to a case of the so-called linearisable boundary conditions, however a major dif-
ficulty for this problem is the existence of non-integrable singularities of the function g, at
the two corners of the semistrip; these singularities are generated by the discontinuities of the
boundary condition at these corners. Motivated by the recent solution of the analogous prob-
lem for the modified Helmholtz equation, we introduce an appropriate regularisation which
overcomes this difficulty. Furthermore, by mapping the basic Riemann-Hilbert problem to an
equivalent modified Riemann-Hilbert problem, we show that the solution can be expressed in
terms of a 2 X 2 matrix Riemann-Hilbert problem whose “jump matrix” depends explicitly on
the width of the semistrip L, on the constant value d of the solution along the bounded side,
and on the residues at the given poles of a certain spectral function denoted by h(X). The
determination of the function h remains open.
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Figure 1: The semistrip S

1 Introduction

A method for solving initial-boundary value problems for linear and integrable nonlinear PDEs
was introduced in [13, 14] and developed by several authors, see the survey [15] and the references
therein. This method has already been used for:

(a) linear and integrable nonlinear evolution PDEs formulated on the half line and on a finite
interval [4, 5, 11, 12, 17, 20, 21, 22, 23, 24, 27, 38, 39, 47];

(b) linear and integrable nonlinear hyperbolic PDEs [26, 40, 42];

(c) linear elliptic PDEs [1, 3, 8, 9, 16, 28, 29, 44, 45, 46].

The aim of this paper is to implement this method in the case of the prototypical integrable
nonlinear elliptic PDE, namely the celebrated elliptic sine-Gordon equation. This equation was
first analysed in [37] (see also [7, 30]); simple boundary value problems for this equation, using
the method of [13], have been considered in [41, 43]). For the case of nonlinear elliptic PDEs in
cylindrical coordinates, see [32, 34].

We will consider the sine-Gordon equation in the form

Qoo + Qyy =sing, ¢ = q(z,y), (1.1)
and we will analyze boundary value problems posed in the semi-infinite strip
S={0<z <00, 0<y<L} (1.2)

where L is a positive finite constant. The sides {y = L, 0 < z < oo}, {x =0, 0 < y < L} and
{y =10, 0 <z < oo} will be referred to as side (1), (2) and (3) respectively, see figure 1.

Suppose that (1.1) is supplemented with appropriate, compatible boundary conditions on the
boundary of the semistrip S, so that there exists a unique solution ¢(x,y). It will be shown in
section 2 that this solution can be expressed in terms of the solution of a 2 x 2 matrix Riemann-
Hilbert (RH) problem with a jump on the union of the real and imaginary axis of the A complex
plane. The “jump matrix” is expressed in terms of certain functions, called spectral functions, which
will be denoted by {a;(A),b;(AN)}, 7 = 1,2,3. These functions can be uniquely characterized via
the solution of certain linear Volterra integral equations, in terms of the Dirichlet and Neumann
boundary values. Namely, {a1,b1}, {a2,b2} and {as3,bs} are uniquely determined in terms of
{q(z,L),qy(z, L)}, {¢(0,v),¢2(0,y)} and {q(z,0), g,(z,0)} respectively. However, for a well posed
problem only a subset of these boundary values are prescribed as boundary conditions. Thus, in
order to compute the spectral functions in terms of the given boundary conditions, one must first



determine the unknown boundary values, i.e. one must characterize the Dirichlet to Neumann
map. The solution of this problem, which makes crucial use of the so-called global relation, yields
in general a nonlinear map, see [6, 18, 25, 35, 36].

In the case of integrable nonlinear evolution PDEs, it has been shown in [17, 19, 23, 24, 33] that
there exists a particular class of boundary conditions, called linearizable, for which it is possible to
avoid the above nonlinear map. The main result of the present paper is the analysis of a particular
case of linearizable boundary conditions for the sine-Gordon equation on the semi-infinite strip. In
particular, the following boundary conditions will be investigated in detail:

q(xz, L) = q(x,0) =0, 0<z < o0; q(0,y)=d, 0<y<L, (1.3)

where d is a finite constant. We assume that 0 < d < 7. These boundary conditions are discontin-
uous at the corners (0,0) and (0, L) of the domain. This implies that g,(x,y) has a non-integrable
singularity at the two corners of the semistrip. Using an appropriate gauge transformation, which
is motivated by the recent solution of the analogous problem for the modified Helmholtz equation
([2], see also Appendix A), we are able to overcome this difficulty and introduce well-defined spec-
tral functions. Furthermore, we show that the basic Riemann-Hilbert problem can be mapped to
a simpler Riemann-Hilbert problem whose jump matrix, instead of depending on the six unknown
spectral functions {a;(X\),b;(A)}?, depends explicitly on the given constant d, on the width L of
the semistrip, and on the residues at the given poles of a certain spectral function, denoted by
h(A). The rigorous analysis for the determination of h remains open.

This result, as well as the analogous result valid for the elliptic version of the Ernst equation
[32, 34], imply that the method of [13] provides a powerful tool for analyzing effectively a large
class of interesting boundary conditions.

2 Spectral analysis under the assumption of existence

In what follows we assume that (1.1) is supplemented with appropriate boundary conditions on
the boundary of the semistrip S, compatible at the corners of the domain, so that the existence of
a unique, smooth solution ¢(z,y) can be assumed. Furthermore, we assume the following:

q(x,L), qy(x, L), q(,0), qy(x,0) € L'(R"),
zq(x, L), zqy(x,L), zq(z,0), zq,(z,0) € LY(RT), (2.1)
72(0,9), ¢2(0,9), ya(0,y), ya:(0,y) € L*([0, L]).

The sine-Gordon equation is the compatibility condition of the following Lax pair [31] for the 2 x 2
matrix-valued function ¥(z,y, A), A € C:

v, + BVl v = Qe 0, (22
v, + @[03, U] =iQ(z,y,—\)¥, (2.3)

where
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Figure 2: The functions ¥, Wy and ¥y
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Equations (2.2) and (2.3) can be written as the single equation
d (e(ﬂ()‘)”“()‘)y)glll(x, Ys )\)) =Wi(x,y, \),
where the differential form W is given by
Wy, \) = @O0 F (Q(a,y )W (a,y, Ndz +iQ(z.y, ~N)¥(z,y, Ndy)

and 03 acts on a 2 x 2 matrix A by
E'EA = [Ug,A].

Remark 2.1 Note that
Q) = —Q0\) = Q(%) W) = w()) = w(%)

2.1 Bounded and analytic eigenfunctions

We define three solutions ¥;(z,y, A), j = 1,2,3, of (2.6) by

(z,y)

WAL%M:I+/ o~ F (e p, ),

(z5,95)

where
(xlvyl) = (oo,y), ($2,y2) = (O’L)v ($3,y3) = (0’0)

(2.5)

(2.8)

(2.9)

Since the differential form W is exact, the integral on the right hand side of (2.8) is independent of
the path of integration. We choose the particular contours shown in figure 2. This choice implies

the following inequalities on the contours:

(xlvyl)_)(mvy): E—sz,



(w2,92) = (2,9): -2 <0,n—y >0,
(x3,y3) = (z,y): -2 <0, n—y<0.
The first inequality above implies that the exponential appearing in the second (first) column of the

right hand side of the equation defining ¥ is bounded and analytic for Im(X\) < 0 (Im(X\) > 0).
Similar considerations are valid for ¥5 and W3. Hence we denote the matrices ¥; as follows:

Uy = (\11512)7 \11534))7 Uy = (\11(24)7 \1/22))7 U3 = (\I/gg)v \Ijgl))’

where the superscript (12) denotes the union of the first and second quadrants of the A complex

plane, and similarly for the other superscripts. The function \11(112) is analytic for Im(\) > 0 and
it has essential singularities at A = co and A = 0; furthermore,

o= (1) 0(2). am oz o0

Similar considerations are valid for the column vectors \11(134), \Ilgs) and \I/él). The function V5 is an
analytic function in the entire complex plane, except at A = co and A = 0, where it has essential
singularities. In addition,

@_ (1 1 . 3
U, _<O>+O<)\>’ A — 00, 5 < arg(\) < 2m,
2) 0 1 m
Uy = 1)t O 3 ) A — 00, 5 <arg(A) <m. (2.11)

2.2 Spectral functions
Any two solutions ¥, ¥ of (2.6) are related by an equation of the form
U(z,y,\) = U(z,y, /\)e_(Q()‘)‘H“()‘)y)%C(A). (2.12)
We introduce the notations
S1(A) =W4(0,L, A), Sa(A) =T3(0,0,)), S3(A)=T(0,0,A). (2.13)

Then equation (2.12) implies the following equations:

Uy (2,5, ) = Ua(a,y, e~ @Ne+eOm F =2 LTg (1) A eR, (2.14)
Uy (2,y,\) = Uy(x,y, e~ @Nete@nF 6,00 AeC\ {0}, (2.15)
Uy (z,y,\) = Us(z,y, /\)e_(Q()‘)’““’(}‘)y)%Sg,()\), A€ (R™,RY). (2.16)

The notation A\ € (R™,R") means that the equation for the first column vector in (2.16) is valid
for A € R™, while the equation for the second vector is valid for RT.
Equations (2.13)-(2.16) suggest the following definitions:

SiA) = @1(0,0),  @y(wA) =T / T ONED T (e, L, )Py (€, N)de,



A€E(CH,CT), 0<z<oo, (2.17)

L __
SQ(A) = (I)Q(Oa )‘)7 (I)Z(y7 )‘) =1- 7’/ ewo\)(n_y)%Q(Oa m, —)\)‘1’2(777 )‘)dna
)
AeC, 0<y<lL, (2.18)

53(/\) = (I)3(07 )‘)a (I)g(J?, )‘) =1- /OO eQ(A)(g_x)%\&Q(€7 Oa )\)(1)3(57 )‘)dfa
A€ (CH,C), 0<a< oo (2.19)

The matrix @) satisfies the symmetry properties

Q(N)22 = Q(— )11, Q(N)12 = Q(=A)21- (2.20)

Hence the matrices ®;, ¢ = 1, .., 3, can be represented in the form

o ( Az, ) Bi(z, ) > o ( As(y, ) Baly.—N) > o)

Bi(z,\) Ai(z,—N) Bo(y, ) As(y,—A) z,\) As(z,—

and therefore
ai(A)  bi(=A) :
Sz(/\):< bz()\) ai(_)\) ), ’L:1,2,3.
ba (A

The spectral functions {ai(A), b1(N)}, {az(N), )} and {as()), b3(A\)} are defined in terms

of {q(x, L), qy(x. D)}, {a(0.), .(0.9)} and {q(2,0), q,(2,0)} respectively, through equations
(2.17)-(2.19).

These functions have the following properties:

e ai()\), by()\) are analytic and bounded in C*.
a1t(N)ar (=) —b1(M)b(=N) =1, A eR.
a1(A) =140 (5), 1(\) =0 (5) as A — oo, Im(X) > 0.
e ay(N), ba(A) are analytic functions of A for all A € C, except for essential singularities at
A=o00and A =0.
as(Nas(—A) = ba(Mbs(—A) = 1, A € €\ {0}.
a2(A) =140 (%), b2(A\) =0 () as A = o0, 3T < arg(A) < 2r.

(]
IS

3(A), b3(\) are analytic and bounded in C™.
ag()\)ag(—A) — bg()\)bg(—)\) =1, AeR.
az(A) =140 (%), b3(A) =0 (3) as A — oo, Im(A) > 0.

These properties follow from the analogous properties of the matrix-valued functions ®;, j = 1,2, 3,
from the condition of unit determinant, and from the large A asymptotics of these functions.



2.3 The global relation
Evaluating equations (2.15) and (2.16) at x = 0, y = L, we find

w

I = W50, L, N)e™ “£L73G, ()

and

w(

LT Gy ().

51()\) = \113(0, L7 )\)e_
Eliminating ¥5(0, L, \) we obtain

w

e“FPLTG (M) = S5 (M) LS5 (N).

The first column vector of this equation yields the following global relations:

ar(\) = az(=N)az(\) — ba(=A)bz(N), AeCt,
bi(N)e ML = a5 (A\)b3(N) — as(\)ba(N), AeCt.

2.4 The Riemann-Hilbert problem

(2.21)

(2.22a)
(2.22D)

Equations (2.14)-(2.16), relating the various analytic eigenfunctions, can be rewritten in a form
that determines the jump conditions of a 2 x 2 RH problem, with unitary jump matrices on the
real and imaginary axes. This involves tedious but straightforward algebraic manipulations. The

final form is
M_(xz,y,\) = My(x,y, \)J(z,y,\), Xe€RUIR,

where the matrices M4 and J are defined as follows:

M, = (\11512), as})\)\llél)> , arg(A\) e [O, g},

M_ = (W§12)7 011)\) WéQ)) , arg(\) € [%,ﬂ},

M, = (ag(l_A)xpg?’), @534)> . arg(\) € {w, 37”]

M_ = (al(l—)\) \11(24), \11534)> , arg(A) € {%,QW],
J(x,y,A) = J¥(z,y, ), if arg(\) =«, a=0, g, T, 3771-,

where, using the global relations (2.22), we find

az(X) b3(=A) ,—6(z,y,\)
a1(=A)az(X) az(N)
JO = :
e M (A) 0(z,y,A
*T—Al)e( Y,A) 1
b2 (=N —(z,y,N) 1
€
P B e o)
ba (A 0(x,y,\
0 1 e Ve

(2.23)

(2.24)

(2.25)



and
JT = J3ﬂ/2(JO)_1J7T/2, (2.26)

where
O(z,y,\) = QN)z + w(N\)y. (2.27)

All the matrices J* have unit determinant: for J™/2 and J3™/2 this is immediate, whereas for J°

we find
ot (J0) — as(A) + e “MEh (N)bs(—A)  ar(—A)az(A)
det(.J7) = (N ~ o Nas() "

where we have used the equation
aas(A) = ar(=N)az(\) — b3(=N\)b(N)e ™ “ME N eR, (2.28)

which is a consequence of the global relations (2.22).

J7T/2

12 2 12 !
(\I}S )7 ai)\) \Ilg )) Y (\Ilg )7 a;)‘) \I,g ))

Jr I Jo

3 34 4 34
i S A I VA 2R 2

J37r/2

Figure 3: The bounded eigenfunctions and the Riemann-Hilbert problem

The solution M(z,y,A) of this RH problem is a sectionally meromorphic function of A. The
possible poles of this function are generated by the zeros of the function ai(\) in the region
{arg(X) € [§, 7]}, by the zeros of az(A) in the region {arg(A) € [0, 7]}, and by the corresponding
zeros of ai(—A), az(—A).

We assume

e The possible zeros of a; in the region {arg()\) € (3, m)} are simple; these zeros are denoted
A, j=1,.,N
(2.29)

e The possible zeros of a3 in the region {arg(\) € (0, 5)} are simple; these zeros are denoted
Cj7 ] = 17"aN3

The residues of the function M at the corresponding poles can be computed using equations
(2.14)-(2.16). Indeed, equation (2.16) yields

\11512) = ag\l’ég) + bgeg(m’y’A)\pgl),



hence

1 1 12
R \IJZ(S : _ \Ilg )(CJ) _ \Ilg )(CJ) —0(z,y,¢5)
es¢; = — = - e , (2.30)
ag  a3(G)  as(G)bs(¢)
where a3(\) denotes the derivative of asz with respect to A.
Similarly, using (2.14),

v w0y LIS B
ax a1 () a1(\j)bi(\j)e=w )L .

Using the notation [M]; for the first column and [M]s for the second column of the solution M of
the RH problem (2.23), the equations (2.30) and (2.31) imply the following residue conditions:

Resy, (2.31)

Resc, [M(, y, A e ) 0<argh< =
j s Y T ANL ) s Y585 ) < <z
68(1[ (33 Y )]2 a3(<])b3(C]) [ (Z‘ Yy Cj)h arg 2
(2.32)
Res, [M (4, A (A T < arg A
85)\]'[ (l‘,y, )]2 - al(Aj)bl(/\j)e_wo\j)L[ (xaya j)]h 5 <argA <.

Similar residue conditions are obtained in C~ by letting A\ — —A\.

The inverse problem

Rewriting the jump condition, we obtain

M+*M,:M+*M+J:M+(I*J):>M+*M,:M+J, (233)
where J = I — J. The asymptotic conditions (2.10)-(2.11) imply

M* 1
M(z,y,/\)1+&x’y)+0<v>, Al =00, AeC\ (RUIR). (2.34)

Equation (2.33) and the condition (2.34) yield the following integral representation for the function
M:

1 M+(x7y7 A/)J(xay7 Al) 1
M AN=1+— dX AeC\T 2.35
(2,9, A) +2m./F S , AeC\ (2.35)
where
I'=RU:iR.
Equations (2.34) and (2.35) imply
1 .
M* = ——_/MJr(x,y,)\)J(x,y,)\)d)\. (2.36)
2mi Jr
Using (2.34) in the first ODE in the Lax pair (2.2), we find
—i[ag,M*] = iwm = o — iy = 2(M")21 = 2 lim (A\May), (2.37)

where o1, o3 denote the usual Pauli matrices.
In order to obtain an expression in terms of ¢ rather than its derivatives, we consider the coefficient
in (2.2) of the term A~!. The (1,1) element of this coefficient yields

cosq(x,y) = 1+ 4i(M})11 +2(M*)3,. (2.38)



3 Spectral theory assuming the validity of the global rela-
tion

3.1 The spectral functions

The above analysis motivates the following definitions for the spectral functions.

The spectral functions at the y = 0 and y = L boundaries
Definition 3.1 Given the functions q(z, L), g,(x, L) satisfying conditions (2.1), define the map
S1:{q(z, L), qy(z, L)} — {a1(A), b1 (M)}
by
(28) ) =im@an accr,

where [®1(x, A)]1 denotes the first column vector of the unique solution ®1(x,\) of the Volterra
linear integral equation

Oz, N) =1 - /OO AVEDT Qe L N)B(E, N)de, (3.1)

and Q(z, L, \) is given in terms of ¢(x, L) and q,(z, L) by equation (2.5).

In what follows, we also assume that the function a;(\) may have Ny simple poles A; in C*.
Similarly for as(\).

Proposition 3.1 The spectral functions ai(\), b1(\) have the following properties.
(i) a1 (M), b1(A) are continuous and bounded for Im(X\) > 0, and analytic for Im(\) > 0.
(ii) a1(A\) =1+ 0 (3), b1(A) = O (3) as A — oo, Im(X) > 0.
(iii) a1 (A) = cos X%E) 4+ O (), bi(A) = isin L% £ O (A) as A — 0, Im()) > 0.
() a1(N)ai (=) —bi(A)bi(=\) =1, A eR.

(v) The map Q1 : {a1, b1} — {q(z,L) qy(z, L)}, inverse to Sy, is given

2
cosq(z, L) = 1+ 4i lim (AM,)11 +2( lim (\M)a1),
A—00 A—o00
ay(w, L) = —ige(w, L) +2i lim (AM)a1,

where M is the solution of the following Riemann-Hilbert problem:

o The function
Mz, A) = { M_(z,\) AeC-

is a sectionally meromorphic function of A € C.

10



) M:I—i—O(%) as A — 00, and
M_(z,\) = My (xz,\)Ji(x, ), AER,

where

1 _bl(_/\)‘) e~ 2Nz
Ji(z, \) = b)) ax( )1 ; A€eR. (3.2)

a(-N°  a(Na (=N

o Let [M]; denote the i-th column vector of M, 1 =1,2. The possible poles of My occur
at \j, and the possible poles of M_ occur at —X; in C~, and the associated residues are
given by

e—Q()\j)ac

Res,\j [M(a:, /\)]2 = m[M<x’ )\j)]la

eQ(}\j).’E

Res_x,[M(z, )] a1 (=)o (=)

[M (2, =X;)l2. (3-3)

The spectral functions {as, b3} are defined similarly:

Definition 3.2 Given the functions q(x,0), ¢,(z,0), satisfying conditions (2.1), define the map
S3: {q(2,0), ¢y (2, 0)} — {az(A), bs(N)}

by

az(A) 1 _
( b:i)(/\) )—[‘53(070)]1, AecCt,

where [@3(x,0)]1 denotes the first column vector of the unique solution ®3(x,0) of the Volterra
linear integral equation

Oz, A) =1 - /OO 2VEDTF Q(e,0,)B(E, N)de, (3.4)

and Q(xz,0,\) is given in terms of ¢(x,0) and g,(x,0) by equation (2.5).
Proposition 3.2 The spectral functions asz(\), bs(\) have the properties (i)-(v) of proposition

(3.1), provided ay is replaced by as, by is replaced by bs, Sy is replaced by Sz and L in replaced by
0 in all expressions.

The spectral functions at the x = 0 boundary
Definition 3.3 Given the functions q(0,y), ¢.(0,y), satisfying conditions (2.1), define the map
S2 :{4q(0,¥),42(0,y)} — {az(A), b2(N)}

by
a2(/\)
( ba(\) ) = [©2(0,0)1, AeCT,

11



where [@2(0,y)]1 denotes the first column vector of the unique solution ®2(0,y) of the Volterra
linear integral equation

L _
By, \) =T — i / COEDF Q0 5, ~\)D(n, N, (3.5)
Yy

and Q(0,y, ) is given in terms of q(0,y) and ¢.(0,y) by equation (2.5).
Proposition 3.3 The spectral functions az(\), ba(X) have the following properties.

(i) aa(N), ba(N) are analytic functions of \, except for essential singularities at A = 0 and A\ = oo,
bounded for Re(\) > 0.

(i) az(A) =1+ 0 (3), b2(A) = O (%) as A — oo, Re(A) > 0.
(iii) az(\) = cos 420 1 O (N), ba(A) = isin L2 + O (A) as A — 0, Re()) > 0.
() az(A)az(=A) = ba(AN)b2(=A) =1, A€ C.

(v) The map Q2 : {asz, ba} — {¢(0,y) g,(0,v)}, inverse to S, is given by

2
cosq(0,y) =1— 4A1er;o(AMy)11 - 2(A1er;o(AM)21)

42(0,y) = iy(0,y) +2 lim (AM)a1,

where M is the solution of the following Riemann-Hilbert problem:

o The function
| Mi(y,A) RerA>0
My, A) = { M_(y,\) ReX<0

is a sectionally meromorphic function of A € C.
) M:I—i—O(%) as A — 0o, and

M- (ya )‘) - M+(ya )‘)JQ(y’ A)a A€ ZR?

where

1 _b2(—/\>\) e—wN)z
J2(y’ /\) = ( b2 (N) w(N)z L > ’ A€iR.
a2 (- € az(N)az(—X)

o M satisfies appropriate residue conditions at the zeros of as(\).

Proof of propositions (3.1)-(3.3)

The proof of properties (i)-(iv) follows from the discussion in Section 2.2. In particular, property
(iil) follows from the asymptotic behaviour at A — 0, which can be derived by analysing equations
(2.2)-(2.3) (see [41]), and is given by

cos 4@y gy a(@y)
U=Uyg+0(N), A 0, Uo(z,y) = 2 2 . 3.6
0 (A), A= o(z,y) ( isin q(mZ,y) cos Q(ﬂ;y) (3.6)
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To prove (v), we note that the function ®;(z, \) given by (2.17) is the unique solution of the ODE

2, + “WNie = gL ya(. ),

lim ®(z,\) =1.

r—00
Furthermore, ®3(x, A) given by (2.19) is the solution of the same ODE problem, with Q(z, L, \)
replaced by Q(x,0,\).
Similarly, ®2(y, \) given by (2.18) is the unique solution of the ODE

A) .
(py —+ #0’3@ = ’LQ(O, Y, 7>\)(I)(y7 A))

(L, N) =1

The spectral analysis of the above ODEs yields the desired result.

Regarding the rigorous derivation of the above results, we note the following: If {¢(z, L), gy(x, L)},
{q(,0), qy(x,0)} and {q(y,0),¢z(y,0)} are in L', then the Volterra integral equations (3.1), (3.4)
and (3.5) respectively, have a unique solution, and hence the spectral functions {a;,b;}, j = 1,..,3,
are well defined. Moreover, under the assumption (2.1) the spectral functions belong to H(R) ,
hence the Riemann-Hilbert problems that determine the inverse maps can be characterized through
the solutions of a Fredholm integral equation, see [10, 50].

QED

3.2 The Riemann-Hilbert problem

Theorem 3.1 Suppose that a subset of the boundary values {q(z, L), q,(z, L)}, {q(x,0), g,(x,0)},
0 <z < o0, and {q(y,0),¢-(y,0)}, 0 < y < L, satisfying (2.1), are prescribed as boundary
conditions. Suppose that these prescribed boundary conditions are such that the global relations
(2.22) can be used to characterize the remaining boundary values.

Define the spectral functions {a;,b;}, j = 1,..,3, by definitions (3.1)-(3.3). Assume that the
possible zeros {)\j}é\’:ll of a1(\) and {¢; }jv:‘*l of as(\) are as in assumption 2.29.

Define M(x,y, \) as the solution of the following 2 x 2 matriz Riemann-Hilbert problem:

o The function M(x,y, \) is a sectionally meromorphic function of A away from R U iR.

o The possible poles of the second column of M occur at X = (j, j = 1,...,N3, in the first
quadrant and at A = A;, j =1,..., N1, in the second quadrant of the complex X plane.

The possible poles of the first column of M occur at A = —X\; (j =1,...,N1) and A = —(;
(j=1,..,N3).
The associated residue conditions satisfy the relations (2.32).

° M:I—I—O(%) as A — oo, and
M_(z,y,A\) = My (z,y,\)J(z,y, ), A € RUIGR,

where M = My for X\ in the first or third quadrant, and M = M_ for X in the second or
fourth quadrant of the complex X plane, and J is defined in terms of {a;,b;} by equations
(2.26).
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Then M exists and is unique, provided that the H' norm of of the spectral functions is sufficiently
small.

Define q(x,y) is terms of M (x,y,\) by

Qe —iqy = 2>\lim (AM)ay, (3.7)
cosq(x,y) = 1—|—4z'(/\lim (AM,)11) + 2()\lim (AM)1)2. (3.8)

Then q(x,y) solves (1.1). Furthermore, q(x,y) evaluated at the boundary, yields the functions used
for the computation of the spectral functions.

Proof: Under the assumptions (2.1), the spectral functions are in H!.

In the case when aq(A) and az()\) have no zeros, the Riemann-Hilbert problem is regular and it
is equivalent to a Fredholm integral equation. However, we have not been able to establish a
vanishing lemma, hence we require a small norm assumption for solvability.

If a1(\) and ag(A) have zeros, the singular RH problem can be mapped to a regular one coupled
with a system of algebraic equations [21]. Moreover, it follows from standard arguments, using
the dressing method [48, 49], that if M solves the above RH problem and ¢(x,y) is defined by
(3.7)-(3.8), then g(z,y) solves equation (1.1). The proof that ¢ evaluated at the boundary yields
the functions used for the computation of the spectral functions follows arguments similar to the
ones used in [23].

QED

4 Linearizable boundary conditions

We now concentrate on the particular boundary conditions (1.3). We note that these boundary

conditions are symmetric with respect to the line y = % Hence, if ¢(z,y) is a solution, so is

q(x, L —y). Assuming that the solution is unique, we can conclude that
q(z,y) = q(z, L —y), 0<z<oo, O0<y<L. (4.1)

These boundary conditions are not compatible at the corners of the domain, and therefore introduce
a discontinuity at each corner. It turns out that these discontinuities imply that if ¢(z,y) is the
solution of the resulting boundary value problem, then the function ¢,(z,0) = —gy(x, L) is not
integrable near x = 0. Similarly, ¢,(0,y) is not integrable near y = 0 and y = L. Hence we cannot
guarantee that the results of propositions 3.1-3.3 hold. In particular, the spectral functions as
given by (2.17)-(2.19) and the resulting Riemann-Hilbert problem are not well defined.

To overcome this lack of regularity, we will employ a gauge transformation to define a modified
Lax pair. This transformation is motivated by the recent analysis of the linearised problem [2],
which we summarize in Appendix A. For the linear case, it can be shown that the behaviour of the
boundary function g, (z,0) as x — 0 is given by gy, (x,0) ~ %. The contribution of this term can be
eliminated by an appropriate gauge transformation. The advantage of the new Lax pair we define
below by adapting the linear gauge transformation to the nonlinear setting, is that the spectral
functions and the Riemann-Hilbert problem are well defined, indicating that in the nonlinear case,
as in the linear, the singular behaviour introduced by the terms ¢, (x, 0) and ¢, (0, y) is eliminated.
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4.1 A new Lax pair

The linearised version of the elliptic sine-Gordon equation, namely the modified Helmholtz equa-
tion, with the boundary conditions (1.3), is discussed in Appendix A, where we show how, by
incorporating appropriately in the differential form associated with the linear equation the term

o) =1 [ wlewde (1.2

the spectral problem is regularized.
Motivated by the linear analysis, we now introduce a new eigenfunction ® via the gauge transfor-

mation oy oy
=  r(zyor _ [ coshr(z,y) sinhk(z,y
g =",  g(z,y):=e = ( sinh (. 1) coshr(z.y) ) (4.3)

where ¥ denotes the solution of the Lax pair (2.2)-(2.3) and k(x,y) is given by (4.2). Note that

1 1 [ 1
ke (T,y) = qu(fc,y), ky(z,y) = 71/ sinq(&, y)dé — qu(x,y)-

The transformation matrix g(z,y) has unit determinant, and is chosen to satisfy the property

- 1 0 qzy) )
1 _ 1 _ - Y ) .
g "9z = gz9 1 ( Qy(iﬂ,y) 0

Let the function ® satisfy the Lax pair

QA
2.+ Mo, 0] = Vi(ay N, (1.4
w(M)
(I)y + T[U?”(I)] = ‘/2(1:7y7)‘)q)’ (45)
with
_ _ Q) _
Vl(xa Y, )‘) =9 lgm +9 1Q(I7ya )‘)g - %g 1[0—339] (46)
cosh(2k)A%2 =A% —cosh(2k—iq)+1 sinh(2k)A% +q, A—sinh(2k—iq)
=3 . R 4 . ] R 15)\ )
— sinh(2k)A\*+¢z A+sinh(2k—iq)  — cosh(2k)A\*+A“+cosh(2k—ig)—1 ’
4 4
_ 1. w(A) _
Va(z,y,A) = —g gy + 97 iQ(z,y, ~N)g — %g Yo, 9] (4.7)
o cosh(2k)A%2 =22 4cosh(2r—iq)—1 _ sinh(2n)>\2—(f;° sin gd€+ig, )\ +sinh(2k—iq)
5N
sinh(2k)A%+([2° sin qd§+igy ) \+sinh(2k—iq) cosh(2r) A% —A24cosh(2k—iq)—1
9N 4N

We now use the eigenfunctions determined by the Lax pair (4.4)-(4.5) to define new spectral
functions. Namely, in analogy with (2.17)-(2.19), we define

Sl(A) = 901(0a A)a 901(% /\) =1- / eQ(A)(Eim)%‘;’Vl (fa L7 >‘)<)01 (§7 A)dfa
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A€ (CH,CT), 0<z<oo, (4.8)

L __
SQ()‘) = 902(0; )‘>7 902(3/7 )‘) =1- / ew()\)(ﬂ—y)%‘/é(o’ 7, )\)902(77, )‘)dn7
)

AeC, O0<y<lL, (4.9)

53()‘) = @3(07 )‘)a 903(‘/1”7 )‘) =1- / eQ()\)(f—x)%&‘/l(g’ 07 A)@S(&a )\)df,
AE(CH,CT), 0<a<oo. (4.10)

Note that V4 does not involve gy,(x,y), and Vo does not involve g, (z,y), the terms respectively
responsible, at least in the linear case, for the non-integrable behaviour.

Note also that, since the symmetry relation (2.20) holds for Vi, V5 in place of @), we can represent
the matrices ¢; in the form

Al(m,/\) Bl(ﬂi‘, —)\) AQ( ,/\) B2( s /\)
L= ( Bl(z7)‘) A1($77>‘) > 2T ( B2(§7>‘) AQ(zaf)‘) ) '
_( As(z,\) Bs(z,—\)
s = ( Bale ) As(r -\ ) (4.11)
and set
Si(\) = ( 28)) Zi:ig ) i=1,2,3. (4.12)

The rest of the general construction of sections 2.3-3.2 is formally valid with the spectral functions
a;(A), bj(A), 7 =1,2,3 as defined by (4.12), except for the statement (i)-(iii) and (v) of propositions
3.1-3.3.

Symmetry conditions

Given the boundary conditions (1.3), equations (4.8)-(4.10) are written explicitly as follows:

Q) [ e (1 —cosh2x  —sinh2k
pray) = 1-=2 [Cemen s (10 (6 L)pr (€ N,
2 /. sinh 2k cosh2k — 1
0<z< oo, A€ (Ct,C), (4.13)
L _
Yy
_ cosh(26)A2 =22 +cosh(2r—id)—1 —sinh(2k)AZ4X J2° sin qd€—sinh(2k—id)
sinh(26)AZ 4 = s?n)\qdf—&-sinh(Qn—id) COSh(ZH)AQ7)\2$cosh(2n—id)71 (07 77)902 (77> A)dna
ax ax
O<y<lL, AeC, (4.14)
Q) [ _»% (1—cosh2x —sinh2k
@3('%’)‘) = I- %/ eQ()\)(f ) ( sinh 2k cosh 2k — 1> (550)303(67)‘)6%.’
0 <z < oo, Ae (Ct,C). (4.15)

16



Using that k(z,0) = —k(x, L), we can immediately conclude that

(20 = (200 )= am=am. nm=-uw. @)

where A;, By, a;, b; are as in (4.11)-(4.12).

In equations (4.13) and (4.15), the only dependence on X is through Q()). Thus, since Q(—4) =
Q(A), it follows that the vector functions (Aj, By) and (As, Bs) satisfy the same symmetry prop-
erties. Hence,

a (—i) =a;(\), b (-i) =b;(\), =13, Im()) >0 (4.17)

It turns out that the vector function (Asg, Bs) also satisfies a certain symmetry condition, as stated
in the following proposition.

Proposition 4.1 Let q.(0,y) be a sufficiently smooth function. Then the vector solution of the
linear Volterra integral equation (4.14) satisfies the following symmetry conditions:

A l _ A2(y7 >‘) - F()‘)BQ(ya )‘) + F()‘>ew()\)(y_L)BQ(y? _)‘) B F()‘)Qew()\)(y_L)AQ(ya _>‘)
2 y7 A - 1 o F(A)2 )
B l o B2(ya )‘> — F(A)AQ(:% )‘) + F()\)ew()\)(y—L)A2<y’ _)‘) — F()‘)Qew(k)(y_L)BQ(:% _)‘)
2 y7 A - 1 o F()\)Z b
O<y<L, XeC, (4.18)
where the function F(\) is defined by
F(\) = 'ﬂta d (4.19)
=17 v ng. .

Proof: Define a function ¢ (y, \) by

wN)

902(y7 )‘) = d)Q(yv )‘)e 2

where ¢y is defined by (4.14). It follows that ¢o satisfies the ODE

os(y=L) (4.20)

(¢2)y = Vo, (4.21)
d2(L,A) =1, O<y<L,
where
V(ya A) = ‘/Q(Oa Y, /\) - MU& (422)

We seek a nonsingular matrix R(\), independent of y, such that

V(y, %) = ROV (y, VRN~ (4.23)
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It can be verified that such a matrix is given by

R(\) = ( 7;()\) _F}A) ) (4.24)

where F' is defined by (4.19).
Replacing in equation (4.21) A by %, and using (4.23), we find the following equation:

(R 0w 5) ) =vien (F (o 5) ).

hence

RO)762(y.5) = 62, )OO,

where C is a y-independent matrix. Using the second of equations (4.21), it follows that C' = R~!,
and therefore

Iy _ -1
02 (1,5 ) = RON)oaly. VRO
This equation and equation (4.20) imply

o215 )= ROpaly, V) (W F DR ) (4.25)

The first column vector of this equation implies (4.18).
QED

Remark 4.1 Recalling that ag(X\) = A2(0, ), and ba(\) = B2(0, A), equations (4.18) immediately
imply the following important relations:

a (1) _aa(0) = FO)ba() + F(A)e ™Mby (—1) — F(V)2e*Mray(-)

A 1—F()\)? ’
b (1) _ ba(N) — F(Nao(A) + F(\)e WMlay(—)) — F(A)2e My (—))
\\) 1— F(\)? ’
A e C\{o0}. (4.26)

In summary, the basic equations characterizing the spectral functions are:
(a) the symmetry relations (4.16), (4.17) and (4.26);
(b) the global relations (2.22);
(c) the conditions of unit determinant.

In the next lemma, we collect some important consequences of these conditions. For simplicity, we
will use the notations

f=F),  f=fE=N.
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Lemma 4.1 The spectral functions satisfy the following relations:

asas — bgi)3 =1, AE R, (427)
&3()3 - a3133 = G, A€ R, (428)
by = (14 e ML) agbs, A ER, (4.29)

where the function G(\) is defined by

d\1—A2eWL 1
) ¢ (4.30)

Lw .
G\ = F(\) t‘cmh(7> = ”an(§ 1+ A2 evWNL 417

Proof: Equation (4.27) is just the condition of unit determinant.
Using the symmetry condition (4.16) to eliminate a; and b; from the global relations (2.22), we
find
CL3[&2 — 1] = Egbg, A ER, (431&)
b3 [G_W(A)L + ag] = agbo, A €R. (431b)
The equations (4.31) together with the equations obtained by letting A — —X in (4.31) are four
equations which can be solved for the four functions {asg, be, 4o, bo} with the result that
az = (1+e “Wh)azaz — e ML, A ER, (4.32a)
by = (14 e M) agbs, AeR. (4.32b)
This proves (4.29).
Replacing A by —1/X in (4.31) and using the symmetry (4.17), we find
a3(/\) [@(%) — 1] = bg(%)b;ﬁ()\), AeR, (433&)
b3s(A) [e*NE +ay(—1)] = az(A\)b2(— 1), AER. (4.33b)
Consider the two equations (4.33) together with the two equations obtained by letting A — —\ in
(4.33). We can eliminate ag (i%) and by (i%) from these four equations by using the symmetry
relations (4.26) as well as the symmetry relations obtained by letting A — —\ in (4.26). The

resulting four equations can then be solved for the four functions {as,bs, as, 132} with the result
that

(a3F + bg)(dgF — 83)671"” — (a3 — bgF)(ng + Z)gF)

a2 frd F2 — 1 5 (4.34&)
az + b3 F)(asF — b3)e L — (a3 — by F)(azF + b
C Rl 1IC 3>F2_1(3 2F)(GsF 1 b) (4.34D)

Comparing (4.32a) with (4.34a), we find (4.28). QED

The functions az(A) and b3(\) are defined by (4.12) only for A in the upper half-plane. However,
equation (4.29) implies that ag(A) and bs(A) can be analytically extended to the whole complex
plane. Indeed, equation (4.29) provides the analytic continuation of az(\) into C~:

ba(A)

as(=) = bs(A)[1 + e—wL]’

AeCT. (4.35)
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Similarly, equation (4.29) with A replaced with —\ provides the analytic continuation of b3(\) into
C—:

ba (=)
as(V[1 + e* O]’

by(—)\) = xeCt. (4.36)

Adopting these extended definitions of az(A) and b3(\), analytic continuation implies that the
relations (4.27)-(4.29) and the global relations (4.31) are valid in the whole complex plane.

Proposition 4.2 The spectral functions satisfy the equations

asas — bsbs = 1, NeC, (4.37)
asbs — a3133 = G, AE (C, (438)
by = (1+e MWL) agbs, \eC, (4.39)
as well as the global relations
ag[&g — 1] = 821)3, AE C, (440&)
b3 [G_W(A)L + ag] = agbs, AeC, (440b)

where the known function G(\) is given by (4.30).

5 Spectral theory in the linearisable case

In appendix A we give the solution of the linear case. In this case, the dependence on the unknown
spectral function B(\) is resolved by mapping the basic Riemann-Hilbert problem to an equivalent
but simpler one. To define this mapping, in the linear case, it is convenient to employ the two
equations (A.19) and (A.20).

For the nonlinear problem, we will use the following equations, which provide the nonlinear ana-
logues of equations (A.19) and (A.20):

(V) bs(=A) GO

as(VRY)  as(h) AV reC, (5.1)
and
ba(A) —w bs(—=A) . G\
mor Ty ~ Yy Aes 62
where the unknown function h()) is defined by
h(\) = az(\)? —bs(V)?,  AeC, (5.3)

and the known function G(X) is defined by (4.30). Note that from the above properties it follows

that b;i(i\A)) is well defined at the zeros of the function h(A). Moreover, in the linear limit,

bs(A) — Bs(A), az(\) — 1, h(A) — 1, tang — g,

and equations (5.1) and (5.2) become equations (A.19) and (A.20).
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Equation (5.1) and (5.2) are a direct consequence of (4.37)-(4.39). Indeed,

ag(MG(A) = az(A)[az(=A)b3(A) — az(A)bs(=A)]
—a3(A)?b3(=X) + b3(A) [1 + b3(A)bs (=)
= b3(A) — [az(N)? — b3(N)?] bs(—=N),

which is equivalent to equation (5.1) (in the first and second equations above we have used equations
(4.38) and (4.37) respectively). Furthermore,

ba(N) ENEARRLICY: —w(VE b3(=A) G(=A)
2N (1 w RGN w _
a3(—\)2 ( te ) az(—\) ( te ) as(—Nh(=N\) (=N |’
which, using G(—\) = —G(\), becomes equation (5.2) (in the first and second equations above we

have used the relation (4.39) and equation (5.1) with A replaced by —\).

The properties of the functions G(\) and h()\)

We give a summary of some of the properties of the function G(A) given by (4.30) and of the
unknown function h given by (5.3).
The set of poles of G(A), denoted by Pg C C, is given by

Pg = {\ W 11 =0}

= {An = % (W(Zn +1) £ I2+ 2n+ 1)27r2>

n e Z}. (5.4)

Note that G()) has no poles at A = +i since the term e“? — 1 vanishes at these points.

Proposition 5.1 The following statements hold:
(a) G(N\) admits the symmetries G(A\) = —G(=\) = —G(1/X), A € C.

(b) G(X) has essential singularities at co and at 0 and a countable number of simple poles on the
imaginary axis accumulating at ico and at 0. G(\) has no other singularities.

(¢) Each of the functions 1 = G(X) has a countable number of zeros. All these zeros lie on the
imaginary axis and they accumulate only at +ioo and at 0.

(d) The set of zeros of the function 1—G()) is the disjoint union of the set of zeros of az(A\)—bsz(X\)
and the set of zeros of ag(—A) + bs(—A).

(e) The set of zeros of the function 1+G(X) is the disjoint union of the set of zeros of ag(X)+bs(A)
and the set of zeros of az(—\) + bs(—\).

(f) The set of zeros of the function 1 — G?(\) is the disjoint union of the set of zeros of h(\)
and the set of zeros of h(—\).

(g) The function h(X) has a double pole at each point in the set Po N C~. The function h(—\)
has a double pole at each point in the set P N CT. The functions h(\) and h(=X) do not
have any other poles.
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Figure 4: (a) The graph of G(X) for A on the imaginary axis when L = 10 and d = 1. (b)
The corresponding picture of the poles of G(A) and the zeros of G(\) £ 1. The poles and zeros
accumulate at the origin and at infinity.

Proof: The proof of (a) follows from the definition (4.30). The proof of (b) follows from the same
definition and from equation (5.4).
In order to prove (c¢), we note that the function G is purely real for A € iR:

G(i)\I):—i—Fi% tan(i)tan(LAi)\_ll), Ar € R.

As As increases from 0 to 400, the argument LAE; ! increases from —oo to co. It follows that
each of the functions 1 + G(A) and 1 — G(X) has an infinite number of zeros on the imaginary
axis, see figure 4. More precisely, if ip; and ipy are two consecutive poles of G on the positive
imaginary axis, then, unless p; < 1 < po, there is exactly one zero of 1 — G(A) and one zero of
1+ G(\) belonging to the interval (ip1,ips). If p1 < 1 < po, then there are no zeros of 1 + G(X)
in the interval (ipy,ips) and there are two (counted with multiplicity) or no zeros of 1 — G(A) in
this interval depending on whether G(i) = £ tan(d/2) is < 1 or > 1. Since the poles of G(\)
accumulate at 0 and at +ico, the same is true for the zeros of 1 + G(A). This proves (c).

Taking the sum and difference of (4.37) and (4.38) we find

(as+bs)(as Ths) =1+G, AeC. (5.5)

It follows that
h(Ah(=X) =1-— GQ()\), e C. (5.6)
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Equation (5.5) implies that either a3 — b3 or a3 + i)g vanishes whenever 1 — G = 0. Since all zeros
of 1 — GG are simple, the functions as — b3 and as + 133 cannot simultaneously vanish at one of
these zeros. In order to prove (d), it only remains to show that 1 — G vanishes whenever ag — b
or as + 133 does. Equation (5.5) suggests that this is true; however, it is conceivable that a zero
(pole) of az — b3 could coincide with a pole (zero) of a3 + bs in such a way that the product
(as — b3)(as + 133) = 1 — G remains nonzero. We show now that this cannot occur.

Suppose Ag is a zero of ag(A) — bg(A). The unit determinant condition (4.37) implies that as(\)
and b3(A\) cannot simultaneously vanish. Thus,

az(Ao) = b3(Ao) # 0.
The global relations (4.40) yield
as(=Xo) —1=ba(=Xo), eIl 4 g(Ng) = ba(No). (5.7)
Using these equations to eliminate ba(A) and ba(—A) from the determinant condition
az(Ao)az(—=Ao) = b2(Ao)b2(—Xo) = 1,
we find
az(Ag) — e P Lgy(—Ng) =1 — e (o)L, (5.8)

If Ag is a zero of az(A) — b3(A), then, by (4.17), so is —1/Ag, and hence we also have

as <f>\i0) - e“’()‘“)L@()\io) =1— (o)L, (5.9)

On the other hand, the symmetry condition (4.26) for as(\) implies that

1 —ovr, (_1Y _ —wNLg (_
“2(X) te ag( X) =ay(\) +e ax(-)), AeC. (5.10)

Indeed, if we use (4.26) to eliminate ag(+1/)\) from the left-hand side of (5.10) and then simplify,
we find the right-hand side of (5.10). Evaluating (5.10) at A = Ag and using (5.8) and (5.9) to
eliminate as(—1/Xg) and az(—Xg) from the resulting equation, we find

az(No) = ag()\io). (5.11)

In view of (5.7), (5.8), and (5.11), the symmetry equation (4.26) for az(\) evaluated at A = Xg
reduces to
0=—1—e“CIL L P(N)(1 —e“PIEY i G(N) = 1.

This shows that 1 — G(A) = 0 whenever az(A\) — b3(A) = 0. A similar argument shows that
1 — G(X\) = 0 also whenever az(—A) + b3(—A) = 0. This proves (d). The proof of (e) is similar.
The statement (f) follows from (d) and (e) since h = (a3 — b3)(as + bs).

Since h()) is analytic in CT and h()\) does not vanish at any point A € Pg by (f), equation (5.6)
implies that h(—\) has a double pole at each point in the set Pg N C*. This proves (g). QED
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5.1 An equivalent Riemann-Hilbert problem

Using the relations (4.16) and (4.32a), the jump matrices (2.26) become

b3(MN)b3(=A) —w(A\)L  b3(=A) —6(z,y,A
P ) L+ efmene “WE e et
z,Y, = 3
b3(N) —w(AN)LA0(z,y,\)
a5 (=N € e 1
T2 (2,y,\) = TR (@, N) =
0 1 a:(2£>;\))2 @y )
and
J* = J37r/2(JO)71J7r/2, e@(m,y,)\) — eQ()\)aH»w()\)y. (512)

Let M(x,y,A) be defined by (2.24) with ¥; replaced with ®;, j = 1,2,3. Let D; denote the jth
quadrant of the complex plane,

Dj:{/\e(C‘(j—l)%<arg()\)<]g}, j=1,..,4,

and let M, denote the restriction of M to Dj;.
The jump matrices (5.12) involve the unknown spectral functions ba()), az()), and bz(\). We there-
fore seek matrices A;(z,y,\), 7 = 1,...,4, defined for A € D;, such that the functions {M;(x,y, \)}}
by

Mj(xvyv)‘) :Mj([L'7y,)\)Aj(fE,y,>\), )‘GDjv .7: 13"'a47 (513)
satisfy a modified Riemann-Hilbert problem whose jump matrices involve only known functions.
We would like A; to be bounded and analytic (or at least meromorphic) for A € D;.
The requirement that A; is bounded in the j-th quadrant implies that A; and A, are upper
triangular, while As and A4 are lower triangular. The requirement that A; has unit determinant
implies that the diagonal elements of A; are d; and di The (2,2) components of equations (5.18)

J
imply that
dy =do =ds =dy.

On the other hand, the four exponential factors

e 0@ N) g 0@y N NL  f@yd) @y gw(NL (5.14)

are bounded in the first, second, third and fourth quadrant of the complex A-plane, respectively.
This suggests choosing the matrices A; in the following form:

1 a;(N)e @v:A)

A = s A€ Dy, (515&)
0 1
1 a2()\)ew(>\)Le—9(x,y,>\)

Ay = s A€ Do, (515b)
0 1
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1 0
Az = s A € D3, (5.15C)
az(N)e?@vA) ]

1 0
Ay = . AeD.. (5.15d)
a4(>\)e—w(>\)Lee(z,y,>\) 1

where a;(\), j =1, ...,4, is a scalar valued function of A € D;.

Substituting (5.13) into the jump relations
My=MJ° My=DMJ"? M= MJ>/? (5.16)
we find the equations
My = MJ°, My =M J"/? M, = MJ™/? (5.17)
provided that the matrices JO, J©/2, j37/2 satisfy the following equations:
JOAy = AT, T4y = A2 T2 AL = AR/, (5.18)

We analyse the first of equations (5.18). The (2,2) element of this equation is satisfied identically
and the (1, 1) element is a consequence of the (1,2) and (2, 1) elements, as well as of the requirement
that all matrices in (5.18) have unit determinant. Denoting the (1,2) and (2,1) components of .J°
by e~ @ ¥ 0()\) and e?(*¥:N e« MLV (\) respectively, we find that the (1,2) and (2,1) elements
of the first of equations (5.18) yield

bs(=A) 0
— AN =U"(A 5.19
2 ) = 000y (.19
and ba(\)
3 70
A =VV(N). 5.20
O i) = 70 (5.20)
Comparing equation (5.19) with the identity (5.1) we find that a simple choice for the function oy
(and hence for U°) is a;()\) = % and U°(\) = f%. Note that these functions are well

defined on R since h does not have any real zero. However, with these choices the functions a; ()
and U°(\) have (i) poles at the (unknown) zeros of i(\) along the imaginary axis and (ii) poles at
the (known) poles of G()) along the imaginary axis. To ensure that the poles in (i) are removable
singularities we define a function G(\) as follows:

GO =GN (R(N) + 1). (5.21)

This function takes value 1 and —1 exactly where G(A) does. Indeed, if h(A) = 0, then az(\) =

+b3(A) and correspondingly, in view of (5.5), G(A) = G(\) = %1. }
The above discussion suggests that a suitable choice for the functions a;()\) and U°()) is

bs(\) GO
ag(Mh(X)  h(N)’

st

ar(\) = U°(\) =

)G(A) =G(\). (5.22)

A) —
h(\
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Similarly, equation (5.20) suggests

 bs(=N) G(=)\)
) ==y T ey

y _ G(=N=G(=)) _
Vo) = S YOSV ~G(N). (5.23)

We next analyse the second of equations (5.18). The (1,2) element of this equation yields

e r 4 2N () GO
2(A) +a3(>\)2 az(Mh(A)  h(A)

=+ UT(/Q()\)’

where U™/2(\)e?@¥:2) denotes the (1,2) component of J™/2. Using the identity (5.2), we find

b3(A) Gl GO _ -
w(A)L wNL__ 93\ 1 w(A) Ly T\ T\ /2
ase + € s OVB0Y (1+4e¢ )h(/\) + ey U2 (N).
This suggests that we define
bs(N\) G(\) )2 (NI
= — 4 = 1 w . 24
az(N) PRSI + ROy U*(N)=(1+e YG(N) (5.24)
A similar analysis of the third of equations (5.18) yields
ba(— (- .
O‘S()\) _ 3( )\) o G( /\) V37r/2(/\) — (1 _‘_efw()\)L)G«(_A)7 (525)

ag(=A)h(=A)  h(=A)"

where V37/2(X\)e?@¥:%) denotes the (2,1) component of J5 . Note that the relations as(\) =
ayg(—A) and a3(A) = ai1(—A) are consistent with the symmetry (2.20).

We define the matrices A;, j = 1,...,4, by equations (5.15) and (5.22)-(5.25). Henceforth, we
assume that (z,y) lies in the interior of the semistrip (1.2) so that z > 0 and 0 < y < L. Then
the jth exponential factor in (5.14) has exponential decay as A — oo and A — 0 for A € I;. Thus,
although the analysis of the linear problem suggests that the spectral functions a;(\), b;(A) could
have some minor growth as A — oo and A — 0 caused by the jumps in the boundary data at
the corners of the semistrip (in the linear case this growth is logarithmic, see Appendix A), this
ensures that the A;’s are bounded as A — oo and as A — 0 in the corresponding domains D;.

In fact, since the A;’s have removable singularities at the zeros of the function h(\) along the
imaginary axis, the only remaining difficulty is that the A;’s have singularities at the known poles
of G(\). To deal with these singularities, we add small indentations to the jump contour along the
imaginary axis so that it passes to the right of the poles of G. Thus, instead of the four quadrants
D; of the complex plane, we consider the deformed domains ﬁj defined in such a way that all
A€ PoNCtliein Dy and all A € Pz NC™ lie in D3, see Figure 5.

We next determine the residue conditions at these poles. Let \* € P NCT be a pole of o in ﬁl.
In what follows, we use the notation M (x,y, ) = ([M(x,y, A1, [M(z,y,)]2) to denote the first
and second column vector of a given matrix M(z,y,A). Then the relation M, = M A, implies
that

[My(z,y, N1 = [My (2,5, ], (M (2, y, M2 = a1 (\)e @YV, (z,y, M1 + [Mi(2,y,\)]2.
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jam/2

Figure 5: The contour for the modified Riemann-Hilbert problem satisfied by M. The contour has
small indentations bypassing the poles of G(\).

Taking the residue of the second of these equations at \*, we find

1{;}‘8 [Ml ($7 Y, )‘)]2 = (1{)\6*5 al) e—@(w,y,)\*) [Ml (.’IJ, Y, )‘*)}1

= ~(Res) (14 ey )~ X

where the residue of G(\) at A* is known from the definition (4.30) whereas the number h(A*)
remains unknown. R
Similarly, the relation M3 = M3A3 implies that

[M3 (.’13, Y, A)]1 = [M?) (.13, Y, A)]1 + a3 ()‘)eG(LyJ\) [M3 (.’13, Y, A)]% [M3 (QZ‘, Y, A)]2 = [M3 ('T7 Y, A)]2
Taking the residue of the first of these equations at A* € P N C™, we find

1%)\%8 [Mg(l‘, Y, )‘)]1 = (1%)\6*8 a3) e@(m,y,k*) [MS (37, Y, )‘*)]2

= (Res ) (1 ey ) Mt Xl

In summary, we have derived the following result.

Theorem 5.1 The RH problem defined in theorem 3.1 and characterized by the jump matrices
{Jm/2, J37/2 JO J™} defined in equation (5.12), can be mapped to a new RH problem with the
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following jump matrices:

T2 (x,y,\) = :

T2 (2,4, 0) = )
—(1+e NG\l @vN) 1
1—-G?(N)e WL GA)e 0@v:)
Ty, \) = , (5.26)
—G(N)e N Lef(@y:A) 1

where the known function G(X) is defined in (4.30). This is achieved by using the matrices (5.15),
with

_ k) G iy — s G
)= TR T R 2N = =R Ty
Oég()\) = Oq(—)\), 044()\) = 012(—/\). (527)

where the functions h(\) and G(\) are defined by (5.3) and (5.21) respectively. The solution M of
the new RH problem is a sectionally meromorphic function with simple poles at each point in the
set Pg given in (5.4). At these points the following residue conditions are valid:

Y — _ 1 —0(z,y,A\*) [ * * +
F%\Eis [M(z,y,\)]2 = (R}\gsG) <1+ h()\*))e [M(z,y, \)]1, A" e PenNCT, (5.28)

Res [M (z,y, )1 = (f&gs G) (1 + >69<%W>[M(x,y,x*)]2, N e PgNC. (5.29)

1
(=A%)

The solution q(x,y), z > 0, 0 < y < L, of the boundary value problem determined by the boundary
conditions (1.3) is given by

(qw —iqy)(z,y) = 2/\1er;0)\(]\/[)12, (5.30)
cosg(z,y) = 1+4i( lim AMi1). +2 lim AM)12)% (5.31)

Proof: We only need to show how to represent the solution ¢(z,y) of the boundary value problem
in terms of the solution of the RH problem characterised by the jump matrices given by (5.26).
Recall that if M(z,y,\) denotes the solution of the RH problem defined in theorem 3.1 then
q(z,y) is defined in terms of M by equations (3.7)-(3.8). Using M; = A;M; in the j-th quadrant,
7 =1,...,4, by choosing XA in the first quadrant we obtain

(¢ —igy)(z,y) = QX{H;O)\(M)H,
2
cosq(z,y) = 1+4i (/\lim A [Mu —al(A)e_e(“’y’A)(]\Zf)gl} +2)\lim )\(]\;I)m) .
Since e~ %% decays exponentially as A — oo in the first quadrant, the term involving the

unknown coefficient a;; does not contribute to the limit and we find (5.30)-(5.31).
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6 Conclusions and open problems

We have analyzed the elliptic sine-Gordon equation in a semistrip for general boundary data
(sections 2 and 3) and in the particular case of a linearisable boundary value problem (sections
4 and 5). The linearizable problem has the novelty that the function g,(z,0) possesses a non-
integrable singularity as * — 0 while the function ¢, (0,y) possesses a non-integrable singularity
as y — 0. Motivated by the recent solution of an analogous problem for the modified Helmholtz
equation presented in [2], we have been able to bypass this problem by employing a suitable gauge
transformation. Furthermore, we have shown that the RH problem characterizing the solution
q(x,y) can be mapped to a modified RH problem whose “jump matrix” is determined only by the
width L of the semistrip and the given constant value d of the boundary condition prescribed at
x = 0 (see theorem 5.1). However, the modified RH problem also includes residue conditions at
the points A € Pg, where the set Py consists of a countable number of points on the imaginary
axis. The formulation of these residue conditions requires the knowledge of h(\) for A € P, where
h(A) is an unknown meromorphic function defined in terms of the spectral functions. It remains
an open problem to characterize the values of h()) for A € Pg in terms of L and d alone; progress
in this direction is likely to rely on the analyticity properties of h(\) as well as on relations derived
from the symmetry properties of the spectral functions, such as the relation (5.6), and the known
structure of the poles of h.

Acknowledgements

This research was partially supported by EPSRC grant EP/E022960/1. ASF would like to express
his gratitude to the Guggenheim Foundation, USA.

A The modified Helmholtz equation

The basic differential form associated with the modified Helmholtz equation

*u(z,y) N O*u(x,y)

81'2 8y2 - U((E,y) = 07

is given by

—QN)z—w(N)y ; ;
Wg(z,y,\) = GT [z(um — Uy — Z;)dx - (um — iUy + Z;f)dy] ,

where () and w(\) are defined in (2.4). Indeed, it can be verified that

efﬂ()\)xfw()\)y

dWpg = e E— [Upg + Uyy — u] dz A dy.

Suppose that u,(x,y) has non-integrable singularities at (0,0) and (0, L). In order to eliminate
these singularities we consider the differential form

Wia,y. ) = Wale,y, ) = d (7207, y, )
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Figure 6: The contours of integration used to define ®;(z,y, A), j =1,3,4.

and choose « in such a way that the term u, cancels. Noting that
e—Qx—wy U U
W = — {[zum +uy + 3" dky + 4Qk|dx — [ug — fu, + ZX + 4Ky — 4um]dy} (A1)

we choose & as in (4.2):

Then
efSlszy . U [e%e} ) u o] [e’e]
W= —1— {[wx +y - Q/ uy(&, y)de]da + [iuy — iy +/ u(€, y)dg — w/ uy(ﬁ,y)di]dy}
(A.2)
where we have used
1 [ 1 o
Ry = 1 Uyy (€, y)dE = 1 u(&, y)dE + ug(z,y) |
We define ®;(x,y, ), j = 1,3,4, as the solutions of the equation
d ((I)je—Qa;—wy) =W, j5=13,4, (A?’)
with
@1(00, Y, A) = Oa (1)3(()’ 0; A) = Oa (1)4(03 La )‘) = 07 (A4)

see Figure 6.
The difference of any two of the above functions equals e?*+“¥p()), where p(\) can be computed
by evaluating the difference at any convenient point (z,y). Hence

©4(‘T7 Y, >‘) - (I)l(xv Y, /\) = 7eQI+wyeiwLB1(>\)7 A€ (C+7
@4(1’, Y, )‘) - (1)3 (J?, Y, )‘) = eQr+wyB2(/\)’ A S (Cv (A5)
Py(z,y,\) — 3(z,y,A) = PTUB3(N),  AeCT,
where
Bl ()‘) = (pl(ov L7 A)a BQ()\) = ¢4(O7 Oa )‘)7 B3(A) = (bl(oa 07 A)’ (A6)
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and the above choice for the domains of validity with respect to A in equations (A.5) will be justified
below.
Equations (A.3) and the first of equations (A.4) imply that

1 o0 o0
D (z,y,\) = —1/ M@ =9) [iu§ + % - Q/ uy(f’,y)df'} d¢, \eCt. (A7)
x 3

Hence the first and the third of equations (A.6) imply that

1 (5 0)

B3(\) = —4/0OO e [W&(fvo)

Q/OO (€ O)dg] de, N et (A8)

Bi(\) —i/ e % [iug(g,L) Q/ , (&L dg} d¢, xe Ct.  (A.9)
0
In order to compute ®4(0,0,\) we compute @4 along the y-axis from (0, L) to (0,0):
0

B4(0,0,)) = i /L o= [iun(o,n)—iu(?\’n) + /O e ) — w /O h u,,(g,n)dg] dy. (A.10)

The last integral of this equation is given by

T o [ e an= g [ [ e v [ wicon
+%2 /OL e (/OOO U(ﬁ,n)dé) dn

Hence, using this equation, as well as the identity Q2 + w? = 1, equation (A.10) together with the
second of equations (A.6) yields

By(\) = i/OL e v {iun((),n) + @ —Q? /OOO u({,n)df} d

2 {ewL /OOO (e, L)dé — /OOO u(g,())dg] , AeC. (A.11)

Subtracting the second of equations (A.5) from the sum of the other two equations in (A.5) we
find the global relation

e™*WEBI(N) = B3(\) + Bo(\) =0,  AeCT. (A.12)

A.1 Example

Let
u(z,0) =u(z,L) =0, 0 < x < o0; u(0,y) =d, 0 <y < L.

The expressions in (A.8) and (A.11) simplify as follows:
oo 1 o0
Bs(X) :Q(A)/ e HNEf(O)dE,  f3(€) = 1/ uy (¢,0)d¢’, AeCt, (A.13)
0 3
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id(1 — e—w(NL L 00
By(n = ML) g / O oy, o) = / w(En)de, AeC. (Ald)

2(1 4 A2) 4

Note that w(+i) = 0, thus the first term of the right hand side of equation (A.14) has removable
singularities at +1.
The overall symmetry u(z,y) = u(z, L — y) implies

Bi(\) = —B3()), AeCT. (A.15)
Thus the global relation (A.12) becomes
By(\) = (14+e“WhBy()),  xecCt. (A.16)

The only dependence of B3 on A is through (), which remains invariant under the transformation
A — —% thus
A

Bs(\) = 33(%), AeCt. (A.17)

The second term of the right hand side of the first of equations (A.14) involves Q?(\) and w(\),
which are invariant under the transformation A — % Thus we find

id(1 — e=wML) 1\ idM\*(1 — e @)
pay - ML= (1) e O
2(1+ A?2) A 2(14 A2)
therefore p 2
1 idl —
B(7>:B Py p— 1—eML)  yeC. Al

23 2(A) 21+A2( e ) € (A.18)
In summary, taking into account that B; = —Bs, it follows that the modified Helmholtz equation

in the semistrip, with the boundary conditions (1.3), involves the two unknown spectral functions
Bs(\) and Ba()), defined in terms of the two unknown functions fo(\) and f3(\) by equations
(A.13) and (A.14). These two spectral functions satisfy the global relation (A.16) as well as the
symmetry relations (A.17) and (A.18).

In what follows, we will show that the unknown functions By and Bj yields a zero contribution
to the representation of the solution u(z,y). In order to prove this fact, we need the following
identities, which are a consequence of equations (A.16)-(A.18):

id1— M\ eWE 1
214+ A2 eV 417

Bg(/\) — Bg(—)\) = Gl()\), Gl(/\) = A€eER, (Alg)

id1— \?
21+ X
Indeed, letting A — § in the global relation (A.16) we find

By(A) — (1 4+ e “WEBy(—)) = Ga()), Gao(N) = (1—e @M XNeC™. (A.20)

BQG) —(1+ e*w“)L)Bg,(%), reC .

Using in the above equation the symmetry relation (A.17) with A — —X, as well as the symmetry
relation (A.18), we find equation (A.20). Subtracting equation (A.20) from the global relation
(A.16) we find equation (A.19). The functions G1(X), G2(\) have removable singularities at A = +i.
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Figure 7: The contour for the Riemann-Hilbert problem.

The functions ®;(z,y,A), j = 1, 3,4, define a Riemann-Hilbert problem with jumps on the real
and negative imaginary axis, see figure 7.
In order to map this Riemann-Hilbert problem to a problem with known jump conditions, we

introduce the functions ®;(x,y, A), j = 1,3,4, through the following equations:

oy = &y, AeCT,

By = Py — P@VN By (=), 7 < arg(\) < 37” (A.21)

By =Py + e@(fﬂ,yyk)e—uJ(A)LBg(_,\)7 3?77 <arg(\) < 2.

It is shown in remark A.1 at the end of this appendix that the function B3(\) has a logarithmic sin-
gularity as A — 0 and A — oo. In particular, assuming that (x, y) lies in the interior of the semistrip
(1.2) so that z > 0 and 0 < y < L, it follows that e’(*¥) By(—)\) and e?(@¥Ne=w (ML Bs(—)) are
bounded and analytic for A in the third and fourth quadrant of the A plane, respectively.

Using the definitions (A.21) in equation (A.5), we find

&)4(1:7 Y, )‘) - (i)l (JJ, Y, )‘) = e9<I7y7>\)Q_W(A)L(33()‘) - B3(_)‘))7 Ae R+7 (A22)
<i>4(a:,y7 )‘) - (i)3($7y, )‘) = ea(Ly,)\)(B?(/\) - (1 + e_w(A)L)B?»(_)‘)% A€ _iR+7
él(xvyv >‘) - ég(f,y, )‘) = ee(m’y}A)(Bi?o()‘) - B3(7)‘))7 AeR™.

Equations (A.19) and (A.20) imply that the jump conditions appearing in (A.22) can be expressed
in terms of the known functions G and Gs.
Equation (A.3) implies that the function ® satisfies the equation

1 o0
@, - 00 =] [zu + % ~Q / uy(g,y)dg] . (A.23)
This equation suggests that
1 [ 1
Dy (x,y,\) = 1/ uy(§,y)dé + O A A — oo. (A.24)
x
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This estimate can be verified using equation (A.7) and integration by parts. The first of equations
(A.21) shows that ®; satisfies the same estimate (A.24). Solving the Riemann-Hilbert problem

with the jump conditions (A.22) and the estimate (A. 24) (for ®;) we find
~ 1 [ 1 2N )zt (N ax
0 1 —100 /
, . A e A .
+/ 2NNtV (y L)Gl(/\/)/\/ : / Qe+ (N g, (\ /)X_)\] , AeC, A¢RUIR.
(A.25)
Hence taking the limit of this equation as A — 0 we find
. [ 1 [ 1 0 ot d\
i (6 - ¢ [ wien 5} - o[ e S
’ an MNy-L) o Q( ( X
+/ (VoA (y— / Weteg, (/\))\] (A.26)
On the other hand, equation (A.23) implies that
- 1
u(z,y) = —2i ;lgb[ z,y, A 1/ vy d&}
Noting that ® = ® for A € C*, we find
0
u(x,y) _ _l / e(z()\)m+w()\)yG ( 7>‘ / QN z+w(A)(y— L)G ()\) d>‘_|_
T ) oo A oo A
—100 Q ) dA
+/ e (A)x+w()\)yG2<)\))\:|. (A.27)
0

In summary, the solution of the BVP obtained by taking the linear limit of (1.1) and (1.3) is given
by equation (A.27) where G and Go are defined by (A.19) and (A.20).

In what follows we verify that the function u(x,y) defined by (A.27) satisfies the given boundary
conditions.

u(x,0)=0
Evaluating equation (A.27) at y = 0 we find

0 0 —100
u(:c, 0) _ 7} |:/ Q()\ e ( )d)\)‘ / eQ()\)zefw LGl( )d)\)‘ / Q()\ Jen ( )d:‘
oo oo 0

0

(A.28)
The integrands of the second and third integrals of the right hand side of (A.28) are bounded and
analytic in the fourth quadrant of the complex A plane. In order to map the first integral to an
integral whose integrand is also bounded and analytic n the fourth quadrant, we replace in the

first integral A by —%:
0
. dA N dA
| e = [T

— 00
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Then combining this term with the second integral we find an integral involving
(1+ e_“(’\)L)Gl = e_w(A)L(l + e“(’\)L)Gl.

Hence (A.28) becomes

id 0 —1400 Tl_/\Q . dX
u(z,0) = o {/ +/0 } eQ(/\)-«m(l _e (A)L)T.

By Jordan’s lemma, the right hand side of this equation vanishes (A = —i is a removable singularity)
and hence u(z,0) = 0.

u(x,L)=0

Evaluating equation (A.27) at y = L, we find

0 0 —1i00
u(x, L) = _l [/ eQ(A)wew(A)Lal(A)% +/ eQ(A)wGl(A)% +/ eQ()‘)wew(A)LGQ()\)% .
T —00 e 0

(A.29)
The integrands of the first and third integrals of the right hand side of (A.29) are bounded and
analytic in the third quadrant of the complex A\ plane. In order to map the second integral to
an integral whose integrand is also bounded and analytic in the third quadrant, we replace in the
second integral A\ by —%:

0 0
/ eQWIGl(A)%: / eQ@)zGl(A)%

Then combining this term with the first integral we find an integral involving (14e*M%)Gy. Hence

(A.29) becomes
id 0 —100 1— /\2 d\
L) — — QN)z w(AN)L 1)=2 .
oy =g [ [ e -]

By Jordan’s lemma, the right hand side of this equation vanishes, hence u(x, L) = 0.

u(0,y) =d

Evaluating equation (A.27) at x = 0, we find

id V“ L= X NI _ 1 g) /“ -1y L= A ML 1 g\

O = -—— —_— J—
U( ay) o - 1+ )\2 ew()\)L +1 2\ + - 14+ )\2 ew()\)L +1 b\ +
ik, 1= A2 dA
o)y | emwnzy AT A.30
+ /0 e T )\2( e ) 3 } ( )

The first and second terms of the integrand of the the third integral on the right hand side are
analytic in the third and fourth quadrant of the A complex plane, respectively. Before considering
these terms separately, in order to take care of the singularity at A = —¢ in the denominator, we
deform the contour of integration of the third integral to the curve L depicted in figure 8.
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YL

Figure 8: The contour for the Riemann-Hilbert problem.

Rewriting the term Zzi;;ii; in the first and second integrals on the right hand side of (A.30) in

the form, respectively,
ew(A)L -1 2 2ew()\)L
- -1 - =1 4 —
ew(N)L +1 ew(N)L +1 ew(A)L +1

equation (A.30) becomes

id 0 1—A\2d\
_ = wN(y—-L) - — &~ 27
u(0,y) 27r{</oo+/L>e i’

0 _)\2 o] w(N)y W
1— A dA € 1— A7 dA
- w(Ny — 42 — 5. A.31

(/J/L)e S /m1+ew<A>L1+A2A} (4.21)
Jordan’s lemma implies that the first integral in the right hand side of (A.31) vanishes. Further-
more, the integrand of the third integral in the right hand side of (A.31) remains invariant under
the transformation A — %, thus this integral also vanishes. The second integral on the right hand
side of (A.31) has a pole at A = —¢ with residue —1. Hence, u(0,y) = d.

Remark A.1 - The asymptotics of B3(\) as A — 0 and A — oo
Using equation (A.27), it is possible to show (see [2]) that

1

° d
Z/ uy (2, 0)da’ = 5 Inz + O(1), z — 0. (A.32)

Hence, the definition (A.13) of Bs(\) implies that
> R UCSE I / / d
Bs(\) = Q(N) e - uy(2',0)de’ + —Inx|dx
d oo
- Q(/\)—/ e~ SMNT Iy e, (A.33)
2 Jo

36



Integration by parts implies that the first term of the rhs of (A.33) is of O(1) as A — oo and A — 0.
The second term in the rhs of equation (A.33) can be computed explicitly,

/ e N 0 pdy = —#, Re > 0.
0

Hence

Bg(/\):%an—FO(l), A—oocorA—0, AcCt. (A.34)

In particular,

B3(A)=%1m+0(1), A —o00, AeCT, (A.35a)

and

Bs(\) = —%mx +0(1), A—0, recCt. (A.35b)
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