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Abstract: A rigorous methodology for the analysis of initial-boundary value problems
on the half-line, 0 < x < oo, t > 0, is applied to the nonlinear Schrodinger (NLS),
to the sine-Gordon (sG) in laboratory coordinates, and to the Korteweg-deVries (KdV)
with dominant surface tension. Decaying initial conditions as well as a smooth subset
of the boundary values {afcq(O, )=g (t)}g_1 are given, where n = 2 for the NLS and
the sG and n = 3 for the KdV. For the NLS and the KdV equations, the initial condition
q(x,0) = go(x) as well as one and two boundary conditions are given respectively;
for the sG equation the initial conditions g(x, 0) = go(x), g:(x,0) = q1(x), as well
as one boundary condition are given. The construction of the solution g (x, ¢) of any of
these problems involves two separate steps: (a) Given decaying initial conditions define
the spectral (scattering) functions {a(k), b(k)}. Associated with the smooth functions
{g (t)}g_l, define the spectral functions {A(k), B(k)}. Define the function g(x, t) in
terms of the solution of a matrix Riemann-Hilbert problem formulated in the complex
k-plane and uniquely defined in terms of the spectral functions {a(k), b(k), A(k), B(k)}.
Under the assumption that there exist functions {g; (t)}g_1 such that the spectral func-
tions satisfy a certain global algebraic relation, prove that the function g (x, t) is defined
forall 0 < x < oo, t > 0, it satisfies the given nonlinear PDE, and furthermore that
q(x,0) = go(x), {8Lg(0, 1) = gi/(1)}~". (b) Given a subset of the functions {g;(r)}~"
as boundary conditions, prove that the above algebraic relation characterizes the un-
known part of this set. In general this involves the solution of a nonlinear Volterra
integral equation which is shown to have a global solution. For a particular class of
boundary conditions, called linearizable, this nonlinear equation can be bypassed and
{A(k), B(k)} can be constructed using only the algebraic manipulation of the global
relation. For the NLS, the sG, and the KdV, the following particular linearizable cases
are solved: g(0, 1) — xq(0,1) = 0,¢(0,1) = x, {q(0,1) = x, qxx (0, 1) = x + 3x*},
respectively, where x is a real constant.
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1. Introduction

We first review briefly the inverse scattering method, then we summarize the new
method.

A. The Inverse Scattering (Spectral) Method. There exist nonlinear evolution equations
in one space variable, such as the nonlinear Schrédinger (NLS), the Korteweg-deVries
(KdV) and the sine-Gordon (sG) equations, which can be written as the compatibility
condition of two linear eigenvalue equations. Such equations are called infegrable and
the associated linear equations are called Lax pairs [1]. The two equations constituting
the Lax pair are usually referred to as the x part and the ¢ part. A method for solving
the initial-value problem with decaying initial data was discovered in 1967 [2]. This
method can be thought of as a nonlinear Fourier transform method. However, this non-
linear Fourier transform is not the same for every nonlinear evolution equation, but it
is constructed from the x part of the Lax pair. Furthermore, neither the direct nonlinear
Fourier transform of the initial data, nor the inverse nonlinear Fourier transform can be
expressed in closed form: the former involves a linear Volterra integral equation and
the latter involves a matrix Riemann-Hilbert problem. It should be emphasized that the
construction of this nonlinear transform is based solely on the x part of the Lax pair and
it involves the spectral analysis of this eigenvalue equation; the ¢ part (or alternatively
the nonlinear PDE itself) is used only to determine the evolution of the direct nonlinear
Fourier transform (see [3] for the early history and [4] for some recent developments).

A method for solving the initial value problem with space-periodic initial data was
developed in the mid-1970s [5—7]. This method involves algebraic-geometric techniques
and can be thought of as formulating a Riemann-Hilbert problem which can be solved
using functions defined on a Riemann surface.

Following the solution of the initial value problem with decaying and periodic initial
data, the outstanding open problem in the analysis of integrable equations became the
solution of initial-boundary value problems. The simplest such problem is formulated
on the half line; following the success of the nonlinearization of the Fourier transform,
a natural strategy is to solve the associated linear problem by an x transform and then
to nonlinearize this transform. However, this strategy fails: for the NLS the associated
linear equation can be solved by either the sine or the cosine transform depending on
whether g (0, ) or g, (0, t) is given, but neither of these transforms nonlinearizes; for the
KdV, the associated linear equation involves a third order spatial derivative and for such
equations there does not exist an appropriate x transform. The author has emphasized
that the failure of the nonlinearization of the sine and cosine transforms suggests that
these transforms are not fundamental; the fact that they are limited to equations with
second order spatial derivatives provides further support to this claim. The author has
introduced recently what appears to be the fundamental transform for a linear evolution
equation with arbitrary order spatial derivatives and this transform can be nonlinearized

[8].

B. The New Method. A general approach to solving boundary value problems for two-
dimensional integrable PDE’s was announced in [9] and further developed in several
publications, see the review [8]. An equation in two-dimensions (x, y) is called integ-
rable if and only if it can be written as the condition that an appropriate differential
1-form W(x, y, k), k € C, is closed. Examples of integrable equations are linear PDEs
with constant coefficients and the usual nonlinear integrable PDEs. For the latter class
of PDEs, the existence of W is a direct consequence of the existence of a Lax Pair.
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The rigorous implementation of the new method for the solution of an initial-bound-
ary value problem on the half line for a linear dispersive evolution equation with spatial
derivatives of arbitrary order is presented in [10]. The rigorous implementation of the
new method for the analogous problem for the NLS equation is presented in [11]. Here
the method is first presented in general and then applied to the following equations in

particular: The NLS equation
dg d%q 2
—  —= — 2 =0, A==l, 1.1
ot lg1°q (1.1)

the KdV equation with dominant surface tension

dq g g __dq

— —— +6g— =0, 1, 1.2
ar Tox o 0oy 7T (12
and the sine-Gordon in laboratory coordinates
3%q 3%q
— — —— +5sing =0, real. 1.3
52 T 3p2 TSInd q (1.3)

Regarding Eq. (1.2), we recall that in the original derivation of Korteweg and deVries
[12] the coefficient of g, is given by h2/3 —Th/pg, where h, p, T, denote the mean
height of the water, the density of the water, and the surface tension respectively; thus
for sufficiently large surface tension this coefficient is negative.

We have included the results for the NLS for the sake of completeness.

Notation. Subscripts with respect to x and to ¢ denote partial derivatives, for example
] 3
4 = 57 4x = 71, etc.
e if f(k) is afunction then f (k) denotes the complex conjugate of f (k).
e 03 denotes the third Pauli’s matrix, 63 denotes the matrix commutator with o3; then
exp(d3) can be easily computed,

o3 = diag(1l, —1), &34 = [03, A], eBA = €% Ae %3, (1.4)

where A is a 2 x 2-matrix.

e The constant p used throughout the paper takes values p = 1 for KdV, p = —1 for
sG, p = A for NLS.

o S(RT) denotes the space of Schwartz functions on the positive real axis.

D denotes the closure of the domain D.

e a(k) and b(k) are the (22) and (12) elements of the matrix s(k) which is uniquely
defined in terms of the initial conditions.

e A(k) and B(k) are the (22) and (12) elements of the matrix S(k) which is uniquely
defined in terms of the boundary values of x = 0; these boundary values will be
denoted by {Biq(O, 1) =g (t)}g_l, where n = 2 for NLS and sG, and n = 3 for
KdVv.

An exact I-form. The starting point of the method is the construction of an exact differ-
ential 1-form W (x, ¢, k), k € C. In order to present this form explicitly we assume that
the given nonlinear PDE admits a Lax pair formulation of the form

wx +ifik)ezp = Qx, t, k),

) . ~ (1.5)
we +ifa(k)osp = Q(x, 1, k), keC,
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where the eigenfunction @ (x, ¢, k) is a 2 x 2 matrix valued function of the arguments
indicated, fi(k), f»(k) are given analytic functions of k, and the 2 x 2 matrix valued
functions Q, Q are given analytic functions of k, of ¢(x, t), of g(x, t), and of the de-
rivatives of these functions. Equations (1.1)—(1.3), the modified KdV equation, as well
as several other nonlinear PDEs of physical significance admit a Lax pair of the form
(1.5). For example for the NLS equation (1.1) [13],

0 ¢
ity =k, falk) =2k, Q(x,n:( i ) 16)

rg 0
O(x, 1, k) =2kQ —iQr03 — irl|g|*03.

An exact 1-form W for an equation admitting the Lax pair (1.5) is given by

W(x.1, k) = & N10x+ 0003 <Q(x, £ e, 1, kydx + O, 1, ku(x, 1, k)dt) .
1.7

Indeed, the Lax pair (1.5) is equivalent to the statement that exp[i ( f1(k)x + f2(k)t)d3]
w(x,t, k) is a differential O-form associated with the exact differential 1-form W,

d I:ei(fl(k)x+f2(k)l)63u(x, ‘, k)] — W, 1,k), keC. (1.8)

Equations (1.5) are the coordinate form of Eq. (1.8); however, for the implementation
of the new method, it is often convenient to use Eq. (1.8).

Statement of the problem. Let g(x, t) satisfy a nonlinear evolution equation with spatial
derivatives of order n, on the half line 0 < x < oo, and for 0 < ¢t < T, where T
is a positive constant. Let ¢ (x, ¢) satisfy decaying initial conditions at t = 0, as well
as appropriate boundary conditions at x = 0. Assume that this PDE admits a Lax pair
formulation of the type (1.5), i.e. assume that this PDE is equivalent to the compatibility
condition of Eqgs. (1.5). Then such an initial-boundary value problem can be analyzed
using the following steps.

Step 1: A RH problem formulation under the assumption of existence. Assuming that
q(x, t) exists, express g (x, ¢) through the solution of a matrix Riemann-Hilbert problem
uniquely defined in terms of the so-called spectral functions denoted by {s(k), S(k)}.
Express s (k) and S(k) through the solution of linear integral equations uniquely defined
in terms of the initial conditions and of the boundary values {g; (t)}g_l, respectively.
Furthermore, derive the global algebraic relation satisfied by the spectral functions.

More specifically: Let u;(x, ¢, k), j = 1,2, 3, be the 2 x 2 matrix valued functions
defined by

(x,1)
ei(fl(k)x"'ﬁ(k)’)ﬁuj(x, tky=1 +/ WE 1,k), 0O<x<oo, O0<t<T,
(xjt5)

(1.9
where I = diag(l, 1), the integral denotes a smooth curve from (x;, ¢;) to (x, ¢), and
(x1,t1) =(0,T), (x2, 1) =0, (x3,13) = (00, 1), see Fig. 1.1.

The fundamental theorem of calculus implies that the functions u; satisfy Eq. (1.8)
and that, since the 1-form W is closed, u; are independent of the path of integration.
The functions w1 and p, are entire functions of k, while the function p3 is defined only



Integrable Nonlinear Evolution Equations on the Half-Line 5

~

(0,7)

3. (o0,t)

2
(0,0) :

Fig. 1.1. The points 1, 2, 3 used for the definition of mj,j=1, 2,3

for k in some domain of the complex k-plane. The boundedness of u ; with respect to k
depends on f1(k), f2(k) and (x;, ;). It was shown in [14] that if (x, ¢;) are the corners
of the given polygonal domain (i.e. in our case the points denoted by 1, 2, 3), then the
exponential terms appearing in Eq. (1.9) are bounded in different sectors of the complex
k-plane whose union is the entire complex k-plane. Assuming that the dependence of Q
and Q on k is such that nj =1+ 0/k)ask — oo, it follows that the functions p ;
are the fundamental eigenfunctions needed for the formulation of a RH problem in the
complex k-plane. The “jump matrix” of this RH problem is uniquely defined in terms
of the 2 x 2-matrix valued functions

s(k) = 13(0,0,k),  Sk) = (e"fﬂ")”mz(o, T, k))il. (1.10)

This is a direct consequence of the fact that any two solutions of Eq. (1.9) are simply
related,

ua(x, 1, k) = po(x, t, ke 10X +L0N% 50,0, k),
. g . -1 (1.11)
01 (x, 1, k) = o (x, 1, k)e i1 ®x+ 0053 (elfz(k)T03 120, T, k)) _

The functions s (k) and S(k) follow from the evaluation at x = O and at = T of the
functions p3(x, 0, k) and w7 (0, ¢, k) respectively; these functions satisfy the following
linear integral equations:

A m . A
1083 (0, k) = 1 — / eN0ET3 (0 3) (£, 0, k)dE, (1.12)

X
. S t . ~ ~
PR3 0,1, k) =1 + / 2T (5115)(0, T, k)dr. (1.13)
0

The functions p3(x, 0, k) and (0, 7, k), and hence the functions s(k) and S(k), are
uniquely defined in terms of Q(x, 0, k) and Q(0, ¢, k), i.e. in terms of the initial condi-
tions and of the boundary values {g; (t)}g_l, respectively.

The above RH problem yields w(x, ¢, k) in terms of s(k) and S(k), then either of
Eqgs. (1.5) yields g (x, t). The function S(k) involves explicitly 7. However, the solution
of an evolution equation cannot depend on a “future time”; indeed, it can be shown that
for t such that 0 < ¢t < Ty < T the above RH problem is equivalent to a RH problem
with S(k) replaced by
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. A -1
STy k) = (P10, 7o, 1)) (1.14)

The spectral functions s(k) and S(k) are not independent but they satisfy a simple
algebraic relation, see Sect. 2:

— I+ Sk sk) +2PTBC(k)y =0, ke (D3UDs, D;UDy), (1.15)

where ~
Ch) = f 103503 (x, T, k)dx,
0

and k € (D1, D>) means that the first and second columns of the matrix equation (1.15)
are valid for k € D; and k € D; respectively. The domains D;, j = 1,2, 3,4, are
defined by
D ={keC,Imfik) >0NImfr(k) > 0},
Dy ={keC,Imfi(k) >0NImfr(k) <0},
D3 ={keC,Imfik) <0NImfr(k) > 0},
Dy={keC,Imfi(k) <0NImfr(k) < O0}.

We emphasize that although Eq. (1.15) involves the unknown function C (k) it does im-
pose a severe restriction between s(k) and S(k). This becomes immediately clear if the
domain is the quarter plane, 0 < x < 00, 0 < ¢ < oo, in which case S(k) = S(o0, k)
and Eq. (1.15) becomes

(1.16)

—I+Sk) " 'stk)=0, ke (D3, D). (1.15) 00

The global relation is a simple consequence of the fundamental fact that since the 1-form
W is closed, its integral around the boundary {0 < £ < 00, 0 < 7 < T} vanishes.

Step 2: Existence under the assumption that the spectral functions satisfy the global
relation. Given go(x) € S(R™) use Eq. (1.12) to define s(k). Assume that there exist
smooth functions {g; (t)}g_l, such that if S(k) is defined in terms of these functions by
Eq. (1.13), then the spectral functions satisfy the global relation (1.15), where C (k) is
some function analytic and bounded for k € (D3U D4, D1UD»). Define u(x, ¢, k) as the
solution of the RH problem formulated in Step 1 and define g (x, ¢) in terms of u(x, ¢, k).
Then prove that: (a) g (x, t) is defined forall 0 < x < 00,0 <t < T.(b) g(x, t) solves
the given nonlinear PDE. (c) ¢ (x, 0) = go(x), 0 < x < oo. (d) {chq(O, 1) = gl(t)}g_l,
O<t<T.

More specifically: The global existence of g (x, t) is based on the unique solvability
of the associated RH problem, which in turn is based on the distinctive nature of the
functions defining the jump matrix: these functions have explicit x, t dependence, in the
form of exp[i (f1(k)x + f>(k)t)], and involve the spectral functions s (k) and S(k); using
certain symmetry properties of the spectral functions it can be shown that in all cases
(1.1)—(1.3), the associated homogeneous RH problem has only the trivial solution (i.e.
there exists a so-called vanishing lemma).

The proof that g (x, t) solves the given nonlinear PDE uses the standard arguments
of the dressing method. The proof that g (0, t) = go(x) is based on the fact that the RH
problem satisfied by u(x, 0, k) is equivalent to the RH problem defined by s(k) which
characterizes go(x).

The proof that {8)lcq(0, ) = g (t)}g_l, makes crucial use of the global algebraic
relation (1.15). Indeed, the RH problem satisfied by 1 (0, ¢, k) is equivalent to the RH
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problem defined by S(k), which characterizes g;(¢), if and only if the spectral functions
satisfy this global relation.

From the above discussion the crucial role played by the global relation becomes
clear: it is not only a necessary but it is also a sufficient condition. Thus given go(x) and

a subset of the functions {g; (t)}g_l, the main problem becomes to show that the global

relation characterizes the unknown part of the set {g; (t)}g_l.

Step 3: Analyse the global condition. (a) Identify a class of boundary conditions for
which it is possible to compute explicitly S(k), using only algebraic manipulations of
the global relation.

More specifically: The function S(k) is defined in terms of 12 (0, ¢, k) which satisfies

3 p2(0, 1, k) + i f2(k)63102(0, 1, k) = (0, 1, k)2 0, 1, k). (1.17)

Let the transformation k — v(k) be defined by the requirement that it leaves f>(k)
invariant. The function w2 (0, ¢, v(k)) satisfies Eq. (1.17) with Q(0, ¢, k) replaced by

0(0, ¢, v(k)). Suppose that there exists a nonsingular matrix N (k) such that

NK ™ [ifak)os = 00 1) | N = ifak)os = 0O 1.k (L18)
then if w2 (0, ¢, k) = M (¢, k) expli f>(k)to3], it follows that
M(t,v(k)) = N(k)M(z, k)N(k)’l. (1.19)

This equation yields a relation between S(k) and S(v(k)), and then S(k) follows from
the algebraic manipulation of this relation and of the global relation.

Equation (1.18) implies that a necessary condition for the existence of N (k) is that
the determinant of i f (k)o3 — Q(O, t, k) depends on k only in the form of f>(k).

For the non-linearizable boundary conditions:

(b) Given go(x) € S(RT) and a subset of smooth functions {g; (t)}g_l, prove that

the global relation yields the unknown part of the set {g; (t)}g_1 forall0 <t <T.

More specifically: Integrating the first and the second columns of the global relation
around the boundary of the domains of D3 and of Dj respectively, and using the analy-
ticity of the term expli f> (k)T 63]C (k), it follows that this term vanishes. Since S(k) is
defined in terms of w» (0, T, k), this equation is a relation between s (k) and ©2(0, T, k).
This relation together with the definition of 1> (0, ¢, k), i.e. Eq. (1.13), define a nonlinear
Volterra integral equation for the unknown part of {g; (t)}g_l. For such an equation it is
tedious but straightforward to establish solvability for small # (or equivalently for data
with small norm); the challenging question is to establish solvability forall 0 < ¢t < T
(or equivalently without a small norm assumption). We emphasize that to achieve this
we make crucial use of the analyticity structure of the global relation, see Sect. 5.

C. Outline and Main Results. In Sects. 2—4 we implement Steps 1-3a for each of Egs.
(1.1)—(1.3). In particular in Theorem 3.1 we formulate the basic RH problem; this prob-
lem has a jump matrix which is uniquely defined in terms of the scalar functions a(k),
b(k) and I"(k), where IT" (k) involves a(k), b(k) and B(k)/A(k),
B(k)

—_— p A

L) = == e
a(®) [a) - pb((0 5% |

(1.20)
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In Sect. 4 we analyse the following concrete linearizable cases:

NLS:
qx(0,1) — xq(0,t) =0, x constant, x > 0. (1.21)
sG:
q(0,1) = x, x constant. (1.22)
KdV:
g0,1) = x, qux(0,1) = x +3x2, x constant. (1.23)

For each of these cases, B/A, and hence I'(k), can be explicitly given in terms of a(k),
b(k):
B(k)  2k+ix b(=k)

NLS : = — - , (1.24)
A(k) 2k — iy a(—k)
KdV. sG : B(k) _ FR)b(v(k)) —a(V(k))’ (1.25)
Ak)  fKa(vk)) —b(v(k))
where for the sG,
1 k241 siny
while for the KdV,
A C Sy f(k):”k(l—ﬂ). (1.27)
4 v—k X

The homogeneous Neumann and the homogeneous Dirichlet cases of the NLS, i.e.
qx(0,1) =0and g(0, t) = 0, follow from Eq. (1.24) as x — 0 and y — oo respective-
ly. Similarly the homogeneous case y = 0 of the sG and KdV follow from Eq. (1.26)
as y — 0,1i.e. f(k) = oo.

We emphasize that since {a(k), b(k)} are determined in terms of the initial conditions
and since B(k)/A(k) and therefore I" (k) is explicitly written in terms of {a(k), b(k)}, it
follows that linearizable initial boundary value problems on the half line are solved as
effectively as initial value problems on the line.

In Sect. 5 we summarize the results of [11] which, in the case of the NLS, given go(#)
establish the existence and uniqueness of g (z). We also discuss the extension of these
results to other integrable nonlinear PDEs such as the KdV and sG.

In Sect. 6 we discuss further the new method.

Remark 1.1. For simplicity of presentation we give all relevant formulae for the soli-
tonless case. The solitons were included in [11]. Using the formula of [11] it is straight-
forward to add the solitonic part to the formulae for the KdV and the sG: the zeros for
0 < argk < /2 and m/2 < argk < 7 in the NLS can occur in the domains D and
D for the sG and the KdV. The solitons for the sG are also discussed in [16]. We note
that the existence of solitons in the linearizable cases studied in Sect. 5 depends on the
sign of y; it is again straightforward to add the solitonic part.
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2. A RH Problem Formulation Under the Assumption of Existence

In this section we give the details of Step 1. Let o; denote the usual Pauli matrices

01 0—i 10
0’12( ), 0’22( ), O’3=< ) (2.1)
10 i 0 0-1

The NLS, the KdV, and the sG equations are equivalent to Eq. (1.8), where f1, f2, O,
0, are defined below.

NLS: see Eqgs. (1.6).

KdV: fi = —k, f» = k + 4k3,

O(x.1.k) = ;—k(Gz —io3),

~ 202 + g — (2.2)
O(x, 1, k) = —2kqon + qeon + %k"”(iog — o).
G fi=3(k—1¢), fa=gk+p),
i i . i
Q. 1.0) = =3(qx + )01 = 2 (sing)o2 + 7 (cosq) — Do, 03

Q(x,t, k) = Q(x,t, —k).

2.1. Analytic and Bounded Eigenfunctions. For the contours appearing in the integral
of Eq. (1.9) we choose the specific contours depicted in Fig. 2.1
This choice implies the following inequalities:

nr:E—x=<0,t—-1r>0,
ur: & —x<0,7—1<0,

n3 €& —x>0.

The second column of the matrix equation (1.9) involves exp[i f1 (k) (§ —x) +ifa(k) (Tt —
1)]. Using the above inequalities it follows that this exponential is bounded in the fol-
lowing regions of the complex k-plane:

ur:{Imfy <0NImf, > 0},
w2 {Imfy <0NImfr <0},

u3 = {Imf > 0}.

The first column of the matrix equation (1.9) involves the inverse of the above exponen-
tial, which is bounded in

ur:{Imfi=0NImfr <0},
w2 {Imfi =0NImfr > 0},

u3 : {Imf < 0}.
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——— (x1) = (x1) (xf) —e— (1)

u, 3 T & i, &

Fig. 2.1. The contours used for the definition of 1, j = 1,2,3

Using the definitions (1.16) of the domains {D; }4, the above discussion can be summa-
rized schematically by:

w1 (D2, D3), pa:(Dy1, Ds), w3:(D3U Dy, Dy U Dy). (2.4)

The definitions of the domains D;, j = 1,2, 3, 4, imply that for Egs. (1.1)—(1.3) these
domains are given below and depicted in Fig. 2.2.

NLS:
Dy ={0 <argk < %}, Dy={7% <argk <},
(2.5)
D3 ={m < argk < 37”}, Dy = {37” <argk < 2m}.
KdV: Let the curves /1 be defined by
Iy =k =kg+ ik, k; >0, ; +3k% — k3 =0},
I_ =k =kg+ikr, kj <0, § + 3k} —k? =0}.
Then
Dy ={Imk < Imk_}, Dy={Imk_ <Imk <0}, k_€el_, 2.6)
D3 ={0 < Imk < Imky}, Ds={Imk > Imky}, kye€ly. ’
sG:
Dy ={Imk>0N\k| > 1}, Dy={Imk>0nN k| <1}, 2.7

D3 ={Imk <0N|k| <1}, Dgy={Imk <0N k| > 1}.

For the NLS, Q(x, ¢) is independent of k£ and Q(x, t, k) depends linearly on k, thus
the region in the complex k-plane where w; is bounded and analytic is determined
completely by the associated exponential. Hence

2 3 1 4 34 12
pu1 = (M§ ),M )>,uz = (Mg),ué)),ua = (Mg ),u§ )), (2.8)

where the first equation means that the first and the second column vectors of the matrix
w are bounded and analytic in D; and in D3 respectively, etc. We also note that ;1 and
W2 are entire functions of k.

For the KdV and the sG equations similar considerations are valid in the punctured
complex k-plane, k € C —{0}. The behavior of 1t ; as k — 0 can be easily characterized,
see Appendix A.
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NLS Kdv sG
Fig. 2.2. The domains D, j =1, ..., 4, for the NLS, KdV and sG equations

2.2. Other Properties of the Eigenfunctions. For the NLS, as well as for the KAV and

the sG with g (x, t) real, the matrices Q and O have certain symmetry properties. These
symmetries imply the following symmetries for p:

(G, 1, ) = (ux, 1,6)0,  (w(x, 1, k)12 = p(u(x, 1, k)1, (2.9)

where p = X for the NLS, p = 1 for the KdV, and p = —1 for the sG.
In addition, in the case of the KdV and of the sG equations the following symmetries
are valid:

(m(x, 1, k) = (ux, 1, =k)aa,  (nlx,1,k)12 = (u(x, 1, =k))ai.
Integration by parts implies that in the domains where p is bounded and analytic

1
,u(x,t,k):]—i—O(E), k — oo. (2.10)

The fact that Q and Q are traceless together with Eq. (2.10) imply

det u(x,t, k) = 1. @2.11)

2.3. The Spectral Functions. The spectral functions s(k) and S(k) are defined in terms
of u3(x, 0, k) and w2 (0, ¢, k). The latter function and the function w1 (0, ¢, k) have larger
domains of analyticity

110,10 = (1700, 1.0, 10, 1.0))

(2.12)
120, 1, k) = (Mgm(o, 1), 10,1, k)) .

The symmetry properties (2.9) imply similar symmetry properties for the spectral

functions, for example if (s(k))72 is denoted by a(k), then (s(k))11 = a(lz), etc. We will
use the following notations for the spectral functions:

a(k) bk A(k) B(k)
sk) = _ , Sk = _ . (2.13)
pb(k) a(k) pB(k) A(k)



12 A.S. Fokas

These notations and the definitions of s(k) and S(k), i.e. Egs. (1.10), imply

b(k) pe kel 105 AN
<a(k)> 0.0, %), ( G =150, T, k), (2.14)

where the vectors /L3 )(x 0, k) and u(24) (0, t, k) satisty the following ODE’s:

10
3ens? (x, 0, k) + 2if1 (k) (O 0) 1§ (x,0,6) = Q(x, 0, ks (x, 0, k),

ke Dy UD,, 0 < x < 00,

lim $'? (x,0, k) = (?) (2.15)
X—>00

and

24 1o 24
0,115V (0, 1, k) + 20 f2(k) - uS?0,1.k) = 0(0. 1, k)u2(0. 1, k),
ke DyUD4,0<t<T,
(24) (0
My (0,0,k) = K (2.16)
The above definitions imply the following properties:
a(k), b(k)

e a(k), b(k) are defined and are analytic for k € D; U D;.

o la(b)|> —plb(k)|> =1,k € R.
o a(k) =1+ 0(), bk) = 0), k — <. (2.17)
A(k), B(k)

e A(k), B(k) are entire functions which are bounded for k € D; U D3;if T = oo these
functions are defined and are analytic for £ in this domain.

e A(k)A(k) — pB(k)B(k) =1,k € C. .
e A)=1+0 (M) Bk) =0 (ﬂ)k > 0. (2.18)

For the KdV equation the above are valid in the punctured complex k-plane, k € C\ {0}.

All of the above properties, except for the property that B(k) is bounded for k €
D1 U D3, follow from the analyticity properties of w3(x, 0, k), u2(0, ¢, k) (see Egs.
(2.8), (2.12)), from the conditions of unit determinant, and from the large k£ asympt-
otics of these eigenfunctions. Regarding B(k) we note that B(k) = B(T, k), where
B(t, k) = —expl 2if2(k)t](u%4(0 t, k))1. Equations (2.16) imply a linear Volterra in-
tegral equation for the vector exp(2if>(k)t) u(24) (0, 1, k), from which it immediately
follows that B(t, k) is an entire function of k bounded for k € D U Ds.
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NLS Kdv sG

Fig. 2.3. The oriented contours £ and the jump matrices J for the NLS, KdV and sG equations

2.4. The RH Problem. Equations (1.11) can be rewritten in the form
M_(x,t, k) =Mi(x,t,k)J(x,t, k), kecL, 2.19)

where the matrices M_, M J, and the oriented contour £ are defined below

/“Lg) (12) “(12) (12)
My =|—, , keDy;; M_=|—, , ke Dy
+ a(k) 3 1 d(k) 2] 2

34 M(3) 34 M()
My =P, 2 ), keDy; M_=(uf? 22), keDsy (220)
d(k) a(k)

d(k) = a(k)Ak) — Pb(k)B(/;), (2.21)
FJi, ke DN Dy =L,

D, ke DyND3y =Ly
J(x,t, k)= (2.22)
J3, ke D3N Dy = L3

LJa, ke DsN Dy =Ly, Jo= J3J4_1J1,

0 1 —pI(k)e=*
Jl = ’ J3 - ’

[(k)e2? 1 0 1

. (2.23)
( 1 —y (k)e 2 )
Jy = , ,
oy (k)eX? 1 — ply (k)|?
where

y (k) = :) keR;, Tk = @, ke Dy 0(x,t, k)= fitk)x + fr(k)r.
a(k) a(k)d (k) .
(2.24)

In order to derive Eq. (2.19) we write Egs. (1.11) in the form

a be*219
34 12 1 4
(150, 1) = (ué),ué))( - ) (2.25)
pbe,Zl(-? a
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A Be—2i9
2 3 1 4
(Mﬁ 'l )) - (Mé),ué)) < o ) (2.26)
pBeZlQ A

In order to compute J4 we must relate those eigenfunctions which are bounded in D
and in Dy; thus rearranging Eq. (2.25) and using (2.17b) we find Eq. (2.19) with J = J4
and M_, M, given by Eqgs. (2.20d), (2.20a) respectively. Similarly, in order to com-
pute J; we must relate those eigenfunctions which are bounded in D; and in D;; thus
eliminating ,u§4) from the second column of Eq. (2.25) and from the first column of Eq.
(2.26) we find (2.19) with J = J; and M_, M given by (2.20b), (2.20a) respectively.
The computation of J3 follows from the elimination of ,uél) from the first column of Eq.
(2.25) and from the second column of Eq. (2.26).

The jump condition (2.19), together with the analyticity properties and the large k
behavior of 1, define a 2 x 2 matrix RH problem for the determination of the matrix
M (x,t, k). This is in general a meromorphic function of £ in C \ L. The possible poles
of M are generated by the zeros of a(k), k € Dy, of d(k), k € D>, and from the complex
conjugates of these zeros. For compactness of presentation we assume that no such zeros
occur, see Remark 1.1.

2.5. The Global Relation. For t such that 0 < ¢ < Ty < T, the following equation is
valid:

A OO . p A
—1 + S(To, k)~ Ls (k) + /20700 / 10553 (0 13) (€, To, k)dE =0,
_ _ _ _ 0
k € (D3U D4, Dy U Dy), 2.27)

where S(7p, k) is defined by Eq. (1.14). In order to derive Eq. (2.27) we integrate the
closed 1-form W (¢, t, k) defined by Eq. (1.7) with u = w3 around the boundary of the
domain {0 < § < 00,0 <1 < Tp}:

0 Tt
| e @uae 0.0 + [T (o, v ode
0

o]

. A 0 . A . A O . A ~
+e’f2T°J3/ e T893 (0 u3) (&, To, k)dé+ lim e’f‘X”3/ 27 (Qus) (X, T, k)dT =0.
0 g

To
(2.28)
The definition of s(k), i.e. Eq. (1.10a), implies that the first term of this equation equals
s(k) — I. Equation (1.11a) evaluated at x = 0 yields

1430, T, k) = 112(0, 7, k)e 2735 (k),

thus o o
P ( Qi) 0. 7. ) = (€7 (D)0, 7. ) ) s ()

this equation together with the definition of u>(0, ¢, k), i.e. Eq. (1.13), imply that the
second term of Eq. (2.28) equals

(2705 1200, Ty, k) = 1) s (k).

Hence, assuming that ¢ has sufficient decay as x — oo, Eq. (2.28) becomes Eq. (2.27).
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At T = oo, S(k) is defined only for k € ([)3, Dy), thus Eq. (2.27) with Tj replaced
by oo becomes Eq. (1.15)sc.

The function S(7p, k) has similar properties with those of S(k). In particular if
S(To, k) is denoted by

A(To, k) B(To, k)
S(To, k) = ;
pB(To, k) A(To, k)
it follows that A(Ty, k), B(Tp, k) have similar properties with those of A(k), B(k).
The (12) element of Eq. (2.27) is
a(k)B(To, k) — b(k)A(Ty, k) = *2®Toc(Ty, k), k € D1 U D, (2.29)

where the scalar function ¢(7Tp, k) = fooo 2N WE (O3 1a(E, To, k)dE, is defined and
is analytic in k for k € D1 U D; and it is of O(1/k) as k — oo. Evaluating Eq. (2.29)
at To = T we find

ak)B(k) — b(k)A(k) = 2 2OT k), ke Dy, (2.30)

where c(k) = ¢(T, k) is an analytic function and for k € Dy U Dy, is of O(1/k) as
k — oo.

3. Existence Under the Assumption that the Spectral Functions
Satisfy the Global Relation

In this section we implement Step 2; to this end, we first define the spectral functions.

Definition 3.1. a(k), b(k). For the NLS and the KdV equations, let qy(x) € S(RT); for
the sG equation, let qo(x) —2mrm € S(R™) and g1 (x) € S(R™Y), where m is an integer.
Let the domains Dj, j = 1, -- -, 4, be defined in equations (2.5)~(2.7). The map

{go(x)}
S: or = {a(k), b(k)}, 3.1
{qo(x), q1(x)}
is defined as follows:
(ﬁg)=wmwx (3.2)

where the vector valued function ¢(x, k) is defined in terms of qo(x) or {qo(x), q1(x)}
by

10
dxp(x, k) + 2if1(k) ( )go(x, k) =0, k)p(x,k),0 <x <00,k € Dy U Dy,
00

(3.3)
lim ¢(x, k) = <?) ,
X—> 00
and Q(x, k) is given for the NLS, KdV, sG respectively by:

0  gox)
Ox)=| _ ,
Ago(x) O
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0, k) = q(;(]f)(oz ioy),
4
00,k = = (4999 10 ) ) o1 — L (sin go(¥)o + ~—(cos g (x>_1>f )
: 2\ dx 4k 0 4k 0 3

Properties of a(k), b(k).

1. a(k), b(k) are analytic and bounded for k € D1 U D».

2. la(k)|> — plb(k)|*> =1,k e R.

3. a(k) =1+ 0(}), b(k) = O(), k — <.

4. The inverse of the map (3.1) denoted by Q can be defined for (3.4a), (3.4b), (3.4c)
respectively as follows:

qo(x) = 2i lim (kMY (x, k))12;
k—o00

go(x) = =2i lim e (kM@ (x, k)22
—00

. 5 (3.5)
cos go(x) = 142 lim [(kM(x)(x, k)3 + 208 (kMW (x, k))zz] :
—00
d .
q1(x) = ———qo(x) — 2 lim (kM (x, k)12
dx k— 00
where M) (x, k) is the unique solution of the following RH problem:
[ )
M (x, k), k € Dy U D,
MY (x, k) =
M (x, k), k € D3 U Dy,
is a meromorphic function of k for k € C\ R.
[ )
(x) 1
MY (x,ky=1+ 0 T k — oo.
°
MO (x, k) = MP (x, I (x, k), keR,
where
1 _bk) ,=2ifi (k)x
ak)
T k= , keR. (3.6
b(k) ,2if1 (k)x 1
Ptk jap?

e For the KdV the jump condition is on R \ {0}. Also

M (x, k) ~

alx) (0 1
k (o 1) k=0
e Appropriate residue conditions if a(k) has zeros for k € D; U D3, see Remark
1.1.
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5.8 1=qQ.
For the KdV,

i i
a(k)=7+0(1), b(k)=—7+0(1), k— 0,
where « is a real constant.

Proof. The definitions (3.2) and (3.3) are motivated by Eqs. (2.14a) and (2.15), with

the identification ¢(x, k) = ,ug] 2 (x, 0, k). Actually the matrix w3 (x, 0, k) motivates the
introduction of the matrix

@2(x, k) @1(x, k) _ . -
u3(x, k) = k € (D3U D4, D1 U Dy), (3.7
pp1(x, k) p2(x, k)

where ¢ and ¢; denote the first and the second components of the vector ¢. This matrix
satisfies the integral equation (1.12) with u3(x, 0, k) and Q(x, 0, k) replaced by 3 (x, k)
and Q(x, k). This integral equation is a linear Volterra integral equation. Furthermore it
is equivalent to the x-part of the Lax pair evaluated at x = 0,

dep(x, k) +ifik)ozpx, k) = Qx, bu(x, k), (3.8)

and supplemented with the boundary condition limy_, 5 (£ (x, k) = I. The analysis of the
above linear Volterra integral equation and of the associated ODE, immediately implies
properties (1)—(3).

The derivation of properties (4) and (5) is based on the spectral analysis of the ODE
(3.8). This analysis uses u3(x, k) as well as the eigenfunction motivated by u2(x, 0, k),
i.e. the eigenfunction

U1(x, k) Ya(x, k) _ - - _
k) = =),k e (D1UDy, D3 U Dy),
e (Iﬁz(x,k) mm(x,k)> € (D1U Dy, D3 U Da)

defined as the unique solution of the linear Volterra integral equation satisfied by w» (x, 0, k),
i.e. by the equation

. A * 1 5
elfl(k)xa3u2(x, k) =17 +f elfl(k)503(QM2)(§, k)ds
0

Since both eigenfunctions ©3(x, k) and u(x, k) satisfy the same ODE (3.8) they are
related by the equation (compare with Eq. (1.11a))

w3 (x, k) = pa(x, k)e 105 ke R.

Introducing the notations

Mf):<i,‘ﬂ>7keD1UDz; M = (g7, L) ke DyuDs,
a(k) a(k)

where

0" = (0200, 0000 0) L @ = (Va0 B 0 E)

the relation between w3 (x, ) and p2(x, k) becomes Eq. (3.6).
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The substitution of the asymptotic expansion

) _ mi(x) 1
MY (x,k)=1+ . + 0 2) k — o0

into Eq. (3.8) with Q(x) given by Eq. (3.4a) yields go(x) = 2i(m(x))12,i.e. Eq. (3.5a).
Similarly for Egs. (3.5b), (3.5¢).

The investigation of properties (1)-(3) is called the “direct problem” in scattering
theory, while the investigation of property (4) is called the “inverse problem”. There is
an extensive investigation of these problems in the literature, see for example [3]. The
derivation of property (5) is discussed in [11]. O

Definition 3.2. A(k), B(k). Let {g; (t)}gfl, be smooth functions for 0 < t < T, where
n =2 for NLS, sG and n = 3 for KdV. Let the domains D;, j =1, ---, 4, be defined in
Equations (2.5)—~(2.7). The map

S {a®M)™' — {A(), B(k)} (3.9)

is defined as follows:

( _e—ZifZ(k)TB(k)

A0 ) = ®(T, k), (3.10)

where the vector valued function ®(t, k) is defined in terms of {g; (t)}g_1 by
10 .
0, d(t, k) + 2ifr(k) O, k)= Q@ kP, k), O0<t<T, keDyUDy,
00
0
@0, k) = 1) 3.11)

and Q(t, k) is given for the NLS, KdV, sG respectively by:

) 0 gol®) 0 g ,
0, k) = 2% —i o3 — ix|go(t) 0,

Ago(t) O rgi(@) 0
. 2 2 _
01, k) = —2keo(t)ors + g1 (Do + 250 +§‘;f” 820 oy —op),  (312)
] o . .
Ot k) = —% < g;f’) + g1<t)> o1+ 4’—k<sin g0(t)os — 4’—k(<cos 20(1) — Dos.

Properties of A(k), B(k).

1. A(k), B(k) are entire functions which are bounded for k € D1 U D3. If T = oo they
are defined and are analytic for k in this domain.

2. A()Ak) — pB(k)B(k) = 1,k € C.

3. A(k)=1+0(w>,3(k)=O(W»keo&
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4. The inverse of the map (3.9) denoted by @ can be defined for (3.12a), (3.12b), (3.12c¢),
respectively as follows:

go(t) = 2i lim (kM©)y,,
k— 00
T 22 0(0) . @1 .
g1 = lim {4G2M )12 + 2igo(k3 |
go() = 4 lim (K*M D)y,
k— 00

g1(t) =2 lim [4(k3M(’)) 12 — go(OkMY) — 4kgo] ,
— 00

J (3.13)
82() = go(1) + go()* +2i — lim (kM V)3
dt k—o0
cos go(r) = 1 =2 lim {00, + 200,kMO 1, k)2 )
—00
d - 0
g1(t) = —d—go(t) =2 lim (kM (2, k))12;
t k— 00
where M ® (¢, k) is the unique solution of the following RH problem:
®
MY (t, k), ke D UDs
MO, k) =
MO (t.k), ke DyUDy,
is a meromorphic function of k for k € C\ £ and £ is defined in Sect. 2.4.
[ )
® 1
MYt ky=1+0 7)) k — oo.
[ )
MO k=M@, kIO, k), keL,
where
1 _%e—zifz(k)t
JO0 k=] — ( (3.14)
pB(K) 2if> (k) [
Ak) A() A

e Appropriate residue conditions if A(k) has zeros for k € D U D3, see Remark
1.1.

5.81'=Q.
For the KdV,

A<k>=%+0<1), B(k>=—%+0(1), k=0,

where $ is a real constant.
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Proof. The definitions (3.10), (3.11) are motivated by Egs. (2.14b) and (2.16). Actually
the matrix u2(0, ¢, k) motivates the introduction of the matrix

a(t, k) @12, k) -
pa(t, k) = » ke (D1UD3, Dy U Dy, (3.15)

p®i(t, k) Dot k)

where @1, ®, denote the first, second component of the vector ®. This matrix satisfies
the integral equation (1.13) with u7(0, ¢, k) and 0(0, 1, k) replaced by wa(¢, k) and
Q(t, k). This integral equation is a linear Volterra integral equation. Furthermore, it is
equivalent to the z-part of the Lax pair evaluated at x = 0,

e, k) + ifa (k)63 (e, k) = Qt, )z, k), (3.16)

and supplemented with the boundary condition (0, k) = I. The analysis of the above
linear Volterra integral equation and of the associated ODE implies properties (1)-(3).

The derivation of properties (4) and (5) is based on the spectral analysis of the ODE
(3.16). This analysis uses w3 (¢, k) as well as the eigenfunction motivated by 11 (0, ¢, k),
i.e. the eigenfunction

Wyt k) Wit k) I
mi(t, k) = , ke (DyUDy, D;UD3)

oW1t k) Wo(t, k)

defined as the unique solution of the linear Volterraintegral equation satisfied by w1 (0, ¢, k),
i.e. by the equation

S T vy A ~
PO Ly (1 k) = 1 —/ PO Q) (x, kyde.
t

The eigenfunctions p>(t, k) and wu1(¢, k) are related by the equation (compare with
Eq. (1.11b))
it k) = pa(t, ke POBSK), ke L.

Using the notations

*

Ak)

() _ . () _ @
M2(t, k) = V), ke DiUDs3; M+ (t,k) =|V", ——= |, k€ DyUDy,

Ak)
where ®*, W* are defined as ¢, ¥ with x replaced by ¢, the relation between w1 (z, k)

and p; (¢, k) becomes Eq. (3.14).
The substitution of the asymptotic expansion

ml(l)+m2(t) 0(1

MO, k) =1 —
Go=I+= k2 k3

), k — oo

into Eq. (3.16) with 0(t, k) given by Eq. (3.12a) yields
go(®) = 2i(mi()2, &1(1) = 4(m2(1))12 + 2igo(1)(m1(2))22,
which imply Egs. (3.13a) and (3.13b). Similarly for Egs. (3.13¢)—(3.13e). O
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Theorem 3.1. For the NLS and the KdV let qo(x) € S(R™), for the sG let go(x) —
2rm € S(RT) and g1(x) € S(RT), where m is an integer. Given these functions de-
fine {a(k), b(k)} according to Definition 3.1. Suppose that there exist smooth functions
{g (t)}g_1 satisfying {g;(0) = Biqo(O)}g_l, such that the functions {A(k), B(k)} which
are defined from g;(t) according to Definition 3.2 satisfy the global relation

a(k)B(k) — b(k)A(k) = e »®OT k), k e D U Ds, (3.17)

where c(k) is analytic and bounded for k € D1 U Dy and is of O(1/k), k — oc.
Define M (x, t, k) as the solution of the following 2 x 2 matrix RH problem:

e M is meromorphic for k in C \ £, where L is defined in Sect. 2.4.
[ ]

M_(x,t,k)=M;i(x,t,k)J(x,t, k), keL, (3.18)
where M is M_ fork € Dy U Dy, M is M4 for k € Dy U D3, and J is defined in
terms of a, b, A, B in Sect. 2.4.

[ ]
1
M(x,t,k)=1+0(%>, k — oo. 3.19)
e Appropriate residue conditions if a(k) has zeros in D1 U D; and/or d (k) has zeros in

D;.
e In the case of the KdV, M (x, t, k) has a pole at k = 0 satisfying

: 01
1
M(x,t,k)Nla(z )<0 1), k— 0.

Then M (x, t, k) exists and is unique.
Define g(x, t) for the NLS, KdV, sG respectively by

q(x,t) =2i lim (kM (x, 1, k)12,
k— 00
qx,t) = —=2i klim Ox (kM (x,t,k))o, (3.20)
—00

cosq(r,1) = 1+2 lim [kbx, 200, + 200, 0M (1 )2
—00

Then g (x, t) solves the NLS, the KdV and the sG respectively. Furthermore

q(x,0) = go(x), {8 q(0,1) = gi()}a~"
and for the sG ¢;(x, 0) = g1 (x).

Proof. Inthe absence of poles the unique solvability of the RH problem is a consequence
of a “vanishing lemma”, i.e. the RH problem obtained from the above RH by replacing
Eq. (3.19) with M = O(1/k) as k — oo, has only the trivial solution. The vanishing
lemma can be established using the symmetry properties of J; for the NLS and sG the
details are given in [15] and [16], for the KdV the proof is similar. In the presence of
poles M (x, t, k) is a meromorphic function of k. In this case the RH problem can be
mapped to a RH problem without poles coupled with a system of algebraic equations,
see [15, 16]. The unique solvability of the relevant algebraic equations is also based on
the symmetry properties of J, see [15, 16].



22 A.S. Fokas

The proof that the solution of certain RH problems can be used to solve certain linear
PDE:s is the basic idea of the so-called dressing method [17]. In this method ¢ (x, ¢) and
its derivatives are defined in terms of the coefficients of the asymptotic expansion of M
for large k, and then it is shown that M and these functions solve the x and the ¢ parts of
the Lax pair. The proof, which is essentially algebraic, makes crucial use of the explicit
x and ¢ dependence of the jump matrix and it is independent of the particular choice of
the contour L. Since the x, ¢ dependence of the jump matrix J is identical with the x, ¢
dependence of the jump matrix that appears in the usual inverse scattering method, the
proof that g(x, t) solves the given PDE follows immediately from the corresponding
proof for the Cauchy problem on the line. O

Proofthat q(x,0) = go(x). For the NLS g (x, 0) is determined by g (x, 0) = 2i limy— o
(kM (x, 0, k))12 in terms of M (x, 0, k); similarly for the KdV and the sG. The function
M (x, 0, k) satisfies the jump condition

M_(x,0,k) = My (x,0,k)J (x,0,k), kelL. (3.21)

qo(x) is determined by a similar formula in terms of M ™ (x, k), which satisfies the jump
condition, see Eq. (3.6),

MY (x, k) = MO (x, k) IO (x, k), keR.

We will show that it is possible to map Eq. (3.21) into the above equation. Let M ™) (x, k)
be defined in terms of M (x, 0, k) by

M(x,0,k), ke Dy UDy
MY = | M(x,0,k)J] ' (x,0,k), ke Dy (3.22)
M(x,0,k)J3(x,0,k), ke Ds.

The function M is a sectionally meromorphic function. Indeed, Ji(x, 0, k) involves
I'(k) exp(2if1(k)x); I'(k) is bounded and analytic for k € D,, while exp(2if;(k)x) is
bounded and analytic for k € D1 U D», thus Ji(x, 0, k) is bounded and analytic for
k € D;. Similarly for J3(x, 0, k), k € D3.

The definition (3.22) implies that the jump conditions of M can be computed
in terms of J;(x,0,k), j =1, ---, 4. Indeed, let us introduce the following notations:
M;(x,0, k) and M/(.x)(x, k) denote M (x, 0, k) and M™ (x, k) fork € Dj, j =1,---, 4.
Using these notations Egs. (3.21) and (3.22) can be written as

My(x,0,k) = Mi(x,0,k)Ji(x,0,k), Ma(x,0,k) = M3(x,0,k)J2(x, 0, k),

May(x,0,k) = M3(x, 0, k) J3(x,0,k), Ma(x,0,k) = M;(x,0, k) Js(x, 0, k),
(3.23)

and
MY = My(x,0,k), M = Ma(x,0,k)J7 (x,0,k),

MY = My(x,0, k) J5(x, 0,k), M) = My(x,0, k),

where Egs. (3.23) are valid on the respective parts of the contour £, i.e. on L1, L3, L3,
L4, respectively. Substituting Egs. (3.24) into (3.23) we find

(3.24)

MY (L 0,k) = M T, 0.k), MSY T (x,0, k) = MP (U5 ) (x, 0, k),

(3.24a)
MO =M, MY = MO Ix, 0, k).
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Hence, M™) does not have a jump along £ and £3. Furthermore, recalling that J, =
J3J4_1J1, noting Ja(x,0,k) = J®)(x, k), and using the notation M®) = Mf) for
k € D; U Dy, M® = M™ for k € D3 U Da, Eqgs. (3.24) become Eq. (3.6).

The proof that these transformations preserve the residue conditions is given in [11]
for the NLS; for the KdV and sG see Remark 1.1.

Proof that a;q(o, t) = gi(t). In the dressing method, as mentioned earlier one first
obtains expressions for 8)lcq(x, t) in terms of M (x, ¢, k). These expressions evaluated
at ¢+ = 0 are Eqs. (3.13) with M@ replaced by M (0, ¢, k). Thus since 8)166](0, t) are
determined by M (0, ¢, k), while g;(¢) are determined by M O (¢, k) we must establish
a relation between M (0, ¢, k) and MO (z, k). The former satisfies the jump condition
(3.18) evaluated at x = 0, i.e.

M>(0,1,k) = Mi(0,1,k)J1(0,1,k),  M>(0,1,k) = M3(0, 1, k) J2(0, 1, k),
(3.25)
M40, t, k) = M3(0,t,k)J3(0,¢, k), M4(0,1,k) = M0, ¢, k)J4(0, ¢, k),

on the respective parts of the contour £, where we have used the notations M 0,1, k) =
M(,t,k)fork € Dj, j =1,---,4. The function M(’)(t, k) satisfies the jump condi-
tion (3.14). We will show that Eqgs. (3.25) imply Eq. (3.14) if and only if the spectral
functions satisfy the global relation (3.17). Let us define M O, k) by

M (k)= Mj0. 1, )Fj(t.k), keDj j=1,-4 (3.26)

In order for M (¢, k) to satisfy the RH problem with the jump condition (3.14), F )i
must have the following properties: be bounded and analytic in the domains of their
definition, tend to I as k — oo, and satisfy the relations

JO, 1, F(t, k) = Fi(t.J D@, k), kel
0,1, k) Fa(t, k) = F3(t. k) J D, k), ke L3, (3.27)
J40, 1, k) Fa(t, k) = Fi1(t, k) J P, k), k € La.

Indeed, substituting Eqgs. (3.26) into Egs. (3.25) and using Egs. (3.27), Egs. (3.25)

become Eqgs. (3.14).
We will show that such F; (¢, k) are the matrices

k) ()22 (T=1) Ak 0
F A(k) F a(k)
1= ’ 4 = _ I
A(k) — 5 _ 7
0 ® pee 00 4
3.28
d(k) —bwe L 9 528
k d(k)
Fz — A(lk) s F3 — m - _
0 d(k) /lx)(k) e?ift d(k)

We verify the first of Egs. (3.27): The (12) element is proportional to the global relation;
the (21) and (22) elements are satisfied identically. The (11) element is satisfied iff

a
A

B o
d= +p7c’e2'f2T. (3.29)
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Using AA — ABB = 1, we find

d=2AA—obB=201+pBB) - pbB =2 +pé( B — bA)
A poE =30 Te OB =0T ’
which equals the rhs of Eq. (3.29) in view of the global relation.

The second of Egs. (3.27) follows from the first one and the symmetry relations. The
third of Eqs. (3.27) can be verified in a way similar to the first equation. The proof that
these transformations preserve the residue conditions is given in [11] for the NLS; for
the KdV and the sG see Remark 1.1.

Proposition 3.1 (Independence of 7). Let 0 < t < Ty < T, let A(Ty, k), B(Ty, k) be
defined as in Definition 3.2 with Eq. (3.10) replaced by

—e 20T B(Ty, k)
< Ao D) ) = ®(Ty, k). (3.30)
Let J1 (x, To, k), ]3()6 To, k), denote the jump matrices obtained from J1 (x To, k),
J3(x, Ty, k) by replacing A(k), B(k) with A(To, k), B(Tp, k). Let Jz = J3J4 J1 Let
M(x, t,k) satisfy a RH problem similar to that of M (x,t, k) but with jump matrices
Ji, b, T3, Js. Let Mj(x,t, k) = M(x,t,k), M (x,t,k) = M(x,t,k) fork € Dj,
j=1,2,3,4 Then

My =M, My=Msy, My=MJ 'L, M3=MJJ;". (3.31)

Proof. Using Egs. (3.31) it is straightforward to verify that the jump conditions for M,
i.e. Eq. (3.18), yield similar jump conditions for M with J;, J3 replaced by J1, J3 As-
suming the solitonless case it remains to show that the functions J1 J1 and J3 J3 are
analytic and bounded for k € D, and k € D3 respectively. We will show this fact for

the function j3_1 J3, the proof for J 1_1 Jp follows from symmetry considerations.

The diagonal elements of j3_1 J3 are 1, its (21) element is 0, and its (12) element
equals

B(k)A(To, k) — A(k)B(To, k)

d(k) d(To, k)
x e 2112 (K)To ,=2i fi(k)x+2i f2 (k) (To—1) , (3.32)

p(C (k) — T(To, k))e 20 =

where the rhs of this equation follows from the lhs using the definitions of I'(k), of
I' (T, k), and the notation

d(Ty, k) = a(k)A(Ty, k) — pb(k)B(Tp, k). (3.33)

The definition (3.30) implies that A(Ty, k) and B(Tp, k) have the same properties with
A(k), B(k), where T is replaced by Ty in the third property. Thus since d (k) is bounded
and analytic for k € D3 the same is true for d (7, k). Definition (3.30) implies

[B(k)A(To, k) — B(Ty, k) A(k)|e=212(0T0
= Oy (k)P (T, k) — D1 (k) Do (T, k)e? 2T =To), (3.34)
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We will show that the r.h.s. of Eq. (3.34) is bounded and analytic for k € D U Dj3;
this result together with the fact that exp[—2i f1 (k)x + 2i f>(k)(Tp — t)] is bounded for
k € D3 imply that the r.h.s. of Eq. (3.33) is bounded and analytic for k € Ds.

In order to prove that the r.h.s. of (3.34) is bounded and analytic for k € D1 U D3 we
introduce the notations

x1(t, k) = Do (k) D1 (1, k) — (k) Do (t, k)X 2RI
(3.35)

x2(t, k) = @2 (k) Do (t, k) — p®1 (k)@ (1, k)e? 20T =1,

We will prove that the functions x| and x; satisfy the following system of linear integral
equations:

T .
xi(t, k) = — / [011(x, &) x1 (T, k) + Q12(t, k) xa (2, k) ]? 27D dr,
t
; (3.36)
xa(t k) =1- f [022(t. k) x2(x. k) + Q21(r, D) x1 (. k)] d,
t

where Q; ; denote the entries of the matrix Q(t, k). Indeed, the symmetry properties of
Q(t, k) imply that if the vector ® (¢, k) with the two components & and P, satisfies

Eq. (3.11), then the vector
<<I>2(t, 1%)) o~ 22k
Dy (t, k)
also satisfies the same equation. Hence the vector x (¢, k) with the two components x
and yx; defined by Egs. (3.35) satisfies Eq. (3.11). Furthermore,

x1(T, k) = @2(k) @1 (k) — @ (k)Pa(k) = 0,
x2(T, k) = D2(k)D2(k) — pdy (k) Dy (k) = 1.

The unique solution of Eq. (3.11) with the boundary condition { x1 (T, k) = 0, x2(T, k) =
1} satisfies Egs. (3.36).

Equations (3.36) imply that x (¢, k) is bounded and analytic for k € D; U D3 for all
0 <t < T. Since the r.h.s. of Eq. (3.34) equals x1(Ty, k), To < T, it follows that the
r.h.s. of Eq. (3.34) is also bounded and analytic fork € D1 U D3. O

4. Linearizable Boundary Conditions

The spectral functions A(k), B(k) are defined in terms of the matrix eigenfunction
ua(t, k), see Eq. (3.15), which satisfies the ODE (3.16) and the initial condition w2 (0, k)
=1.

Let M(¢t, k) = ua(t, k) exp[—ifatos], i.e.

My(t, k) Myt k) . )
Mt k) = . My =D, My = D 4]
pMy(t, k)  Ma(t, k)

M(t, k) satisfies
M; +ifr(k)osM = Q(t, k)M, M(0,k) = I. 4.2)
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Let v(k) be defined by
fa(w(k)) = fa(k). (4.3)

Suppose that given a subset of the boundary values {g; (t)}g_l, Wwe can compute a non-
singular matrix N (k) such that

(if2(k)o3 — Q(t, (k)N (k) = N(k) (i fr(k)o3 — Q(t, k). 4.4

Then
M(t,v(k)) = N(k)M(t, k)N(k)_l. 4.5)

Indeed, Eq. (4.4) implies a relation of the form (4.5) and furthermore Eq. (4.5) is satisfied
identically at ¢+ = 0.
Equations (4.1) and the definition of A(k), B(k) imply

A(k) = My(T, k) ?®T  Bk) = =M, (T, k)e>®T (4.6)

Equation (4.4) implies that a necessary condition for the existence of N (k) is that the
determinant of the matrix

U, k) = 0@, k) — ifa(k)os, 4.7

depends on k only in the form of f; (k).
We will use the notations

Ni=Ni1, N»=Np, N3=DN, Ni=Np. (4.3)

4.1. The NLS. The determinant of U depends only on k2 iff

go()g1(t) — go(1)g1(1) = 0. 4.9)

The invariance of f; yields v(k) = —k. A particular case of boundary conditions satis-
fying Eq. (4.9) is given by Eq. (1.21). In this case, if No = N3 = 0, then the diagonal
part of Eq. (4.4) is satisfied identically, and the off diagonal elements yield

2k —ix)Ns+ Qk+ix)N, =0.
Using this equation, the second column vector of Eq. (4.5) yields
My(t, k) = Ma(t, —k), My(t, k) = —LMl(t, —k), f(k) = M (4.10)
S k) 2k +ix
Thus the spectral functions A(k), B(k) satisfy the symmetry relations
B(—k)
GH

We will now show that the global relation (3.17) supplemented by these symmetry
conditions yields I' (k) explicitly in terms of a(k), b(k). Indeed, letting k — —k in the

definition of d (k) and using Eqgs. (4.11) we find

Ak) = A(=k), B(k) = keC. “.11)

A(k)a(—k) + rf (k)B(k)b(—k) = d(—k), k € Dy. (4.12)
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This equation and the global relation (3.17), which is also valid for k € Dj, can be
thought of as two algebraic equations for the unknown functions A(k), B(k). Their
solution yields

A — atkyd(—k)  Afk)b(—k)e¥ T c(k)
k) = Ak A(k) ’

TN () HKET
g = PWICD  TCDATe

(4.13)

where

A(k) = a(k)a(—k) + Af (k)b(k)b(—k).

Equations (4.13) express {A(k), B(k)} for k € D1, then the transformation k — —k and
Eqgs. (4.11) yield these functions for k € D3,

A = AERAE A CRBEET (k)
A=k A(—k) ’

- N 4.14)
i P4k T
Bk) = _J(=Rb(=kd(k)  f(=kak)e™ " c( k)’ k € Ds.
A(=k) A(—k)

In Eqgs. (4.13), (4.14), the functions c(k) and d (k) are unknown, however because of the
distinctive features of the RH problem of Theorem 3.1, these unknown functions do not
contribute to M (x, t, k). Indeed, we first show that the functions (4.13), (4.14) can be
replaced by

a(k)d(—k) b(k)d(—k)
3 A AD k € D,
Ak) = B(k) = o (4.15)
a(=k)d (k) —f(=k)b(—k)d (k)
NSO ——ACh k € Ds.

The proof of this fact is similar to the proof of Proposition 3.1: Let Ji, J3 denote the
matrices obtained from Ji, J3 by replacing A, B with A, B; let fz = f3 Jy 1 1. Let M
be defined in terms of M by Eqs. (3.31). Then M satisfies a RH problem similar to M
with Jp, J, J3 replaced by J 1 J2, J3 The derlvatlon of thls result in the solitonless case
is based on the fact that the functions J 1y 1 and ]3 J3 are bounded and analytic for
k € Dy and k € Dj3 respectively. The proof of the latter fact involves (compare with
Eq. (3.32))
0 (ﬁ_%) o210 — ge—mzz—zm’ k € D;.
d(k)d (k)
Writing A, B in terms of A, B and the terms involving ¢, we find

f( ;()\b(k)B(k)—a(k)A(k))c( k)T,

(BA — AB)e 4Kt —
which is analytic for k € Ds.
The above discussion indicates that we can use Egs. (4.15) instead of Eqs. (4.13),
(4.14); Egs. (4.15) imply Eq. (1.24).
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4.2. The sG. The determinant of the matrix U is proportional to

dgo(t)
dt

2 2
(k + %) 4+ 2[(cos go(t)) — 11+ < + gl(t)> .

Thus the necessary condition for linearizable boundary conditions is always satisfied.
The invariance of f>(k) yields
1
k)y=—.
v(k) =+

Let N3 = Ny, Ns = Nj, then both the (11) and the (22) elements of Eq. (4.4) yield
Eq. (4.16a) below, while both the (12) and (21) elements of Eq. (4.4) yield (4.16b),

(k*> = 1)(cos x — )Ny = i(k*> + 1)(sin x)Na, (4.162)

i(k* — 1)(sin )N} = (k> + 1)(cos x + 1)No. (4.16b)
These equations are equivalent. Using either of these equations, Eq. (4.5) yields

! 1 p——r _
M, (z) = = % [(MZ(k) - 7M1(k)> - (Mz(k) — M (k))i| ,

£ = ik2+1 sin x

nx 4.17
k2 —1lcosy —1 .17)

1 1 = 1 =
M (—) =— [f (Mz(k) -2y (k)) - — (M) = (k))} . op=-1,
k f-5 f f
where for convenience of notation we have suppressed the ¢ dependence.
We note that rhs of the equations for M;(1/k) and M>(1/k) involve only the two

expressions appearing in the two parentheses; solving for these expressions and using
the definitions of A(k), B(k), i.e. Egs. (4.6), we find

s (1) v ona
1

e AT p (%) + fel2T A (:) = P (FAK) + pB(K).

) = ¢ 2T (A(k) + fB(k)),

| =

k
Solving the first equation for B(1/k), taking the complex conjugate of the second equa-
tion and then solving the resulting equation for A(1/ k) we obtain (using f (k) = pf (k)),

2T 77N
B<l> = A(l>+i")+3(k),

k F\k 7
o (4.18)
A <1> _ g (1> +Ad + 20
)P Pk f

Lettingk — % in the definition of d (k) and then replacing A(%) and B(%) in the resulting
expression by the rhs of Eqs. (4.18) we find

- - — 1 -
(a(l/k) - %b(l/k)> A(k) + <—pb(1/k) + ?a(l/k)) B(k)

—d(/k) + ?e(l/}é), k € D. (4.19)
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For the derivation of this equation we have used the remarkable fact that the terms
exp[2if>T], A, and B are eliminated because of the global relation (3.17).

Solving Eq. (4.19) and the global relation (which is also valid for k € Dy) for A(k)
and B(k), we find

a(k) (@ + %@) . AT (p@ - %@) c(k)

Ak) =

AGh) Adk)
— S - (4.20)
s (a (1) + (1)) @ (a(3) - 5 (1)) ew
B(k) = NG NG . keD,
where

1 1 1 1 1
A(k) = a(k)a (;) — pb(k)b (;) + 7 (—,oa(k)b (;) + b(k)a (;)) .

In order to obtain A (k) and B (k) fork € D3 we letk — % in the global relation and
then replace A(1/k) and B(1/k) in the resulting expression by the rhs of Egs. (4.18),

() ()
= AT (c (%) + %d (%)) , ke Ds. (4.21)

This time the terms A and B are eliminated using the definition of d (%).

Solving Eq. (4.21) and the equation defining d(k) (which is also valid for k € D3)
we find

(a(h) = 72 (D)dd®  pe 7o) (< (}) + 14 (1)

Ak) = — + — ,
NG A
- 4.22)
(b(H) = +a(d)d® P Tad) (c(H) ++d (1))
B(k) = A + SIS , ke Ds.
A(k) A(k)

Following arguments very similar with those used in Sect. 4.1, it can be shown that
A(k), B(k) can be replaced by the expressions obtained from the rhs of Eqgs. (4.20)
and (4.22) after deleting the terms involving exp(2 f>T). Then the ratios B/A yield
Egs. (1.25).

4.3. The KdV. The determinant of the matrix U equals
(k+ 457 = [ 2107 + @+ 480V (1) + 4k (gh0) +2V ()]

1 1
V() = g5 + 580~ 58 (4.23)
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The condition that the coefficient of k2 vanishes yields

3g3(1) + go(t) — g2(1) = 0. (4.24)

A particular case of boundary conditions satisfying this condition is given by Egs. (1.23).
The invariance of f>(k) yields

1
V2 4+ kv + k> + 1= 0. (4.25)
We first discuss the case of x = 0, i.e. go = g2» = 0. In this case the matrix
if>03 — Q(t, k) depends on k only through f>(k), thus N = I, and

A(k) = A(v(k)), B(k)=BW(k)), keC. (4.26)

These equations following the arguments used in Sect. 4.1 imply equations (1.25).

If x # 0, we let N3 = Ny, Ny = Ny, then both the (11) and the (22) elements of
Eq. (4.4) yield Eq. (4.27a) below, while both the (12) and (21) elements of Eq. (4.4)
yield (4.27b),

(W—=KkVN =@+k)(V +2xkv)N,, (4.27a)
(W —k)(V =2xkv)Ny = [V (v + k) — 2kv(k + 4k>)]Na. (4.27b)
These two equations are equivalent; indeed their ratio yields
k 4 4k3 _ ZLQ
k+v v
and since the definition of V and the boundary conditions imply V = —x?/2, the above

equation becomes Eq. (4.25).
Since the form of N is the same as the one used in the sG, Eq. (4.5) implies that
M (v(k)), Ma(v(k)) are given by the rhs of Egs. (4.17), where f(k) = N{/N, is now

defined by
k 4k
fk) = vt (1 - —v> : (4.28)
v—k X

Then the derivation of B/A is identical to that for the sG except that 1/k is replaced by
v(k) which is defined by Eq. (4.25).

5. A Nonlinear Volterra Integral Equation

The functions A(k), B(k) are defined by Eqgs. (3.10),

Ak) = ®o(T, k), Bk) = —*2OT o (T, k), (5.1

where the vector (¢, k) = (P, O,)” satisfies Egs. (3.11), and is uniquely defined in

terms of {g; (t)}gfl.
For the analysis of the global relation associated with the NLS is convenient to in-
troduce the functions (¢, k), ¥ (¢, k) and fy(t), f1(¢), instead of the functions ®(z, k),

Do (t, k) and go(2), g1(2):

gﬂ([, k) — e4ik2l+i)uf0t |g0(r)|2dfcbl(t’ k), W(tv k) — e4ik2t7i)» f(; |g0|21'q)2(t’ k), (52)
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folt) = go()e2* b 180@PdT ¢ (1) = gy (1)¢2i Jy Is0PdT (5.3)

Using these notations it follows that Eq. (3.11) can be written as the following system
of linear Volterra integral equations:

t
<ﬂ(t,k)=/0 [2kfo(t") +ifitY (', dt', (5.4a)

t
V(. k) = / RO RIR @ — i Fid (', k. (5.4b)
0

The definitions (5.1) and the notations (5.2) imply that the global relation (3.17) can be
written in the form

. e . T .
a(Q)p(T, k) + by Ty (T, k) = —ei* Jo 1007w 4T ¢y,
Multiplying this equation by 4ke—4iKt /7 and integrating around 9 D1, i.e. the first quad-
rant of the complex k-plane, we find

1

— | Ske4ikt (a(k)ga(T, k) + bk T Y (T, /E)) dk =0. (5.5)
27 9D,

Equations (5.4) and (5.5) can be used to obtain the missing boundary value. In order to
illustrate the basic ideas with a minimum of algebra we consider the particular case of
zero initial data and Dirichlet boundary conditions, i.e.

q0(x) =0, ¢q(0,1) = go(r). (5.6)

We assume that go(0) = 0 and that go(¢) is a smooth function in (0, T').
In this case a = 1 and b = 0, thus replacing ¢(T, k) in Eq. (5.5) by the rhs of
Eq. (5.4a) we find

T
1 8ke 4k < / Qkfo(t) +ifit Ny (', k)dt’) dk = 0. (5.7)
0

27 9D,

The most tedious step in the analysis of Egs. (5.4) and (5.7) involves the rigorous esti-
mates of the large k behavior of (¢, k),

3
‘(ﬂ([’ k) = e4ik2t (e—l')»fo’ ‘qO(T)lzd‘[ + ; X;C_Et)) + w4(t7 k) (58)

The derivation of appropriate estimates for x;(¢) and ¥4(t, k) in terms of the H' norm
of fo and fj is based entirely on the analysis of the linear equations (5.4) and uses the

investigation of certain linear Volterra integral equations satisfied by these functions, see
Sect. 5 of [11].

Writing the term v (¢, k) in Eq. (5.7) in the form
Wt k) = (W(ls k) — GHikP=ik [ Iqo(r)\zdr) + MR [y lao(0)Pd

and using the inverse Fourier transform to compute the term

ke4ik2(t’—t) <f1 (t/)e—i,\ fO" Iqo(r)lzdr)
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we find

T /
el lsrar _ 8 / K2 / A0 o1 )e Do 180@PdT gy ) g
T J3yDy 0
1

T
+5— 8ke k1 {/ [2kfo(") +ifi1(t)]
T JyD; 0

x[waﬂk)—e““fe4A%W%“””f}dﬂ}dk (5.9)

The first term of the rhs of this equation is known; using Eq. (5.8), it follows that the
second term involves f1(z) as well as the functions y;(¢), j = 1, 2, 3 and ¥4. Having
apriori estimates of these functions in terms of fj(¢), it is possible to establish the exis-
tence of fi(¢) for T sufficiently small, using a standard fixed point argument. The details
of this analysis can be found in Sect. 5 of [11].

The above analysis establishes the existence and uniqueness of g1(¢) on (0, T),
where 7 is a sufficiently small positive number. In order to extend g; beyond 7, we
write the global relation at T} 4 7', and split the relevant integrals from 0 to T and from
T to Ty +T.

The integrals involving the first term of the rhs of Eq. (5.9) as well as the integral from
0 to T of the second term of the rhs of Eq. (5.9) are known. Hence, following exactly
the same analysis as for Eq. (5.9) it follows that g (¢) exists for T, <t < T, + T. Also
using the analyticity properties of (¢, k) it follows that for 0 < ¢ < T, the integrals
from Ty to Ty + T vanish and hence the equation becomes precisely Eq. (5.9) (which
has a solution for 0 < ¢ < T,). These facts together imply existence and uniqueness for
0<t<Te+T.

In summary, if go(x) = 0, g1(¢) is sufficiently smooth in (0, 7)) and g1 (0) = 0, then
g1(¢) exists, is unique and is smooth in (0, 7).

The extension of this result to the case that go(x) # 0, follows precisely the same
logical steps; the only difference is that the fixed-point theorem proof of the existence
of the solution of the analogue of Eq. (5.9) is slightly more complicated.

In order to extend this result to other integrable nonlinear PDEs, such as the sG and
the KdV, one must first obtain rigorous estimates for the large k behavior of the eigen-
function satisfying the ¢-part of the Lax pair. Actually the derivation of these estimates
is part of the investigation of the “direct problem” of this eigenvalue equation. Although
such eigenvalue equations have already been used in scattering theory, to our knowledge
the derivation of these estimates has not been carried out. This is in principle possible,
but the actual derivation can be cumbersome.

6. Conclusions

After many years of intense investigation it appears that there exists now an elegant, rig-
orous method for solving the half line problem for integrable nonlinear PDE’s. An effort
has been made to present this new method in a form that will be accessible to a wide
audience. This is important, since it is hoped that researchers will consider using this
method to solve a large class of physically important boundary value problems which
remain open.

We now discuss some of the features of this method as well as its impact on other
areas of mathematics such as the theory of linear elliptic PDEs and the study of the
Ehrenpreis principle.
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(1) The method is simple to implement. Indeed, both the construction of the basic
RH problem as well as the derivation of the global algebraic relation follow from the
existence of the exact differential 1-form W (x, ¢, k). The fundamental properties of an
exact form W (x, t, k) are the existence of a 0-form, and the vanishing of the integral of
W around a closed contour. The spectral analysis of the associate 0-form gives rise to
the basic RH problem, while the vanishing of the integral of W around the boundary of
the domain gives rise to the global relation.

(2) The “jump matrix” of the RH problem has explicit x, t dependence of the form
explifi(k)x +if2(k)t], and it depends on the scalar functions {a(k), b(k), A(k), B(k)}.
This means that the associated expression for g (x, t) provides the proper spectral rep-
resentation of the solution. This representation involves the direct and the inverse map
between the values of ¢g(x, ) on the boundary, i.e. {g(x, 0), {chq(O, t)}gfl} and the
spectral functions {a(k), b(k), A(k), B(k)}. We emphasize that for a proper spectral
decomposition (since the values of g (x, t) on the boundary are functions of one variable
only) the spectral functions must be functions of only one variable.

(3) Precisely because the solution is given in the above spectral representation form,
it is possible to study effectively the asymptotic properties of the solution, such as its
long ¢ behavior. For the NLS, sG and KdV equations on the half line this has been done
in [15, 16, 18], respectively. The relevant analysis is based on the basic RH problem and
on the Deift-Zhou method [19-20]. The latter method is an elegant nonlinearization of
the steepest descent method and it yields rigorous asymptotic results for RH problems
with exponential x, t dependence. In our opinion this result is one of the most important
developments in the theory of integrable systems in particular and in the theory of RH
problems in general, thus it is quite satisfying that the new method gives rise to RH
problems precisely of the type that can be analyzed by the Deift-Zhou method. We also
note that recently a highly nontrivial generalization of the Deift-Zhou method has been
developed which is able to analyze the zero-dispersion limit of the Cauchy problem on
the line [21]. Since this method is also based on the analysis of a RH problem with ex-
ponential x, t dependence, we expect that the method of [21] applied to our RH problem
will yield an effective description of the zero dispersion limit of initial-boundary value
problems on the half-line.

(4) The new method is not only able to identify the linearizable class of boundary
conditions, but what is more important, it is able to solve this class of boundary value
problems as effectively as the usual class of initial value problems on the line.

(5) It is the author’s opinion that the most remarkable fact about boundary value
problems for integrable nonlinear PDEs is the simplicity of the global algebraic re-
lation. Indeed, although the relation between the initial and the boundary values of
q is very complicated, this relation takes a simple algebraic form in the k-space, see
Eq. (3.17). The simplicity of the global relation has two important consequences:
(a) Under the assumption that there exist spectral functions satisfying this relation, it is
straightforward to prove that the associated g (x, t) exists, satisfies the given nonlinear
PDE, and ¢g(x,0) = go(x), {8)lcq(0, ) =g (t)}g_l. (b) Given initial conditions and a
subset of {g; (z‘)}g_1 it is possible to prove the global existence of the remaining part of
this set. We emphasize that the global relation is a simple algebraic relation between the
two components of an eigensolution of the 7-part of the Lax pair evaluated at x = 0. Thus
since these components satisfy a linear eigenvalue equation, the derivation of appropri-
ate estimates for their large k behavior is based on the analysis of a linear problem. Thus,
although the global relation is a nonlinear equation its rigorous investigation involves
mostly the analysis of a linear equation.
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(6) The linear limit of the method yields a new method for solving the half line problem
for linear evolution equations [10]. This method appears to be the best existing method
for solving linear boundary value equations, and is able to solve half line problems as
effectively as the Cauchy problem on the line. There exist two basic differences between
the linear and the nonlinear problems: (a) The RH problem in the linear case is additive
and hence can be solved in closed form. Thus g (x, #) (rather than be given through the
solution of a matrix RH problem) can be expressed through an explicit integral involving
explifi(k)x + if2(k)t] and the spectral functions go(k) and Q(k). These functions are
the linear limit of b(k) and of B(k) respectively (the linear limits of a(k) and A(k) are
unity). (b) The global relation can always be solved using algebraic manipulations. This
is a consequence of the fact that the unknown part of Q (k) is invariant under the trans-
formation k — v (k). Unfortunately in the nonlinear case {A(k), B(k)} involve M (¢, k)
which in general is not invariant under this transformation. The linearizable cases are
precisely those cases for which it is possible to find a simple relation between M (¢, v(k))
and M (t, k), see Eq. (4.5).

The new method for solving linear boundary value problems is also able to analyze
linear elliptic boundary value problems in an arbitrary convex polygon with n sides
[22-26]. The global relation again plays a crucial role, but for general elliptic equations
this equation cannot be solved algebraically but can be formulated as an (n — 1)-ma-
trix RH problem [26]. For very simple polygons and simple boundary conditions this
problem degenerates into a Wiener-Hopf factorization problem, which explains the ubig-
uitous role played by the latter problem in previous works. This shows that ideas from
the theory of integrable equations have led to a completely new and powerful method for
solving boundary value problems for linear elliptic PDEs. Furthermore, it is interesting
that this new method gives rise to a new numerical method for solving linear elliptic
boundary value problems (this method is based on the numerical solution of the global
relation [27]).

(7) The expression of g(x, y) for linear equations has explicit exponential x, y de-
pendence consistent with the Euler-Palamodov-Ehrenpreis [28—30] representation. The
expression of g (x, t) for nonlinear equations involves a RH problem whose jump matrix
has an explicit exponential x, ¢ dependence. Thus the new method provides the concrete
implementation as well as the nonlinearization of this fundamental representation. It is
quite interesting that ideas from the theory of integrable equations have an impact on
this important field of mathematics.

(8) In recent years there have been important developments in the analysis of bound-
ary value problems of nonlinear PDEs using PDE techniques [31, 32]. It is remarkable
that some of these techniques yield global results. It is satisfying that there exist now a
rigorous theory using the integrability machinery, so that it is possible to make compar-
isons between these different approaches. Although at the moment the PDE results are
proven in less restrictive functional spaces, the advantage of our method is that it yields
rigorous asymptotic results. We reiterate that this is a consequence of the Deift-Zhou
theory and of our simple RH problem.

We conclude with some historical remarks concerning integrable nonlinear PDEs on
the half-line. The first such problem to be solved was the NLS with either ¢(0,7) = 0
or g, (0,¢) = 0 in the work of Ablowitz and Segur [33]. These authors made crucial
use of an even and an odd extension to the full line. We recall that in the linear case the
inhomogeneous versions of these problems can be solved by either the sine or the cosine
transform. This motivated the author to construct a nonlinearization of these transforms
[34]. However, this effort, in our opinion, was a failure. Indeed, the associated “nonlinear
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sine” and “nonlinear cosine” transforms denoted by B(t, k) satisfy a highly nonlinear
nonlocal equation, which becomes linear only in the particular cases of either ¢ (0, 1) = 0
or g,(0,7) = 0. The situation is similar for the nonlinearization of the transform asso-
ciated with the boundary condition ¢, (0, t) — xq (0, t) = f(¢), only the case f(t) =0
can be solved using this approach. We emphasize that since B(z, k) depends on time, it
is not possible to obtain long time results, furthermore since the equation for B(¢, k) is
highly complicated the task of obtaining rigorous results is prohibitingly complicated.
Other works devoted to linearizable cases include [35-38].

The new method is the result of several developments: It was first realized by the
author [39] that, in addition to analyzing the x-part of the Lax pair, it is now necessary
to analyze the r-part of the Lax pair; this yields g(x, t) in terms of two RH prob-
lems. These two problems were combined into one basic RH problem in the works of
A.R. Its and the author [15, 16, 18]. These basic RH problems for the NLS and the sG
equations are identical to the ones presented in Theorem 3.1. This made it possible,
using the Deift-Zhou theory, to obtain long time asymptotic results. However, since
the global relation was not analyzed at that time, these results were based on the apri-
ori assumption of existence; furthermore the derivation of the basic RH problem was
based on the separate spectral analysis of the x and ¢ parts of the Lax pair and was
very complicated. This derivation was greatly simplified in [9] using the simultaneous
spectral analysis of the Lax pair. This derivation was further simplified in [8] where
it was realized that the best way to implement the simultaneous spectral analysis is to
use the formulation of the exact 1-form presented in Sect. 2. Furthermore, this formu-
lation yields the global algebraic relation in a straightforward manner, see Sect. 2.5.
The proof that the global relation is not only a necessary but also a sufficient condition
for existence, as well as the rigorous investigation of the global relation was presented
in[11].

Several authors have identified linearizable boundary conditions using the existence
of infinitely many symmetries and conservation laws, see for example [40—42].

The important gauge transformation (4.5) for the analysis of the linearizable cases
of the NLS was first used in [43]. However, the global relation was not used in [43],
hence an attempt was made to compute the unknown boundary values instead of the
unknown spectral functions. Thus instead of the algebraic manipulation used in
Sect. 4.1, the approach of [43] involves the formulation of several formal matrix RH
problems whose solution is not established.

The physical significance of the sG equation with ¢(0,¢) = x as well as several
approaches for the analysis of this problem can be found in [44—46].

A rigorous investigation of the spectral functions {a, b, A, B} for the NLS equation
is presented in [47].

The extension of this method to linear and integrable nonlinear PDEs on the finite
integral is presented in [48] and [49] respectively. Its extension to moving boundary
value problems is presented in [50] and [51].

An interesting alternative approach to boundary value problems for integrable non-
linear evolution equations was recently introduced by Sabatier [52].

Remark 6.1. 1In this paper all relevant formulae are given in terms of the basic domains
Dy, ---, D4 defined in Egs. (1.16). These domains are defined explicitly in terms of
the functions f1(k) and f>(k) appearing in the Lax pair. This, we hope, will make it
convenient for other researchers to apply this method to other nonlinear PDE’s since
these basic domains will be immediately known.
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Appendix A

A.l. The eigenfunctions associated with the sG equation as k — 0. The functions
{a(k), b(k)} are defined in terms of ¢ (0, k), see Eq. (3.2). The vector ¢(x, k) is the sec-
ond column vector of the matrix u3(x, k) (see Eq. (3.7)) which satisfies the ODE (3.8).
We will show that

w3(x, k) = (=" |:cos (qOT(x)) I —isin (@) o] + 0(1):| , k=0, (A.D

where go(x) — 2mm as x — 0o, and I = diag(1, 1).
Indeed, let

13, k) = Yy (x, DE(, k), E(x, k) = ¥ k=3,
Then v (x, k) satisfies
bt g (k=) onv = Q0. lim WO BEG ) = .
where Q(x, k) is defined in (3.4c). Thus
Vi = - [eos(ao() o3 — sintgo() 02]Y + O), k= 0.

Noting that

cos(go(x)) 03 —sin(go(x) o2 = fo3 £, f = cos (““ﬁ”) I—isin (‘”g”) o1,

it follows that )
_ L —
()= os(F +0), k=0,
Solving this equation and using the boundary condition
F7 = (—1)"exp L’—kxfn} ,

we find

V(x, k) = (=)™ |:cos <q°§x)> I —isin <q°;x)> o1 +o(1)] W5 k0,

which yields Eq. (A.1).

The functions {A(k), B(k)} are defined in terms of ® (7, k), see Eq. (3.10). The vec-
tor ©(T, k) is the second column vector of the matrix u; (¢, k) (see Eq. (3.15)) which
satisfies the ODE (3.16). We will show that

wa(t, k) = |:cos (gOT(t)) I —isin (goT(l)> o1+ 0(1)] 6_4%[&3];0_1,

fo = cos <g02(0)> I —isin (go§0)> ol. (A.2)
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Indeed, let
~ ~ i 1
p2(t k) = W(t, E(t k), E(t k) = es*T0ros,
Then W (¢, k) satisfies

. 1 y

v, + % (k + ;) o3V = Q(t, k), YO,k =1,
where Q(t, k) is defined in (3.12). Thus
i .

U, = P [cos(go(t)) o3 — sin(go(t)) o2] ¥ + O(1), k — 0.

The bracket in the above equation can be written as fo3 f1,
~ t t
f =cos (gOT()) I —isin <gOT()) o1,

(e, = ﬁmf—lw) o), k—o.

thus

This equation together with the boundary condition ( f “Lyn (0, k) = fo_l yields (A.2).

A.2. The eigenfunctions associated with the KdV equation as k — 0. Let u(x,¢, k)
satisfy Eq. (1.5), where f1(k), fo(k), Q(x,t, k), Q(x,t, k) are defined by Egs. (2.2).
Then

, 1
w1, k) =i°‘(f{ )

Indeed, the coefficient of 1/k in both Egs. (1.5) involves the matrix oo — i03. This
suggests that

(_11 _11>+O(1), k— 0, o(x,t) real (A.3)

a1(x,t) ar(x, 1)

1
wenh =2 (Gl Znalh

)+o), k—o.
The symmetry condition with respect to k — —k (see Sect. 2.2) implies that o (x, 1) =
o1(x, t). Furthermore, the symmetry condition with respect to complex conjugation (see
Eqgs. (2.9)) imply that o1 (x, ¢) is purely imaginary.

Equation (A.3) suggests that

w3 (x, k) = i% (_11 _11) +O00), k—0, ax) real, (A4)
and
o (t k) = i? (_11 _11) +O), k—0, BG) real.  (AS5)

These equations can be rigorously justified using the associated linear integral equations.
The evaluation of Egs. (A.4) and (A.5) at x = 0 and t = T determines the behavior of
{a(k), b(k)} and of {A(k), B(k)} as k — 0.

The ODE (3.8) associated with the KdV equation is the time-independent Schrédinger
equation. The scattering data {a (k), b(k)} for this equation have been studied extensively
in the literature; for a comprehensive recent review see [53].
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