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Department of Applied Mathematics

The computation of special functions has important implications throughout engineering
and the physical sciences. Nonlinear special functions include the solutions of integrable
partial differential equations and the Painlevé transcendents. Many problems in water wave
theory, nonlinear optics and statistical mechanics are reduced to the study of a nonlinear
special function in particular limits. The universal object that these functions share is
a Riemann—Hilbert representation: the nonlinear special function can be recovered from
the solution of a Riemann—Hilbert problem (RHP). A RHP consists of finding a piecewise-
analytic function in the complex plane when the behavior of its discontinuities is specified.
In this dissertation, the applied theory of Riemann—Hilbert problems, using both Hélder and
Lebesgue spaces, is reviewed. The numerical solution of RHPs is discussed. Furthermore,
the uniform approximation theory for the numerical solution of RHPs is presented, proving
that in certain cases the convergence of the numerical method is uniform with respect to
a parameter. This theory shares close relation to the method of nonlinear steepest descent
for RHPs.

The inverse scattering transform for the Korteweg-de Vries and Nonlinear Schrodinger
equation is made effective by solving the associated RHPs numerically. This technique is
extended to solve the Painlevé Il equation numerically. Similar Riemann—Hilbert techniques
are used to compute the so-called finite-genus solutions of the Korteweg-de Vries equation.
This involves ideas from Riemann surface theory. Finally, the methodology is applied to
compute orthogonal polynomials with exponential weights. This allows for the computation
of statistical quantities stemming from random matrix ensembles.
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Chapter 1

Introduction

1.1 What are special functions?

A special function is shorthand for a mathematical function which arises in many physical,
biological and computational applications or in mathematical settings. In addition, a
special function should be sufficiently basic so as to allow the mathematical community
to identify, prove and make use of many of its properties. A simple example is the cosine
function x + cos(z). The cosine function, to a calculus student does not seem so ‘special’.
Indeed, nearly all of the elementary properties are found and hopefully understood during
a year-long calculus course. This is the exact purpose, ironically, of special functions. We
identify and catalog important properties to allow easy assimilation of knowledge and thus,
making the function, to the experienced user, seem mundane; certainly, not special.

For centuries, mathematicians have been studying special functions. The relative im-
portance of the subject is determined by applications throughout engineering and the
physical sciences. The catenary, discovered by Leibniz, Huygens and Bernoulli in the
1600s, describes the shape of a freely-hanging rope in terms of the hyperbolic cousin of
the cosine function, z +— cosh(x). An illustration of the importance of this work in early
construction can be found in King’s College Chapel, Cambridge, UK where it was used to
guide the curvature of the ceiling.

An important feature that separates cos and cosh from lines and parabolas is that they
necessarily take a transcendental' form. Thus, they have infinite series representations
>

n

n

cos(x (1.1.1)

(_1)' x2n7
— (2n)
o
> G
|
— (2n)
The study of transcendental functions continued with the discovery of the Airy and Bessel
functions which share similar but more complicated series representations. These series

representations are oft derived using a differential equation that is satisfied by the given
special function. Such a derivation succeeds in many cases when the differential equation

) =
cosh(z) = (1.1.2)

'In this context transcendental means that the function cannot be expressed as a finite number of
algebraic steps, including rational powers, applied to a variable or variables [62].

7



8 CHAPTER 1. INTRODUCTION

is linear.

The 19th century was a golden age for special function theory. Techniques from the
field of complex analysis were invoked to study the so-called elliptic functions. These func-
tions are of a fundamentally nonlinear nature: elliptic functions are solutions of nonlinear
differential equations. The use of complex analysis greatly aids in the theory of elliptic
functions.

The early twentieth century marked the work of Paul Painlevé and his collaborators in
identifying the so-called Painlevé transcendents. The Painlevé transcendents are solutions
of nonlinear differential equations that possess important properties in the complex plane.
Independent of their mathematical properties, which are described at length in [51], the
Painlevé transcendents have found use in the asymptotic study of water wave models
[5, 39, 34] and in statistical mechanics [113]. We discuss these applications further in
Section 1.3.

1.2 How are special functions studied?

As we will see, an expression for a special function is not enough. As an example, consider
the formula (1.1.1) for cos(z). The important fact that cos(0) = cos(27) is not evident
from this formula. Indeed, there exists an infinite product expansion that makes this fact
much clearer. Furthermore, (1.1.1) does not make it clear that the cosine function grows
exponentially in the complex plane while being bounded on the real line.

Another question one may ask is how to compute cos(x). The series in (1.1.1) may
be approximated by truncating it at some finite number of terms. With this methodology
cos(0) is obtained exactly, and

3 n
cos(.1) — Z (=1) (1) < 10712

a very good approximation using just the first four terms in the series. When z = 27
it takes 17 terms to achieve the same degree of accuracy. It requires more than a naive
summing of the series (i.e. use periodicity) to compute cos(x) for large values of x.

We have identified three of the many ways to study special functions:

1. the derivation of alternate representations,
2. behavior for large values of = (i.e. asymptotic expansions), and
3. numerical computations.

In this manuscript we discuss all three methodologies but concentrate on numerical com-
putations. We also demonstrate their interdepencies.

1.3 Modern applications of nonlinear special functions

We study nonlinear special functions. Nonlinear special functions are the subclass of special
functions that are uniquely defined by a nonlinear relationship. The solutions of certain
nonlinear ordinary differential equations are nonlinear special functions, see Chapter 8.
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So are the solutions of nonlinear partial differential equations (PDEs), see Chapters 6,
9, and 7. Additionally, orthogonal polynomials with respect to a given measure depend
nonlinearly on the measure, see Chapter 10.

1.3.1 Reduction to the Korteweg-de Vries equation

We consider the reduction of the classical Euler equations that describe 1-D invicid fluid
flow, driven by gravity. We use subscripts to denote partial derivatives.

Figure 1.3.1: A schematic for (1.3.1).

¢$$ + ¢zz - 0, (x,z) e _l)7
¢z =0, z2=0,
N+ Nebe = ¢z, 2=h+mn, (1.3.1)

1
oot 5 (@a+62) +an+h) =0, z=h+n,

Here the fluid domain is D = {(z,2) : —00 < z < 00,0 < z < h + n(z,t)}. The function
¢ is the velocity potential, n(x,t) is the surface elevation above the at-rest depth h, see
Figure 1.3.1. Define the parameter [ to be the typical wavelength and a to be the typical
amplitude. In a particular long-wave (h?/I> — 0), shallow-water (a/h — 0) limit, a
multiple scales analysis produces the Korteweg-de Vries (KdV) equation [69, 111]:

3a 1 hr? K2\ ? a\2

Using non-dimensional variables, in a moving frame, to first order we obtain

gt + 6qu + Qrax = 0. (1.3.2)
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We see in Chapters 6 and 9 that the solutions of the KdV equation possesses the requisite
structure and universality to be considered special functions in (1 + 1)-dimensions.

With a sufficiently smooth and decaying initial condition, the KdV equation can be
reduced further in different regions of the (x,t)-plane. Consider the region |z| < Ct'/3 for
some constant C' > 0. The solution ¢ of (1.3.2) satisfies [5]

g(z,t) = U(z,t) = O(t™),

0= () ()

and v is a specific solution of the equation

where

Vge = 20 + 20°. (1.3.3)

This is the famous homogeneous Painlevé II equation which will be discussed in Chap-
ter 8. With the exception of elliptic functions, the Painlevé transcendents (transcendental
solutions of (1.3.3)) are the most well-known and widely-used nonlinear special functions.

1.3.2 The 2-D Ising model

The 2-D Ising model is a mathematical idealization originating in ferromagnetism, see
[72] for a sketch of the model. Unlike the water wave models above, the Ising model is
discrete. Each variable o;;, arranged in a 2-dimensional lattice, can take the values (spins)
+1 and may only interact with its nearest neighbors. An interaction energy exists between
neighbors of —F if spins differ and +F if spins agree. Thus, in its simplest form, the total
interaction energy is given by

v h

L, L
€= (Eojpojn + Evjrojirp).
j=1k=1

The free energy and specific heat of the Ising model was explicitly calculated by Onsager
[92] in the limit as L,, Ly, — oo. Kaufman and Onsager computed the two-spin correlation
function

: -1 E/kpT
(oo0omN) = lim Z > oooomne/ T
vyLvh

states

where kg is Boltzmann’s constant, 7T is the associated temperature and Z is the partition
function. Onsager established the existence of a critical temperature T, where the specific
heat becomes infinite. The important results of Wu, McCoy, Tracy and Barouch showed
that near T, the correlation function can be expressed in terms of a Painlevé III transcen-
dent [113]. Furthermore, the work of Jimbo and Miwa expressed the diagonal correlation
function (oggon, n) in terms of a Painlevé VI transcendent [67]. Theoretical physics and
statistical mechanics has great dependence on nonlinear special functions.

It is worth noting that due to the strong connections between statistical mechanics and



1.4. OVERVIEW 11

random matrix theory, it is not surprising to see Painlevé transcendents arising in random
matrix theory. See Chapter 10 for further discussion of this.

1.4 Overview

As mentioned above, the approach presented here is mainly computational. We develop
methods for the computation of both linear and nonlinear special functions. We consider
solutions of linear, constant-coefficient evolution PDEs as linear special functions in (1+1)
dimensions. Additionally, solutions of integrable nonlinear PDEs are nonlinear special
functions, also in (1 + 1) dimensions. Much of the code that is used below can be found in
ISTPackage [105], a Mathematica package that is built off [85].

This dissertation is laid out as follows. In the remainder of this section we fix notation
and discuss some essential background material that is necessary for much of the analysis
that follows. In Chapter 2, we discuss a unification of Fourier transform PDE solution
techniques for linear and nonlinear problems. This unification extends to the numerical
analysis required to solve the respective problems. The unification of these numerical
analysis techniques has not been discussed previously in the literature. Furthermore, the
method presented for the solution of linear constant-coefficient PDEs appears to not be
present in the existing literature.

The techniques that unify linear and nonlinear problems rely on the theory of Riemann—
Hilbert problems (RHPs). In short, a RHP consists of finding a piecewise-analytic function
in the complex plane where the behavior of its discontinuities is specified. More precisely,
a RHP consists of finding a function ¢(z) that satisfies the following jump condition

zZ—rs zZ—rs

z left of ' z right of I’

lim  ¢(z2) = < lim qﬁ(z)) g(s) + f(s), seT, (1.4.1)

for some definite functions f, g defined on an oriented contour I'. In Chapter 3 we discuss
a comprehensive theory for RHPs. In particular, we present results that often, in practice,
allow one to establish both the existence and the uniqueness of a solution of a given
RHP. This theory includes properties of singular integrals and singular integral equations
along with developments related to Hardy spaces and rational approximation in Hardy
spaces (Appendix A). The new contributions made here to singular integral equations are
summarized by Definition 3.7.7 and Theorems 3.7.9, 3.8.10, 3.8.21 and 3.9.1. While the
results presented in Appendix A on rational approximation are not new, we expose the full
proof of the sketches that can be found in [116] and [8].

In Chapter 4 we review the inverse scattering transform (IST) as applied to the defocus-
ing nonlinear Schrédinger equation. As is discussed in Chapter 2 the IST is a generalization
of the Fourier transform solution technique to nonlinear, integrable PDEs. We immediately
obtain a transform method that recovers the initial condition at t = 0. The so-called dress-
ing method is introduced to demonstrate that we obtain a solution for ¢t > 0. This method
depends fundamentally on the theory of RHPs. We proceed to complete the asymptotic
analysis for the RHP derived with the IST via the Deift and Zhou method of nonlinear
steepest descent [33]. This entire process includes an elegant application of the theory in
Chapter 3.
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Chapter 5 discusses the numerical solution of RHPs, and in particular, the numerical
solution of singular integral equations. Not surprisingly, Chapter 5 has heavy dependence
on Chapter 3. In this chapter, a general framework is developed (introduced by the author
in [90]) that allows one to prove that after certain preconditioning steps (deformations)
a numerical method applied to a parameter-dependent RHP can maintain accuracy for
arbitrarily large values of said parameter. In this numerical setting, we refer to this type of
behavior as asymptotic stability. This establishes links between the numerical ideas used
in the rest of the manuscript with the method of nonlinear steepest descent [33].

Chapter 6 presents the application of the theory of Chapters 2-5 to the Korteweg-
de Vries (KdV) and modified KdV equations. This presents the first known numerical
implementation of the celebrated inverse scattering transform that can be evaluated for
all (z,t) and for all allowable initial conditions. Here asymptotic stability is realized and
verified through numerical tests and comparison with asymptotic formulae. In specific
regions of the (z,t)-plane the asymptotic stability of the numerical method is proved in a
straightforward way with a new application of the theory of Chapter 5.

This chapter is followed by more new results: the same techniques applied to the KAV
equation are applied to the focusing and defocusing nonlinear Schrédinger equations.
Similar results are demonstrated: provable asymptotic stability of the numerical method.
Darboux transformations are used to solve problems with homogeneous Robin boundary
conditions. Finally, solutions with vertical asymptotes are computed. Traditional numeri-
cal methods cannot capture these solutions.

The computation of asymptotic formulae in Chapter 6 requires the computation of
a Painlevé II transcendent. In Chapter 8 we examine the computation of solutions of
Painlevé II equation on the real line. We present the computation of solutions that often
arise in applications. This represents the first time the deformed RHP for the Painlevé
II transcendent has been solved in the literature and we include a proof of asymptotic
stability for some parameter ranges.

In Chapter 9 we present a new method for computing all finite-genus solutions of the
KdV equation. The finite-genus solutions are special periodic and quasi-periodic multi-
phase solutions of the KdV equations. These solutions arise in the analysis of the periodic
Cauchy problem for the KdV equation. The finite-genus solutions are computed from the
asymptotics of an associated Baker—Akhiezer function which is holomorphic on a finite-
genus Riemann surface except at infinity. The method we present first phrases a RHP
that is solved by the Baker—Akhiezer function. This RHP is solved via the techniques in
Chapter 5 and a uniformly accurate approximation to solutions of the KdV equation is
produced.

We conclude this manuscript with a discussion of a different kind of nonlinear special
function: orthogonal polynomials. Polynomials that are orthogonal with respect to a
measure depend nonlinearly on that measure. We present the first-known method to solve
the Fokas—Its—Kitaev [66] RHP numerically. This requires the construction of the so-called
equilibrium measure, see [88]. This method has important applications to random matrix
theory. In many cases, the measure

i (B) = /B Kn(, 2)de,
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that represents the expected fraction of eigenvalues of a random n xn Hermitian matrix that
lie in the set B can be computed using orthogonal polynomials. We compute this measure
and demonstrate its convergence to the so-called equilibrium measure. In addition, we
use the numerical method to compute other eigenvalue statistics of some random matrix
ensembles.

1.5 Background material

1.5.1 Notation

On a given metric space we use B(x,d) to denote the ball centered at x with radius .
We reserve C' to denote a generic positive constant. We use x4 to denote the indicator
function of the set A. The notation D & €2 is used when D is a connected component of
Q). We reserve k, z and A\ to be complex parameters.

1.5.2 Lebesgue spaces

Unless otherwise stated, we assume that I' C C is a piecewise smooth oriented contour
with at most a finite number of transverse self-intersections. Additionally we assume
that any unbounded component of I' tends to a straight line at infinity. The theory can be
developed under more general assumptions but this suffices for our purposes. We represent
I'=T7U---UTI', where each I'; is non-self-intersecting.

Definition 1.5.1.
LP(T) = {f :I'—=C: fln, measumble,/ |f(k)|P|dk| < oo,Vz'}.
I

We make LP(I") into a Banach space by equipping it with the norm

n 1/p
= p .
| f1lze(ry (;/m‘f(k)‘ dk;)

The notation || f||, = ||f|lz»(r) is used when I is clear from context.

1.5.3 Fredholm theory

Let X and Y be Banach spaces. Denote the set of operators from X to Y by £(X,Y’) and
we equip the space with its standard induced operator norm which makes the space into a
Banach algebra if X =Y. We use the term operator for an element of £(X,Y).

Definition 1.5.2. K € L(X,Y) is said to be compact if the image of a bounded set in X
is precompact in Y. Or, equivalently, the image of the unit ball in X is precompact in Y .
Let K(X,Y) denote the closed subspace of compact operators in L(X,Y).

This allows us to define a (semi-)Fredholm operator.

Definition 1.5.3. T € L(X,Y) is called left(right) semi-Fredholm if there exists S €
L(X,Y), called a regulator, such that ST =1+ K (TS =1+ K) where K € K(X,Y). An
operator is Fredholm if it is both left and right semi-Fredholm.
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Theorem 1.5.4. [41] If X is a Banach space, then an operator T on X is a Fredholm
operator if and only if dimkerT" and codimranT is finite.

Definition 1.5.5. The Fredholm index denoted ind T is defined by
ind(T") = dimker 7" — codimran 7.

Theorem 1.5.6. Let T be a Fredholm operator with index k. There exists € > 0 such that
if IS —T| < € then S is Fredholm with index k.

1.5.4 Additional results

We include two theorems that are of great use in what follows.

Theorem 1.5.7. Let X and Y be two normed linear spaces with at least one being a
Banach space. Let L € L(X,Y) and L™' € L(Y,X). Let M € L(X,Y) satisfy

1
M — L|| < 7=
(R

Then M is invertible, M—! € L(Y,X) and

- 1M
1M < T ,
L—|IL=H|[[M — L]
||M—1 _L—IH < ||L_1||2HM _LH

1= [L=H|M — L

Theorem 1.5.8. Let V' be a Banach space, L € L(V'). Assume for some integer m > 1
that ||L|| < 1. Then I — L is a bijection on V and its inverse satisfies

- 1 m—1 .
I = 270 < =y O I
=0

Throughout we are interested in matrix-valued functions so we need to define function
spaces that contain them. For M € C"** we define the appropriate LP-based matrix
norms:

1
n /p

M= | Y My

j=11i=1
Note that when p = 2
|M|o = Vtr M*M,

where * denotes conjugate transpose.
This allows us to define the space, abusing notation,

LPT)={f:T = M(n,C), measurable: ||[f(k)|p|l, < oo}
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equipped with the obvious norm. For p = 2 we set W*P(I') = H*(T") and this retains the
Hilbert space structure with the inner product

- () ()
(fo9)=>_ | f9(gD)*|dk].
j:l/F

Remark 1.5.9. Another important property of H¥(I') for k > 1 is that there exists a
constant ¢ > 0 such that

| fgll ey < el fllawy gl ey

This makes the space into an algebra and with a redefinition of the morm, the space is a
Banach algebra (¢ =1).
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CHAPTER 1. INTRODUCTION



Chapter 2

Linear and Nonlinear Partial
Differential Equations

In this chapter we discuss the solution, analytical and numerical, of a simple linear evo-
lution PDE. At their essence the ideas presented here extend to the nonlinear case. The
nonlinearization of the solution technique we present is the celebrated inverse scattering
transform. The nonlinearization of the method for calculating long-time asymptotics is
the method of nonlinear steepest descent. Finally, the nonlinearization of the numerical
method presented in this section is the numerical method discussed in the remainder of
this manuscript.

2.1 Solution of a prototypical linear PDE

Consider the solution of the initial-value problem

19t + qze = 0,

q(z,0) = qo(z) € S(R), (2.1.1)

where S(R) is the Schwarz class of rapidly decaying functions. For simplicity, we assume
more. Define for § > 0,

S5(R) = {f € SR) : sup /[ f0) ()] < 00, j=0,1,...}.
z€R

For the remainder of this chapter we assume ¢o(x) € Ss5(R). Consider the system of
ordinary differential equations

e —ikp =q, keER, (2.1.2)
e + ik = igy — kq. (2.1.3)

It is straightforward to check that p,; = u, if and only if iq; + g, = 0. This fact, for linear
PDEs, was first noticed by Gel’fand and Fokas in [50]. The system (2.1.2) and (2.1.3) is a

17
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Lax pair for (2.1.1). Assuming decay in ¢, we solve (2.1.2)
x

p(z,t) = Cy(t)e™ —l—/ e*@=9) (s, t)ds.

— 00

By choosing C;(t) = 0 and C1(t) = [°2_e~*¢(s,t)ds we obtain two solutions

/L+(-Z',t; k) = / eik(x_S)q(Sat)dsa H— (‘Tat) = _/ e_ik(s_x)Q(S7t)dS‘

—0o0

Note that p- is analytic in k for k € C* = {z € C: Im 2 > 0}. Furthermore, integration
by parts shows that ui = O(k™') as |k| — oo in the respective domains of analyticity.
Additional integration by parts shows that (u4), = O(k™!) as |k| — oo. Thus (2.1.2)
implies

q(z,t) =4 lim ku(x,t;k). (2.1.4)

|k|—o00

Remark 2.1.1. To apply this technique with weaker assumptions on qo(x) we need to
invoke the theory of Hardy spaces. See Example 3.5.15 for an example of this technique.

Consider the difference
v(x,tik) = pi(z,t; k) — p_(@, k) =/ M=) g (s, t)ds. (2.1.5)

It follows that v satisfies

vy — tky =0,
UV + ’L'k?2V =0.
The first equation implies v(z, t; k) = A(t; k)e™™® and the second, v(z, t; k) = B(z; k)e "+,

t: k) =
Evaluating at t = 0, A(0;k)e** = B(x;k) and therefore v(x,t;k) = A(0;k)eikr—ik*t,
Evaluating this at « =t = 0, we find

A0y k) = go(k) = / e~ go(s)ds.
We arrive at the relation (see Figure 2.1.1)
(1K) — (1K) = T G (),
pt(z,t: k) = O(k™1), as k — oo.

This is a scalar RHP (see (1.4.1) or Chapter 3) for a piecewise analytic function

. _ /L+(-Z',t; k)? if k e (c+7
pla, b k) = { p—(z,t;k), if keC.
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ez‘kzﬂ:mqo(k)

o

14

Figure 2.1.1: The piecewise definition of . The contour in the figure represents R.

The solution techniques in Chapter 3 apply (see (3.2.1)) and we find the solution

2

1 0o eisx—is t(j s

We use the reconstruction formula, (2.1.4), along with Lemma 3.6.9 to obtain

1 ©
q(z,t) = / k=R, (k) dk. (2.1.6)

2

Remark 2.1.2. The Laz pair (2.1.2) and (2.1.3) can be written in an equivalent way using
differential forms [49]. It follows that

d (e—ikx+ik2tu> _ e—ikx”kzt(qu +qdt), §=1iq, — kq,

is equivalent to (2.1.2) and (2.1.3). Therefore py is obtained by integrating this differential
form in the (x,t)-plane from (—oo,t) to (x,t) and p_ is obtained by integration from (oo, t)
to (x,t). This approach generalizes to the nonlinear case. This also provides an alternative
approach to the linear periodic problem [106].

2.2 An asymptotic formula

Because gy € S5(R) it follows that o is analytic in the strip T5 = {k € C : |Imk| < §}.
Additionally, for each n > 0, |Go(k)] < An/(1 + |k])" for k € Ts for &' < §. A similar
bound follows for every derivative of §o(k) in the same strip. This follows from the fact that
e%g0(x) € S(R). We use this decay to deform the integral over the real axis. To guide the
deformation, we use the method of steepest descent for integrals. Define O (k) = ikx —ik?t.
We look for the stationary point, kg such that ©'(ky) = 0, or kg = 22/(2t). Expand © around
the stationary point, © (k) = iz?/(4t) —it(k — ko)?. To find the path of steepest descent we
set k — ko = re' thus O(k) = iz?/(4t) — itr?e®®. If § = —n /4 then O(k) = iz?/(4t) — tr*:
the imaginary part is constant while the the real part is negative and decreasing away from
the stationary point.

The estimate |go(k)| < A,/(1+|k|)™ allows the deformation of the integral to a contour
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Figure 2.2.1: The contour Cg + kg.

that passes along the local path of steepest descent. Define (see Figure 2.2.1)
Cy = (—oo+i8, =0 +i8'| U {re ™4 . —\/26' <r < 20} U8 —id, 00 + id).

Consider the integral, for s < kg

s+’ Ly
—[S — / elkm—lk thO(k)dk

<

& &
/ gileTina=ilsHin® G (s 4 irYidr| < / e_m+2m$d7‘
0 0 (1+|s+ar|)"

e retkort gl (2.2.1)

< An
T (s
Thus I; — 0 as s — —oo. Note that this follows when n = 0— ¢ need only be bounded

for this deformation to proceed for ¢ > 0. The same argument applied to a similar contour
from s > ko to s — ¢’ justifies the equality

L% ike—ik?e 1 ikz—ik2t »
q(x,t :—/ e qo(k)dk = — e qo(k)dk 2.2.2
@h=5| wik=g | (k) (222
A change of variables shows
1 . . V2§ ) .
q(z,t) = —e"* /(4t)_”/4/ e~ Go(ko + re” ™) dr + O(t™™) for all n > 0,
2 —\/5(5’

as t — 0. A full asymptotic expansion of ¢ can be found via a modification of Watson’s
Lemma [79, pg. 58]. In particular,

7(]0(;\//%%)) eimz/(“)_”/‘l% +O(tY) as t — oo. (2.2.3)

q(x,t) =

2.3 A steepest descent-based numerical technique

We develop a numerical technique based on applying quadrature routines to (2.2.2). We
first concentrate on the computation of the inverse Fourier transform, assuming that g
can be computed accurately. Our approach is related to that of Asheim and Huybrechs
[6]. To do so, we must truncate the infinite integral. With this goal, define

C5/7L = C(glﬂ{k e C: ]Rek\ < L}.
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The same estimates used in (2.2.1) show that for any € > 0, there exists an M, depending
only on gy and ¢, so that

1
2T

/ elkm_lkztdo(k})dk - ezkm—zktho(k)dk <€, for L > M.
C&’+k0 27T C&/J\{‘l’ko

In practice, we choose L so that the integrand is less than machine precision on Cys \ Cy 1.
In what follows, we always assume such an L is chosen.

There is a subtle complication. If ¢’ is fixed, the derivative of the integrand on the
contour {re="™/* . —\/2§' < r < \/28'} + ko will increase with t. We scale the contour.
Define for ¢ > 1, Sy 14, =t~ /2Cy 1, + ko. We have |q(z,t) — qr(z,t)| < € where

1 o
(1) = o /5 ekt G (1) d.

§',L,kq

Use k=t Y224k € Ss 1.k for z € Cy 1 as a change of variables in the integral along
with ikx 4 ikt = iz?/(4t) — it(k — ko)? to find

1 .
qr(z,t) = %t_l/zelﬁ/(“) /C e_ZQQO(t_l/zz + ko)dz.

§',L

From the uniform boundedness of every derivative of §o(k) in Ts» we find that a quadrature
routine applied to

/ e % 4otz + ko )dk,
C(S’,L

will converge uniformly in the half plane {(x,t) : * € R,t > ¢ > 0}. This implies that
the computational cost to compute a solution at any given (x,t) value is bounded. This
method for computing g, (z,t) will have its relative error tend to zero. Furthermore, if a
spectral method, such as Clenshaw—Curtis quadrature is used, the convergence is spectral.

This is all, of course, assuming that we may compute ¢y accurately in the complex
plane. To do this we use a spectral collocation method, see Appendix B to solve (2.1.2)
for an approximation of fiy(z,k) of pus(z,0;k). We solve the truncated, approximate
boundary-value problems

(i) —ikfix = qo, p+(£l) =0, [ sufficiently large. (2.3.1)
Then
B0, k) — i (0,k) ~ ut(0,0;k) — = (0,0;k) = / e~k g0 (z)dzx.

This is an approximation of the Fourier transform. Furthermore, if k£ is complex there is
no barrier to solving (2.3.1) numerically, provided gy has sufficient decay and smoothness.

What we have described here is a Levin-type collocation method [64] for oscillatory
integrals. One could compute the Fourier transform directly using quadrature but the
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high oscillation destroys accuracy for k outside a small neighborhood of the origin. The
accuracy of the Levin-type method is seen to increase as |k| — oo for k € Ty. Additionally,
since gy € Ss(R), the spectral method in Appendix B converges spectrally.

2.4 Numerical results
To demonstrate the numerical method we use go(z) = (1 + 2)e™*" so that
2
do(k) = ?e_%@ — ik).

We demonstrate the spectral convergence of the method described above for computing
Go(k). We numerically solve (2.3.1) with 15, 30 and 60 collocation points. The error in the
resulting approximations are shown in Figure 2.4.1.

RISEAT AR

104 wammmnmmnn o’ YGRS | .

107 ¢ .

", TaY
S e\ "\-\ ,f"“'l V™SS L
& w0 el 1
10—13 L 4

Figure 2.4.1: An approximation of §o(k) when qo(z) = (1 + ac)e‘m2 by solving (2.3.1) with
[ =10. The error is shown using the analytical formula for gy for 15 (dotted), 30 (dashed)
and 60 (solid) collocation points. Notice that doubling the number of collocation points
gives about 5 digits of accuracy. This demonstrates spectral convergence.

The corresponding solution of (2.1.1) can be computed over large spatial ranges. In
Figure 2.4.2 we show the initial condition along with the solution when t = 5. Notice the
high oscillation due to dispersion.

We also examine the validity of (2.2.3). Define the an estimate of the relative error to
be

1 . 2 . 1
E 1) =Vt ix?/(4t)—im /4 ~ Ol
I‘Ol(wa ) \/7 2ﬁ6 \/% Q(Z', )
We use the numerical approximation ¢(x,t) in this formula and plot E,q(—2t,t) as ¢ in-
creases. See Figure 2.4.3 for a validation of both the numerical method and the asymptotic
formula.
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Figure 2.4.2: The numerically computed solution of (2.4.2). We plot both real (solid) and
imaginary (dashed) parts of the solution. (a) The initial condition go(x). (b) The solution
at t = 5. (c) A scaled plot of the solution at t = 5. Notice the high oscillation due to
dispersion.
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Figure 2.4.3: A plot of E(—2t,t) using the numerical method outlined here. This validates
both the numerical accuracy and the asymptotic formula. Since we expect uniform, relative

convergence we assume that our numerical approximation to g(x,t) is much more accurate
than the asymptotic formula.

2.5 An extension to nonlinear problems

Consider the solution of the initial-value problem for the nonlinear Schrédinger (NLS)
equation
iqs + Qoo + 2N q2¢ =0, A==+,
q(z,0) = qo(z) € S(R).

We discuss the solution of this problem with the inverse scattering in loose terms. A
rigorous discussion is found in Chapter 4.

(2.5.1)

This system has the following Lax pair [49]

pe +iklog, p] = Qu, (2.5.2)
pe + 2ik2[o3, 1) = Qu, (2.5.3)

where

Q(wjt) N |: _)\q(zl',t) q(g(;)’t) :| ) Q(I’,t) =2kQ — iQ,03 —l—i)\\q]203, o3 = |: (1) _01 :|

and [, -] is the standard matrix commutator. Following similar ideas that are present in
Remark 2.1.2, this Lax pair is equivalent to the differential form

d (ei(km_%%)&?’u(x, t, k‘)) — (ilka+2k21)6s (Qudx + @,udt), €3 A = 273 Ae~ 03 (2.5.4)

Integrating this differential form over various contours in the (x,t)-plane yields different
integral equations, and different solutions u. For any solution u, it follows that M =



2.5. AN EXTENSION TO NONLINEAR PROBLEMS 25

kx+2k2t)

e~ 73 gsolves

M, + ikosM = QM,
M, + 2ik*o3M = QM.

For any two solutions Mj, M of this system M, (z,t, k) = Ma(x,t,k)S(k) for some matrix
S. Thus for any two solutions 1, pg of (2.5.4),

Ml(:Ev t, k) = :u2($7 t, k)e_i(kw+2k2t)&gs(k)7 (255)

for some matrix S(k). We follow [49] and define p1, ua to be the solutions of

(z,t) " R
/’Ll(xat7 k) =1+ / e (=) [Q(Svt)u(fﬂ-? k)]d&
t;:;t) (2.5.6)

j25) (a:, t, k) =1+ / e—ik(z—f)&g [Q(Sv t)u(fv T, k)]df

(00,t)

Combining, standard results on Volterra integral equations (see Chapter 4) with the
boundedness properties of the exponential, we find that the first column uf of 1 is analytic
in the upper-half plane and the second column g is analytic in the lower-half plane. The
reverse is true for po: the first column p, is analytic in the lower-half plane and the second
column p3 is analytic in the upper-half plane. This is, of course, dependent on some mild
conditions on @: ¢ € S5(R) is certainly sufficient.

It follows from Chapter 4 that S(k) in (2.5.5) may be written in the form (see also [49])

| oalk) bk)
ﬂ@_[—ﬁ@5MM]'

for some functions a, b. Generally, a(k) is analytic in the upper-half plane, and for ¢ € S5(R)
both a(k) and b(k) are analytic in a strip that contains the real line. For simplicity we
assume that a(k) never vanishes. This is true when A\ = —1 for the defocusing NLS
equation. A discussion of how to proceed when this is not the case is found in Chapter 7.

The reflection coefficient is defined by the ratio p(k) = b(k)/a(k). Define a sectionally
analytic function

ot in CT,
(I)_{ &, inC-,

+ -
@+:[%#;], @—:[u;,%].

It follows [49] that ®(z,t, k) solves the following matriz Riemann—Hilbert problem

O (x,t,8) = (x,t,8)J(x,t,8), sER, ®(z,t,00) =1, (2.5.7)

1+ Mp(R)p(k)  Ap(k)e2ike—4ik?t
J(x,t, k) = : . .
(:E ) p(k)e2zkx+4zk2t 1
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Once this is solved for @ the solution ¢ may be found via

q(z,t) = lim 2ik(® — 1), (2.5.8)

|k|—o00

where the subscript denotes the (1,2) entry of the matrix. Unfortunately, this Riemann—
Hilbert problem can only be solved in closed form for extremely simple initial conditions.
A numerical treatment is necessary.

Remark 2.5.1. In the method of inverse scattering the linear dispersion relation always
appears in the jump matriz. On first glance it may seem that this is not the case as the
exponential in (2.5.7) differs from that in (2.1.6), even if we allow scalings of the spectral k
variable. This can be rectified by noting that §(xz,t) can be recovered from the (2,1)-entry of
® and the complex conjugate of (2.5.1) has the dispersion relation that appears in (2.5.7).

2.6 An asymptotic formula for the nonlinear problem

The long-time asymptotics of (2.5.1) are computed by Deift and Zhou [36] when A = —1
(defocusing NLS). A full derivation of the results of this section is found in Chapter 4.
The long-time behavior is seen to differ from the linear problem in a fundamental way.
This comparison is important from a physical and mathematical perspective. Deift and
Zhou use the method of nonlinear steepest descent for Riemann—Hilbert problems [33] to
analyze the long-time behavior of solutions of (2.5.7). From this, the long-time behavior
of q(z,t), the solution of (2.5.1), can be rigorously established. The result from [36] is for
|z/(4t)| < C,

— 2 /(44)) . .
q(x,t) — Oé( %( ))ewc2/(4t)—w(—x/(4t)) log 8t + O(t_l log t), (261)

where
v(K) = —5-log(1— oK), |a(k)? = v(k)/2,

k
arga(t) = 7 [ log(k — dlog(1 ~ [p(©))) + /4,

—00

+argI'(iv(k)) — arg p(k),

and I" is the classical Gamma function [84]. This formula shows that the behavior of
exp(—x?/(4t) + in/4), present in the case of the linear problem, appears in the formula
for the nonlinear problems. From the presence of the log 8¢ term in (2.6.1) it follows that
the solution ¢(z,t) to the nonlinear problem never ‘becomes linear’. There is a fundamen-
tal difference between the solutions, always. For numerical results for the focusing and
defocusing NLS equations, see Chapter 7.

2.7 Quantifying nonlinearity

In this section we use numerical methods to quantify and demonstrate the fundamental
differences between solutions of (2.1.1) and (2.5.1) with A\ = —1 (defocusing). This provides
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an important motivation for studying nonlinear problems: even in solvable! nonlinear
problems, the behavior differs consistently from the corresponding linear case. With the
extensive numerical techniques we develop below, we can examine the effect of nonlinearity
precisely. This shows to all scientists that linearization of nonlinear problems must always
be considered carefully.

Furthermore, our results demonstrate the transition of the corresponding solutions
into their asymptotic regimes. We use ¢o(z) = a(z + 1)e™*" as the initial condition for
both equations, for varying constants «. The notation gy(x,t) is used to denote the
corresponding solution to the defocusing NLS equation and ¢ (z,t) will be used to denote
the solution of (2.1.1). We ignore any error due to the numerical algorithms and treat the
numerical results as the true solution.

2.7.1 Small time

With a = 1 we look at the small-time evolution of the function d(x,t) = qn(x,t) —qr(z,t).
The numerical results indicate that d(z,t) = O(e™) as t — 07, a > 0, see Figure 2.7.1 for
a demonstration of this.

.
0.01} . B
.
.
0.001F . E
.

104 . g
.

Difference
max|qL - dn|

Figure 2.7.1: (a) The difference |gn(z,t)—qr(z,t)| plotted as a function of x for fixed times:
t = 0.00001 (dotted), ¢ = 0.0001 (dashed), ¢t = 0.001 (dot-dashed), and ¢ = 0.01 (solid). (b)
A demonstration of the error: this plot indicates max,e(_s0 30) [qn (2, 1) —qr(z,t)| = O(e™)
ast — 0%, a>0.

Though general solution formulas for the NLS equations cannot be written down, the IST provides
a constructive existence and uniqueness proof for the PDE with access to asymptotics. In this sense the
problem is solved.
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2.7.2 Long time

The analysis is more interesting in the large-time regime. We use (2.2.3) as a guide and
consider solutions along the trajectory x = —45t for § > 0. We find

9 1
qr(—2pt,t) = do(=25) e‘lﬁx_”/‘l% + 0Ot ) ast — oo,

2y
Qr(t) = qr(-26t, )Vt.

Define x; = j27/n and S,, = (z¢, x1,...,2n—1). Consider the vector of values
VL(t*) = QL(t* + M/ﬁSn)

For M > 1 and n sufficiently large the discrete Fourier transform of this vector will limit
to a fixed vector with only one entry non-zero as t* — oo.
In the nonlinear case we have

N (—26t,t) = —O‘\(/BE) e~ P wBIoest L Ot~ og ),

Qn(t) = qn(—2Bt, )V,
Consider the vector Qn(t* + M/f3S,,). For fixed M, a simple calculation shows that

e_iﬁx_iy(ﬁ) log 8t _ e—iﬁx—iu(ﬁ) log 8t* + O(l/t*),

x € —4B[t*, t*+2rM/B] and t € [t*,t*+ 2w M /[]. Therefore the discrete Fourier transform
of Vn(t*) = Qn(t* + M/SS,,) will limit to a vector with only one non-zero component as
t* — oo but this will not be a fixed vector. The logarithm will change the phase of the
non-zero component.

We also consider the discrete Fourier transform of the first term in the asymptotic
expansions. Define

asym _ qA0($/(2t)) ixz/(4t)—i7r/4i
ar, (‘r?t) - Zﬁ € \/l_fj

asym($’ t) _ 04(—1'/(4t)) eixQ/(4t)—iV(—:c/(4t)) logSt’

dn /i
() = ap M (26 )V,
V) = gy (28t )V,
VPR (ET) = Q7Y (T + M/ BSy),
VT () = QN (T + M/BSy).

We use a variety tests to examine solutions. First, we compute the discrete Fourier
transform of Vi (¢*), Va(¢*), V™™ (t*) and V™ (¢*) with n ~ M /2. Call these vectors
FVL(t*), FVn(t*), FVS™™(t*) and FVG™ ().

In the first test, we normalize the transformed vectors so that their maximum entry
has absolute value one. This entry is then removed and the norm of the resulting vector
is compared and we call this the residual power. A small norm indicates that the vector
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has extremely localized support showing that the solution is close to the linear asymptotic
formula. See Figure 2.7.2 for a plot of the residual power as t* varies from 27 to 10000.
This figure shows the dramatic affect that amplitude has on the solution of the nonlinear
problem. The residual power decays much slower, initially, in the larger amplitude case.
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Figure 2.7.2: All plots show the residual power for F'Vy (t*) (dotted), FV™Y™ (¢*) (dashed)
and F'Vp(t*) (solid). (a) A small amplitude initial condition (v = 0.1), and (b) A medium
amplitude initial condition (o =1).

In the second test, we monitor the phase of entry of FV7,(t*), FVn(t*), FV/*"™(t*) and
FVY™(t*) with maximum modulus. We restrict to t* = 27+ 27 Mm for m = 0,1,.... For
this choice the only non-zero entry of F'V;*™(t*) will have constant phase. See Figure 2.7.3
for a demonstration of a fundamental difference between the linear and nonlinear problem.
Due to the logarithmic term in (2.6.1) the phase will always differ as Figure 2.7.3 displays.

2.7.3 Small amplitude limit

In this section we analyze the effect of nonlinearity through the limit o — 0. Specifically,
define

qr.a(z,t) =qr(z,t)/a, and gqna(z,t) =qn(z,t)/a.

Therefore, g, o(x,t) is the solution of (2.1.1) with go(z,t) = (z + 1)e=*", by linearity.
For (2.5.1) we are in essence computing the Fréchet derivative of the solution operator
evaluated near zero, acting on go(z) = (x + 1)e~*". This should, for small time, be close
to the solution of the linear problem. This approximation breaks down for large time. We
demonstrate both of these facts numerically. In Figure 2.7.4 we demonstrate the decay
rate of Sup,e(_40.40] |92,0(2) — qn.a(®)| as @ — 0. Much of the detail of the solution is
destroyed by the absolute value. In Figure 2.7.5 we show the convergence of both the
real and imaginary parts of gy o to qr . It is apparent that the amplitude of the linear
solutions plays a role in the convergence rate.

We have demonstrated the convergence of gy to qr o as o — 0 for a fixed time. We
now demonstrate that we may take a sequence of times {¢;}, a sequence {a;} with a; — 0
along with appropriate sets S; so that

D;= sué) N0, (T, 15) — Lo, (T, 85)|\/T; 7 0 as a; — 0. (2.7.1)
reS;
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Figure 2.7.3: This figure shows the phase of the entry of F'Vy(¢*) (solid), FV/*™(t*) (dot-
dashed), F'Vy(t*) (dashed) and FVy™>™(t*) (dotted) with maximum modulus. (a) A small
amplitude initial condition (« = 1), and (b) A larger amplitude initial condition (a = 1).
(c) A zoomed comparison of the dominant mode of FVy(¢*) and F;™™ (t*) when o = 1.
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Figure 2.7.4: The difference sup,¢(_49,40] [9L,0(2; 10) — gn,a (7, 10)| as o — 0 plotted versus
1/a as a — 0. This demonstrates that the difference is O(«).
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Figure 2.7.5: This figure shows the convergence of gy to qr o in the a — 0 limit when
t = 10. The dashed line represents gy, for a varying from 1 to 1/4. (a) Convergence of
the real part. (b) Convergence of the imaginary part.
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The factor /%; is used since the asymptotics (see (2.2.3) and (2.6.1)) indicate that gz no(x,t) =
O(1/+/t) and D; is an estimate of relative error. We let ¢; = j, S; = [-10 + 4,10 + j] and

a; =1/jfor j =1,2,.... In Figure 2.7.6 we see that the solution of the nonlinear problem
does not converge to the solution of the linear problem in this particular limit.

0.00021¢ '
0.00021
Tt
.ff
0.000z
0.00019¢
| L N R L N T L
0 200 400 600 800 100C

j

Figure 2.7.6: The difference D; in (2.7.1) plotted versus j. This demonstrates the lack of
convergence of the solution ¢y to gz« in the o — 0 limit for long time.



Chapter 3

Riemann—Hilbert Problems

We present a thorough discussion of RHPs. The goal of this chapter is to introduce the
subject in a comprehensive yet accessible way. Many proofs of well-known results are
included below. The proofs are often omitted in the literature and we believe they are
instructive. Standard references on the subject are [24, 4, 116, 18]. On first reading, many
proofs may be skipped. It should be noted that much of the development below concerning
the Sobolev zero-sum spaces is new.

The development here proceeds in the following way. We first introduce the fundamen-
tal ideas of RHPs using Hoélder continuity. In particular, we develop the theory of Cauchy
integrals over closed contours. We discuss the solution of scalar RHPs and extend the
theory to non-closed contours. This leads to the study of matrix RHPs. In some cases,
a matrix RHP can be reduced to a series of scalar RHPs. When this is not the case the
approach is to provide conditions for the unique solvability of the RHP. This requires the
study of appropriate Hardy and Sobolev spaces along with the development of the theory
of Cauchy integrals on Lipschitz curves and associated singular integral equations.

The essential idea behind a RHP is that of finding a piecewise analytic function, which
we often refer to as sectionally analytic, that is discontinuous across a contour I' C C. We
specify how the function behaves at this discontinuity through a jump condition. To be
more precise we divide C\ I" = Q. UQ_ into disjoint components 2 lying to the left of I’
and Q_ lying to the right. Of course, for a general contour I this division is not possible.
It turns out that I' can be augmented so this is true, see Section 3.10.

Definition 3.0.1. I' is said to be a complete contour if I' can be oriented in such a way
that C\T =Q UQ_, Q. NQ_ =& and Q4 (Q_) lies to the left (right) of T'. The set of
self-intersections of I' is denoted by ~g.

Often, it is beneficial to decompose I' = I’y U --- U I'; so that each I'; is non-self-
intersecting.

A RHP is the task of finding a (hopefully unique) function ¢(z) that satisfies the
following jump condition

i o) = (Jm, 6()) o(9) + 1(5), s e

z—s, z€Q4 z—s, z€Q_

for some definite functions f,g defined on I'. We always assume the limit is taken in a
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(b)

Figure 3.0.1: (a) An admissible self-intersecting contour I'" with Q4 labeled. (b) An ad-
missible non-self-intersecting contour.

non-tangential manner. In what follows we use the notation

¢+(2) =" () = lim  o(z),

z—s, z€04

6_(z) =6 (z)= lim_ ¢(2).

z—s, 2€04

The + or — may be placed in the subscript or superscript for notational convenience.

Many remarks are in order. The jump condition

¢7(s) =&~ (s)g(s) + f(s),

will be used in the case that ¢ is matrix or vector valued. In this case g is a matrix and
f is a matrix or vector. Throughout what follows we make many analogies between RHPs
and differential equations. For our first analogy, one must specify what is meant by ¢*. In
relation to differential equations this is analogous to when one must specify classical versus
weak derivatives. There are many natural meanings of ¢, two common interpretations

are:

1. ¢*(s) should exist at every interior point of the contour and be continuous functions

except at endpoints of I' where they should be locally integrable, or

2. ¢*(s) should exist almost everywhere (with respect to Lebesgue measure) and be in

an appropriate LP space.

The first case is that of a continuous RHP and the second is that of an LP RHP.

The definition used might affect the possibility of solving a specific RHP. In practice,

many difficult problems are reduced to RHPs and conditions on ¢* fall out of the reduction
process.

In addition to boundary behavior we often specify the behavior of ¢ at some point in
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the complex plane, usually at co. A function ¢ is of finite degree at infinity if

limsup |z|7"|¢(z)| < 0o, for some n.
|z]—00

We require that for a function to solve a RHP it must be of finite degree at infinity. We
also consider matrix-valued functions and in this case we replace | - | with some matrix
norm, see Section 1.5.4.

In practice we usually specify some terms in the asymptotic series of ¢ at oo, say
#(2) = 1+0(z71), or ¢(2) = 14+1/24+0O(272). In the former case we write ¢(co) = 1. These
conditions share an analogy with boundary /initial condition in the context of differential
equations. Unless otherwise stated we use uniform convergence, i.e.

d(z) =p(z) + O(z7") as z = oo < limsup sup |¢(z) — p(2)||z]" < oc.

R—oo |z|=R

3.1 Holder theory of Cauchy integrals

The fundamental object of study in the theory of RHPs is the Cauchy integral. Given an
oriented contour I" and a function f: ' — C, the Cauchy integral is defined by

Crf(z) = i Sfﬁg)zds, ds = ;—; (3.1.1)
The Cauchy integral maps functions on a contour to analytic functions off the contour.
We shall see later that under specific regularity conditions these functions can be put into
a one-to-one correspondence. In this sense, Cauchy integrals are critical in the solution of
RHPs both from a numerical and an analytical perspective.

RHPs are the construction of sectionally analytic functions with specified boundary
behavior on some contour I'. We must understand the limiting values of (3.1.1), specifically
issues related to existence and regularity.

We describe a class of functions on which the Cauchy integral has nice properties.

Definition 3.1.1. Given a domain  C C, a function f : Q — C is a-Hdélder continuous
on S if for each s € ), there exists A(s), d(s) > 0 such that

[f(s) = f(@)] < A(s)ls — [, for|s — x| < d(s).

Note that this definition is useful when o € (0,1]. If & = 1, f is Lipschitz continuous
and if & > 1, f must be constant.

Definition 3.1.2. A function f : ' — C is uniformly a-Hdélder continuous on a bounded
contour I if A and & can be chosen independently of s.

Lemma 3.1.3. Fach uniformly a-Hélder continuous function with corresponding constants
6 and A satisfies

sup  JHEOZTE oy <o,

(07
s1#£82, s1,52€T |s1 — 52|
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where C' depends only on § and .

Proof. Tt suffices to show that |f(s1) — f(s2)] < CAlsy — s2|* for any choice of sq,s2.
We select a uniform grid on I': {p1,p2,...,pn} such that |p; — p;| > 6/2 for i # j and
|pi — pit1] = 0/2. We assume T is oriented from s; to so. Let p; be the first element of the
partition after s; and pj, the first before so. We assume [s; — s2| > 6, then

[f(s1) = fls2)l _ [f(s1) = foa)l | f (i) = Flpiw)l | [f(pg) = f(s2)]
|s1—s2] T [s1— 9 |51 — 82 |s1 — s2
< | f(s1) — f(ps) N |f(pi) — f(piy1)] o |f(pj) — [(s2)] < NA.
|s1 — pil |Di — Pit1] Ipj — s2|

O

Remark 3.1.4. We use a definition of uniformly Holder functions that differs slightly
from the classical definition. The results stated below will be necessarily local, which makes
this definition more convenient.

We end this section with a number of technical lemmas.

Lemma 3.1.5. If I' is a bounded, smooth contour then there exists & > 0, such that for
every s* € I, |ds| < C|dr| where r = |s — s*| and s € B(s*,0).

Proof. Introduce a parametrization of I, s(t) = «(t) +i5(t). Let t* be so that s(t*) = s* =
a + ib. Then

r=[(a(t) —a)* + (B(t) = b)*I"%, dr = (®)[(a(t) — a)a (1) + (B(t) — b)B'(¢)]dt.
Near t = t*, we use Taylor’s theorem to write

(a(t) — a)a/(t) + (B(t) — B)B'() = (t — ) [o/ (°)(/ () + O(t — ) + B' () (B (¢") + Ot — 7))]
(t— )0/ (#))2 + (B/())2] + O(t — ).

Additionally,
r(t) = [t = *|[(/ (t))% + (B' ()" (1 + Ot — t* ).

From boundedness and smoothness we know that there exists a constant C > 1 such that

& <@+ (F@2 <
It follows that

(a(t) — a)d/(t) + (B(t) — b)B'(t)
r(t)

Therefore for ¢t € (t* — ~,t* +7), v > 0,

<C+O(t—t")).

|dt| < (1+ C)|dr|,
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where 7 depends on the magnitude of the second derivatives and can be made small
enough so that it does not depend on t* (or s*). The smoothness of s(t) and the non-
vanishing of s/(t) gives |ds| < C|dr| for a new constant. This is valid in B(s*,§) where
0 = SUDPe(r —y 7 4y) [8(E) — 87 O

3.1.1 Boundary values

We use the notation By(z,0) = {y € B(x,0) : [Im(z — y)|/|]xr —y| > sinf}. This is a
ball with two cones subtracted, see Figure 3.1.1. To allow for rotations define By 4(x,d) =
(Bg(,0) — x)e® + 2. The following lemma begins to illustrate the importance of the class
of Holder continuous functions.

Figure 3.1.1: A representation of By 4(s*, ).

Lemma 3.1.6. Let I’ be a bounded, smooth contour. Let f : I' — C be a-Hoélder continuous
and f(s*) =0 for a center s* inI'. Then

1. Crf(s*) exists, and

2. there exists 0 > 0 such that Cr f(2) is continuous in By 4(s*,0) for all > 0 where ¢
1s the angle the tangent at s* makes with the horizontal.

Proof. We prove each part separately.

1. This follows from the Holder condition on f. The only unboundedness of the integrand
behaves like |s — s*|*~1, which is integrable.

2. Examine

1) = [ 28 gs - MJS:Af(s)<SiZ—SjS*>Js

rs—=z rs—s*
_ [ Ui,
r (s=2)(s—s '

We decompose I' = I's UT'§ where I's = I' 1 B(s*,0) and I'§ is the complement relative
to I'. We assume z € B(s*,0) and set up some elementary inequalities. For s € I':
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o |z —s*| <4,
e |z—s| >4, and
o |s—s*| >0.
For s € T's we use the Law of Sines (see Figure 3.1.2) to obtain |z —s*|/|z —s| < 1/sinf

where 6 is then angle between the line from z to s* and that from s* to s. Note that 6
is bounded away from zero (and 4) provided ¢ is sufficiently small.

Figure 3.1.2: A pictorial representation of |z — s*| and |z — s|.

For 6§ > 0,

[ UO=seNe=,
c (s —2)(s — s*)

<o - s*6m / F(s) = F(s")||ds] < Clz — 57|52

The right-hand side tends to zero as z — s*. We estimate the remaining terms.

(f(s) = f(s)(z — %) .
/F(s (S_Z)(S_S) 5| = s1n0/ ‘ ’ ‘ds,

Set r = |s — s*|. The final estimate we need is that for § sufficiently small, |ds| < C|dr|
(see Lemma 3.1.5). Thus

A(s*)

I(z)] <C <2 70 1z - s*|5_2> . (3.1.2)

asin

For any € > 0, we choose d so that the first term is less than € and let z — s*. This
proves that I(z) — 0 as z — s*.

O

Remark 3.1.7. If f is uniformly a-Hélder continuous then the right-hand side of (3.1.2)
can be modified to depend on s* just though |z — s*|.
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Now we discuss the limiting values of Crf when f is a-Holder continuous. We assume
that T' is a bounded, closed curve. We denote the region lying to the left of I by Q4 and
that to the right by _. For any point s* € I" consider

Z)Z/chlwf(s*)/rs‘%z

Then, using Lemma 3.1.6
£ 5

z—)sli,nzleﬂJr CFf( ) C+f( / f SS — s* 5 (313)
dmenf(s) =G f(s7) = /F fss_is*sjs. (3.1.4)

We assume all limits are taken non-tangentially. We rewrite the integral appearing in this
formula. For s* € " we define the Cauchy principal value integral

10 gy [ 0,
rs—s* 5-0+ Jr\B(st5) 8 — 8%
Again, let T's =T'N B(s*,0):
[HOI0 [ SD=10,
S — S* *

6—=0% JT\I sS— S
. s) - ) ds
= lim 1(s) ds — lim .
6—=0% Jmry $ — s* —=0% Jm\ry S — s*

The existence of the second limit shows the existence of the first:

lim ds = 1 lim lo g< S+> :—%,

6—0+ Jp, s — 8" 2mi 50+ —5_

where s4 are the end points of the arc I's.

Remark 3.1.8. The contour I' need not be closed. We can close I' and define f =0 on
the added portion. These results still follow provided we stay away from the end points of
.

We arrive at the following:

Lemma 3.1.9 (Plemelj). Let I' be a smooth arc from a to b and f be a-Hélder continuous
on . Then for x € T'\ {a,b}

it f(x) ][ f_s (3.1.5)
C f(a) = —§f(a:) +][ j_—sxczs, (3.1.6)
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and

Ci F(w) — G5 §(@) = £ (@),
Ci f@)+ Cr (o) = 2f L g

S—X

3.1.2 Regularity and singularity behavior of boundary values

We take up the issue of understanding the continuity properties of the functions Cll—L f when
f is a-Holder.

Lemma 3.1.10. Let I' be a bounded, smooth arc and let f be uniformly a-Hélder contin-
uwous on I'. Let TV C T be an arc with endpoints lying a finite distance from the endpoints
a and b of I'. Then CIij s uniformly a-Holder continuous on I”.

Proof. Let s1,s2 € I/, then

CE o) = G flsa) = 3 (s0) ~ 1(s2) + f106) (= L) as.

s — 81 S — 89
This can be rewritten using Lemma 3.1.9:

CEF ()~ CEF(s2) = (5 3 ) (Flo1) = fls2) + Ton.50),

I(s1,50) = /F (f(S) —f(s1)  f(s) - f(82)> s,

S — 81 S — 89

Thus the study of Holder continuity for both CE—L f is reduced to the study of I(sq,s2).
Define I'y = IV N B(s1, 6) for § > 0 such that s € 9B(s1,6/2), see Figure 3.1.3. Separate

b
.‘.

Figure 3.1.3: The positioning of s; and sg on T

I(s1,s2) = Io(s1,s2) + Ii(s1,s2) where Iy contains an integral over Iy and Iy, over the
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compliment, relative to I', of I';. For I, using the Holder condition, we obtain
To (51, 52)] gA/ \s—slya—l\dsHA/ s — sa]" ||
s s

Define 71 = [s — s1] and 12 = [s — sg|. For sufficiently small §, depending only on T},
(see Lemma 3.1.5) there exists a constant C' that depends only on I' such that |ds| <
C|dr1| and |ds| < Cldry|. Thus

5 5/2 35/2
[Zo(s1,52)| < CA2/ ro‘_ldr—l—C'A/ ra_ldr+C’A/ reLar
0 0 0
< 5CAa~15°.
For I, we write
ds 1 1 -

Ii(s1,52) = (f(s2) — f(s —|—/ s—s< — >ds.
o) = (o) = 160) [ 20w [ 06 =160 (=5 - 5=

(3.1.7)

The first integral is bounded, showing that the first term satisfies a uniform a-Holder
condition. We simplify the second integral

Bl = [ 00 ) (25 - = )

A S — 81 S — 89

S1 — 82 -
= fls)—f ds.
A?V<<> O
We find that for s € (I')¢
|s — sa| |s — sa| 2 >1
|s —s1| T |s—sa|+]s2a—s1| T 24+0/[s—s2] T 2

We estimate

5 — 89|71

|I2(s1,82)| < Alsy — 32]/ | |ds| < 21_0‘1\\31 — 32\/ ls — 31]0‘_2]Js].
(T5)e (T5)e

ls — s1]
This integral is easily bounded:
|Ia(s1, 52)| < 217 A6 2| (T5)°[s1 — sa-

This proves the lemma. O

Define the space C%(T"), for I' smooth, bounded and closed, consisting of uniformly
a-Holder continuous functions. We introduce the semi-norm

|f|0,a = sup M

1e% bl
s1#£s2, s1,52€T |s1 — s2|
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which is finite for every function in C%%(I') by Lemma 3.1.3. C%%(I") is a Banach space
when equipped with the norm [48]

1fllo.c = sup[f(s)] + [ flo.a-
sel’
Corollary 3.1.11. C& are bounded linear operators on C%*(T').

Proof. The bounds in the previous lemma and Lemma 3.1.3 depend only on §, A and C.
This shows

’CIj‘EfIO,a < CHJCHO,ow

It remains to show sup,er [CE f(s)| < C||fllo.a- For s* € T, consider T's and T as above.
We write

F5) = £ 5

(%) s+ F(s) +

_ oX _ oX
ng S Ts S S

Clhf(s*) =
Thus

ICES ()] < 1F(s7) +Sup|f(8)|5_l/ |ds| + |f|0,a/ |s — s*[*7Hds| < ClIfllo.a,
sel’ Fg T's

by previous arguments. Taking a supremum proves the corollary for C;r . The result for C/
can be inferred from Lemma 3.1.9. O

Definition 3.1.12. A function f satisfies an («,y)-Hélder condition on a contour T if f
is a-Holder away from the endpoints of I' and if at each endpoint ¢, f satisfies
RO L
fls) = Goo y=a+ib,0<a<1,

f is a-Holder.

Now, we discuss the important features of Cauchy integrals near endpoints of the
contours through the following lemma.

Lemma 3.1.13. Let I' be a smooth arc from a to b with Q4 (Q2—) defined as regions ly-
ing directly to the left(right) of T', see Figure 3.1.4. Assume f satisfies an («,~y)-Holder
condition. The following holds for any endpoint ¢ = a or b.

1. If y =0, then:

(a) As z — ¢, z € Qy

Crf(z) = :Fé(—wci) log z—c
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a

Figure 3.1.4: An open contour with Q4 labelled.

(b) Ass —c,sel

Crf(s) = :Fw log

1
Hy(s).
o ¢ T Hols)

S p—
Here Hy and Fy both tend to definite limits at c. The upper sign is taken for
c = b, the lower for ¢ = a. The branch cut for the logarithm is taken along I'.

2. v#0

(a) As z — ¢, z € Q4

&ﬂ@=$.%m- /() + Fo(2).
2isin(yr) (z — ¢)7
(b) Ass—c,sel
o f(s) = 20Oy )

2 (s—o)

In this case, if a = 0 then Fy and Hy behave as above. The upper sign is taken
for ¢ =b, the lower for ¢ = a. If Rey > 0 then for some 0 < a* < Re?,

AQ BO
—, |H
|Z—C|a*’ | 0(8)| < |S

(2)] < =

a*’

Proof. We prove Part 1 here. For the proof of Part 2 see [81]. Write

bﬂﬁﬁzf@/ﬂ£;+f7%:§@“

o S—% §s—z
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Thus

.
ﬂ@/ s _ 319D 1e 1 Ly,

s—z 21 z—cC

where Vj is analytic near z = ¢. Thus
b —_— —
Ry = vie) + [ L=

which tends to a definite limit as z — ¢ by Lemma 3.1.6. The limit z — T,
z € Q4 \ B(c,d), d > 0 of Fy(z) is Hy(s) which also tends to a definite limit as
s —c.

O

Remark 3.1.14. An important consequence of this result is that for functions bounded at
the end of a contour, a singularity is introduced. For functions singular at the end of a
contour, the singularity structure is preserved. More precisely, if f is («,~y)-Holder with
v # 0 then CE f is (a/,')-Hélder with Rey = Re~'.

3.2 The solution of scalar Riemann—Hilbert problems

We have presented a fairly wide class of functions, the a-Hdélder continuous functions, for
which the limits of Cauchy integrals are well defined and regular. We continue with the
solution of the simplest RHP on smooth, closed and bounded contours.

3.2.1 Smooth, closed and bounded contours

Problem 3.2.1. Consider the continuous RHP

dT(s)— o (s) = f(s), sel, ¢(0)=0, feC%T), (3.2.1)
where I' is a smooth, bounded and closed contour.

This problem is solved directly by the Cauchy integral ¢(z) = Cr f(z). Indeed, Lemma 3.1.9
gives

¢t (s) — o (s) =C{ f(s) —Cp f(s) = f(s), seT. (3.2.2)
To show ¢(00) = 0 we use the following lemma which provides more precise details.

Lemma 3.2.2. Let f be a bounded, measurable function and I' a bounded contour, then
N
Crf(z) =Y anz "+ 0N,
n=1

ay, = —/Fs"f(s)ds
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Proof. We use the geometric series. For |z| sufficiently large, |s/z] < 1/2 for all s € T".

Therefore
A U B O £ R O hb
s—z_< z>1—(s/z)_ Z<Z(/) +1—(s/z))'

n=0

We obtain the estimate

—-(-) (s

n=0

N+1
<2 (Sup|s|> 2~ (N42),
sel’

Using the Cauchy integral again for sup,cp |s/z| < 1/2

N+2
ds+ / n-l ds) 27" < | 2su s)|-|T <su s) 2~ N+,
[ 1) Z( s supl £(5)1 - 1 (sup

where |I'| is the arclength of T". O

We have addressed existence in a constructive way. Now we address uniqueness. Let
¥ (z) be another solution of Problem 3.2.1. The function D(z) = 1(z) — ¢(z) satisfies

Dt(s)— D (s)=0, s€Tl,D(c0)=0.

Since D is continuous up to I', D must be entire. By Liouville’s theorem, it must be
identically zero. This shows the uniqueness of our solution of Problem 3.2.1.

We wish to extend these results to the case of unbounded contours such as R. This
case is dealt with in a more straightforward way using LP and Sobolev spaces. All solution
formulas hold with slight changes in interpretation. We defer this to Section 3.6. We move
to the next simplest case for scalar RHPs.

Problem 3.2.3. Consider the homogeneous, continuous RHP
dT(s) = (s)g(s), s€T, ¢(00)=1, geC™T), (3.2.3)
where T is a smooth, bounded and closed contour, and g # 0.

Formally, this problem can be solved via the logarithm. Consider the RHP solved by
X(2) = log 6(2):

XT(s)=X"(s)+G(s) & XT(s) — X (s) = G(s), G(s)=logg(s).
If log g(s) is well-defined and Holder continuous the solution is given by
#(z) = exp(CrG(z)). (3.2.4)

For a general Holder continuous function g, log ¢ may not be well-defined. Indeed, even if
one fixes the branch of the logarithm, log g will generically suffer from discontinuities. To
rectify this issue we define the index of a function g with respect to traversing I' in the
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positive direction to be the normalized increment of its argument:

1 1 -
indr g(s) = 5—-larg g(s)lr = 5 [log g(s)Ir = /Fdlog 9(s)- (3.2.5)
First, if g is a-Holder continuous and indr g(s) = 0 then log g(s) is also a-Holder con-
tinuous. Indeed, in this case the branch cut of logs can be taken so that it is Lipschitz
continuous in an open set containing {g(s) : s € I'}. If indr g(s) = k # 0 and (without loss

of generality) z = 0 is in {4, the region to the left of I', then ind s™%g(s) = 0. Thus we
can uniquely solve the problem

UT(z) =¥ (s)s"g(s), s€T, (o0) =1,
with the expression (3.2.4) for the index zero case. There are two cases:
o If x > 0, then

o) =P GO AT

where P is a polynomial of degree x with leading coefficient 1, solves Problem 3.2.3.

e If kK <0, then

o) =P GO AT

cannot satisfy ¢(oco) = 1 for any polynomial P # 0. Thus the only solution bounded
at oo is the zero solution.

In both cases, when P = 1 we call the function ¢ the fundamental solution.

We move to consider inhomogeneous scalar RHPs. We will see a direct parallel be-
tween the methods presented here and the method of variation of parameters for ordinary
differential equations.

Problem 3.2.4. Consider the inhomogeneous, continuous RHP

67(s) = ¢ (s)g(s) + f(s), s€T, @loc) =0, g,f€COD),  (3.2.6)

where ' is a smooth, bounded and closed contour, and g # 0.

To solve this problem we first find the fundamental solution of the homogeneous prob-
lem. Just as in the case of variation of parameters for differential equations the solution of
the homogeneous problem allows us to solve the inhomogeneous problem. We use v(z) to
denote the fundamental solution. Assume indr g(s) = k. The Holder continuity of s™"g(s)
shows us that v does not vanish in the finite plane. Dividing (3.2.6) by v and using that

vi(s) =v(s)g(s),

07(s) _¢7(s) | f(s)  o2)

() vi(s)" w(2)

Again, there are two cases:
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e If kK > 0, then we obtain an expression for ¢(z)/v(z) using the Plemelj formula
(Lemma 3.1.9)

6(2) _ /F 1) gy~ 0(1) as 2 — oo, (3.2.7)

e If k < 0, then the asymptotic condition here requires higher-order decay of a Cauchy
integral. The solution formula is still (3.2.7) but we use Lemma 3.2.2 to find the
conditions

nf(s) T n = _
/Fs V+(s)d3—0, =0,...,k— L. (3.2.8)

If any of these conditions are satisfied then no solution of Problem 3.2.4 that vanishes
at infinity exists.

Once a valid expression for ¢(z)/v(z) is obtained, the general solution is given by

6(2) = v(2) ( /F %JS + P(z)> ,

where P(z) is a polynomial of degree < k if K > 0. otherwise P is zero.

Remark 3.2.5. This method is in direct analogy with Lagrange’s method of variation of
parameters for differential equations. The solution to the homogeneous problem is used to
express the general solution of the inhomogeneous problem in term of an integral involving
the homogeneous solution and the inhomogeneous term.

Remark 3.2.6. The definition of index in (3.2.5) is in correspondence with that of the
Fredholm index. As we will see, a solution vanishing at infinity of the homogeneous problem
corresponds to an element of the kernel of an integral operator. Furthermore, (3.2.8) are
the conditions for f to lie in the range of the same integral operator.

3.3 Smooth, bounded and open contours

The solution procedure for scalar RHPs is not much more difficult in practice when the
contour I' is not closed. When a non-self-intersecting contour is not closed, we say it is
open.

Definition 3.3.1. A contour T' is said to be open (not closed) if a parameterization = :
[0,1] = T of T satisfies v(0) # ~(1).

A complication comes from the fact that in the case of open contours, additional solu-
tions are introduced. To highlight this, consider the continuous RHP

¢*(s) = (s)g(s), s, ¢(o0) =1, ge (D), (3.3.1)

where T" is a smooth, bounded and open contour extending from z = a to z = b. If ¢(z)
satisfies the jump condition then so does %(1 + 2

Z:g)kgb(z), away from a,b for any integer
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k. We impose local integrability in our definition of the solution of a continuous RHP,
otherwise we would have an infinite number of solutions.

We discuss the solution of Problem 3.2.1 in the case that I' has open endpoints and f is
(cr,v)-Hoélder. One solution is certainly Crf(z) (see Lemma 3.1.13). To see uniqueness, let
1 be another solution then Cpf(z) —v(z) is an analytic function away from the endpoints
of I" that decays at infinity. The local integrability condition precludes the existence of
poles at the these endpoints. Again, Liouville’s theorem shows Crf(z) = 9(z).

We move to the solution of Problem 3.2.3 when I' is an open contour from z = a
to z = b and g is a-Holder. A simplifying assumption is that g does not vanish on I'.
We proceed as if T' is closed. Define G(s) = logg(s) taking the principal branch of the
logarithm. Taking any other branch would modify G(s) by 2min for some integer n. It can
be shown that the choices of n, and n, below remove the dependence on n.

Define

P(z) = exp (CrG(2)) -

A straightforward calculation shows that v satisfies the appropriate jump condition. We
must determine if ¢ is locally integrable and if not, modify. Using Lemma 3.1.13 we see
that for a contour from a to b

¥(s) = (5~ DO H(s), ¢(e) = 720,
0(s) = (s = )" Ha(s)

where the —(4) sign is taken if ¢ = b (¢ = a). Here H,(s), Hp(s) tend to definite limits
as s — a and b, respectively. Let (, = A, + iu. and let n, be an integer such that
—1<ne+ A <1 for c=a,b. It follows that

v(z) = (z —a)"(z = b)" X (2),

is a solution of (3.3.1) since it is locally integrable. Note that if A, € Z then n,. is uniquely
specified. Specifically, if g takes only positive values then the solution is unique. In the
case of open contours, any locally integrable v(z) is called a fundamental solution.

We follow the same procedure as above to solve Problem 3.2.4 in the case of I' being
an open contour. Divide (3.2.6) by v and write
¢ (s) _ ¢ (s)  [fls) ¢(2)

= = Ozt 1) as 2 — 0. 3.
vt(s)  v(s) + vt(s) wv(z) o ) - (3:3.2)

We assume f satisfies an a-Holder condition. Thus f(s)/vT(s) satisfies an (a, —((a))-
Holder condition near z = a and a similar condition near z = b. A solution of (3.3.2),
assuming possible moment conditions (3.2.8) are satisfied, is given by

fs) .
o(z) = V(Z)/F%ds.

From Remark 3.1.14 we see that ¢(z) has bounded singularities at the endpoints of I'
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whenever ((c) # 0, otherwise there is a logarithmic singularity present. As before,

6(2) = v(2) ( /F %JS + P(z)> ,

is the solution, where P(z) is a polynomial of degree less than —(ng + np) if ng +np < 0,
otherwise P = 0 and we have n, + n; orthogonality conditions for a solution to exist, see
(3.2.8) with kK = ng + np.

Example 3.3.2. Consider the RHP
¢+(S) + qb_(s) = 82 - 17 s € [—E,E], > 07 @(OO) =0.

Assume we want ¢ to be uniformly bounded in the plane. We first find the fundamental
solution, v, taking any branch of the logarithm:

log g(s) = —im,

l
exp </ logg(s)ds> _ /z+€7
¢ S— % z—4

(D=0 =

For v to be bounded ny =1 and n_; = 0 so that Re(((£¥)) + niy > 0. Thus
v(z) =+ (z=0)(z+¥).

The solution ¢ is given by (P =0)

provided that

/6(1—8) s 2—3(52—2):0.
¢ G-O@E+0 2

The solution exists if ¢ = /2. This example is directly related to that of equilibrium
measures, see Chapter 10.

We conclude this section with another fairly simple example that is of use later.

Example 3.3.3. Consider the RHP
¢ (s) =ap (s), s€la,b], ¢ of finite degree at co.

Set a = |ale? so that log a = log |a| +i0. We find a solution

. . . —ilog|al/(2m)+0/(2)
¥(2) = exp <log\a]‘—i—1910g<z b>> :<z b) .

211 Z—a Z—a
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The general form of a solution is
¢(z) = (z —a)"(z — b)"9(2),

with integers ng,ny chosen so that —1 < n, —0/(27) <1 and —1 < ny +60/(27) < 1.

3.4 The solution of some matrix Riemann—Hilbert problems
The general form for the jump condition of a matrix RHP defined for a contour I' is
dT(s) =P (s)G(s) + F(s), seT,

where & : C\T' — C™" G : T — C"™" and F : ' — C™*". Most often in our
applications, m = n = 2. We assume m = n in what follows. Unlike scalar RHPs,
matrix RHPs cannot, in general, be solved in closed form. Issues related to existence and
uniqueness are also more delicate. The general theory involves the analysis of singular
integral operators. Specifically, it involves questions related to their invertibility. We
address this in Section 3.8. Here we take a constructive approach and describe a procedure
for solving three types of RHPs: diagonal problems, constant jump matrix problems, and
triangular problems.

All solution techniques in this section rely on the reduction of the matrix problem to
a sequence of scalar problems. When these techniques fail we must develop a completely
new theory that is in some sense independent of dimensionality. This will be developed in
the remaining sections of this chapter.

3.4.1 Diagonal Riemann—Hilbert problems
Problem 3.4.1. Consider RHPs of the form

dT(s)=® (s)D(s), se€l, ®(c)=1, ®:C\T — C"", (3.4.1)

and D(s) = diag(di(s), ..., dnun(s)) with det D(s) # 0. We assume that log d;(s) € C%(T)
for each i and some o > 0.

This problem decouples into n scalar RHPs:

o (k) = ¢; (k)d;(k), k€T, ¢i(c0) =1, i=1,...,n. (3.4.2)

) = oo ([ 2245,

provided that indlogd;(s) = 0. We assume this in what follows. A solution of (3.4.1)
is given by ®(z) = diag(d1(2),...,dn(2)). If we restrict to smooth, closed and bounded
contours the solution is unique. To see this let ¥ be another solution. It is clear ®~!(2)
exists for all z € C\T'. Thus

Each of these has a solution

\I’+(S)(I):l(8) = \I’_(S)D(S)D_I(S)(I)_l(s) = \I/_(S)CI)_l(s).
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Liouville’s theorem applied to each element shows that W(s)®~!(s) is constant. The con-
dition at infinity implies ¥ and ® are the same function. As one would imagine, the
theory for diagonal matrix RHPs on open contours mimics that of scalar problems on open
contours. This will be explored to some extent in the following section.

3.4.2 Constant jump matrix problems
Problem 3.4.2. Consider the RHP
Ot (s)=d (s)A, s€ (a,b), P of finite degree at oo,
where A is an invertible, diagonalizable matriz A = UAU!, A = diag(\1, ..., \n).

The condition that the matrix is diagonalizable reduces this to a diagonal RHP for
H(s) = ®(s)U:

We decouple this as we did for (3.4.1):
H(s) = H; (s)\;.

(2

Example 3.3.3 gives us the form of all the possible solutions of this problem. Thus ¢(z) =
diag(H;(2),...,Hu(2))U™! is a solution. Note that if \; = 0 for some i the solution
procedure fails.

Example 3.4.3. Consider the RHP

Ot (s) =D (s) [ 1(/)0 8 ] , s€(a,b), c#0, P of finite degree at co.

First, diagonalize

o g o)

c 0 0 1 1/c 1

We solve the two auxiliary problems

It is clear that Hy(z) =1 and

Hi(z) = (z —a)"(z = b)" , ma=0,1, mp=-1,0,
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are the corresponding fundamental solutions. The solution is

—Hy(z)/c Hi(z)

(z) = Hy(z)/c Ha(z) |-

We can multiply ® on the left by any matriz of polynomials to obtain another solution of
finite degree.

We include one more example that is used later.
Example 3.4.4. Consider the RHP
i _ 0 1 .
DT (s) =D (s) 10| S€ (a,b), @ of finite degree at cc.
First, diagonalize

o 1] (i 071,41 .4 [—il
o leels Sl [T

We solve the two auxiliary problems

We find that

are the corresponding fundamental solutions. The solution is

_ | —iH1(2) Hi(z2)
®(z) = [ iHy(2)  Hal(2) }

Again, we can multiply ® on the left by any matriz of polynomials to obtain another solution
of finite degree.

3.4.3 Triangular Riemann—Hilbert problems

We restrict attention to smooth, closed and bounded contours. Consider the RHP of the
form

Ot (s) =0 (s)U(s), sel, &(c0)=1,

where U(s) is upper triangular. To ensure unique solvability, assume indr U; ;(s) = 0 for
1 =1,...,n. This can be generalized. In essence, this problem is solved solving successive
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scalar RHPs. It is important to note that each row can be solved independent of other
rows. The first row of the solution is determined by the following scalar problems

O (s) = D71 (s)Un1(s), ®q1(00) =1,
@1‘:2(8) = q)l_’2(8)U272(8) <I>1_,1(8)U1 2(8), (1)172(00) = 0,
B 3(s) = By 5(5)Us3(s) + @11 (s)U13(5) + 1 o(5)Uz,3(5), ®;3(00) =0,

Note that ®1(s)U1,2(s) in the second equation above can be considered an inhomogeneous
term since ®1 1 is known for the first equation. For the second row,

B3, (s) = D51 (s)Un1(s), P51 (00) =0,
@;2(8) = @2_’2(8)(]272(8) + @2_’1(8)(]172(8), ®99(00) =1,
D3 5(s) = 5 3(5)Us 3(s) + @5, (5)Un,3(5) + Dy4(s)Uz3(5), ®9,3(00) =0,

)

From the condition ind U; 1(s) = 0 we know ®;(z) = 0 which means that the RHP
for ®, 5 is homogeneous and the condition at infinity can be satisfied. In general, for row
j, the first j — 1 entries vanish identically. We present the general procedure.

1. Solve
q);fj(s) =&, (s)Uj;(s), ®@jj(00)=1, j=1,....n.
All of these solutions exist and are unique by the imposed index conditions.
2. Foreach j=1,...,n,solvefori=1,...,n—j
(I);:j+i(3) = cI)j_,j+i(S)Uj+17j+1(S) + Fij(s),
i—1
Fij(s) =Y @uir(s)Uip(s).
k=1
The resulting solution is unique. This can be shown by the same argument used at the
end of Section 3.4.1.

Remark 3.4.5. We can solve a general problem of the form

where A is a constant, possibly non-normal, matriz. We find its Jordan normal form and
apply the method for upper triangular RHPs.

We end this section with an important example that connects matrix RHPs with scalar
RHPs.
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Example 3.4.6. Consider the RHP
dT(s) = (s) [ (1) f(ls) } . fed®™T), ®(co)=1.

We follow the general procedure. First solve
O 1(s) =Dy 4(s), Pra(o0) =1,
@;2(3) = <I>2_72(s), Py 9(00) = 1.
It is clear that ®11 = ®oo = 1. It remains to find P :
O 5(5) = D1y(s) + f(5), Ba(o0) = 0.

Therefore ®12(2) = Crf(z) and

D(z) = [ A ]

3.5 Hardy spaces

In this section we discuss functions analytic off a contour which have boundary values (in
some sense) on that contour. This is a natural setting in which to study RHPs. This
allows the extension of the Cauchy integral formula to a larger class of functions and it
allows precise properties of the Cauchy integral to be established. The following results
are closely related to LP spaces. All results are proved for p = 2. When the generality does
not distract from the end goal, we state results for general p.

3.5.1 Hardy spaces on the unit disk

Let f(z) be analytic for z € U = {|z] < 1}. For r < 1 and 0 < p < oo we define the
quantity

My(f,r) = / )Pz,

|z|=r
Definition 3.5.1. We say that a function is of class HP if

sup M, (f,r) < oc.
r<l

We state an essential result, see [47].

Theorem 3.5.2. If f € HP for 0 < p < oo, define f(z) = lim,_,1- f(rz) for z € U
whenever the limit exists. Then f is defined a.e. (i.e, the limit exists a.e.),

lim Mp(f,T‘) - Mp(fa 1)7

r—1-
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and

lim [ |f(rz) = f(2)"|dz| = 0.
r—1= Jau

Another result that is of fundamental importance for what follows is also found in [47]:

Theorem 3.5.3. Every function f € H' can be expressed as the Cauchy integral of its
boundary function. In fact,

FO(2) = k! /&U (Cf(%(k, |2 <1, k€N,

and this integral vanishes identically for |z| > 1.

Since JU is of finite measure, H? C H' for all p > 1.

3.5.2 Hardy spaces on general domains

The theory for the unit circle does not suffice for the RHPs we consider. We could deal
with general domains by conformal mapping. In going from the unit circle to the real line
we can use the fractional transformation

z+1
Z—
z—1

to map the unit circle in the z-plane to the real line in the k-plane. If this is used as a
change of variables in an integral then
2
dz — —=dk.
i(k —1)2

Proceeding this way, the Hardy space on the line will not share a nice relationship with
LP(R). It is clear below why such a straightforward relationship is beneficial. To develop
a different definition we follow [47], Chapter 10 for bounded domains. Then we make
the extension to unbounded domains. Assume D C C is simply connected and 9D is a
rectifiable Jordan curve (i.e. a non-self-intersecting, continuous closed curve).

Definition 3.5.4. A function f(z) analytic in D is of class EP(D) if there exists a sequence
Ci,1=1,2,..., of rectifiable curves tending to 0D in the sense that C; eventually encloses
every compact subset of D on the Riemann sphere, such that

limsup/ |f(2)Pldz] < 0.
C;

1—00
We summarize some results from [47] in the following theorem:

Theorem 3.5.5. Let ¢p(w) map {|w| < 1} conformally onto D, and let T, be the image of
|w| = r under ¢. Then the following are equivalent:

. sup / F(2)[Pldz] < oo,
r<l JT,
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o f(z)e&r(D),

o F(w) = f(p(w))¢ (w)]"/? € HP for some conformal mapping o(w) of |w| < 1 onto
D,

o F(w) € HP for all such mappings ¢.

Furthermore, Theorem 3.5.3 holds with U replaced by 0D. This shows that Defini-
tion 3.5.4 is a consistent extension of Definition 3.5.1.

Remark 3.5.6. If there exists C' > 1 such that

Z<ldwl<c,

then EP(D) and HP are isomorphic.

Define the space EP(D_) which is the class of functions analytic on C\ D with finite
LP norms as curves approach 9D in analogy with Definition 3.5.4. For the Cauchy integral
formula to hold we need to impose the restriction that f(oco) = 0.

Denote the class of Jordan curves which tend to straight lines at infinity by Y. We
now use all of these ideas to deal with a simply connected, unbounded domain. We still
need to ensure that 9D is regular enough at oo so we ask that 0D € ¥,. This will always
be assumed unless specified otherwise.

Definition 3.5.7. When D is unbounded, a function f(z) analytic in D is of class EP(D)
if there exists a sequence Cy, € Yoo, n =1,2,..., of curves tending to D, in the sense that
C,, eventually surrounds every compact subset of D, such that

/ Pl < M < oo

n

Theorem 3.5.8 ([117]). The Cauchy integral formula holds for every f € EP(D), 1 <p <
oo, even when oo € 0D.

Proof. Assume that 0 € C\ D. Consider the conformal map z +— 1/z. It is clear that the
Cauchy integral formula holds if and only if

%f <%> = /aD1 %Z_(%) d¢, z€ oD,

where D71 = {2 :1/z € D}. Let T € B, be a curve in D. Then I'"! is a rectifiable curve
in D1 and

/ 11/2f(1/2)|1d] = / 1/2f(dz] < 1L/ 2l ooy | Florys (fp+1/g = 1),
-1 T

So ||1/z||La(ap)y < oo since ¢ > 1. This shows that 1/zf(1/z) € EP(D~') since ||1/z| La(ry <
C where C only depends on D and g. Therefore the Cauchy integral formula holds and
the conclusion follows. O
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We look to provide an additional characterization of EP(D). To do this we need to
restrict the class of curves. First, we assume 0D is Lipschitz and in ¥.,. After possible
rotation, we assume the form

0D ={z +iwv(x): z € R},

where v is real-valued and ||V/| < co. Such a curve will be referred to as a Lipschitz
graph. We restrict the approximating curves C,. Assume the sequence C), is given by a
shift of 0D:

Cp={z+iv(z)+i/n:ze€dD}.

Other choices of C,, yield the same result. In particular this says that the curves C,, are
Lipschitz with uniformly bounded Lipschitz constant. As before, let C;f = {2z : Imz >
|v(z) + 1/n|}. Define the distance to the curve

dr(z) = érel{; la — z|.

It is clear that

|dr(z) — dc, (2)| < 1/n, Vze€ ;.
Lemma 3.5.9. The map f = ||flgr(py = limsup,,_, || fllc, satisfies

1 fllzropy < I fller(p)- (3.5.1)

Additionally, || f|ler(p)y defines a norm on EP(D).

Proof. 1t is clear that || - [|gp(p) defines a semi-norm. Since the Cauchy integral formula
holds for each f € EP(D), (3.5.1) shows it is a norm. Now we prove (3.5.1). It follows from
previous results that 271 f(27!) € £2(D7!) and has limits a.e. on dD~!. This implies

f(z+i/n) — f(z) ae. .

We have for n > 1

/ FPldz] = /F 2+ i) Pldz].

n

Fatou’s Lemma gives

/ |F(2)P|dz]| < liminf / |F(z + i/n)[P|dz| < limsup / F(2)P)dz]
r n—oo  Jp n—00

n

— limsup / ()P,
Ch

n—oo

and the lemma is proved. O
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Given a Lipschitz graph I', define the weighted Bergman space by

B (T') = {f holomorphic in T'* : || f[| 5+ (1) < oo},

1/2
1 Fllse o = (// (=) 2dp (2) dxdy) .

BTt (T) is a Hilbert space [19].

with norm defined by

We pause for some technical lemmas that are required in what follows. Note that the
following results make explicit use of the Hilbert space structure. Therefore we restrict to
p = 2. The main results here, Lemma 3.5.12 and Theorem 3.5.13, hold for 1 < p < oo [76].

Lemma 3.5.10 ([19]). Suppose f € L*(T') and define F = Crf. Then

[Pl 2y < CA+ [V ]loo)IIF |5+ )

Lemma 3.5.11 ([19]). Let f € H'(T) and define

([ @G,
0= [ [ e cer

Then |T 2y < C(+ [V loo) 1 |8+ (r)-

Lemma 3.5.12. Let 'y = {z +ivi(z) : © € R} be a Lipschitz graph in T+. Then for
fe LA(),

ICE fll 2y < CA+ 1V lloo) (X + 111 o) | Il z2(ry-

Proof. To prove this we follow [19]. Let
B={heH"(T):|hly+mr) <1, h compactly supported in I'"'}.

Then we know that for any f € HT(T), ||fllu+@) = subpep [(f, M)+l Also define

Cff’f(z) = d/dzC{ f(z). Lemma 3.5.10 applied to I'; and I'{" along with Fubini’s Theorem
gives

16 F ey < OO+ A LICE Fllpes oy

1/2
=C(+ ||V]]ls0) <//1“+ |C;/f(z)|2drl(z)d$dy> )



3.5. HARDY SPACES 59

From the choice of I'; we have that dr, (z) < dr(z), so

[ etsra e < [ [ 168 oo

= sup |G £, W) gy oy |
heB

uﬁL<_Aé@g>HZ@@M@
= Csup

2
/ FOTR)(C)dC
heB |JT
< sup || fll 2oy IT(R) 172y
heB

< O+ [V ]lo0) 1 f 72y -

2

= sup
heB

[\

This proves the lemma. O
Theorem 3.5.13. Citg € E*(I'") whenever g € L*(T').

Proof. 1t suffices to show that C{ is a bounded operator from L*(I') to L?(C,) and the
bound can be taken to be uniform in n. Applying Lemma 3.5.12 to the sequence {C),}
proves the result. O

Corollary 3.5.14. The following are direct consequences of Theorem 3.5.13. Assume that
I' e X, then

o E2(IT) ={C{f: fel*I)},

o || -[[z2y and || - [[e2(r+) define equivalent norms,

o EX(I') is a Hilbert Space, and

° CE—L is well-defined and bounded from L?(T') to itself.

Since the Cauchy integral formula holds when applied to £2(I'") functions we have that
Cif—f=0aeonl for fe&E(IT). It follows from Theorem 3.5.13 that

<CEf = fllzz(oe) = 0.

d
| ercrer =
& B+(T)

Therefore Cff (Cf f — f) is constant. That constant must be zero from the z — oo limit.
We obtain

CRCHf=Crf, (3.5.2)
and C{ is a projector on L?(I'). Also, it is well-known that the Plemelj formula holds:

Cif—Crf=1, (3.5.3)
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for f € L?(I"). This can be seen by the fact that for f € L?(I'), F(z) = f({(z)) € L*(R),
{(z) = x +iv(z). Approximate F by step functions F), in L?(R). Then f, = F, 0 ¢!
converges to f in L?(T). It is straightforward to check that C{f f,,(s) —Cr fn(s) = fu(s) a.e..
This implies the Plemelj formula for all L?(T") functions. Alternatively, the result follows
from Theorem A.0.13.

We know that if f € E2(I'") then Cff f = f. This implies that

Crf=0, fe&TH). (3.5.4)
If we consider £2(I'~) then we replace + with — in (3.5.4) and (3.5.2) becomes
CrCr f=—-Cr f, (3.5.5)
when we take orientation into account.

Example 3.5.15. Consider the derivation of (2.1.4) and more specifically, (2.1.6). We
relaz the assumption qo € Ss(R) to qo € H'(R). What follows is performed assuming global
existence of a solution in H'(R). We have two claims to show:

o 1@ t5) € E2(IE), and

e g(x,t) = th|k\—>oo kp(x,t; k).
Then (2.1.6) follows since gy € L'(R) (see Lemma 8.6.9). We show the claims only for
ut since they follow for p~ follows in precisely the same way. Let k = k,. + ik; and it is
clear that

||t nas] <l < oGOl G50)

L2(R)

since the Fourier transform is unitary on L*(R). This shows pu*(xz,t;-) € E2(RT). To show
the second claim it suffices to show that . (x,t;k) = o(1) as |k| — oo for k bounded away
from the real line. We integrate the expression for u} by parts:

T

ez, t; k) = q(x,t) + zk‘/ e*@=9) (s, t)ds = / e*@=9) g (s, t)ds.

— 00

Replacing q with q, in (3.5.6) shows that j,(x,t;-) € E2(R™). To prove the last claim we
appeal to Lemma 3.6.11.

It may seem unsatisfactory that we have used properties of the Fourier transform in this
derivation. One often thinks of the Lax pair as a replacement for guessing the necessary
transform. Invoking properties of the Fourier transform becomes mecessary as one reduces
reqularity. Note that the derivation of (2.1.6) under more restrictive conditions required
no knowledge of the Fourier transform.

3.6 Cauchy integrals on intersecting contours

As seen above, the theory of Cauchy integrals is more naturally developed in LP spaces.
This development extends in a straightforward way to contours with self intersections,
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provided that the contour can be separated into Lipschitz components. We concentrate on
p = 2 but the results extend to 1 < p < co. We have shown that if I' is a Lipschitz graph
then

ICr fll2ry < CUE)f L2y,
where C'(K) depends continuously on the Lipschitz constant of T'.

Corollary 3.6.1. Assume I" is a Lipschitz graph defined by x+ip(x), © € R, after possible
rotation. Let T'qp = {z +ip(z) : © € (a,b)} for a < b in the extended real numbers. Then
for f € L2(Fa7b), and ¢ < d

1. |Cr, , fllzer. o) < CE)| fllLzr, ), and specifically,
2. |ICr, , fllrzr, ) < CEDNf 2w,
with the same constant C(K) as in Lemma 3.5.12 with vy = v.
Proof. Let f be defined on I'y ;. Extend it to I" by f =0 on I' \ 'y 5. Then
1Cry, fllLzr, o) = IC0 fllL2r, o) < ICrfll2ry < CUEDNfllLeay = CE) N fll2(r, ,)-
Set ¢ = a, d = b to obtain the second claim. O

Remark 3.6.2. This corollary states that if one can extend a finite or semi-infinite contour
I" to be a Lipschitz graph by adding contours then Cljf is a bounded operator on L*(T"). This
can be done by adding contours with constant slope that do mot increase the Lipschitz
constant.

Lemma 3.6.3. LetI' = I U- - -UL'; where each I'; is a smooth non-self-intersecting contour.
Assume there exist constants Cij such that for f € L*(T;), |Cr; fll2r;) < Cjill fllz2r;)
Then

1<j<n

" 1/2
ICrfllz2ry < Cllfllz2@y, € = max (Z Cf:) .
i=1

Proof. Define x; to be the characteristic function of I';. We write

=Doxid o f
=1 =1

Crfllzary = || xiCr | > xif
i=1 =1

L2(D) L2(T)
<> [1xiCr; f| 2y = > 10, £l L2
i=1 j=1 i=1 j=1
< chji Hf||L2(Fj) < max (Z OJ22> Z ‘|f‘|i2(1“j)
j=1i=1 i=1 j=1

The final inequality follows from the Cauchy-Schwarz inequality. U
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The lemma can be used to extend the boundedness of Cljf to curves that can be de-
composed into a finite number of Lipschitz components with transverse intersections. It
is worth nothing that this process does not result in the optimal bound on the Cauchy
integral operator. The following lemma demonstrates how the decomposition leads us to
an extension, in a simple case.

Figure 3.6.1: The intersection of two Lipschitz graphs I' (dashed) and I'" (solid).

Lemma 3.6.4. Let I and I be two Lipschitz graphs that intersect at a single point in
the finite plane, see Figure 3.6.1. Without loss of generality we assume the intersection
point is the origin. Let T';, i = 1,...,4 be the components of T UT"\ {0}. Assume that
every combination I';; = T'; UL for i # j is a Lipschitz graph. Then Crur is bounded on
L*(T UTY) with a constant that depends only on the Lipschitz constants of T;.

Proof. By Lemma 3.6.3 it suffices to show the existence of Cj; > 0, depending on just
Lipschitz constants, such that ||Cr, fl[z2r,) < Cjill fllz2r,). Corollary 3.6.1 shows their
existence. ]

More generally, if I' can be broken up into contours {I';} ; such that for i # j, there
exists a Lipschitz graph I';; such that I'; UL'; C I';; then CE—L is bounded on L? (T"). Using
these ideas, we aim to define Hardy spaces of functions when I' has intersections. The
following three definitions accomplish this.

Definition 3.6.5. I is said to be an admissible contour if
o I is complete with only transverse self-intersections and

e for each D € Q4, 0D 1is piecewise smooth and if D is unbounded, it is a Lipschitz
graph.

Remark 3.6.6. From Lemma 3.5.12, Corollary 3.6.1 and Lemma 3.6.3 it follows that Cljf
are bounded as operators on L%(T') whenever T is admissible.

Definition 3.6.7. IfT" is an admissible contour then E¥(I') consists of functions F holo-
morphic in Qu, such that F € £2(D;) for each D; € Q4. It is clear that EX(I') may be
identified with

@52(@-).
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Definition 3.6.8. A function ® is a EF(I') solution of a RHP if it satisfies the jump
condition and (® — I)|q, € EF(T) or @ — I € EXF () @ - (1).

Note that this definition, in some sense, captures the ®(co0) = I condition and that the
Cauchy integral formula holds for these functions, for each D € Q4 we have ® = I +Cypu
for u € £2(D), implying u € L?(0D). From above, (3.5.4) implies that Cypu vanishes
identically outside D. By patching together these representations we find that ® = I +Cru
for some @ € L*(T).

We end this section with estimates that are useful in what follows.

Lemma 3.6.9. If f(s), sf(s) € L?(I') then the following estimate holds:

/f )ds + O(z72),

FS—Z

if z, sufficiently large, satisfies infser |argz — args| > ¢ > 0.

Proof. Consider

[ L8 [ o] <o 1(/rl+\s\ roras) ([ e s, 1ds)

H(s,z) = W + 1.

Since (14 |s|)~2 is integrable, by the Dominated Convergence Theorem it suffices to show
that H(s, z) is bounded, uniformly in s and z and tends to zero as z — oo for each fixed

s. The latter statement is clear. We prove the former. Assume z > 1 and let s/z = |r|e®,
|6] > c¢. Therefore

—_1)2 ;
[(s/2) = 112 = (reos - >+rzsin29>{(7;c°s" 1)?, i r < 1/(2cos0),

72 sin? 6, if r >1/(2cos#).
Thus
4 if r <1/(2cos0)
112 > ) )
((s/2) =117 = { stan?6, if r > 1/(2cos6).
Thus H (s, z) is bounded uniformly in z and s. O

The assumptions in this lemma can be relaxed at the expense of weaker asymptotics.

Lemma 3.6.10. For f € L}(T),

lim z / f(s
Z—00 r 3 — z
where the limit is taken in o direction that is not tangential to T'.

Different results hold for f € L?(T):
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Lemma 3.6.11. If f € L*(T") then the following estimate holds:

ﬂJS =o(1),

TS—=%

if z, sufficiently large, satisfies infser | argz — args| > ¢ > 0.

[ L <1t ([ 521" 6

The calculations in the proof of Lemma 3.6.9 show that under the hypothesis infser | arg z—
arg s| > ¢ > 0]s—z|72 < C(1+]|s|)? for some constant C > 0. The Dominated Convergence
Theorem applied to the last integral in (3.6.1) proves the result. O

Proof. Consider

3.7 Sobolev spaces

In applications stemming from RHPs and in the numerical solution of RHPs, the smooth-
ness of the solutions on the boundary is a necessary object of study. We begin with a
discussion of differentiability on oriented contours.

Let T' be a smooth contour and f : I' — C. We say f is ['-differentiable if for each
s* € T there exists a value f’(s*) such that for s € T’

f(s)=f(s7) + f(s")(s = s7) + (s = 5") B (s — 57),

where |Es«(s — s*)| — 0 as |s — s*| — 0. Note that this is weaker than complex differen-
tiability since we restrict to s € I'.

Example 3.7.1. The function f(z) = |z|? is T-differentiable for any smooth contour T
but it is nowhere analytic.

Assume I' =Ty U- - - UTI'; where each I'; is non-self-intersecting and C°° smooth. It will
be clear that a finite degree of smoothness is sufficient. We define, D, the distributional
differentiation operator for functions defined on I' \ vy where 7 is, as before, the set of
self-intersections of I'. For a function ¢ € C2°(I';) we represent a linear functional g via
the dual pairing

To D;g we associate the functional

—{g, ¥,

For f € L*(T') consider f; = f|r,, the restriction of f to I';. In the case that the distribution
D; f; corresponds to a locally integrable function

(Difiselr = | Difi(2)p(2)dz = — . fi(2)¢' (2)dz,
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for each i, we define
Df(z) = D;fi(z) if z € T; \ .
This allows us to define
HYT) ={fe*T):Dif € LX), j=0,....k},

with norm
k .
1 1y = D IDY FlTa .
=0

We write W (T") for the Sobolev space with the L? norm replaced with the L norm.
An important note is that we will be dealing with matrix-valued functions, and hence the
definitions of all these spaces must be suitably extended. Since all finite-dimensional norms
are equivalent, we can use the above definitions in conjunction with any matrix norm to
define a norm for matrix-valued functions provided the norm is sub-additive. If the Hilbert
space structure of H*(T) is needed then a specific choice of the matrix norm is necessary
so that it originates from an inner product.

Remark 3.7.2. It is clear that this construction works in any LP space allowing for the
definition of the space W*P(T).

We state a well-known result concerning Sobolev spaces on the line. This may be
deduced from the results in [48].

Theorem 3.7.3. If f € H*((a,b)) then
o [ is differentiable a.e. in (a,b) and f9)(z) = DI f(2) a.e., j < k and

FO (@) — F9D(a) = /m FOD(s)ds, 0<j <k, (3.7.1)

a

o S IF D < ClLFlecrys

o lim,_,, f9(x) and lim,_,, fU)(z) exist for 0 < j < k,

e f has a unique C*~1([a,b]) representation,

e multiplication is continuous: || fgll gr((ap)) < ClfIl ek ((ap)) 9l 5 ((a,0)), and
o fU) is uniformly 1/2-Hélder continuous on [a,b] for 0 < j < k.

If @ or b is infinite the same conclusions follow but with C*~! replaced with C’g_l, the
space of C¥~! functions, decaying at infinity. If T' is bounded and « : [~1,1] — T' is a C*

parametrization of T' then it is clear that H*((—1,1)) and H*(T") are isomorphic for every
k.

Remark 3.7.4. Since f € H*(I') may be arbitrary on a set of measure zero, we always
assume we are working with the C*~1 extension.
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Given a contour I'; let 79 be the set of self-intersections. The behavior of functions
at these intersection points is important for what follows. In particular, Cff f will not be
smooth if is not sufficiently well-behaved at intersection points, even if f is smooth.

Definition 3.7.5. Assume that a € vg and let T'1, ..., Ty, be a counter-clockwise ordering
of sub-components of I' which contain z = a as an endpoint. For f € H¥(T'), define

SN

. o d e
fi(]) _ hmz_md(d ) flr;(z) if Ty is oriented away from a, (3.7.2)
lim,_,, (d—) flr; (2) if T; is oriented toward a.

We say that f satisfies the (k — 1)th-order zero-sum condition if for all a €

ST =0, forj=0,... k-1 (3.7.3)

i=1

Remark 3.7.6. These definitions imply f9) =0, j = 0,....k — 1 when f satisfies the
zero-sum condition and T' has an isolated endpoint (in which case T is not complete and
hence, not admissible). This is discussed further in Section 3.10.

Definition 3.7.7. Define
HE() = {f € H¥(I) : f satisfies the (k — 1)th-order zero-sum condition}.

By Theorem 3.7.3, point evaluation of any of the k — 1 derivatives of an H* function
is a bounded linear functional. Thus H¥(T) is a closed subspace of H*(T"). We see below
that H¥(T) is the appropriate Sobolev space on which to consider the operators CIjF. With
this motivation, we begin with a lemma.

Lemma 3.7.8. Let I' be a smooth, non-closed curve from z = a to z = b, oriented from a
tob. If f € HY(T), then

1O 4o _ fa) _ JO) | [ DFQ)

r¢—=z a—z b-—z r ¢(—=z

The important consequence of this lemma is that D7, 0 < j < k, commutes with the
Cauchy operators Ci- for functions in H¥(T'). Thus i are bounded from H¥(I") to H*(I)
with the operator norm being the same as the L?(I') norm. Indeed, a stronger statement
is true.

D dc.

Theorem 3.7.9. Let T' be an admissible contour with ||Crf|[r2ry < Cfllr2@). If f €
HE(T) then Cr f € HE(T) and hence ||Cr f| ey < Clf oy

Lemma 3.7.10 (Uniform Holder continuity near intersection points). Let I' be an admis-
sible contour, f € HNT) and a € . There evists § > Oiuch that C%f 18 uniformly
1/2-Hélder continuous in each D € B(a,d) \T' and hence in D.

Proof. Let the components of IV = (I' N B(a,d)) \ {0} be denoted by T'y,...,T,, with
counter-clockwise ordering, see Figure 3.7.1. Choose § > 0 sufficiently small so that I';UT;,
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i # 7, is a Lipschitz graph. Let 1 € 'y, 29 € I's and let A be the line segment from z; to
x9. For i = 1,2, define r; = |x; — a|. Assume r; < §/2.

For f € H}(I'), extend f trivially to vanish on A. Set F' = Crf. Then f still satisfies
the zero-sum condition on IV U A and F is H' on A:

|F(x) = F(2")| < [ICrv f'll p2ea) v/ |2 — 2.

But we know that [|Cr f'][12(a) = ICruaf 2y < CM)fll2uny = CNf L vy We
estimate how C(A) varies with respect to A.

Figure 3.7.1: Zooming in on the intersection point a with a counter-clockwise ordering of
the components I".

We extend each T; to T'; by adding semi-infinite rays at each end point of I';, while
minimizing the Lipschitz constant for T';. The same is done for A, giving A. If the smallest
of the angles made by the intersection of I'; with A is greater than = /4 then we connect
I'; to A with a Lipschitz contour (passing through the intersection of [; and A to obtain
a Lipschitz contour with bounded Lipschitz constant, independent of A. This is a ‘nearly’
perpendicular intersection. If this is not true we apply Lemma 3.5.12, after possible ex-
tensions. These extensions will have bounded Lipschitz constants, independent of A, since
the contours are ‘nearly’ parallel. This process is described in Figure 3.7.2. Thus, there
exists constants C;, C!, independent of 1,25 and hence independent of A such that

ICE fllz2ay < Cill fllrzqryy, | € LA(T),
ICx fllz2ry < Cillfllzzay, f € LA(A).

By Lemma 3.6.3 we know that Cljf,u A has norm independent of x1, 2. It is clear that the
effect of Cr\rv f is analytic in a neighborhood of A. This proves the lemma. O

Proof. We return to the proof of Theorem 3.7.9. For f € H k() we extend f to a function
f by defining it to be zero on A. Then fe HE(T UA) so that D7 (Cpf) CFDJf Since
Dif e H*J(D UA) for 0 < j < k, we apply Lemma 3.7.10. Then D’(Crf) is uniformly
Holder in the sense of Lemma 3.7.10. Choose a € 7. By the orientation of an admissible
I', for every contour I'y oriented towards a there exists a contour I'y oriented away such
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Figure 3.7.2: The extensions fl, fg and A of I'y, I's and A. The combination fl and A
display the nearly parallel case whereas the combination of I's and A display the nearly
perpendicular case. We see that I'11 U Ay U Ag is a Lipschitz graph lying above (after
rotation) Ay UT 3 U5, Thus Lemma 3.5.12 is applicable in this case to find a bound
for the Cauchy integral along I'1, evaluated on A and vice versa. Also T'as3 U Ay U Ay and
Ay U Ay UT9 UTy; are Lipschitz graphs and this fact provides a bound for the Cauchy
integral along I'y evaluate on A (and vice versa).

that both contours are part of the boundary of the same component of 2. By the uniform
Holder continuity of C% f

. d J + . d 7 +
lim () Crflry(2) = lim | — ) Cp flra(2).

This implies the zero-sum condition. U

3.7.1 The Sobolev spaces of Zhou

The spaces H f (T") have not appeared in the classical theory of RHPs. In the influential
paper of Zhou [116], he considered the two Sobolev spaces (for an admissible I")

HY () ={f € L*(T) : f € H¥(OD) for every D € Q.},

Both are equipped with the standard H* norm. These spaces fit nicely within the frame-
work of the Gohberg—Krein matrix factorization theory [18] that is discussed in Section 3.8.
It is easy to see that H(I') ¢ HF(T). Furthermore, Lemma 3.7.10 shows that if f € H¥(I")
then CIij € HY(T). Since f = Cfff — Cp f we can express

HE(T) = HY (D) + HE(D),
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where a decomposition is given by Cfi f and —Cp f. The following additional properties
follow [117, 116]:

o CZ: HY(T) — H(T), and

o CF : HE(T) — HK(T) N HE(I).

3.8 Singular integral equations

We discuss the theory of singular integral equations (SIEs), focusing on the solution of
RHPs through SIEs. Consider the solution of an L? RHP of the form

Pt (s) = ® (s)G(s) + F(s), s€T, T admissible, ®(c0)=1. (3.8.1)

Assume for simplicity that all functions above are n x n matrices.

3.8.1 Singular integral equations on L?(T")

We look for solutions where ®¥ () exist almost everywhere and ®* —I € L?(I"). It is clear
that if ® is an £¥(I") solution then it is a solution in the above sense. It turns out that
considering the seemingly more restrictive class of £+ (T") solutions is sufficient.

Remark 3.8.1. It can be inferred from the results in [16, p. 163] that an L* solution is
an EX(T') solution.

If we can find an £%(T) solution then ®(z) = I + Cru(z) for some u € L*(T). We make
this substitution in (3.8.1) and use Lemma 3.1.9 (more precisely, (3.5.3)) to find

u(s) —Cru(s)(G(s) —I) =G(s) = I+ F(s), secT. (3.8.2)
This is a singular integral equation for u. We use this equation extensively. We write
() —I =0 (s)(G(s) —I)+ F(s)+® (s) - I, seTl.

After making mild assumptions on G' and F' (made clear below), we apply Cp noting
that C (@1 (s) —I) = 0 and Cp (@ (s) —I) = —(®~(s) — I) from (3.5.2) and (3.5.4).
Rearranging, we obtain

O~ —Co[d()G() ~I)]=I+F, sel. (3.8.3)

This is the equation introduced by Beals and Coifman [8] and studied by Zhou [116]. It is
a fundamental aspect of the method of nonlinear steepest descent [33].

The discussion turns to function spaces and the mapping properties of these operators.
To ease notation, define

ClG;Tu =u—Cru(G - 1),
CG:TIo™ = & —Cr[e~ ()(G() - D).
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It is clear that if G(s) € L°(I") then C[G;T] is bounded on L?(I'). We impose that the
right-hand side of (3.8.2) is an L?(T") function. Thus, we require that G — I, F € L*(T).
In the second case, since ®~ = f + I, f € L?(TI"). Thus

(G-I =f(G-1)+G—1,

which is also in L?(T") provided the same conditions on G hold.

3.8.2 Singular integral equations on Sobolev spaces

It is easy to see that for u € H¥(I') with I having self-intersections that Cpu(s)(G(s) —I)
does not generically satisfy the zero-sum condition. This is the case no matter how smooth
G is. If one wishes to find smooth solutions of (3.8.2), a regularity condition for G must be
satisfied at each intersection point, in addition to G being smooth away from intersection
points.

Definition 3.8.2. A jump matriz G defined on I' is k-reqular if I' is admissible and G has
a factorization

G(s) = X7\ (5) X4 (5),
where X+ — I, X' — T € HE(T).
It is clear that this requires G — I, G™' — I € H¥(I).

Definition 3.8.3. Assume a € 7, the set of self-intersections of I'. Let T'1,..., Ty, be a
counter-clockwise ordering of sub-components of I' which contain z = a as an endpoint.
For G € H*(T') we define G; by G|r, if T; is oriented outwards and by (G|p,)~" otherwise.
We say that G satisfies the (k — 1)th-order product condition if, using the (k — 1)th-order
Taylor expansion of each Gi, we have

ﬁ@, =1+0 (]2 - a]k) , Va € . (3.8.4)

i=1

The product condition is precisely the condition that produces smooth solutions. The
classical theory on elliptic PDEs would indicate that singularities should be present at
every corner of the domain. A kth-order product condition indicates that the singularity
still posses some differentiability. In the case that each G; is analytic in a neighborhood of
an intersection point, we see there is no singularity and solutions will be infinitely smooth
(actually, analytic).

Remark 3.8.4. In analogy with the product condition, if I' is not complete this implies

that 82”((; —1)=0,4j=0,...,k —1 at each isolated endpoint. See Section 3.10 for a
deeper discussion of this.

Theorem 3.8.5 ([117]). G—1,G~'—1 € H*(") and G satisfies the (k—1)th-order product
condition if and only if G is k-regular.
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I's

I'y

Figure 3.8.1: A sample self-intersection with consistent orientation and G; labelled.

The proof of this theorem is straightforward when viewed from the correct angle al-
though it is lengthy. We prove it for the simple case of I' = R U iR, see Figure 3.8.1. To
ensure we have the orientation correct we define

Pl = (07 OO),
Iy = Z(OO7 0)7
I's = (07 _00)7
Iy =i(—00,0).
Also, define
Gi(s) = Gi(s) + O(s%), Gi(s) =) Ajs?, seTy, i=1,234.
§=0
First, assume that G; = G; and we do not care about large s behavior. We must find

the proper X4 factorization of the full jump G. We start with I';. Define X_|1"1 =1 so
that X,|r, = G1. We move counter—clockvvlse around Figure 3.8.1. Set X+\p2 = G which
requires X_|r2 = GlG 1 Set X_|1"3 = GlG which requires X |r, = GlG 1G4, Finally,
Xilr, = G1Gy 1G5 and X_|1"4 = GlG 1G3G_ . Under the assumptions that the jump

satisfies the (k — 1)th-order product condition we see that X_|p, = I 4+ O(|s|).
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We move to the general case where G; = G; + O(s*). Let ¢ € C=(I) satisfy

[ I, if|s| <,
¢(3)_{0, if |s| > 2r.

We note that if we can find a local factorization in a small neighborhood of s = 0, G =
X~1X, such that X_ is invertible in this neighborhood then X_¢ + (I — ¢) is a good
candidate for X_ provided that its determinant does not vanish. We must show that ¢
can be chosen so that (X_ — I)¢ + I is non-singular. This only needs to be discussed for
r < |s| < 2r. For simplicity, we choose ¢ to be a scalar-valued function t(s) multiplied by
the identity matrix. A little thought shows that the problem on I'; reduces to choosing
t(s) : [r,2r] = C so that t(r) = 1, t(2r) = 0 and the eigenvalues of (X_ — I)¢ are never
—1. The eigenvalues of X_ — I for s € [r,2r] will be located in a collection of balls in
the complex plane with radii that tend to zero as s — 2r. We see that ¢ will rotate and
shrink these towards the origin as s increases from r to 2r. It follows that ¢(s) can always
be chosen provided that r is sufficiently small. With this choice X_ = (X_ — I)¢ + I and
X4+ = X_G. The definition of ¢ differs on each contour I';. We now construct X .. Define

X |, =1

Xin, =G +G1 -Gy

Xilr, =Ga

X_|r, = G1Gy 4+ G (G - Gy Y
X_|r, = G1G5 !

X-ﬁ-‘f‘g = éléglég + élégl(Gg — ég)
Xi|r, = G1G5'Gs
K|, = CiC3 GyCrt + Ch Gy oG — G7Y).
It is easy to see that, X_'X, = G and X, agrees with X4 on the next contour up to

O(|s[").

The factorization G = X' X, is now applied to (3.8.2).

u—Cru(XZ'X, — 1) = 1X+—I+F,
uXi' - Cpu(x—? 1) —X;1 +FXT
ChuXi' — CruXi' —Cru(X—' — X1 = - X'+ P
Chuxit — CF uX: =X'-Xx '+ FXh (3.8.5)

Note that if f € H}(T') and g € H¥(T') then fCg € HY(I') ¢ HF(T'). This operation is
continuous since multiplication is continuous in H". k. Thus

CX4, X_;Tu=CtuXt — CruX_?

is an operator on H¥(T"). This is especially convenient since this transformation does not
change u. For the right-hand side to be an H¥(T") function, we require that F € H _’ﬁ (T).
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We turn our attention to (3.8.3).
& — Cr[o (XU )X, ()~ D) = T+ .

Define ¥ = = X~!. Then

UX_ — CRU() (X () - X_()] =T +F,
CHW()X_()) — Cp [W()X_ ()] — CF [W() (X4 () = X_())] =T+ F,
CHW()X_ ()] ~ CF[P()X, ()] =T+ F. (3.8.6)

To property interpret this equation we define H¥(T') = HY(I') ® C"*™. For A € C™*"
we define Cf A = A and C; A = 0 so that Lemma 3.1.9 holds. For ¥ € H*(T') n H*(T),
WXy € HE(T). Thus using CF : H} (') — HY(T) we find that C [ X+] € H*(D)nHE(T).
The operator

C[X, XTI = G ()X ()] — Cp [¥() X+ ()]

is bounded on H*(T') N H*(T") and we require in F' € H*(T) n Hk(T).

Fredholm properties

We first state our main rational approximation theorem that is proved in Appendix A.

Definition 3.8.6. When I' is admissible, let Ry (T") be functions r such that r|sp is equal
a.e. to a rational function for every D € Q4.

Remark 3.8.7. When Q. has more than one component (on the Riemann sphere) a
function f € Ry (I') does not have to agree a.e. on I' with a rational function. For example,
let T' be the contour in Figure 3.8.1. The function

() = (z—e’:5”/4)_", if z€ T1UTy,
(z— €™M if 2 €T3 UTy,

is an Ry (T) function but it is clearly not a true rational function.

Theorem 3.8.8. If T is admissible then Ry (T') N L%(T') is dense in HY(T') and L*(T') N
Ry(T) @ C™ ™ s dense in HE(T).

Remark 3.8.9. In light of these results there is a simple way to define the above spaces.
HE(T) is the closure of functions f such that flap, D C Qx, is rational in the H*(T') norm.
Furthermore, H¥(I') = H%(T) + H* (') with :l:CIiE providing a decomposition. Note that
these definitions coincide only when T is sufficiently reqular (piecewise CF is sufficient).

Throughout this section we assume that I' is admissible and that the jump matrix
G = X~'X, is k-regular.

Theorem 3.8.10. The following operators are Fredholm

e C[I; Xy, X_] on HE(T) and
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e C[I;G] on LA(I).
Proof. We begin the proof with a lemma.

Lemma 3.8.11. If g € Iﬁi(l“), the operator L;t defined by
Lyu=Cr[[Ciulg),
is compact on HE(T), HX(T') N H*(T') and L*(T).

Proof. We prove this for the upper sign. The result follows analogously for the lower sign.
Assume g € H*(T') and let g, be a sequence of R_(I') functions that converge to g in
HE(). Let De Q_, Ft = Cljfu and let g, be the rational function that agrees with g,|sp

a.e. We note that
Res {M; s = k;} , (3.8.7)

S —Zz

when k is a pole of g, is a bounded, rank-one operator on all Sobolev spaces we consider
here. We show that Cr[[Cu]gy] is a finite sum of such residues for z € Q4. For z € Q1
We express

CrllCcrulgn] = = ) ConllCrulgal,

DeQ_

where the minus sign comes from orientation. On 9D for all D € Q_, [C[u]g, has a
meromorphic extension in D and therefore Cop[[Cr- u]g,] must be a finite sum of residues
of the form (3.8.7). Note that z ¢ D. Summing over every component of {_ we see that
the operator is finite rank. Since ||LE — L¥|| c(aEry) — 0 asn — 0o, we conclude that LE
is compact because the limit of compact operators is itself compact.

Note that the operators are compact on L?(T") provided g € HL(T) to allow (uniform)
rational approximation.

O

We return to the proof the theorem. We show that C [X;l,X:l;F] is a regulator for
ClXy, X_;T.
Hu=C[X4,X_;T)[CIXTH XTH Du] =Cf (u + Clu(X7H — 1) — Cru(XZH — 1) X4
—Cr(u+Clu(XTh —T) — Cru(XZh — 1)) X_
=Cf (u+ Cfru(XTH —I) X, —Cp(u—Cru(XZH = 1) X_
—CE(Cru(XZt —T) X, — Cr (CHu(XT! - 1) X_.

We concentrate on the first two terms since the last two are compact by Lemma 3.8.11.

Ci(u+Clu(X! — )Xy =Cf (u+ CfuXi' — Cfu) Xy
=Cf(ChuX (! —Cp) Xy = Ct (CluXh) Xy,
Cr(u—Cpu(X=' —1)X_ = —Cp(CpuX—H)X_.
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Then,

Ch(u+Clu(XI' — 1) Xy —Cp (u— Cpu(XZ' — 1) X-
= (CHuX X4 +Cp (CruX—h) X
= Cfu+ Cp (CHuX X4 — Cru+Cf (CruX_1)X_
=u+Cp (CFuX Xy + G (CruX—h) X _.
Adding this all together we obtain
Hu=u+Cp (CHuXh) X, +CF (CruXZh)X_—
Ci (Cru(XZ! —I) Xy — Cp (Clu(X! — 1) X_
=u+ Tu,
where T' is compact and therefore the operator is right Fredholm. Changing the roles of
X, and X! we obtain that the operator is indeed Fredholm.

To see that C[G;T] is Fredholm on L?(T) note that C[X,, X ;T|u- X, = C[G;Tu.
Thus the operator defined by u — C[X;', X=';T)(uX ;") is a regulator for C[G;T). O

Similar calculations show that C'[X;, X_;T'] and C’[G;T] are Fredholm:
Theorem 3.8.12 ([116]). The following operators are Fredholm
o C'[T, X4, X_] on HK(T) N HE(T), and

e C'[G;T] on L*(T).

3.8.3 Determining the index and kernel

We have shown that singular integral operators associated with RHPs are Fredholm under
some precise conditions on the jump matrix. We aim to determine conditions under which
the associated integral operators are invertible. To do this we must briefly discuss Gohberg—
Krein (GK) matrix factorization theory in a simplified form. This theory may be discussed
in great depth and detail. It is an elegant theory with profound results. In view of the
density of rational functions, we use GK theory to only discuss the RHPs with jump
matrices that are the product of an R_(T") and an R (I") function.

GK factorization of rational matrix functions

Let T' be a rectifiable Jordan curve. A matrix A : I' — C™*™ with each entry being
a rational function (i.e. a rational matrix function) is said to admit a right-standard
factorization relative to I if

A=A_0A,,
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Where Ay are bounded rational functions with all poles in {2+ such that det A+ # 0 in

Q.. Furthermore,
— K1 _ Kn
H(z)zdiag<<z Z+> ,...,(Z Z+> ),
z—z_ z—z_

for z+ € Q4. These conditions imply that A;l has no poles in Q4. The integers x; >
... > Ky are the right-partial indices, or just partial indices, and k = ;" | k; is the total
index . We will see that  has a direct relationship to the Fredholm index of the associated
singular integral operators. The following theorem is a fundamental result from the first
chapter of [18].

Theorem 3.8.13. Let A be a rational matriz function with non-vanishing determinant on
I'. Then A admits a right-standard factorization relative to I' for any z+ € Q4 and the
partial indices are determined uniquely.

We extend this result to intersecting contours. We abuse notation and call the matrix
A= X"'X"T where X € Ry(I') a rational matrix function. It is important to note that
A may not itself be a true rational function.

Theorem 3.8.14. Assume that I" is admissible and that A is a rational matriz function.
Then A admits a right-standard factorization relative to I'.

Proof. We follow [116] and perform induction on the number of components of Q. as
subsets of the Riemann sphere. First, we assume X, = I so that A= X_!' € R_(TI"). The
general case is reduced to this case below.

If Q_ has one component, Theorem 3.8.13 implies the result. Now assume A = X!
admits a right-standard factorization if 2_ has m < n components. We show it admits a
factorization when 2_ has n components.

Assume €)_ has n components. Let D C 2_ be a component. Then A= A|m €

R_(T'\ 0D) admits a GK factorization since I'\ 0D is admissible and C \ (I'\ D) =
Y, UQ., a disjoint union, similar to Q4. Thus

. : z—zp\™ z—zp\ ™
A=mi_Oimiy, 91(2)2d1ag<<z—z+> ””’<Z—Z+> >’

zy € Q4 and z_— € Q_. We use m; to denote either function mi4+ away from (I' \ 9D).
This factorization is used to, in effect, reduce the factorization problem to one on 0D.
Fix 2/ € ¥, and define

o) =g ((=5) o (225))).

Next, define 4 = ml_ﬁml_iél for v = v|gp. Since A is a rational function on a rectifiable

Jordan curve Theorem 3.8.13 gives that A admits a right-standard factorization relative
to 0D according to Theorem 3.8.14:

. ] z— 2\ z—ze\"
A =ma_0Oamay, 92(2):d1ag<<2_;> 7---7<Z_;> >
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To be consistent we must also decompose C\ 90D = Q7 UQ”. Define

0(2) :diag<<z:zz>yl,..., (j:z)V)

and 0y = 6,0~1. We construct a sectionally analytic function

égmgél_lml, if z € Q+,
m=4< m00m; 05,1, ifz€Q . NQ_,
ml_lmg, ifze Q" NQ_.

For z € '\ 9D

m_9m+ = m1_91é1m2__192_19é2m2+é1_1m1+ = m1_91m1+ = A,
since mo_ = maoy on I'\ OD. For z € I\ 0D we have

m_0my = m 907 'myy = Alsp.

Thus m_6m. is the desired factorization. Switching — with + we see that we may find a
right-standard factorization if A € Ry (I").

For the general case A = X_' X, we find X, = m;_01mi,. We factor X_'m,_6, =
ma_6Bomay. Thus A = ma_603(maeymqy). This is the desired factorization. O

Theorem 3.8.15 ([116]). The partial indices k1 > -+ > Ky, are unique.

Proof. Assume two factorizations of A = mi_61m1y = mo_60amoy with

We may assume 61,65 are of this simple form by using a Mobius transformation that
takes rational functions to rational functions. After this transformation assume 0 € Q_|
oo € Q4. We obtain

nyby =60n_, n_= m2__1m1_, ny = m2+m1_i. (3.8.8)
Set n_ = (ni_j)lgi7j§n and ny = (n;;)lgi,jgn' Assume that x; < v; for some [. Then
n<. Sy <m=ry-—r <0, g1 i<
From (3.8.8)
n;;(z)z“j_”" = n;;(2).

If kj —v; <0, then n,;

identically zero.

(z)z"i7"i is an entire function that decays at infinity: it must be
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Thus n;;(2) =0for j > 1, i <I, i.e. n_ hasanlx (n—1)+1 block of zeros. The span
of the last (n — ) + 1 columns of n_ is at most n — ! (the dimension of the non-zero block
below the zero-block). Thus the rank of n_ is at most [ — 1 +n — [ =n — 1 contradicting
the fact that n_ is invertible. The case x; < v; can be treated with a slightly modified
version of this argument. O

Now that we have established that the partial indices are unique we relate them to the
Fredholm index of an operator. We begin with a lemma.

Lemma 3.8.16. Assume G is k-reqular. If Xy and X', represent two (algebraic) factor-
izations of G then

u s uX g (X)) 7!
is an invertible operator on HE(T).

Proof. Tt is clear that X4 (X’ )™! is bounded and invertible on H¥(I"). We need to show
it preserves the zero-sum conditions. With

XX = (X)X,
we find
X (X))t =X (X))t e HHNT) n HY (D).

Since a function in H* (I)NHE (T') has limits agreeing from every direction at an intersection
point it is clear that the zero-sum condition is preserved under multiplication by such
functions. O

Theorem 3.8.17. Let T' be an admissible contour and G : T' — C™*™ be a rational
matriz function. Assume G has partial indices k1 > --- > ky. Then for any (algebraic)
factorization of G = X~ X we have

o dimkerC[X;, X ;T]=n)_ |l
e codimranC[X, X ;IT=n}__ _¢lkil, and
e ndC[X;, X ;T =-nd " K.
Proof. Let G = RZ'0R.. be a right-standard factorization of G. We claim that
[C[T; 1,0)C[Ry, R—; TRy X' = C[X 4, X_;T.

This can be verified using the projection properties of the Cauchy operator. We digress
for an important lemma.

Lemma 3.8.18. If a k-reqular RHP with jump matriz G has a solution ® € £F(T') with
dy — 1,07 — T € HE(T) then

ClX 4, X 3Tt = CF [uX, 074, — Cr [uX, 071,
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Proof. Let Tu = Cft [uX, @' — Cp [uX @, '|®_ First we find that
ClX4, XTI X4 @7 = Cfud ! — Crud”!.

The projection properties of CIjF show that Cffu@jrl — C;u@:l and CffuCIhr — Crud_ are
inverses. Thus T'o C[X, X_;T] = I. We show the other composition. We find

CIXi1, X_;T)oTu=CluX; @70 X1 — Cp [uX @7 X1,
=u+Cp[uXy @0 X! — Cp [uXy 0 oo X T

It is clear from previous calculations that (I>+XJ:1 =d_X_1 proving the identity. O
We return to the theorem. It is clear that u — uRJrXJ:l defines an invertible operator.

The lemma shows that C[I'; R4, R_] is also invertible. Thus any deficiency of C[I", X, X _]
must come from

C[1,6;T] = Ct - —Cf- - 6.

o) = aing ((222) o (2222))).

We convert this to an equivalent RHP. We look for solutions of

Recall that

P (s) =® (s)0(s), se€Tl,®(c0)=0.

This is a diagonal RHP. We use the methods of Section 3.4.1, determining n scalar problems

ST sel, fi(c0) =0, i=1,....,n. (3.89)

S — Z_

7 (s) = o7 (s)M™(s), M(s) =

It is easy to check that if x; > 0 then

Hi—l Hi_l

07 (2) =Y aM!(z), ¢;(2) =Y M "H(2),
=0 =0

is a solution of (3.8.9) for any choice of {oy} and therefore ®*(2) = diag(¢f(2),..., o)
and u(s) = ®*(s) — @ (s) is an element of the kernel of C[I,0;T]. For x; < 0, solutions
must be of this same form but we may change what [ ranges over. Since all exponents on
¢; must be negative, we find x; > [. Considering gb;r we see that for it to be analytic,
a; =0 for all I. We have characterized the kernel by > k; elements.

To analyze the range we set u = u4 + u_ where uy € C%Hf(F) If we choose u_ =0
we find C[I,0;Tus = us. Therefore Ct HE(T') is in the range. Now choose uy = 0. We
find C[1,0;TJu = C u_6. We break this into components and consider

;>0

Cru; M".
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If K, >0 and u € E7(T') then M "y € £ (T") implying that
Cr (M~ iu)M"™ = .

Thus this component maps onto Cp H¥(T'). Now if x; < 0 then Cpu; M* will always have
a (—k;)-th order zero at z = z_. Implying that if g € ranCp - M" then d%Cl?g(z_) =0
for j = 0,...,—x; — 1. This amounts to > . |x;| orthogonality conditions. Thus we
have characterized the deficiency of the range by >, _(|#i| bounded linear functionals.
We have constructed the kernel and identified deficiency of the range when C[I,0;T] acts
on vectors. Since each row is acted on independently, the dimension of the kernel and
codimension of the range is multiplied by the number of rows. O

Remark 3.8.19. If we apply C[ X+, X_;T| on m x n matrices then

o dimkerC[X , X ;T =m} _qlkil,
o codimranC[X, X ;T =m> |kl and

e indC[X,, X ;T]=-m> " k.

We connect the total index k to something easily computable. If A is a rational matrix
function with a right-standard factorization then

Z— 24

A=A_0AL = det A=det A_ ( > det A

z— z_
It follows that

indgpdet AL =0, D € Q4,
indyp [(2 — Z+> } — { ’S= if 2 € D, (3.8.10)

Z—2z_ otherwise,

using the argument principle. Orientation is taken into account in the second expression
(3.8.10). Summing over components,

Z/ Jlog(detA+<Z_Z+> >:/-£,
oD zZ— Z_

DCQy

> dlogdet A_ = 0.
pca_ /oD

We decompose I' =Ty U - - - U T, with I'; smooth and non-self-intersecting. Then

K l
_ Z— zZ4 _ _
K= E dlog <detA < ) )— E / dlogdet A_ = E / dlogdet A.
/BD IR oD =17

DCQy DCQ_

We obtain the following theorem.
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Theorem 3.8.20. Let I' be admissible and G be a rational matriz function with an alge-
braic factorization X+ € HE(T') then

l
indC[X4, X ;T :nZ/ dlog det G,
j=1"11

as an operator on HF(T).

Theorem 3.8.21. Theorem 38.8.20 holds when G is k-reqular.

Proof. Let G = XZ-'X, and approximate X. with a convergent sequence of rational
matrix functions { X7 }. It follows that

IC[X 4, X T — CIXY, X2 Tl £ (ae(ryy — 0 as n— oo,
Thus for n sufficiently large C[I'; X', X"] has the same index as C[X;, X_;T'|. We express
1
indC[X", X" T] = nZ/ dlogdet X" — dlogdet X7
j=1"T1
=n Y indgpdet X7 — Y indgpdet X"

Dy DCQ_

Since X7 — X4 in L*°(T"), we have that for sufficiently large n

indC[X7,X™I]=n »  indppdet X, —n »  indypdet X_
DCQy DcQ-

l
:nz dlogdet G = indC[ X, X_;T).
j=1"T

O

Remark 3.8.22. Note that the index is independent of k and if G is k-regular then the
invertibility of C[ Xy, X_;T| on H](T') for one j € [0,k] implies invertibility for any j.
Similar statements follow for C|G;T].

Remark 3.8.23. Let ® be a bounded L? solution of the RHP with jump G, indr det G = 0.
Then

det ®T = det @~ det G, det ®(c0) = 1. (3.8.11)

Assume that indr det G = 0 and that det G be 1l-reqular. The theory presented thus far
shows that det @ is the only solution to this problem (the only partial index is zero). Indeed,
in many cases, G = X:1X+, so that det G must satisfy the (scalar) product condition. We
find a possibly new algebraic factorization det G = Y, /Y_ for scalar-valued functions Yi.
Enumerate {D;} and {D;} where Df € Q. Select points 2 € D and define the

7
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integers
+ _
Ky = mdDii Y..

Let

Dy €N
It follows from indr G = 0 that lim|,|o P(2)/M(2) =1 and
= indDj Y,P/M =0, k; = indD; Y_M/P =0.

Define Zy = YL P/M and Z_ = Y_M/P so that G = 1/Z_Z,. Again Zy are scalar-
valued. We find a representation for det ®:

log Z,(s) —log Z_( / log Z(s) / log Z_(s)
log det ®(z) =
og det (2) /p s—z Z pr S—2 Z - s—z

Dfeqy e

From this it is clear that det ® cannot vanish; both Cauchy integrals are bounded. It is
worth noting that if det G = 1 then det ® = 1.

Some remarks are in order.

Remark 3.8.24. Theorems 3.8.17 and 3.8.20 hold for C|G;T] and C'[G;T] in L*(T') pro-
vided k > 1 and C'[ X4, X_;T] on HE(T') N H*(I).

Remark 3.8.25. In applications it is often the case that det G = 1. This immediately
shows that the index is zero.

We have shown there is a one-to-one correspondence between £F(I') solutions of a
RHP with jump matrix G and solutions of C[['; X4, X_|u = X;l — X~'. The question
of solvability of a RHP is reduced to the question of invertibility of a Fredholm singular
integral operator. To show this, one usually determines that the singular integral operator
has index zero. Additional results show that the kernel must be trivial. An appeal to the
open mapping theorem and one of its well-known corollaries proves the invertibility of the
operator:

Theorem 3.8.26 (Open Mapping). Let X and Y be Banach spaces. If T € L(X,Y) is
surjective, then T is open.

Corollary 3.8.27. If X and Y are Banach spaces and T € L(X,Y) is bijective, then T
is an isomorphism: T~ € L(Y, X).

To get a handle on the kernel we present an incarnation of the so-called wvanishing
lemma.
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Definition 3.8.28. A contour is said to be Schwarz invariant if I =T, respecting orien-
—T
tation. The Schwartz conjugate of a function f is defined by f1(z) = f(2) .

Theorem 3.8.29 (Vanishing Lemma [116]). Let G be defined on a Schwarz invariant,
admissible contour I'. If G is k-reqular, Re G is positive semi-definite on R, positive definite
on a set of positive measure, and G = GT on T'\ R then dimker C[X,, X _;T] =0.

Proof. Let ® be a vanishing solution of the associated RHP:

Thus u = &+ — &~ € kerC[X,,X_:T]. Let D € C\ T, then DI € C\T. Further,
OD' = (OD)1, respecting orientation. Set u; = ®|9p and ug = ®|p:. Since uy € £2(D)
we know that [, u1(2)r(z)dz = 0 for any rational function r with poles outside D. Since

ul may be approximated with rational functions in L?(0D) satisfying this condition, we
2

find
/ ul(z)u;(z)dz =0.
oD

Summing over all components in the upper-half plane we find

/ ul(z)ug(z)dz = 0. (3.8.12)
pccH\r /0P

We choose + to make 9D is positively oriented. Let I'; be smooth components of I' in the

open upper-half plane. Then I'; is part of the boundary of two components D4 C Q4, and

® has boundary values uf from Q4 on I';. Boundary values for us, uét exist analogously

on FZT-. Integrals along I'; appear twice in (3.8.12):

[ ut ) ) - / up (2)G(2) (3 ) (2)dz,
T

T

[ @ e = [ @6 @) e
-y =TI

Using G = GT off the real line, we see that these integrals cancel. Only integrals on the
real line survive, producing

/iaD ul(z)ug(z)dz = /Ruf(x)u;(a:)da: = /Rul_(a:)é(x)ul_(a:)da:
DCCH\TI'

Where G = G or G depending on how each subset of the real line is oriented. This
equation is added to (subtracted from) its Schwarz reflection providing us with

0= /R ur (2)(G(z) + G (2))u] (a)de.

Thus u; = 0 and hence ®~ is zero a.e. on R by positive definiteness. It is known that any
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function in £2(D) which vanishes on a set of positive measure on the boundary must be
identically zero. If ® is zero in any component of C\T" then the jump condition forces ® to
be zero in all neighboring components. We conclude that ® = 0 and dimker C[ X, X_;T] =
0. O

Remark 3.8.30. The notion of partial indices can be generalized to so-called decomposing
algebras. If these are used Theorem 3.8.29 can be strengthened to show invertibility of the
operator without appealing to a zero index statement. We do not elaborate on this here but
note that for our purposes det G is constant. Establishing zero index is then trivial.

3.9 Additional smoothness aspects of Riemann—Hilbert prob-
lems

We expand on the theory above by providing estimates for the derivatives of solutions
of singular integral equations. This provides criteria in terms of the jump matrix to test
when the solution of one problem is “close” to the solution of another problem. To simplify
notation we associate [G;I'] with the L? RHP

Pt (s) =D (s)G(s), s, ®(c0)=1.
If G is k-regular we also say [G;T'] is k-regular.

Theorem 3.9.1. Given a RHP [G;T] which is k-regular, assume C[G;T] is invertible on
L*(T"). Then the solution of (3.8.2), u € HF(T), satisfies

Dky =C[G;T] 7! <Dk(G —I)+D*Cru- (G 1)) —Cr D*u - (G - 1)), (3.9.1)

where the right-hand side of (3.9.1) does not depend on DFu.

Corollary 3.9.2. Under the hypotheses of Theorem 3.9.1, u satisfies an inequality of the
form

lullzery < pr (IG = ey ICIGTT ey ) 1CIG T eqrzap G = Tlizery,
(3.9.2)

where py, is a polynomial of degree k whose coefficients depend on ||Cr || £(z2(r))-

Proof. Taking the norm of (3.9.1) gives a bound on the semi-norm ”DkU”L2(F) in terms
of ||ull gx-1(ry. Using (3.9.1) for k — 1 gives a bound in terms of |ul| gx—2(r). This process
produces a bound of the form (3.9.2). O

Remark 3.9.3. The expression for the derivative in Theorem 3.9.1 can be used to bound
Sobolev norms of the solution in terms of Sobolev norms of the jump matriz if a bound on
the norm of the inverse operator is known. In some cases, when the jump matriz depends
on a parameter, and the Sobolev norms of the jump matriz are bounded or decaying, the
resulting bounds are useful.
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We often use the following theorem which is derived from the results in [51].

Lemma 3.9.4. Consider a sequence of k-reqular RHPs {[G¢;T'}e>o on the fized contour
L. Assume G¢ — G in Wh(I') N H¥(I') as & — oo, then

e IfC[G;T] is invertible on L*(T') then there exists a T > 0 such that C[G¢;T] is also
invertible for & > T.

o If ®¢ is the solution of [G¢,T'], and ® is the solution of [G;T], then (IDEE —®* = 0in
HK(T).

o [|®¢ — @yysoc(g) — 0, for all j > 1, whenever S is bounded away from T'.

Proof. The first statement follows from the fact that C[G¢;T"| converges to C[G;T] in the
operator norm. The second property follows from Corollary 3.9.2. The final property is a
consequence of the Cauchy-Schwartz inequality and the fact that |Jug — ul|p2ry = 0. O

3.10 Truncation, augmentation and practical aspects of
Riemann—Hilbert problems

When RHPs are used in practice the contour involved is often not complete. Furthermore,
we aim to solve RHPs numerically (in Chapter 5) and contours of infinite length may cause
problems. In this section we discuss what can be done when a contour is not complete
and how for most RHPs on infinite contours there exists a ‘nearby’ problem on a bounded
contour.

3.10.1 Augmentation

Throughout much of the above discussion we assumed I' is complete. Here we demonstrate
that this can be assumed for all L? RHPs without loss of generality. Let I' be an incomplete
but piecewise smooth contour with only transverse intersections. We describe a procedure
that converts I' to complete contour. We start with a definition.

Definition 3.10.1. Let g be the set of self-intersections of the contour I'. We say a point
a € I is an open endpoint if a is a limit point of only one of the connected components of

I'\ (o U{a}).

For example, the interval [—1,1] has £1 as open endpoints. We join all open endpoints
back to I" or to oo with smooth contours. Define the resulting contour to be I'. Now
Q = C\ I consists of disjoint open sets D such that D is piecewise smooth with only
transverse intersections. Note this is not necessarily true of C \ I". Choose D; € €2 and
re-orient (if necessary) I so that I” N Dy = dD; (positively oriented) where orientation
is accounted for in the equality. Look at all neighboring components Ds, ..., D, of D;.
Either " can be reoriented so that I’ N Dy = —@Dy (negatively oriented), or not. If not,
additional contours are added resulting in I'” so that this can be accomplished. We repeat
this process until the contour is complete. We demonstrate this procedure in Figure 3.10.1.
This procedure works for any such contour I"
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¥

(c)

Figure 3.10.1: The augmentation of an incomplete contour with open endpoints to a com-
plete contour. For this sketch we assume all contours are finite. (a) The initial contour.
(b) Fixing Dy and adding contours, as needed to obtain I'V. (¢) The resulting contour I’
is now complete with Q1 clearly defined.
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For a RHP [G;T] we discuss the extension to a new RHP, [G,T"], and the conditions
needed so that [G,I"] will be k-regular. First, define G = I on I'" \ T Next if a given
component I'; of T had its orientation reversed as a component of I, define G = G~! on

I';. It is easily seen that if G satisfies the (k—1)th-order product condition on I' then [G, "]
is k-regular. Also, it is clear that the solutions of [G;T] and [G;I"] are in a one-to-one
correspondence.

Next, we compare the singular integral equations

ClG,Tlu=G -1, onT, (3.10.1)
ClG,T"fa=G -1, onT”. (3.10.2)

It follows that (3.10.2) is equivalent to (3.10.1). Indeed, on I\ T
ClG.T"i =t~ Cryu-(G—1I)=1u=0. (3.10.3)

Furthermore, let I'; C I' have reversed orientation —I'; C I, Let I'¢ be the complement of
I'; with respect to I'’. On T;

i—Crti- (G-1)=G~1I,
(Chp, +Cl)i = (Cop, +Cro)it- G =G = 1
(CTr, +Cf)i = (Cop, +Cro)i- G = G — 1,
(Chp, +Cl)it- G = (Cop, + Cro)i =1 = G.

On T'; we have Cffgzl = Cligﬂ and using the orientation Cfri = lei . We obtain
(Cf + C;g)a —(Cp, +Cre)i- G =G — 1.
This argument applied to each re-oriented contour combined with (3.10.3) shows
w—Cru-(G—-1)=G—1.

Thus proving equivalence. We arrive at the following theorem.

Theorem 3.10.2. Let I' be a possibly incomplete contour and let G satisfy the (k‘~— 1)th-
order product condition on I'. If for any augmentation I of T and extension G of G,
C[G;T"] is invertible on L*(T"), so is C[G;T], and u = C[G;T]~Y(G — I) € HF(T).

Remark 3.10.3. A theoretical contribution of this work is that the Sobolev spaces of Zhou
do not make sense on incomplete contours. As we have seen, the spaces HF(T') are ideal
when T is incomplete. This is one reason for considering C[G;T] instead of C'[|G;T].

3.10.2 Truncation

Thus far we have justified augmenting incomplete contours to obtain an equivalent RHP
on complete contours. Often, in practice, we start with a RHP posed on an unbounded
contour and we wish to truncate it to a problem on a finite contour. The following result
justifies this process.
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Proposition 3.10.4. Assume [G;T] is k-reqular. For every e > 0 there exists a function
G defined on I' and a bounded contour I'c C I' such that:

e Ge=IonT\T,
* [|Ge = Gllwhoomynmrry <€
o [G.,T.] is k-regular and

ICIG;T] = ClGe, Dl 2r2(ry) < €llCr ll2p2(ry)-

Proof. A matrix-valued function f is chosen such that
o flr, € C=(I),
e f =1 in a neighborhood of all intersection points,
e f has compact support, and
o |(G—=D)f+1I—Gllwkeomynmrm <€

Equate Ge = (G — I)f 4 I. The last property follows immediately. O

This justifies the truncation of infinite contours to bounded contours and it shows
this process preserves smoothness. For numerical computations in the next chapter, we
truncate contours when the jump matrix is, to machine precision, the identity matrix.

3.10.3 Lensing

Here we go over, in detail, the process of lensing a RHP. This is one of the many deformation
techniques that are useful both in the numerical method presented in the following chapter
and for the method of nonlinear steepest descent. We start with a RHP (Figure 3.2(b))

7 (k)
(I)l(OO)

¢ (k)G(k), kel CR,
I.

We choose T C R for simplicity and assume 0 € I'. Assume that G has a factorization
G(k) = Ms(k) Mz (k)M (k).

Assume for simplicity that all matrices are nonsingular. Fix an r > 0 and define the regions
Q;, 1 =1,2,3,4, see Figure 3.2(a), by

O ={keC:Imk >0 and |k| > r},
Qo ={keC:Imk <0 and |k| > r},
Q3 ={keC:Imk >0 and |k| <},
Q={keC:Imk>0and k| <r}.
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Further assume that M3 has an analytic extension in a neighborhood of €4 and M; has
an analytic extension in a neighborhood of 3. We wish to change the RHP on (—r,r) by
a lensing process. Define a new function ®4 by (Figure 3.2(c))

Oy (k)M LK), if ke Qs
(I)g(k) = q)l(k’)Mg(k’), ifke Q4,
D4 (k), otherwise.

Define new contours I';, i = 1, 2, 3,4, 5, all oriented in the direction of increasing real part,
by

Fl =I'n (_OO7T)7
Iy={keC:Imk >0 and |k| =r},

FS = (_T7T)7
Iy={keC:Imk <0 and |k| —r},
F5 :Fﬁ(r,oo)

We compute the jumps of ®5 on these contours. As an example consider I'y. Set
®5 (k) = @5 (k)U(k), k€T,

for some matrix U(k) to be determined. In this case ®F (k) = @ (k) = &7 (k) =
O, (k)M (k). We find that U(k) = M;(k). Repeating this process on all contours shows
that @9 satisfies the following RHP (Figure 3.2(d))

o, (k)G(k), ifkely,
@E(k)Ml(k), if ke I'y,
®F (k) =4 @5 (k)Ma(k), if k€T,
@E(k)Mg(k), if ke ly,
o, (k)G(k), ifkels,

It is clear that this generalizes to contours off the line and is only limited by the analyticity
properties of the factorization. Furthermore, if M1, M3 — I as k — oo in the proper regions
the lensing can be employed in infinite regions. Note that one of the matrices M; could be
the identity in which case that contour is dropped from the RHP.

3.10.4 Conjugation

Conjugation is a simple concept but it allows additional deformations of a RHP. Consider
a RHP [G;T] with solution ®. Let W, , W' € L®(T) be a solution of another problem
[H;T]. Then

o v l=0_ v lv_GH 'wL

Concisely, U~ is a solution of [V_GH 'W_L:T|. If H = G then the jump becomes the
identity. This method is especially useful in conjunction with lensing.
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\

[
O
=

o1®

Figure 3.10.2: The lensing process. (a) Regions in the complex k-plane, (b) Contours and
jump matrices for the RHP for ®;, (c¢) Definition of ®2, (d) Contours and jump matrices
for the RHP for ®.

Example 3.10.5. Assume My (Figure 3.10.2) is diagonal. The problem [Ma;T's] (see
Figure 3.10.2 for T's) can be solved with the techniques in Section 3.4.1. Let ¥ be this

solution. By Lemma 3.1.18 we know that W will have singularities at £r. The function
Y = O, U1 satisfies

Yt=%_0_GV;',  onTy,Ts,

YT =%_U_MU, onTy,

Y=Y _U_M;U', onTy,

Yt=%_, on I's.
This process has removed the jump on I's from the RHP at the expense of singularities at
+r. This will be used in the numerical solution of many RHPs. If the entries of My are

real-valued £ it can be shown using Lemma 3.1.13 that the solution of [Mi;T's] is bounded
in the whole plane.

3.10.5 Contour scaling and decoupling

For simplicity, assume the RHP [G5 ,Fﬁ] depends on a single parameter £ > 0. Further,
assume '€ = a(£)A + B(€) where A is a fixed contour. It follows that the matrix-valued
function

HE(k) = G (&K + B(9))

is defined on A.
We introduce a parameter into the problem to demonstrate a situation in which the
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RHPs on each disjoint contour decouple from each other in the limit.
Example 3.10.6. Assume I'¢ = F§ U Fg and

$ = a1 (§)A; + B,

TS5 = az(§)As+ B2, |81 — Ba| > 0.

Assume that both Ay and Ay are bounded. We consider the L? norm of the Cauchy operator
applied to a function defined on F§ and evaluated on I‘g: C’Fgu(z) Ezxplicitly,
1

Crﬁu(z):/F de.

&S — 2z
1

|1’*§'

This is a Hilbert—Schmidt operator, and

dxdk|
2 < | . . .
HCF§H£(L2(F§),L2(F§)) > /1“§ /l“g z — k|2 (3.10.4)

A simple change of variables shows that

1€ I gy ey < @zl [ [ o -
L(L2(T$),L2(TS A Iy |1 (€)s — az(&)y + 81 — B2

Since the denominator in the integral in (3.10.5) is bounded away from zero and both A;
are bounded, the right-hand side tends to zero if either ay or ao tend to zero.

This arqgument, with more contours, is used in Chapter 5 to justify Algorithm 5.1.11
in this limit by noting that this type of Cauchy operator (evaluation off the contour of
integration) constitutes the operator T in Section 5.1. We have the representation

(3.10.5)

ClGS; TS 0

3
0 cesry |t

CIG5 T = [

where \|T§H£(Lz(p)) — 0 as £ — 0.
Similarly, this analysis follows in some cases when B; depends on &. For example, when

inf |51 () — P2(€) = & > 0. (3.10.6)

One can extend this to the case where (3.10.6) is not bounded away from zero but approaches
zero slower than ay(§)az(€).
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Chapter 4

Inverse Scattering and Nonlinear
Steepest Descent

We present a unified discussion of the solution of IVP for the defocusing NLS equation

19t + Quz — 2)\\q!2q =0, \=1

q(z,0) = go(z) € S5(R). (4.0.1)

The full development presented in this chapter requires ¢y € S5(R) but the assumptions on
qo for each individual result is made explicit. The use of spaces of non-smooth functions
illustrates the parallels between the inverse scattering transform and the Fourier transform.
First, we present the solution of this problem using the inverse scattering transform with
the formalism of Fokas [49]. As presented in (2.5.7) and (2.5.8), the solution of the NLS
equation can be recovered from the solution of a matrix RHP. The development up to
this point makes no use of A =1 (A = —1 for the focusing NLS equation). We apply the
Deift and Zhou method of nonlinear steepest descent to this RHP to extract the long-time
asymptotics with A = 1. This whole process invokes much of the theory of Chapter 3.

4.1 The inverse scattering transform

Our starting point is the expressions for p; and ps in (2.5.6):

(x,t) " )
(b k) = I+ / M5 Q(e, T (e, 7 k),
(z;"t;t) (4.1.1)

125 (.Z', t, k) =1+ / e_ik($_§)63 [Q(f, T):u(& T, k)]d§7

(00,t)

and the relationship

(2, k) = po(, t, k)e ke t2k00s g (1), (4.1.2)

93
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Define the operator T ; by
(2,0) ( R
Topule) = [ ORQ(E 0)ue)ld
(£00,0)

Since each component of Q(x,0) is an L' (R) function, it is easily seen that Tj’;k is bounded
on L*(R).

Lemma 4.1.1. For qo € L'(R) and k € R, 172 llepew)) < CquHzl(R)/n!.

Proof. Since k € R we consider
(2,0)

eikm&g [Tiku(x)] _ / eik&?sQ(g’ O)Eikﬁfrsu(g)dé

(£00,0)

So as to consider a kernel that is applied by left multiplication only, define () = eF*3q(x)
and Q(&,0) = e**3Q(x,0). Tt is clear that the claim follows if we show that

N (2,0)
Ty pie) = /( ., Qe 0 (4.1.3)

It is also clear that, after switching the order of integration using Fubini’s theorem, the
operator T7 ; has the iterated kernel defined by

QAO(‘va) = Q(S,O),
Qn($7£) = Q(&vo)/ Qn—1($73)d3-
3

Therefore

oo 0o n—1
72 ey < [ |@<£,o>|</5 |@(£,o>|> .

—00

where |Q(&,0)| denotes any consistent sub-multiplicative matrix norm. This right-hand
side simplifies:

||T1i1,k||£(L°°(R)) < (/ |Q(£,0)|d§> /nl.

—00

This proves the result. O

This lemma combined with Theorem 1.5.8 shows the existence of 1 (x, 0, k) and uo(z, 0, k)
for z and k on the real line. In what follows we wish to have the same existence statement
in a neighborhood of the real line. There is necessarily some exponential growth/decay
involved.

Lemma 4.1.2. Assume qy € S5(R). Then pi(z,0,k) and pe(x,0,k) are uniquely defined
by (4.1.1) for |Imk| < §/2.
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Proof. We consider p;. The argument for po follows in precisely the same way. Define
fin(z, k) = e*v93 1 (2,0, k). From (4.1.1) we have

(I—T_ ) =1.

This equation is uniquely solvable via iteration for ji; € L®(R) since Q(¢,0) € L*(R).
Therefore py is uniquely defined by (4.1.1) despite the fact that it contains exponentially
growing components for k & R. O

Next, we discuss the analyticity properties of p1 and po with respect to k. For now, we
consider ¢y € S5(R) and generalize after. The analyticity of p; follows from the analyticity
of fi;. Choose k and h so that |Im k| < 6/2 and |Im(k + h)| < §/2 and consider

ﬂl(x7 k+ h) — ﬂl(x7 k)
h

= %/_ <€i(k+h)(m_5)&3Q(f,0),&1(5, k+ h) _ eik(m—g)&gQ(é’ 0),&1 (f, k’)) de

_ / eik(x—f)&gQ(g 0) (/}1(67 k+ h) — ﬂl(gr k)) d¢

h

x i(k+h)(x—£€)d3 _ oik(z—£)b3

—00

The complex differentiability of [i; follows once we show that the last term tends to a
definite limit in the L*°(R) norm. A straightforward calculation shows that

/_Z ‘(ei(k+h)§03 — eikEUS) Q(gj())‘ d¢ < /OO 2675|Q(£,0)|d£,

—00

v = max{|Im(k + h)|, | Im k|}.

Therefore the Dominated Convergence Theorem demonstrates that this integral tends to
zero as h — 0. This proves the continuity of Tik, (I — Tivk)_l and hence fi1(x, k) with
respect to k for [Imk| < §/2. A similar calculation, along with the continuity of /iy (z, k)
shows that

lim
h—0 J_

x i(k+h)Ess _ ik&é3
(e A0 - Q(5,0>>ﬂ1(§7k+md§

_ /_ ig[e€7s, Q (¢, 0)]jun (&, k)de,

in L*°(R), see [53, Theorem 2.17]. Furthermore, similar methods and integration by parts
indicates that pq(x,0,k) — I = O(1/k) and uo(z,0,k) — I = O(1/k) as k — oco. For fixed
x, the same is true of all k derivatives of 1 and ps. We obtain the following result:

Lemma 4.1.3. If o € S5(R) then pi(x,0,k) and pa(z,0,k) are analytic functions of k in
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the open strip |Imk| < §/2. For fived x and |Imk| < C < §/2

81?(/‘1(:17707 k) - I)
81?(/‘2(:17707 k) - I)

O(1/k) as k — oo,
O(1/k) as k — oo.

We turn to results for ¢y in more general spaces. It follows that each column of uy and
wo is determined independently of the other. Furthermore, the only exponential present in
the first column of the equation for p; is €2*(*=€) implying that the first column uf of w1
is analytic in the open upper-half plane. Indeed, ] satisfies

T 2ik(x—&)
uf(w=077€)=[é]+ / Q(&O)[e . f]ms,o,k)ds. (4.1.4)

The methods of Lemma 4.1.3 applied to this equation prove the desired analyticity prop-
erties. Note that this follows assuming only that gy € L'(R). Similarly, the second column
py is analytic in the open lower-half plane. For po the reverse is true. The first (second)
column gy (p3) of pg is analytic in the open lower- (upper-) half plane. We consider
(4.1.4) in more detail.

Lemma 4.1.4. If g0 € L' N L2(R), v; = uf — [1,0]7 is an element of the Hardy space
E(RT).

Proof. Consider the equation satisfied by vf’:

e2ik(w—§) 0 e2ik($—§)

stwon - [ eeo| ) ] ueond= [ aco| 7T

We have already demonstrated that for £ € R this equation can be solved by iteration.
The iterated kernel is given by

2ik(z—¢&)
Ko =0 | 1],

Kn(z,8) = Ko(z,§) /w Kp—1(z,s)ds.

Then

o @ 0.0) = fak)+ Y [ K (6 R (4.15)
n=0"Y —>®

e2ik(w—§)

fan = [ aeo| T
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We estimate the L?(R) norm

(o a) < ([ sinsncara)”

< / sup [ Koo (2, €)ld€ x sup | £(€. )| 2.
—oo kER EER

where the first inequality follows from Minkowski’s inequality for integrals [53, Theorem
6.19]. We estimate the two factors separately. First,

—oo keER —o0

T 00 0o n—1
| swikeoie < [~ Qo ( /E |@<£,o>|d£) < Cllgollfaey/nl. (4.1.6)
A simple change of variables relates f to the Fourier transform
1 —iks

2/0 R Qe + 5/2) [ ‘0 ]ds,

—00

f(&F)

and therefore | f(, )2y < C|@Ql[z2@- Since ), C™/n! converges for any C' > 0, we

have shown the L? norm of v{ (z,0,-) is bounded on the real axis. For Im(k) > 0 we note
that all bounds hold, showing that v;” € £(RT). O

Similar arguments apply to py and u3 to show that once [1,0]” or [0,1]7 is subtracted
they are elements of an appropriate Hardy space. We also look at decay properties of the
columns of p; — I and po — 1.

Lemma 4.1.5. For gy € L'(R), |f(z,k)| = o(1) as |k| — oo for Im(k) > 0.
Proof. Fix € > 0. We approximate A\g with a simple function Zj ajxa, so that [|g —
> XAl ) < €/2. Let [k| > 43 |aj|/e. Then for |k| > 1

T

k)] < /

M (AG(€) =D ayxa, (€) | de| + / e " axa, (€)dE] < e
o J o J

U
Lemma 4.1.6. For gy € L'NL3(R), uf (z,0,k) = [1,0]7 +0(1) as |k| — oo for Im(k) > 0.

Proof. Taking a supremum over k£ € R in (4.1.5), while noting that f(x, k) has the desired
decay and the estimate (4.1.6) can still be applied, produces the result. O

Remark 4.1.7. Similar statements to Lemma 4.1.6 follow for puy in C™ and ,uéc in C*.

We move to a discussion of the matrix S(k) that is defined by (4.1.2). Abel’s identity
shows that pi(x,0,k) and pe(z,0,k) have determinant independent of z. Indeed, both
satisfy

( oikads M) = ekeds Q) (k03 )



98 CHAPTER 4. INVERSE SCATTERING AND NSD

Since €*793(Q) is traceless, det; and det jp are independent of z. Then for each k we
let * — —oo for pu; and © — oo for pg to see that det pi(z,0,k) = det pa(x,0,k) = 1.
Therefore det S(k) = 1. For j = 1,2, the first column v; of p; satisfies

. 0 0 ; 1
Uiz + 1k [ 0 —9 } v = Quy, v1((—1)00) = [ 0 } ,
while the second column wv9 satisfies
Vo + 1k |:

g 8 ] vz = Quz, va((—1)'00) = [ (1) ] .

Let va(,0,k) = [va1(x,0, k), ve2(x, 0, k)]T and define

iz, 0,k) = | 2@ 0k
/\U21(l‘, 0, k‘)]
It follows that vi(z,0,k) = v3(x,0,k). This means that swapping rows and columns,

followed by Schwarz conjugation and multiplication on the off-diagonal by A leaves any
solution p invariant. Let

A tedious, but simple calculation shows that A(k) = a(k) and B(k) = Ab(k) where A\? = 1
is used explicitly. Furthermore det S(k) = 1 implies

la(k)|> = Ap(k)|> =1 for k€ R. (4.1.7)

Using det j1; = det o = 1 and the fact that each entry of y; and pg is in L> N L2(R) we
find that a — 1,b € L>® N L%(R). If qo € S5(R) it follows that S(k) is analytic in the strip
|Im k| < §/2. If we only require qo € L' N L?(R), b cannot, in general, be analytically
extended off R but a — 1 € E(R™T).

Following Lemma 4.1.6, for sufficiently large k € C+, a(k) must be bounded away from
zero. We assume here that a(k) does not vanish in the finite plane, implying that 1/a(k)
is bounded in C*. This assumption is known to be true when A =1 [8]. Define

&t inCT,
CI)_{ &=, inC-,

. _
¢+=[%/E], ¢—:[u;,$].
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It follows that ®(x,t, k) solves the following RHP when ¢ = 0:

¢+(x’ t7s) = ¢_(",E?t7 S)G(x7 t78)7 S G R) ¢(IE7 0,00) == I, (418)
1= ap(R)p(k)  —Ap(k)e2ike—dik?t
G(xy t7 k) - p(k)ezikm‘i"lik% 1

and

Q(z,0) = —i lim [o3,k®(z,0,k)].

|[k|—o0

This is seen by noting that ® solves (2.5.2) and ®, = O(1/k) if qo € S5(R). Indeed, the
arguments in Remark 4.1.7 show the decay of ®,.
We derive another representation for a(k). Note that

M(z,k) = [ uf (2,0,k) p3(2,0,k) ]

is a solution of (2.5.2). Furthermore, it follows that a(k) = det M (z, k). Since uj — [0,1]7
as * — oo we find that a(k) = lim, . pf; (7,0, k) where u; denotes the first component
of i . We look at the large = behavior of f(x,k). We find

e ' | e-%'fﬁqo(ods\ +| [ e_2ik§QO(§)d§‘

< [Go(2k)[ + I (x),

where I(xz) — 0 as * — oo. For the remainder of this section we assume gy € Ss(R), so
that the Fourier transform satisfies go(k) € S(R). This implies that a(k) = 1+ O(1/k™)
as k — oo for every n > 0. Combining this with (4.1.7) we see b(k) = O(1/k") for every
n > 0. Also, following Lemma 4.1.3 we see that a — 1,b € H*(R) for every k > 0 whenever
qo € Ss(R). These facts suffice for the theory we present here, yet more regularity can be
shown: for ¢p € S(R) it is known that b/a € S(R) [8].

Remark 4.1.8. The RHP for ® has a unique solution. The jump matriz G has unit
determinant so the Fredholm index of the associated singular integral operator C[J;R] is
zero (Theorem 8.8.20). Furthermore, the symmetry of G(z,t,k) is such that the vanishing
lemma applies (Theorem 3.8.29).

We prove a result that concerns the differentiability of ® with respect to x or t.
Lemma 4.1.9. Consider a RHP of the form

Ut (z,s) =V (z,8)K(z,5), s, ®(x,00) =1,
K(z,s) = Hy(s) + &3 H (5), zeR, v:T =R,

where Hy contains the diagonal elements of K and eY®*33H,  the off-diagonal elements.
With T being admissible, assume K(z,-) — I € L?> N L®(R) and C[K,T] is invertible on
L2(') with bounded inverse. If v(s)Hy(s) € L> N L>¥(T") then 0,V (z, k) exists for every x
and k € C\T.
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Proof. Let ul® be the solution of u'®) — Cru® (K (z,-) — I) = K(x,-) — I. Consider the
difference

W@ _ @ 1

K(z,")— K(z+h,-)

- (Cr_u(x)(K(x, )= I) = Cru™th (K (z + h, ) — I)) -

h h h

Define v(®") = (u(@+h) — () /h. We find

K(w,-) = K(@+h,)

ClE (). TN = (I + Crul+h) -

The right-hand side tends to (I +Cpu(®)d, K (x,-) in L*(T"). Using the boundedness of the
inverse operator we find that v(*) = lim,_,qv(®") exists in L*(I"). Therefore 9,V (z,k) =
Cro®), O

We state a result from [49] that allows us to complete the solution of the initial value
problem for the NLS equations.

Proposition 4.1.10 (The dressing method [49]). Assume I' is an admissible contour. Let
M(x,t, k) satisfy the 2 x 2 RHP

M*(z,t,8) = M(x,t, s)e_i(sm”szt)&SS(s), sel, M(z,t,o0) =1,

where det S(k) = 1. Here the subscripts denote the (1,1) component. Assume this RHP
has a unique solution that is differentiable in x and t for every k & I'. Then M satisfies
(2.5.2) and (2.5.3) with

defined by

Q(z,t) =i lim [o3, kM (x,t,k)].
k—o0
Furthermore, Q satisfies iQy — Quz03 + 2Q%03 = 0.

Choosing jumps so that ¢go = Ag; produces solutions of NLS equations. We combine
Proposition 4.1.10 with Lemma 4.1.9 to obtain the final result of this section.

Theorem 4.1.11. Assume gy € Ss(R). Then S(k) is analytic for |Imk| < /2 and
eikz=2k*03 §(k) — [ € HY(R) for all k > 0 and p € S(R). Furthermore, the RHP in
(4.1.8) has a unique solution for every x and t. The solution of NLS with q(x,0) = qo(z)
s given by

—i lim [o3,k®(z,t, k)12 = —2¢ lim k®i9(z,t, k),

where the limit is taken in a direction that is not tangential to R.

)
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4.2 Nonlinear steepest descent

We discuss the Deift and Zhou method of nonlinear steepest descent as applied to (4.1.8).
Nonlinear steepest descent has been used to analyze the asymptotic behavior of many
RHPs [24, 34, 35, 37, 38]. The full theory for the NLS equation applies to initial conditions
lying in appropriate weighted Sobolev spaces [38]. For simplicity and ease of exposition we
restrict to go € Ss(R).

We begin by introducing factorizations of G(x,t, k). It turns out that sup,cg [p(k)| < 1
[8] and this implies that G admits both an UL and an LDU factorization for all z,¢, k € R:

G(z,t,k) = M(k)P(k) = L(k)D(k)U (k),

_ r 1 0 1 )\me—%(km—mk%)
PO = | et § | ME=] ) 1 ,
1 0 T(k 0
L(k) = %622'(]%4-21921&) 1 ] ) D(k) = |: (0 ) 1/7(k) :| )
[ 20(k) —2i(kz+2k21) S
Uk) = 0 (k) . , T(k) =1 = Xp(k)p(k).

From the results of the previous section, each of these factors is analytic and limits rapidly
to the identity in the strip |Im k| < 6/2. The deformations of the RHP that follow are
centered around the stationary phase point for e 2i(kat2k20), g0 — g /(4t), see Section 2.2.
We break the asymptotic calculations up into two cases: t = 0 and ¢ > 0.

4.2.1 Asymptotics for t =0 as |z| = oc.

These asymptotics are already known since we have specified the initial condition. It is
instructive to see how this behavior can be extracted from the RHP. For x < 0, we use only
the LDU factorization and the lensing process, see Section 3.10.3. Define for 0 < §' < §/2

(kUL (k), if0<Imk<?,
Oy(k) =4 ®(k)L(k), if —& <Imk <0,
o(k), if [Tm k| > &,

where we have suppressed the x and ¢t dependence for convenience. The function ®; solves
the RHP

U(k), if Imk =7,
o (k) = o7 (k)G1(k), Gi(k)=<{ L(k), if Imk=—¢,
D(k), if Imk =0.

The exponential in U(k), the only jump in the upper-half plane, is of the form exp(2xd’ +
2ixs) for s € R. It is clear that

2z’

U = Il ppps ey < Ce*® and ||L = I pappee ey < Ce™™ .
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U P

Y =
D /4
L ko M

Figure 4.3.1: Jump contours after lensing for the RHP for ®5. The distance between the
horizontal contours in the upper/lower-half planes is §'.

Hence the same bounds hold for L?(R +i§). Lemma 3.9.4 implies that u, the solution of
ClG1;TJu=G —1 withT1 =RU (R+:") U (R — id) tends exponentially to the solution
of C[D;RJv = D — I in the L? norm. The solution of this diagonal problem can be found
explicitly (see Section 3.4.1):

5(k: ki 0
Akt = | "D L ) = exp (€ sy T(h) .

with kg = oco. It is important that the (1,2) component of A(k;kg) is identically zero.
From the expression

u=Cpu(Gr—1I)+ Gy —1,

we use that u has bounded L? norm as x — —oco and see that the (1,2) component of u
satisfies

luizllr e,y < CllullzepyIG1 = Iy + 1G1 = Iy < C'e™,

for a new constant C’. From Lemma 3.6.9, ¢(z,0) does indeed exponentially decay as
T — —oo. Similar arguments show the same exponential behavior as x — 400 when the
UL factorization is used.

4.3 Asymptotics as t — o0

We concern ourselves with the asymptotics of the solution in the more physically relevant
region |ko| = | — x/(4t)] < M for some M > 0 as t — oo. The derivation of these
asymptotics requires significantly more machinery. We follow [36]. We lens the RHP for &
on (—00, ko) using the LDU factorization and lens it on (kg, 00) using the UL factorization.
Let &5 denote the new function we seek after lensing. The jump contours and jump matrices
for ®5 are shown in Figure 4.3.1.

With the exception of the jump matrix on (—o0, ko), all jump matrices associated with
®,, tend to the identity matrix exponentially away from the stationary phase point kg. We
remove the jump on (—oo, ko). Define ®3(k) = ®o(k)A~!(k; ko). A simple exercise shows
that @3 satisfies the jumps in Figure 4.3.2.
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ALA™L ko AMA~!

Figure 4.3.2: The jump matrices and jump contours for ®3. This incorporates the removal
of the jump on (—o0, ko).

The exponent present in the jump matrices can be written in the form exp(+ t(—4k‘§ +
4i(k — ko)?)). This indicates increased localization as t — co. Define h(k) = —4kZ +4i(k —
ko)?. Near the stationary point we should be able to approximate the jump matrices by

1 Ap(Rg)e—th® - 10
e = | MO e =t
HER! 0 [ 7)) O
[L](k) - i %eth(k) 1 ] ) [D](k) - |: 00 1/’7'(]{70) :| ) (431)
[ 1 2e(Ro) —th(k)
[U](k) = 0 7 (ko) ) ; [A](k; ko) = As(k; ko) Ay (os ko),

with

A (k; ko) = diag((ko — k)7, (kg — )~/ Rl ),
f(2) = log(7(2/ V8t + ko)),

A, (k; ko) is Holder continuous at k = k.

In the next section we solve a problem with the localized jumps explicitly in terms of
parabolic cylinder functions.

4.3.1 Construction of the global parametrix

We define global parametrix to be the solution of

[P]A(2), %f z € 6%2/207 00),
O RO R A o (IR
[M]A(2), if z € eT/%(0, 00),
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p(ko)
1 )\T(kg)
0 1

Figure 4.3.3: The jump contours for ® with piecewise definition Vj, and the regions 2;,
i=1,...,4.

where [P]a(z) = [A](z/V/8t + ko; ko)[P](2//8t + ko)[A] 71 (2/v/8t + ko; ko) and similarly
for L, U, and M. Note that the (1,1) component of Ag(ko; ko) can be written as

(Ag)11(2/ V8t + ko; ko) = (8t)Tk0)/(4mi)  f(ko)/(2mi)

The RHP can be simplified. It is clear that (8t)f(%0)/(479) and A,.(ky; k) have no dependence
on z (or on k), we define

Uy (k) = A7 (ko; ko) (8t)~F ko) (mi)os gy (Jey (8¢)f (ko) /(mi)os A (ko k). (4.3.2)
It follows that ¥y solves
U (2) = Uy (2) &f R0)/ (D7 [o(“2kGt—i= /o3y 1 5 € ™/ X (RUIR), Wy(o00) =1,

where Vj, and the orientation of €™/ x (R U 4R) is shown in 4.3.3. This RHP is now
deformed to one on the real line using a reverse lensing process. The resulting problem is
not a classical L?> RHP but it is exactly solvable. For z ¢ /™/* x (R U iR), define

(ko) /(4mi)és (e(—zz’két—z’%/ﬂ:)&s[ 1 0 , if 2 € Q,

0 k
LF(ko)/(dmi)as [ o(~2ik3t—iz? /4)6s y ] if 2 € Oy,

o~ f(ko)/(4mi)é3 < (—2ikgt—iz? /4)53 [ olko) (1) ]) if z € Qg,
T(ko

o~ F(ko)/(4mi)55 <e< 2ik3t—iz? /4)53 [ D if 2 € Q.
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It follows that W4 satisfies for z € R
U (z) = qj;(z)e(—2ikgt—iz2/4)63 <z{(k°)/(4m)03G(0,0, ko)zJ—rf(ko)/(Mi)crs) . WUy(oo) = 1.
We introduce a final transformation. Define Wg(z) = Wy(z)z/ (ko)/(4mi)as o(2ikGi+iz?/4)os
which satisfies
Ui(2) = U5 (2)G(0,0,k), 2z €R, (4.3.3)

Us(2) = +Voi/24--- )zf(ko)/(4”i)a3e2ik§t+i22/4&3, as z — 00. (4.3.4)

Since the jump matrix has no z dependence it can be seen that 9,¥3(z) - ¥5'(2) = O(2)
has no jump on the real axis. Liouville’s theorem shows that 9,¥3(z) - ¥~!(2) must be a
first-degree polynomial. A straightforward calculation shows

_ 1z )
82\1’3\1’3 1 — <—§03 — 5@3103 + O(l/z))
1 1z 1
X <I — 5\1’271 + 0(1/22)> = —50'3 + 5[0’3,\1121].

We obtain a differential equation for Ws:

0. W(z) = [ —i2/2 K

Foiz)2 ] U3(z), k= (¥21)12,

where the subscripts denote the (1,2) component of ¥3;. Note that at this point  is not
known and once we obtain it, we have determined the leading asymptotic behavior of the
(1,2)-component of ¥y. Examining the first column and differentiating, we see

9z(V3)11(2) = —Z%(W3)11(2) +R(W3)21(2),
0.(Ws)ar (=) = F()11(2) + 25(¥a)1 (),

(\1’3)11 (Z) + /iaz(\lfg)gl (Z)

O2(Ws)11(2) = —Zgaz(m3)11(z) - %

Therefore
22 )
2(W3)11(z) = (-Z -3t ’H\2> (U3)11(2), (4.3.5)
2
2(ta)n(2) = (=5 + 5 + ) (Bl ). (436)

The parabolic cylinder function D, (z) solves [84]:

d’D,(z) 15, 1
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It follows that (¥3(z))11 = auDiMz(e”/‘lz) and similarly (U3(z))21 = a21D_1+2-‘,£|2(ei”/4z).
Applying this reasoning to the second column of W3 we find the expression

a1 Dy p(e™2)  ana Dy p(e”4z)

v = . ,
3(Z) Oé21D_1+i|H‘2(€“r/4Z) CYQQDZ"H‘Q(G_ZT(/LLZ)

X(2),
for some undetermined matrix S(z). We choose X (z) to be piecewise constant so that
condition (4.3.4) is satisfied. It is shown in [40] that necessarily

| B|2 /4 | B|2 /4—3im /4 -
Oéllzelm/, a12:e|5\/ /H, Qg1 = (2, Q2 = (i1,

and
(| ! "1 i mz>0
9 1kl /2im /4 , 1 Imz >0,
| ® F(—Z\RP)E il
X(z) =
i 2m o —|w|?/2—in /4
. & L(i|&[2) . , if Imz <0,

here T'(z) is the Gamma function [84]. The condition Xt (2) = X~ (2)G(0,0,ky) from
(4.3.3) dictates the choice of k:

—om|k|2 p —alkl2/2—ir
T(ko) —Ap(ko) ] _ o= 27| _”x{i_ﬁme |2 /2—im /4
p(ko) 1 W%E_ﬂw/zﬂnu 1 )

where we used that I'(z)I'(—z) = —7/(zsin(7z)). Thus

1
k> = —%IOgT(k()),
argrk = % + arg T'(i|s|%) — arg p(ko).

This determines x and hence lim,_,+,(¥2)12. Since ¥1(z) = ¥a(z) on the positive imaginary
axis, we take the large z limit along it. We find x = lim,_,(¥1)12. From (4.3.2)

lim Z‘Iflg(Z) _ (St)—f(ko)/@ﬂ'i)6—2T(k0)+4itk§/{’
2—00

where

E_T(ko) = Ar(k’o; k‘o),

ko
r(ko) = i/ log(s — ko)d(log(1 — X p(s)|*)ds.

21 J_
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Figure 4.3.4: The contours I (solid) and T' (dashed) and their overlap region C.

This is derived by integrating C(_o i) log 7(k) by parts. If we can show that after scaling
U approximates P, in an appropriate way, we have shown (2.6.1) without the error bound:

o(z,1) ~ Z'L(8t)—f(ko)/(2m')e—2r(ko)+4itk8m

V2t

The factor of 1/+/t appears from the transformation back to the k-plane:

lim k(Py(k))i = % lim 2(Wq(z/V/8t + ko))12. (4.3.8)

k—o0 &t z—00

4.3.2 Error analysis

The error analysis is best performed in the z plane. That is, we must scale and shift the
jump contour and jump matrices for ®5: define ®5(z) = ®9(z/v/8t+kg). The jump contour
I for U and I' for &, are shown in Figure 4.3.4. Let V be the jump matrix for ¥ and 1%
be the jump matrix for By, We extend both jump matrices to I' U I by defining them to
be the identity matrix outside of their initial domain of definition. We show that

Ju— Z2‘|L1(1“uf) = O(t_1/2 logt).
We claim that it suffices to show that
IV = Vil p1n oo rupy = O /? log ). (4.3.9)
Indeed, in this case Lemma 3.9.4 shows that

lu = @] ooy = O log ). (4.3.10)
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From the integral equations satisfied by v and :

u—a=Cpp(u—a)(V—1I)—Cppu(V-V)+V V.

The Cauchy-Schwarz inequality along with the triangle inequality proves the result. Indeed,
|V — IHLQ(FUf) and HUHLZ(FUf‘) are uniformly bounded and (4.3.10) along (4.3.9) shows the
sufficiency.

It follows that the contour of intersection Cy = ' NT' is defined by
Co = 4t6'e™/* ([—-1,1] U [—4,1i])

with appropriate orientation. The contribution to the solution from r \ Cy is exponentially
small with respect to t. This follows directly from the arguments given in Section 4.2.1.
Next, we consider the difference ||V — V”leLw(F\Co)- Since sup,cc [2%| < o0, ¢ € R, it
is clear that the contribution on each connected component of I\ Cj is bounded by a
constant multiplied by

I(t) = / e " M.
44/t

The asymptotics of the error function shows I(t) decays beyond all orders as t — oo.

We consider ||V — VHLlnLoo(CO). We must analyze the difference for k(z) = z/v/8t + ko,
A(k(2))P(k(2) A7 (k(2); ko) — [P](2)-

We return to the k-plane. Since p can be recovered from a Cauchy integral of its boundary
values on the boundary of any strip about the real axis with width less than §, we know
that it must be uniformly Lipschitz in the strip |Im k| < ¢’ for ¢’ < §/2. Therefore, with
4t5’" > 1 and for some C > 0,

[U(ko) = U(k)| < Clk — ko,
|L(ko) — L(k)| < Clk — kol,
[P(ko) — P(k)| < Clk — kol,
[M (ko) — M (k)| < Clk — kol.

When setting k(z) = z/v/8t + ko we obtain bounds on the L> norms of these differences
that are O(¢t~1/2). In addition, we consider

A(k; ko) — Ar(ko; ko) As(k; ko) = (Ar(k; ko) — Ar(ko; ko)) As (ks ko). (4.3.11)

This can be simplified further. Since 0 < 7(k) < 1, for y > 0

) 1 [hko log 7(s) 1/2
1 > [6(x + dy; ko)| > exp (g /_OO mydﬁ) > (1= [lpllLoo(r)) /2,

where we used that the Poisson kernel integrates to unity. Similar arguments show for
y < 0 that 1 <|6(x + iy, ko)| < (1 — HPHLOO(R))_l/2. Thus ¢ is uniformly bounded in both
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k and kg. To analyze the difference (4.3.11) it suffices to consider
I — A (ks ko) A (Kos ko).

This is further reduced to the study of

ko s 7
I (ks ko) = /_oo log <ﬁ> dlog7(s) = (ko — k)log(ko — k) T((l]:(?))

ko 7'(s) ko s—k 7'(s)
— (ko — Kk 1 —ko)d | — 1 —k)l d .
o= sty (57 ) [ ot (25 ) o (555)
For k in a neighborhood of k = ko, we have |I1(k;ko)| < |ko — k|log |kg — k|. Therefore

V- VHLOO(CO) = O(t~'/?logt). To bound the L' norm we notice that it involves integrals
of the form

46’ \/t .
/0 e 1672 (p(x); ko) | p(p(@)) — p(ip(0))elr $@lko)/ (i)} gy

ez’@

so(:t?):w\/g

Since the L norm of the term in the brackets is O(t~'/?logt) we find ||V — V||L1(CO) =
O(t~'/?logt). This shows that ||u — ﬁ”Ll(FUf‘) = O(t~'?1ogt). Upon considering (4.3.8)
we obtain the error bound in (2.6.1).

+ ko for 0 =(2n—1)7/4.
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Chapter 5

The Numerical Solution of
Riemann—Hilbert Problems

In this chapter we build up to the efficient and effective numerical solution of Riemann—
Hilbert problems. Two main topics must be discussed. The first and obvious topic is the
construction of a numerical method. A method is derived in [89] and we review the details
in Section 5.3. The method is based around solving

ClG;Tu=G -1 (5.0.1)

The second topic is the preconditioning of (5.0.1). To understand the need for precon-
ditioning, consider the jump matrix in (2.5.7). We consider the solution of

1 _/\p(]%)e—2ik:c—4ik2t
p(k)e%kx—i-zlikzt 1— Ap(k)p(k)

u—Cru-(G-1)=G—-1I, G(z,t,k) =
(5.0.2)

Rearranging, we find u = (I + Cpu)(G — I). The matrix G(x,t, k) has rapid oscillations
for x and t non-zero and unless there is some highly unlikely cancellation, v will also
contain rapid oscillations. The conditioning and convergence of a numerical method is
highly correlated to the magnitude of the derivatives of the solution. We expect to lose
accuracy for large x and t and in practice, due to finite-precision arithmetic, one can solve
(5.0.2) accurately only in a small neighborhood of the origin in the (z,¢)-plane. This is
in direct analogy to the complication one encounters if (2.1.6) is integrated numerically
without contour deformation. The deformations of Section 2.3 turn the oscillations into
exponential decay and quadrature remains accurate.

As is demonstrated in Chapter 4, the method of nonlinear steepest descent allows the
transformation of an oscillatory Riemann—Hilbert problem to a Riemann—Hilbert problem
isolated near the associated stationary points of an oscillatory term in the jump matrix.
From a numerical point of view, the contours for the isolated Riemann—Hilbert problem
must be scaled in much the same way as for the linear problem in Section 2.3. The
analysis of this technique is more difficult and the focus of this chapter is to first derive
sufficient conditions for which we can prove that the approach of solving RHPs numerically

111
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on scaled contours is guaranteed to be accurate in asymptotic regimes, i.e., for arbitrarily
large values of parameters. We refer to this type of behavior as asymptotic stability or
uniform approximation.

The choice of these scaling factors for contours is not a trivial task. We use the following
rule of thumb:

Assumption 5.0.1. If the jump matriz G has a factor €5 and Bj corresponds to a qth
order stationary point (i.e., 0(z) «~ Cy + Ca(z — B;)7), then the scaling which achieves
asymptotic stability is o (&) = ||~ a.

The heuristic reason for this choice is as follows. If z = |¢|~'/9k 4 3, then for k in a
bounded set we have

£0(2) = C1€ + Cae’ ™85k 4 o(1) as |¢] — oo.

It turns out in many cases that Ci€ is purely imaginary. This has ideal boundedness
properties. We prove the validity of this assumption for the deformations below on a case-
by-case basis. Note that this is in direct correspondance with the technique described in
Chapter 2 for (2.1.1).

In addition, we show the deep connection between the success of the numerical method
and the success of the method of nonlinear steepest descent [33]. A notable conclusion is
that one can expect that whenever the method of nonlinear steepest descent produces an
asymptotic formula, the numerical method can be made asymptotically stable. Achieving
this requires varying amounts of preconditioning of the RHP. This can vary from not
deforming the RHP at all, all the way to using the full deformation needed by the analytical
method. An important question is: “when can we stop deforming to a have a reliable
numerical method?” QOur main results are in Section 5.2 and these results provide an
answer to this question. In short, although we do not require the knowledge of local
parametrices to construct the numerical method, their existence ensures that the numerical
method remains accurate, and their explicit knowledge allows us to analyze the error of
the approximation directly.

It is often the case that RHPs as originally stated in the method of nonlinear steepest
descent are not tractable with known numerical methods. For example, in Chapter 6 the
jump matrix of the RHP at an intermediate stage of deformation has two singularities in
the finite complex plane. We demonstrate additional deformation techniques in Chapter 6
(and every chapter that follows) that allow one to move contours away from the singularity.
Other singular cases may arise. In some RHPs the jump matrix may not tend to the identity
at an endpoint of the contour. A RHP of this form does not satisfy the product condition
(see Definition 3.8.3) and does not initially fit into the framework we lay out. An approach
for rectifying this issue — based on removing the singularities using local parametrices —
is worked out in Chapter 9. Finally, in the theory of orthogonal polynomials there exists
RHPs that have no known closed-form parametrix for the asymptotic analysis, such as
the higher-order Tracy—Widom distributions [16]. Despite no explicit parametrix being
known, the method described here can effectively compute solutions, see Chapter 10.

This chapter is structured as follows. We use an abstract framework for the numerical
solution of RHPs which allows us to address asymptotic accuracy in a more concise way
(Section 5.1). Additionally, other numerical methods (besides the one used for the appli-
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‘ Lemma 3.9.4 4+ Theorem 5.1.6 + Lemma 5.1.12 ‘

v N
‘Theorem 3.9.1 ‘ ‘Theorem 5.1.14‘ ‘Lemma 5.2.5‘

‘C’orollary 3.9.2‘ — ‘ Theorem 5.2.4‘ ‘Lemma 5.2.6‘
N

]
| Proposition 5.2.11 | | Theorem 5.2.9]

Figure 5.0.1: The interdependency of results related to the development of the framework.
The fundamental results of this chapter are listed in bold.

cations) may fit within the framework. Then, we prove our main results which provide
sufficient conditions for uniform approximation (Section 5.2). The numerical approach of
[89] is placed within the general framework, along with necessary assumptions which allows
a realization of uniform approximation (Section 5.3).

The fundamental results of this chapter are necessarily encoded in the notation, defini-
tions and intermediate results that follow. Here we provide a road map to guide the reader
through this chapter, see Figure 5.0.1. Theorems 5.2.4 and 5.2.9 represent the fundamental
results of this chapter. Both present a detailed asymptotic analysis of Algorithm 5.1.11.
To enhance readability we present a summary of each theorem and proposition:

e Theorem 5.1.6: Sufficient conditions for the convergence of projection-based nu-
merical methods for operator equations are derived.

e Algorithm 5.1.11: The approach of scaling contours and solving a sequence of
RHPs is encoded.

e Theorem 5.1.14: General conditions for the convergence of Algorithm 5.1.11 are
proved.

e Theorem 5.2.4: One set of sufficient conditions for the uniform accuracy of Algo-
rithm 5.1.11 is provided.

e Theorem 5.2.9: A set of relaxed conditions, with weakened results, for the uniform
accuracy of numerical methods is provided. This result is derived using a numerical
parametriz, see Definition 5.2.7.

e Proposition 5.2.11: Checking the conditions of Theorem 5.2.4 or the requirements
of Definition 5.2.7 can be difficult. This proposition assists in that process.
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5.1 The numerical solution of Riemann—Hilbert problems

The goal of this section is to introduce the necessary tools to approximate the solution of
the operator equation

ClG;Tu=G -1 (5.1.1)

We start with two projections Z,, and P, both of finite rank. Assume P, is defined on
HYT') and 7, is defined on H'(T'). Define X,, = ranP, and Y,, = ranZ, equipping both
spaces with the inherited L?(I') norm. We obtain a finite-dimensional approximation of
C|G;T] by defining

Cn|G;Tlu = Z,C|G; Tu.

It follows that C,[G;T] : X,, — Y,,. This is useful under the assumption that we can
compute C|[G; T exactly for all v € X,,. An approximate solution of (5.1.1) is obtained by

Uy = Cp|G; T2, (G = 1),

whenever the operator is invertible. We use the pair (Z,,,P,) to refer to this numerical
method.

Remark 5.1.1. In the numerical framework of [89], solving the associated linear system
results in a solution that must satisfy the first-order zero-sum condition, justifying the
theoretical construction above, see Theorem 5.3.8.

To simplify notation, we define 7[G;I'lu = Cp u(G — I) (so that C[G;T'| = I — T [G;T)
and T,[G;T] = Z,T|G;T]. We use a few definitions to describe the required properties of
the projections.

Definition 5.1.2. The approzimation C,[G;T] to C[G;T] is said to be of type (o, B,7) if,
whenever C[G;T] is invertible for n > N, C,[G; T is invertible and

o [|ColG; Tl 22 (), v,y < C1n®(L + |G = 1| ooy ICF Nl £22(1))s
o [ICh[GiTT  l2evi ) < ConPlICIGT) g er2ry) and
o |TalGi Tl eix, vy < Can7|G — I oo () [ICr [l £22(T)) -

The constants C1,Cy and C3 are allowed to depend on T'.

The first and second conditions in Definition 5.1.2 are necessary for the convergence
of the numerical method. This will be made more precise below. The first and third
conditions are needed to control operator norms as G varies. It is not surprising that the
first and the third conditions are intimately related. In Section 5.3 we demonstrate the
connection.

Remark 5.1.3. Some projections, mainly those used in Galerkin methods, can be defined
directly on L*(T'). In this case we replace the first condition in Definition 5.1.2 with

ICalG; Tl 22y, vy < C1n* (1 + (|G = I Loo () ICE [ £(22(r)))-
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This condition and the second condition with o =~ are implied by requiring

1Zoll 222,y < Cin®.

In this sense Galerkin methods are more natural for RHPs, although we use the collocation
method of [89] below because a Galerkin method has yet to be developed.

Definition 5.1.4. The pair (Z,,,Py) is said to produce an admissible numerical method if
e The method is of type (c, B,7).

e For all m > 0 there exists s > 0 such that || Zyu — ul| g1y and ||Ppu — ul| g ry tend
to zero faster than n=™ as n — oo for all w € H*(T).

e 7, is bounded from C(I') to L*(T"), uniformly in n.

Remark 5.1.5. We assume spectral convergence of the projections. This assumption can
be relaxed but one has to spend considerable effort to ensure o, B and v are sufficiently
small. The absence of an infinite number of bounded derivatives does not mean the method
will not converge, but that a proof of convergence is more difficult.

Next, we prove the generalized convergence theorem.

Theorem 5.1.6. Assume that (Z,,P,) produces an admissible numerical method. If [G;T]
is 1-reqular and C|G;T) is invertible on L*(T), we have

|w = unll L2y < (1+ en® Y|P — ull gy with (5.1.2)
¢ = C|ICIG; T Ml gzewy (1 + G = Il mlICr Il 2(z2(ry)- (5.1.3)

Proof. First, for notational simplicity, define K,, = C,[G;T], K = C[G;T] and f = G — I.
Then u,, = K,;'Z,f = K;'T,Ku. Further, since u € H}(T'),

U — Uy =U — Ppu + Ppu — uy,
=u — Ppu + Pru — IC;llnlCu
=u — Pou+ K, Ky Pou — K, T, Ku
=u — Ppu + K;l(ICnPnu — I, Ku)
=u — Ppu+ K, 'L K(Ppu — u).

We used K,,Ppu = I,KP,u for u € H}(T) in the last line. Taking an L?(I') norm, we have
o= w20y < 107+ K Tk = Py < (14 en™?) u — Pl -
U

Remark 5.1.7. In the case mentioned above where L, and P, can be defined directly on
L2(T') we obtain a purely L*(T')-based bound

[ — | 2 ry < (1 + en®F) | — Poul|2(ry-
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Corollary 5.1.8. Under the assumptions of Theorem 5.1.6 and assuming that [G;T] is
k-regular for large k (large is determined by Definition 5.1.4) we have that ®,, = I + Cru,
is an approximation of ®, the solution of [G;T'], in the following sense.

e &F —®* 0 in L2(T) and
o [|®) — @|yysoo(s) — 0 for all j > 0, whenever S is bounded away from T

Proof. The first claim follows from the boundedness of the Cauchy operator on L*(T") and,
as before, the Cauchy—Schwarz inequality gives the second. O

Below we always assume the numerical method considered is admissible. The ideas pre-
sented thus far are general. In specific cases the contour I' consists of disjoint components.
We take a different approach to solving the RHP in this case.

Example 5.1.9. Consider the RHP [G;T] with T' =T'1 UT's where T'y and Ty are disjoint.
To solve the full RHP, we first solve for ®1 — the solution of |G|r,;I'1] — assuming that
this sub-problem has a unique solution. The jump on I's is modified through conjugation
by ®1. Define

Go = &G, ®7 "

Next, the solution ®o of [ég; [y is found. A simple calculation shows that ® = ®o®4 solves
the original RHP [G;T]. This process parallels the method used in Theorem 3.8.1/.

This idea allows us to treat each disjoint contour separately, solving in an iterative
way. When using this algorithm numerically, the dimension of the linear system solved at
each step is a fraction of that of the full discretized problem. This produces significant
computational savings. We now generalize these ideas.

Consider a RHP [G;T'] where I' = I'yU- - -UT',. Here each T'; is disjoint and T'; = a; A+ 5;
for some contour A;. We define G;(z) = G(2)|r, and H;(k) = Gi(a;k+ ;). As a notational
remark, in this chapter we always associate H; and G in this way.

Remark 5.1.10. The motivation for introducing the representation of the contours in this
fashion is made clear below. Mainly, this formulation is important when «; and/or B;
depend on a parameter but A; does not.

We now describe the general iterative solver.
Algorithm 5.1.11. (Scaled and Shifted RH Solver)
1. Solve the RHP [Hy;A1] to obtain ®,. We denote the solution of the associated SIE
as Uy with domain Ay. Define ®1(z) = P, <%)

2. For each j =2,...,0 define ®; j(z) = ®;(ajz + B;) and solve the RHP [Hj; A;] with

7 —_— . ‘e e e . . _1 DY _1
Hj=®;_1; ‘I)l,JHJ(I)l,j (I)j—l,j7

to obtain (iJj. Again, the solution of the integral equation is denoted by U; with
domain A;. Define ®;(z) = @j <Z—Bj>‘

A
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3. Construct ® = ®y--- &1, which satisfies the original problem.

When this algorithm is implemented numerically, the jump matrix corresponding to
H ;j is not exact. It depends on the approximations of each of the ®; for ¢ < j and more
specifically, it depends on the order of approximation of the RHP on A; for i < j. We
use the notation m; = (ny,...,n;) where each n; is the order of approximation on A;.
Further, we use n > m whenever the vectors are of the same length and n; > m; for all
J. The statement m — oo means that each component of n tends to oo. Let ®; ; n, be the
approximation of ®; ; and define

Hin, = ®j1jm; . PrLin Hj® jm, - ® 1 in, -
If the method converges then Jfljﬂj — ﬁj uniformly as n; — oo.

A significant question remains: “how do we know solutions exist at each stage of this
algorithm?” In general, solutions may not exist. C[G;I'] can be expressed in the form
K — T where K is the block-diagonal operator with blocks C[G;;T;] and T is a compact
operator. Here 7T represents the effect of one contour on another and if the operator norm
of T is sufficiently small, solutions exist at each iteration of Algorithm 5.1.11. This is
true if the arclength of each I'; is sufficiently small. A thorough discussion of this was
presented in Example 3.10.6. An implicit assumption in our numerical framework is that
such equations are uniquely solvable.

Additionally, it is worth nothing that if each of the scale factors a; = a;(§) are param-
eter dependent such that «;(§) — 0 as & — 0 then the norms of the inverse operators are
related. When each of the «;(§) are sufficiently small, there exists C' > 1 such that

1 _ _ _
clclG: ] ey < max [|C[Gy; '] ey < CICIG T gz (5.1.4)

Due to the simplicity of the scalings we allow the norms of the operators C[G;;T;] and
C[G;;T;]~" are equal to that of their scaled counterparts C[H;; A;] and C[H;; A;] 7.

The final question is one of convergence. For a single fixed contour we know that if
(Z,,,Pn) produces an admissible numerical method and the RHP is sufficiently regular,
the numerical method converges. This means that the solution of this RHP converges
uniformly, away from the contour it is defined on. This is the basis for proving that Algo-
rithm 5.1.11 converges. Theorem 3.9.4 aids us when considering the infinite-dimensional
operator for which the jump matrix is uniformly close, but we need an additional result
for the finite-dimensional case.

Lemma 5.1.12. Consider a family of RHPs {[G¢; ') }e>o on the fized contour I which are
k-regular. Assume G¢ — G in L°(T) N L3(T) as & — oo and [G;T) is k-regular, then

o IfC,[G; T is invertible, then there exists T'(n) > 0 such that C,,[G¢; T is also invert-
ible for & > T'(n).

o If &, ¢ is the approzimate solution of [G¢;T| and @y, is the approzimate solution of
[G; T, then @, ¢ — ®,, — 0 in L*(T') as & — oo for fived n.

o [|D ¢ — Pyllyyioe(s) — 0, as § = 00, for all j > 1, whenever S is bounded away from
I" for fized n.
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Proof. We consider the two equations

Cn[G&F]un,ﬁ = In(Gf - I)v
CnlG; T up =7, (G — I).

Since the method is of type («, 3,7), we have (see Definition 5.1.2),
1Ch|Ge; T] = CulGi Tl 2 (x vy < CanICE [l 2220y |G = Gllpoe ry = E(€)n
For fixed n, by increasing &, we can make F({) small, so that

1 1 1
n=B

CnlGe; T — Cp|G; T vy S = — < — .
[CalCe ] = CalGiTlllece, v < B e @ T Moy ™ = TG G T Moy

Specifically, we choose £ small enough so that

1 1

1
B(E) < + 1B
) = 2 GG T o)
Using Theorem 1.5.7 C,[Gg¢; '] is invertible, and we bound
ICa[Ge; T1 " = CalG T Ml 2wy < 2Con® FCIG T [ g2y E () (5.1.5)

Importantly, the quantity on the left tends to zero as £ — co. We use a triangle inequality:

[t — tnellr2r) < 1(CnlGe; T1 ™ = CulG5TI ™ Z(G = 1)l 12(r)
+ 1CalGi T ' (G = Go)ll 2 ry-

Since we have assumed that ' is bounded and that the norm of Z,, : C(T') — L*(T) is
uniformly bounded in n, we obtain L? convergence of w,, to Up,¢ as § — 00:

[un = tngllr2ry < Csn® PVE(E)|G = Il o (ry + Can’ |G = Gellpoo(ry < Csn® T E(€).
(5.1.6)

This proves the three required properties. O

Remark 5.1.13. A good way to interpret this result is to see E(&) as the difference in norm
between the associated infinite-dimensional operator which is proportional to the uniform
difference in the jump matrices. Then (5.1.5) gives the resulting error between the finite-
dimensional operators. It is worthwhile to note that if o = =~ =0 then T can be chosen
independent of n.

Now we have the tools needed to address the convergence of the solver. We introduce
some notation to simplify matters. At stage j in the solver we solve a SIE on A;. On this
domain we need to compare two RHPs:

[f{j; AJ] and [f{j/nj N A]]

Let U, be the exact solution of this SIE which is obtained from [H;; A;]. As an intermediate
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step we need to consider the numerical solution of [H jiAj]. We use Uj,,; to denote the
numerical approximation of U; of order n;. Also, Ujn,; is used to denote the numerical
approximation of the solution of the SIE associated with [H}n ; Aj].

Theorem 5.1.14. Assume that each problem in Algorithm 5.1.11 is solvable and k-reqular
for sufficiently large k. Then the algorithm converges to the true solution of the RHP. More
precisely, there exists IN; such that for n; > N,; we have

7
1Uin, — Uillzz2(a,) < Cr |(maxn;)* ™ + (max n;) 2t max 1Z2Uj = Ujl 1 (a5

where I,, is the appropriate projection for A;.

Proof. We prove this by induction. Since Ui n, = Ui, the claim follows from Theorem
5.1.6 for ¢ = 1. Now assume the claim is true for all j < i. We use Lemma 5.1.12 to show
it is true for ¢. Using the triangle inequality we have

1Uin; = Uillz2ay) < Ui, = Uingll2ag) + Ui = Uil 22(a,)-
Using Theorem 5.1.6, we bound the second term:
1U; = Usnllzzany < CnS P\ U; = Uil ay-
To bound the first term we use (5.1.6),
1Uin, — Ui, llz2as) < Cni? T B(nyy). (5.1.7)

E(n;_1) is proportional to the uniform difference of H; and its approximation obtained
through the numerical method, ﬁ@niﬂ. By the induction hypothesis, if k£ is sufficiently
large, Lemma 5.1.12, tells us that this difference tends to zero as n;_1 — oo, and the use
of (5.1.6) is justified. More precisely, the Cauchy-Schwarz Inequality for each A, j < i
and repeated triangle inequalities results in

i—1
IH; — Him,_,llzoa) < C DU = Uimyllzza,)- (5.1.8)
j=1
Combining (5.1.7) and (5.1.8) we complete the proof. O

Remark 5.1.15. The requirement that k is large can be made more precise using Definition
5.1.4 with m = max{l(2a+7),l(a+ B)} where | is the number of disjoint contours T'; that
make up the full contour T'. There is little restriction if (o, B,7) = (0,0,0).

5.2 Uniform approximation

We describe briefly how to obtain an explicit asymptotic approximation. Second, we use
the ideas presented above to explain how numerics can be used to provide asymptotic
approximations. The idea we continue to exploit is that the set of invertible operators



120 CHAPTER 5. THE NUMERICAL SOLUTION OF RHPS

between Banach spaces is open. Before we proceed, we define two types of uniform ap-
proximation. Let {US}EZO be a sequence, depending on the parameter £, in a Banach space

such that for cach &, ||U5 — US| — 0 as n — oo for some US.

Definition 5.2.1. We say the sequence {Uﬁ}gzo is weakly uniform if for every e > 0 there
exists a function N () : RT — N taking finitely many values such that

U ) = Ul < e

Definition 5.2.2. We say the sequence {US}QO is strongly uniform (or just uniform) if
for every € > 0 there exists N € N such that for n > N

|US — US| < e

The necessity for the definition of a weakly uniform sequence is mostly a technical
detail, as we do not see it arise in practice. To illustrate how it can arise we give an
example.

Example 5.2.3. Consider the sequence

. _n2 ()2
{Uﬁ}n,gzo = {sm§+e n® 4 e=(&-n) }n,EZO.

For fixed &, Us — siné. We want, for € > 0, while keeping n bounded,
US —sing| = e+ <

We choose n > & or if € is large enough we choose 0 < n < £. To maintain error that
s uniformly less then € we cannot choose a fixed n; it must vary with respect to &. When
relating to RHPs the switch fromn > € to 0 < n < £ is related to transitioning into the
asymptotic regime.

5.2.1 Direct estimates

As before, we are assuming we have a RHP [G£ ; Fﬁ] that depends on a parameter £ and
I'¢ is bounded. Here we use a priori bounds on the solution of the associated SIE which
are uniform in & to prove the uniform approximation. In general, when this is possible, it
is the simplest way to proceed.

Our main tool is Corollary 3.9.2. We can easily estimate the regularity of the solution
of each problem [H;; A;] provided we have some information about HC[Gf; Ff]_l I 2(L2(ry)) or

equivalently ||C[H f AT £(12(A,))- We address how to estimate this later in this section.
First, we need a statement about how regularity is preserved throughout Algorithm 5.1.11.
Specifically, we use information from the scaled jumps H; and the local inverses C[H;; A;] ™!
to estimate global regularity. The following theorem uses this to prove strong uniformity

of the numerical method.
Theorem 5.2.4. Assume

. {[GS,FS]}QO is a sequence of k-reqular RHPs,
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e the norm of C[Hf,Ai]_l s uniformly bounded in &,
o | H lweoe(ay) < C, and
e a;(§) =0 as & — .

Then if k and & are sufficiently large

e Algorithm 5.1.11 applied to {[GS,T¢]}¢>0 has solutions at each stage,
o 1USllss(a) < Pr where Py depends on | Hf || e rweee(n,: ICHHS: A7 ez

and HUJ§||L2(A]») for j <i and

e the approximation Ufnz of Uf (the solution of the SIE) at each step in Algorithm
5.1.11 converges uniformly in & as n; — o0o. In other words, the convergence is
strongly uniform.

Proof. First, we note that since o (€) — 0, (3.10.5) shows that jump matrix H f for the RHP

solved at stage ¢ in Algorithm 5.1.11 tends uniformly to H f This implies the solvability
of the RHPs at each stage in Algorithm 5.1.11, as well as the bound

ICLHS: A~ | 22y < CICTHE M)l 22 oy

for sufficiently large £&. As before, C' can be taken to be independent of £. We claim
that HUfH m*(n,) is uniformly bounded. We prove this by induction. When i = 1, Uf =
ClH f, Ai]_l(Hf — I) and the claim follows from Corollary 3.9.2. Now assume the claim is
true for j < i. All derivatives of the jump matrix ﬁf depend on the Cauchy integral of U f
evaluated away from A; and H, f . The former is bounded by the induction hypothesis and
the later is bounded by assumption. Again, using Corollary 3.9.2 we obtain the uniform
boundedness of HUfH m*k(A;)- Theorem 5.1.14 implies that convergence is uniform in §. [

The most difficult part about verifying the hypotheses of this theorem is establishing
an estimate of ||C[H f; Af]_l llz(z2(a,)) @s a function of £. A very useful fact is that once the
solution W& of the RHP [G¢;T¢] is known then the inverse of the operator is also known
(see Lemma 3.8.18):

CIGS T~ = Gful(W9) W) = Crlul(¥) ). (52.)

When ¢ is known approximately, i.e., when a parametrix is known, then estimates on the
boundedness of the inverse can be reduced to studying the L norm of the parametrix.
Then (5.1.4) can be used to relate this to each C [G?;F?]_l which gives an estimate on
the norm of C [Hf;Ai]_l. We study this further in the chapters that follow (see Sec-
tions 7.6 and 8.3.2).

5.2.2 Failure of direct estimates

We study a toy RHP to motivate where the direct estimates can fail. Let ¢(x) be a smooth
function with compact support in (—1,1) satisfying max;_; 1y [¢(x)| = 1/2. Consider the
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following scalar RHP for a function u:

(x)

7

po (@) (1 + ¢(a) (1 + €712, (5.2.2)
p(oo) =1

, xe[-1,1], £>0.

This problem can be solved explicitly but we study it from the linear operator per-
spective instead. From the boundedness assumption on ¢, a Neumann series argument
gives the invertibility of the singular integral operator and uniform boundedness of the L?
inverse in £. Using the estimates in Corollary 3.9.2 we obtain useless bounds, that all grow
with £. Intuitively, the solution to (5.2.2) is close, in L? to the solution to

vi(z) = v (2)(1 + ¢(2)), (5.2.4)
v(o)=1, z€[-1,1], £>0, 5.2.5

which trivially has uniform bounds on its Sobolev norms. In the next section we introduce
the idea of a numerical parametrix which resolves this complication.

5.2.3 Extension to indirect estimates

In this section we assume minimal hypotheses for dependence of the sequence {[G¢;T 5]}520
on £. Specifically we require only that the map & — H f is continuous from R* to L>(A;)
for each 7. We do not want to hypothesize more as that would alter the connection to the
method of nonlinear steepest descent which only requires uniform convergence of the jump
matrix. In specific cases, stronger results can be obtained by requiring the map £ — Hf
to be continuous from RT to W*(A;).

The fundamental result we need to prove a uniform approximation theorem is the
continuity of Algorithm 5.1.11 with respect to uniform perturbations in the jump matrix.
With the jump matrix G we associated Hj, the scaled restriction of G to I';. With G we
also associated Uj, the solution of the SIE obtained from [H i3 A4]. In what follows we have
another jump matrix J and analogously we use K; to denote the scaled restriction of J
and P; to denote the solution of the STE obtained from [K;, A;].

Lemma 5.2.5. Assume {{G%,T¢]}¢>0 is a sequence of 1-reqular RHPs such that & Hf
is continuous from RT to L>®(A;) for each i. Then for sufficiently large but fized n;, the
map £ — UfnZ is continuous from RT to L?(A;) for each i.

Proof. We prove this by induction on i. For ¢ = 1 the claim follows from Lemma 5.1.12.
Now assume the claim is true for j < 7. We prove it holds for <. We show the map is
continuous at n for n > 0. First, from Lemma 5.1.12

”U;]nl - Uzé;’n,z ”Lz(A) < Cn?a—’_’yE(Su T,)7

where F(§,n) is proportional to H]fllnm — Hf [zoo(a,)- A similar argument as in

-1 4, M1
Theorem 5.1.14 gives

i—1

1, = Hip, Ny < COnmi) YUy, = Usp llr2a,)
j=1
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for |¢ — n| sufficiently small. By assumption, the right-hand side tends to zero as £ — 1,
which proves the lemma. O

It is worthwhile noting that the arguments in Lemma 5.2.5 show the same continuity for
the infinite-dimensional, non-discretized problem. Now we show weak uniform convergence
of the numerical scheme on compact sets. It is clear that the arguments can be generalized
to & being an element of a general metric space.

Lemma 5.2.6. Assume {[Gg,Fg]}gzo s a sequence of k-reqular RHPs such that all the
operators in Algorithm 5.1.11 are invertible for every £. Assume that k is sufficiently large
so that the approximations from Algorithm 5.1.11 converge for every & > 0. Then there
exists a vector-valued function N (i,€) that takes finitely many values such that

1UF Ny — Utz <

Moreover if the numerical method is of type (0,0,0) then convergence is strongly uniform.

Proof. Let S C Rt be compact. It follows from Lemma 5.2.5 that the function E(¢,n,i) =
||U§n - Uf|| £2(r,) is a continuous function of ¢ for fixed n. For € > 0 find m¢ such that
E(&,n¢,i) < €/2. By continuity, define d¢(n¢) > 0 so that E(s,ng,i) < e for |s — §| < 0¢.
The open sets {B(§,d¢)}ecs cover S and we can select a finite subcover {B(ﬁj,égj)}é-v:l.
We have E(s,ng;,i) < ¢ whenever s € B(&;,d¢;). To prove the claim for a method of type
(0,0,0), we use the fact that d¢ can be taken independent of n¢ and that E(s,n,i) < e for
every m > ng. U

Definition 5.2.7. Given a sequence of k-reqular RHPs {[G,T]}¢>¢ such that
° F5:F§U---UF§, and
o IS = oi(Ni + B,
another sequence of k-reqular RHPs {[J¢, Y} es0 is said to be a numerical parametriz if
o X¢=%fU--- U,
o 55 = %A + i,
o For all
TEOi(©k + i) = G (ei(©k + B) = 0, (5:2:6)
uniformly on A; as & — oo,

e the norms of the operators and inverse operators at each step in Algorithm 5.1.11
are uniformly bounded in &, implying uniform boundedness of J¢ in &, and

e the approximation ani of Pf (the solution of the SIE) at each step in Algorithm
5.1.11 converges uniformly as minn; — oo.
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This definition hypothesizes desirable conditions on a nearby limit problem for the
sequence {[G¢, FS]}SZO. Under the assumption of this nearby limit problem we are able to
obtain a uniform approximation for the solution of the original RHP.

Lemma 5.2.8. Assume there exists a numerical parametriz {Je, X¢}eso for a sequence of
RHPs {[G¢,T¢l}e>0. Then for every e > 0 there exists N; and T > 0 such that, at each
stage in Algorithm 5.1.11,

Mfoiéhww<eﬁW§>T. (5.2.7)

Furthermore, if the numerical method is of type (0,0,0), then (5.2.7) is true with IN;
replaced by any M; > N;.

Proof. At each stage in Algorithm 5.1.11 we have

1Ufn, = Usllrzan < WUsn, = Prnlezan + 1Pin, — Pfllzaa) + 1P = Ufllz2(a)-
(5.2.8)

Since me originates from a numerical parametrix we know that ||me — PfH r2(a) — 0
uniformly in £ as m; is increased. Furthermore, HPZ-5 — Uf” r2(A) depends only on & and
tends to zero as & — oo. The main complication comes from the fact that a bound on
HUfni - Pf,ni”LQ(Ai) from (5.1.5) depends on both m;_; and ¢ if the method is not of type
(0,0,0). The same arguments as in Lemma 5.2.5 show this tends to zero. Therefore we
choose n; large enough so that the second term in (5.2.8) is less than €/3. Next, we choose
¢ large enough so that the sum of the remaining terms is less than 2/3e. If the method
is of type (0,0,0) this sum remains less than € if n; is replaced with n for n > n;. This
proves the claims. O

Now we prove the uniform approximation theorem.

Theorem 5.2.9. Assume {[Gg,Ff]}fzo 1s a sequence of k-reqular RHPs for k sufficiently
large so that Algorithm 5.1.11 converges for each &. Assume there exists a numerical
parametriz as & — oo. Then Algorithm 5.1.11 produces a weakly uniform approximation
to the solution of {|GS,T]}¢>0. Moreover, convergence is strongly uniform if the method
is of type (0,0,0).

Proof. Lemma 5.2.8 provides an M > 0 and NN (i) such that if £ > M then
3 3 )
||UZ,’N1(Z,) — Ui llz2(a,) <€, for every i.
According to Theorem 5.2.6 there is No(&, ) such that
3 3 .
HUZ,’NZ(&) = Ut llz2a,) <€ for every i.

The function

[ Ni@), ife> M,
N = { No(eLi), if € < M,
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satisfies the required properties for weak uniformity. Strong uniformity follows in a similar
way from Lemma 5.2.8 and Theorem 5.2.6. U

Remark 5.2.10. This proves weak uniform convergence of the numerical method for
the toy problem introduced in Section 5.2.2: we can take the RHP for v as a numeri-
cal parametriz.

The seemingly odd restrictions for the general theorem are a consequence of poorer
operator convergence rates when n is large. A well-conditioned numerical method does
not suffer from this issue. It is worth noting that using direct estimates is equivalent to
requiring that the RHP itself satisfies the properties of a numerical parametrix.

In what follows, we want to show a given sequence of RHPs is a numerical parametrix.
The reasoning for the following result is two-fold. First, we hypothesize only conditions
which are easily checked in practice. Second, we want to connect the stability of numerical
approximation with the use of local, model problems in nonlinear steepest descent.

Proposition 5.2.11. Assume
o {[J§, Y} es0 is a sequence of k-regular RHPs,
e the norm of C[Kf,Ai]_l s uniformly bounded in &,
o [ Kflwrosny < C, and
e vi(§) = 0 as { — oo.
Then, if k and & are sufficiently large,
e Algorithm 5.1.11 applied to {[J*, %] }¢>0 has solutions at each stage and

o {[J5, Y8} eso satisfies the last two properties of a numerical parametriz (Definition
5.2.7).

Proof. The proof is essentially the same as Theorem 5.2.4 U

Remark 5.2.12. Due to the decay of v;, the invertibility of each ofC[Kf; A;] is equivalent
to that of C[G&;T¢].

This proposition states that a numerical parametrix only needs to be locally reliable; we
can consider each shrinking contour as a separate RHP as far as the analysis is concerned.

Remark 5.2.13. The basic philosophy of this work is that to apply the numerical method
described in Section 5.3, we must transform the RH problem for ® into a form suitable
for numerical solution. To accomplish this, we transform ® by representing it explicitly in
terms of new functions which satisfy the following properties:

o O — WV so that W ~ I at infinity: This is a prerequisite to apply the numerical method
of Section 5.8. Most RHPs satisfy this condition but the RHPin Problem 10.8.1 does
not satisfy this condition.
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e U~ A so that the oscillatory jumps of ¥ become exponential decaying jumps of A:
This is the first step in the process to guarantee that the solution of the corresponding
SIE has bounded Sobolev norms.

e A — X so that the jumps of X are localized and scaled: This is the step that produces
a method that is asymptotically stable.

5.3 A numerical realization

In [89], S. Olver constructed a numerical framework for computing solutions to RHPs,
based on a method used in [87] for computing solutions to the undeformed Painlevé 11
RHP. This framework is based on Chebyshev interpolants. Consider the RHP [G;T7,
I'=T7U---UIYy, where each I'; is bounded and is a Mobius transformation of the unit
interval:

M;([-1,1]) =T

Definition 5.3.1. The Chebyshev points of the second kind are

:13[1_1’1}’" COS T (1 — L)

m[_lvl}vn — : —

-1,1
:L./LL ’ }7”

The mapped Chebyshev points are denoted
a:i,n — Mi(w[—l,l],n).

Given a continuous function f; defined on I'; we find a unique interpolant at z*" using
mapped Chebyshev polynomials of the first kind. Given a function, f defined on the whole
of I', we define Z,, to be this interpolation projection applied to the restriction of f on each
I';. Clearly,

T, : HY(T') — HY(T)
and because " contains all junction points,

T,: H(T) - HYD).

5.3.1 Computing Cauchy integrals

The framework in [89] is given by the pair (Z,,Z,) and the matrix C,[G;I'] is equal to
Z,C|G;T|Z,, with some unbounded components subtracted; obeying the requirement that
the two operators agree on H!(I'). The construction of C,[G;T] is now discussed.

Define T to be the unit circle with typical counter-clockwise orientation and I = [—1, 1]
with left-to-right orientation. The numerical method relies on a matrix representation of
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the action of these operators on the Laurent monomials, Ly(z) = z¥, in the case of T

and the Chebyshev polynomials of the first kind, Tj(z), in the case of I. The following
representations are derived in [89, 87]. For I' = T the action is given by

LF(s), ifk>0
+ _ ) =Y
Cyy Li(s) = { 0, otherwise,

_ —Lk(s), if k<0,

Cuy Li(5) :{ 0, ) otherwise.

If I' = I, the expressions are much more complicated. The idea used is similar to com-
puting the discrete cosine transform. First T is mapped to I using the map z — T'(z) =
% (z + z_l). This allows us to map functions on I to functions on T. Furthermore, if we
map a polynomial on I we obtain a Laurent polynomial on T and we know how the Cauchy
operator acts there. Using the correct inverses of the map 1" we obtain Cfc. The inverses
needed are

T (z) =2 —Vr—1V1+a,
T z) =2+ Vr—1V1+a,
Tfl(az):x—i\/l—x 1+,
TT_l(:E):l‘—I-’i 1—zv1+4z.

Denoting the floor function by |-|, we define the auxiliary functions

tm(2) = Z 2Zj — Yo(z) = %arctanh z,
1
m 2 —m—1(z) ifm <0

Ym(2) = 2 <1/10(z) - { Zm(l/lz) >0 ) .

Then
O () = 5 (Be(T7Y) + Y- p(T7(2) (5.3.1)
and taking limits,
€ Ti(a) = —5 (h(T (@) + 64T (2))

. 2 1 1 Tk—2j+1(x) 1, ifk—27+1=0,
= —ﬁTk(x) arctanh 7' (z) + — Z “9,—1 | 2 otherwise,

L5
2 1 1 Tk—2j+1(517) 1, fk—-2j4+1=0,
B _%Tk(x) arctanh TT (z) + in Z; 25 —1 2, otherwise.

‘]:

(5.3.2)
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Remark 5.3.2. In practice ., is computed stably using the oy hypergeometric function.
See [89] for details.

Remark 5.3.3. Notice that if f(£1) # 0 then we expect a logarithmic singularity of Crf
at the end points.

We need to deal with more complicated contours. Assume I' is a contour for which
there exists a conformal mapping M : I — I'" which maps infinity to infinity. Assume
f vanishes at the endpoints of I' and is smooth. Cff f is the unique function, analytic
off ', which satisfies F'*(k) — F~ (k) = f(k) for k € T with F(co) = 0. Then we have
Ft(M(z)) — F~(M(z2)) = f(M(z)) for z € T and F(M(oc)) = 0. From the Plemelj

formulae
F(M(2)) = Ci(f o M)(2),
= F(k) = C1(f o M)(M~" (k).

Remark 5.3.4. If M does not map infinity to infinity we modify the result by subtracting
the behavior at infinity

F(k) = Ci(f o M)(M ™" (k) = Ca(f o M)(M ™ (00)).

The last task is to deal with contours that have corners and self-intersections. We need
the behavior of Crf at 1 in the case that f does not vanish at the end points. In terms
of the auxiliary functions above we have [89] (see also Lemma 3.1.13),

CiTi(w) =~ (~DHlog(—2 — 1) ~log 2] + —(~1Mu1(=1) + u(- D), as v > 1,

1 1
CiT; “w —l —1) —log?2] + —[ur—1(1 1 — 1.
1T% () 2m[0g($ ) — log 2] + m.[ﬂk 1(D) + pe(1)], asz
Assume T’y and Ty are as in Figure 5.3.1. Let f € HY{(I'; UTs) and let f; = f|r, be its
restriction. For each I'; we have a conformal map M; : I — I'; with a fixed point at oo.
We expand in a Chebyshev series

Hi(My(z)) = io FaTu(@),
fo(My(z)) = i}fﬁTn(x)-
Then, taking orientation into account, _
Cryur, f(2) = kf; fraiTe(M;!(2)) - kf; fiaTu(M; ! ().

It is not clear, due to the singularities, how to define Cljflum. We assume that a = M;(—1)
corresponds to the intersection point and we examine the behavior of this formula at this
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Figure 5.3.1: Intersecting contours

intersection point. As z — a,
Croun,(2) = 3 £} (=55 () or(-M; () = 1) = log2) (=) a (1) + (1))

=3 72 (<5 (DM 0B (2) — 1)~ Tog 2+ 2 (-D¥ s (1) + (1))

0o \E o .
=§]E<@22bw+2ﬂ?#@%W4PUﬂM4ﬂ
k= k=0

[e.e] _ k R N
=3 U (frtoa(-Mi () — 1) — R tog(~A; () — 1))
(5.3.3)

Expanding we see

~M7YN2) -1 = —-0. MY a)(z —a)+ ...,
~Myl(z) =1 = =0:My (a)(z —a) +

Equating z = a + e’ we obtain

arg(—M; 1 (2) — 1) v« arg(—]9,M; (a)|e?), ase— 0,
arg(—My(2) — 1) v« arg(—|0, My (a)]e?), as e — 0.

We choose arg z € (—m,m]. Defining 6 and ¢ by the angles in Figure 5.3.1,

’Y—QS—ﬂ', 1f¢<7§7‘-7

1 Yy—¢p—0+m, fop+0—-2r<y<¢+86,
a@VWQ(”_ly”{7_¢—e—m ifop+6<y<r.

arg(_Ml—l(Z)_l)m{ y—¢+m, if¢—21r<y<o
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Combining all of this,

2 — 0, ifp<y<o+0,

ol =10 =10 1)
arg(—M; " (2) — 1) +arg(=M; " (2) — 1) {—9, otherwise.

We use that Y > f,z(—l)k = flr,(a) = f(a) and examine the last term in (5.3.3) more
closely:

- 2% (—1)*(filog(—=M; ' (2) = 1) = f{log(~M; ' (2) — 1))
k=0
= I tog(- 217 (2) 1)~ lor(- 115 (2) - 1)
- z"};(—:i)(— arg(—Ml_l(z) -1+ arg(—Mz_l(z) -1))
_ 1 { fla)2mi—0) if ¢ <arg(z) < ¢p+0,
2t | —f(a)d otherwise, ’

This is consistent with Lemma 3.1.9. We alter My so that My(1) = a and derive the
following result.

Lemma 5.3.5. Let I'1, 'y be smooth contours. Let I'v be oriented from z = a to z = b with
My :1— Ty, Mi(—1) = a and M;(1) = b. Furthermore, let I'y be oriented from z = ¢ to
z =a with My : I — Ty, Ma(—1) = ¢ and M(1) = a. Define 0; € (—m, 7] to be the angle
of the tangent line to T; at z = a makes with the line {a +s:s € RT}.

e For smooth function f1 : 'y — C,

fi(a)
211

fi(a)
211

Cr, f1(z) = log(z —¢) + Hr(f1), as z = a,z ¢ 'y,

0
log |z — c| + ﬁfl(a) + Hi(f1), as z—a,z €y,

and

151 = Y-t (g (-0 og 24 L (0 s (-1) 4 (1))

k=0

where f,% are the Chebyshev coefficients of f1 o M.

e For smooth function fs: 19 — C,

Cr, fa(z) = —f;(:;) log(z — ¢) + Hg(f2), as z — a,z & g,

f2(a)
211

6
log|z —c| — if(a)—kHR(fg), as z = a,z € I'y,
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and
Hal(f) =3 7 (5o low2-+ = s (1) + 1))
k=0

where f,? are the Chebyshev coefficients of fo o Ms.

Remark 5.3.6. If we choose the conformal maps M; so that they preserve orientation
from 1 to I'; then Lemma 5.3.5 describes the limiting values at either endpoint.

Define the finite Cauchy operator for I'; oriented from a to b:

Cffl_f(z), if ze T\ {a,b},
lim, o+ Cffif(a + reift) — % log ]r\) , if 2 =a,

lim, o+ Cﬁf(b + ret2) + % log ]r\) , ifz=0b,

CFf(Z)u z ¢ Fi7

where the values are dependent on the direction of approach for z = a,b. This function is
clearly computable for any z in the complex plane.

We generalize the method so that we may deal with an arbitrary number of intersecting
contours. With a € 7, the set of self-intersections of I', let I'y,...,I', be a counter-
clockwise ordering of the components of T' that have z = a as an endpoint. For f € HL(T')
it is clear how to define Cljf f(z*) if 2* € "™ when 2* is not an endpoint. Note that for
each i =1,...,p, M;(1) = a or M;(—1) = a. Thus, z = a appears in *" for i = 1,...,p.
An important complication is that in general

im  CEf(2)# lim_ CEf(z), i#j,

z—a,zel; z—a,z€l’;

Cr101,05)f(2) =

and C (a) for z € %" is different from CZ (a) for z € &/™ if i # j. Lemma 5.3.5 informs us
as to what these values are and we construct a well-defined method for computing limits
of boundary values. Recall that ' =17 U---UIY.

Theorem 5.3.7. Let the tangent to I'; at z = a; make an angle 0,, € (—m, | with the

horizontal and let the tangent at z = b make an angle 8, € (—m,w| with the horizontal.
Then if f € HX(T),

[ [
> C [0a,, 00,1 (2) = > CE[04,,00,]f(2) = CEf(2), 2 &0,
i=1 =1

z—a, z€I

l
Zéﬁ_ Oa;,00)f(2) = lim  CEf(2),
=1

z—b, zel'

l
> CElO, 00 )f(2) =  lim  CPf(2).
i=1

Proof. Note that the same angle is used twice since it is not specified if M;(+) = a; when
a; is an endpoint. The zero-sum condition ensures that the log |r| term in the definition of
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the finite Cauchy operator drops out. O

Using this definition we effectively compute Cffu, u € HYT) at every point ", com-
puting the limiting values at the endpoints of I';. Therefore we compute the operator

C|G;T|Z,u,

exactly for every interpolation point in ", i = 1,...,l implying that Z,C[G;T|Z,u is
computable. This defines an operator that acts on sums of mapped Chebyshev polynomials
u, and returns C[G;Tu, at each point of ", i = 1,...,1 that is not an endpoint of T';.
Furthermore, this operator returns

un(2) =Y Cr [0, lun(2) - (G(2) — 1),
i=1

at each endpoint of I'; with 6 appropriately chosen as in Theorem 5.3.7. This is guaranteed
to return finite values u!, at every point in ", i = 1,...,l. We output the interpolant
of the values u!, using mapped Chebyshev polynomials. This is the definition of operator
C,[G;T] and as promised it agrees with C[G;T] if u, € H}(I'). From a computational
standpoint, a linear system is set up to solve for f? by enforcing that

ColG;Tun(x) = G(x) — I, forallz € ™™ i=1,...,1 (5.3.4)

The following theorem is found in [89], and finalizes the theoretical development of the
numerical method.

Theorem 5.3.8 ([89]). If the linear system (5.3.4) is nonsingular, then the calculated
un(x) satisfies the zero-sum condition.

In conclusion, the fact that the linear system is nonsingular implies that the numerically
constructed solution of the Riemann—Hilbert problem ®,, = I + Cru,, satisfies the correct
jumps at the collocation points.

Remark 5.3.9. A Mathematica implementation of the framework in [89] is available
online [85]. This method is discussed deeper in [89] with all implementational details .

5.3.2 Properties of C,[G; ]

We address the properties required in Definition 5.1.4.

Lemma 5.3.10. When G € W1°(T'), the numerical method in [89] satisfies:
e 7, is uniformly bounded in n from C(I') to L*(T') when T is bounded.
o [|CulGi Tl 22 (ry, vy < CA+ NG = 1| oo lICr [ £(22(ry))-
o |TnlG: Dl ix vy < CP2IG = I oo ICE |l 2(22(r)) -

o [|Zou — ull gr(ry < Csn®*|Jull grs(r).-
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Proof. First, note that these constants depend on I'. Using the Dirichlet kernel one proves
that Z, is uniformly bounded from C(T') to an L? space with the Chebyshev weight [7].
The norm on this weighted space dominates the usual L?(I") norm, proving the first result.
For the second statement we take u € H}(T') and consider

1Z, — Z(G — I)CI:UHLZ(F)
<|NZull gy, 2y (I + |G = || oo ICE | 22 (0, 52 0y 1wl 211 1y ) -

Since Y,, is equipped with the L?(I') norm and ICE M 2a (), 1 (r)) = IICr Il 2(z2(r)) we obtain
the second property. We then use for u € X, (see Section 5.1) that ||ul| g1y < Cn?||ul| g2
to obtain

170G Tl 2 vy < CPPIG = I oo ()ICE |22 (r)-
The last statement follows from estimates in [98] for the pseudo-spectral derivative. O

The final property we need to obtain an admissible numerical method, the boundedness
of the inverse, is a very difficult problem. We can verify, a posteriori, that the norm of the
inverse does not grow too much. In general, for this method, we see at most logarithmic
growth. We make the following assumption.

Assumption 5.3.11. For the framework in [89] we assume that whenever [G;T] is 1-
regular and C[G;T|™1 exists on L*(T") as a bounded operator, we have for n > N

ICA G TT ey x) < CPIICIGE T £ z2qry)s B> 0. (5.3.5)

Remark 5.3.12. This assumption is known to hold for a similar collocation method on
the unit circle using Laurent monomials [97].

With this assumption the numerical method associated with (Z,,,Z,) is of type (0, 3,2).
In light of Theorem 5.1.6, we expect spectral convergence and the bound in Assumption
5.3.11 does not prevent convergence. We combine Assumption 5.3.11, Theorem 5.1.6 and
Theorem 3.9.1 to obtain

[t — |l 2y < CUICIG T M 2zzy) (L + |G = Il oo ICF lecrzay) ) n® P Fl|ull gre -
(5.3.6)

Therefore, we realize L? convergence of our approximations to the function u. Since
® = I + Cru, we find (see Lemma 3.6.9)

@ _ —
G T4 71 L OGE), By = / udz ~ —/undz. (5.3.7)
r r

Here L? convergence implies L' convergence since I' is bounded. An approximation of ®;
is critical in inverse scattering, see (2.5.8). To efficiently and accurately compute fr Updz
we note that the values u,, takes at mapped Chebyshev nodes is known and therefore
Clenshaw-Curtis quadrature computes this integral effectively .

Note that if Algorithm 5.1.11 is used then an approximation of u such that ® = I +Cru
is not directly returned from the algorithm since SIEs are solved on each disjoint contour at
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each stage, not on all of I". But since an approximation ®5, = ¢, - - ¢1 (with ¢; = I+Cruy)
to the solution ® is known we find, in the notation of Algorithm 5.1.11:

¢
By ~ —Z/ ujdz. (5.3.8)
j=171v



Chapter 6

The Korteweg-de Vries and
Modified Korteweg-de Vries
Equations

We consider the initial-value problem on the whole line for the Korteweg—de Vries equation
(KdV)

qt + 6qqgc + Qrax = 07 (601)
q(z,0) = go(x) € Ss(R).

We also consider the defocusing modified KdV equation, given by

qt — 6(]2(];(; + Qrax = 07 (602)
q(z,0) = go(x) € Ss(R).

The KdV equation describes the propagation of long waves in dispersive media, e.g. long
surface water waves [69]. Historically, the KdV equation is the first known case of a
PDE that is solvable by the inverse scattering transform [56]. The KdV equation and the
modified KdV equation can also be thought of as dispersive regularizations of the Burgers
and modified Burgers equations, respectively.

The presence of dispersion makes the quantitative approximation of solutions of the
KdV equation and the modified KdV equation through numerical methods especially dif-
ficult, see Section 6.5 for a detailed discussion. Section 6.5 demonstrates that while the
oscillatory nature of the solution is reproduced in many numerical methods a high degree
of accuracy for moderate times is elusive. To see this heuristically, in Figure 6.0.1 we
approximate the solution of the KdV equation with g(x,0) = A sech?(x) where A = 3.2
using the numerical scheme presented in this chapter. With A = 3 the solution would be
a two-soliton solution without any dispersive tail [42]. Notice that a significant dispersive
tail forms even though the solution is close to a soliton solution. The issue becomes worse
when we consider solutions that are farther from a soliton solution, see Figure 6.0.2.

To combat this dispersive complication, we exploit the integrability of the KAV equation
and the modified KdV equation and evaluate the inverse scattering transform numerically.
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Figure 6.0.1: Numerical solution of the KdV equation with initial data that is close to a
two-soliton solution. (a) Initial condition, (b) Solution at ¢ = 1.5. The two largest peaks
each correspond to a soliton. (c) Dispersive tail at ¢ = 1.5.

Computing the inverse scattering transform involves developing techniques to compute the
forward transform (direct scattering) and the inverse transform (inverse scattering). Our
approach to direct scattering employs collocation methods for ODEs (see Appendix B and
existing spectrum approximation techniques. For inverse scattering we use the numerical
method for RHPs presented in [89]. After deforming the RHP in the spirit of Deift and
Zhou [34, 39, 60], the numerical method becomes asymptotically stable: the work required
to compute the solution at a point to a desired accuracy is bounded for all z and ¢. In
this method the roles of x and t are reduced to that of parameters. No time-stepping or
spatial discretization is needed and the code can trivially be run in parallel.

The numerical direct and inverse scattering for the defocusing modified KdV equation
is presented along with numerical results. The RHP for the modified KdV equation has a
simple form and the deformations are straightforward. All RHPs we solve are well-posed:

Definition 6.0.13. A RHP is well-posed if it has a unique solution of the form
®(k) =1+ Cru (6.0.3)

for some function u € L*(T).

This is demonstrated using Theorem 3.8.21 and Theorem 3.8.29

Next, the KAV equation is considered. Now one has to deal with the addition of solitons
to the problem. After deformation, the RHP for the KdV equation has a singularity and
this requires two additional deformations. We introduce a new deformation that is not
present, to our knowledge, in the existing literature. This new transition region allows for
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Figure 6.0.2: Numerical solution of the KdV equation for an initial condition which is far
from a pure soliton initial condition. (a) Initial condition obtained by adding a soliton to
the RHP associated with ¢(z,0) = —2.3sech?(z), (b) Solution at ¢t = 1.5, (¢) A contour
plot showing the birth of the dispersive tail, (d) Solution at ¢ = 30. It is not practical to
use conventional methods to capture this solution quantitatively for longer times.

stable asymptotic computation of the solution in a region where the classical deformations
break down numerically. Numerical results for the KdV equation are presented. Finally,
the numerical solutions of the modified KdV equation and the KdV equation are compared
using the Miura transformation.

We solve the modified KAV equation because the complexity associated with its solution
is what should be expected when solving other integrable equations with this method.
We solve the KAV equation because it is a more difficult problem, and demonstrates
that the method is general enough to handle the added difficulties, though it requires the
introduction of significantly more machinery.

Through the comparison of our results with existing asymptotic expressions we can
guarantee the accuracy of the method. It is accurate for small-time and for long-time.
Traditionally, numerical analysts favor integrable equations because of the large class of
explicit solutions available for comparison. All of these explicit cases do not exhibit a dis-
persive tail. This method expands the class of solutions which we can compute accurately
and, importantly, it provides a benchmark test to guide the development of new numerical
methods designed to capture dispersion.
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6.0.3 Integrability and Lax pairs

The mKdV and the KdV equation and are both completely integrable [1]. We take this to
mean that for each equation there exist two linear systems of ordinary differential equations
depending on a parameter k

pe = Lk, q)p,

Ht = M(k7 q)#)
such that p,s = pe, if and only if ¢ satisfies the PDE in question. Systems of this form are
called Lax pairs. Note that we use a slightly different form than that in Chapter 2. The

Lax pair is also known as the scattering problem for the PDE. We introduce the modified
Zakharov—Shabat scattering problem given by

| —ik ¢
IU’ZB_|: r Zk:|lu’7

(4 B
Ht = C D H,

where r, A, B,C and D are scalar functions to be determined [1]. If we make the choice

A = —4ik3 + 2ikqr — (ryq — qur),
B = 4gk? + 2ikqy — 2¢°7 — ua,
C = 4rk? — 2ikry, + 2qr% — rog,
D=—A,

(6.0.4)

we can obtain Lax pairs for both the modified KdV equation and the KdV equation.

The modified Korteweg—de Vries equation

To obtain a Lax pair for the (defocusing) modified KdV equation (6.0.2), let r = ¢, so that
the z equation of the Lax pair takes the form

| —ik ¢
e = [ ¢ ik } L. (6.0.5)

In what follows we do not need the explicit form of the equation for p;.

Remark 6.0.14. As above, we perform scattering in a more restricted space of functions.
We assume q(z,0) € Ss(R). This simplifies some technical details as is noted below.
This assumption is relaxed on a case-by-case basis. The decay rate is needed for analyticity
properties and the smoothness is needed to numerically compute the scattering data, defined
below.

1. Definition of the Scattering Data. Consider the problem (6.0.5). Assume ¢ € Ss(R),
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it follows that there are two matrix-valued eigenfunctions

e—zkx

m} as r — —0o, w(x;k)m{ 0 e“‘“] as r — oo.

(6.0.6)

e—zkx

p(z3k) [ 0

From Abel’s formula, the determinants of these solutions are constant in x; evaluating
at 00 we see that the columns do indeed form a linearly independent solution set
and hence span the solution space. There exists a transition matrix

such that
P(x; k) = (x5 k)T (k).

Define p(k) = b(k)/a(k) to be the reflection coefficient. For the defocusing modified
KdV equation we define the scattering data to be only the reflection coefficient [1].
The conventions for the reflection coefficient in [1] and [34] differ. The reflection
coefficient used by Ablowitz and Segur [1] is i times that used by Deift and Zhou
[34].

. The Inverse Problem.We phrase the inverse problem in terms of a RHP. We seek a
2 x 2 matrix-valued function ® that satisfies

ot (k) =0 (k)G(k), kER,
®(o0) =1,
_ [ 1= pk)p(—k) —p(=k)e "™
(k) = 2ikx + 8ik3t.

The solution to the modified KdV equation is given by

q(z,t) = —2i lim k®(k)o1, (6.0.7)
k—00

where the subscript denotes the 2-1 component [34]. We suppress the x and ¢ depen-
dence for notational simplicity.

Remark 6.0.15. The well-posedness of this RHP can be established by considering
a specific singular integral equation and showing it is of the form (I — K)u = f where
K| < 1. This fact relies on supyeg |p(k)| < 1, see [34] for details. Additionally,
the well-posedness follows from Theorems 3.8.21 and 3.8.29 because det G = 1 and
G + G' is positive definite.
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The Korteweg—de Vries equation

To obtain the KdV equation (6.0.1) from (6.0.4) we set » = —1 and the = portion of the
Lax pair takes the form

Ho = [ _—Zf z'(ﬂ’““
This can be simplified to the time-independent Schrédinger equation

fae + (K — q)p = 0. (6.0.8)
As before, we do not need the explicit form of the equation for u;.

1. Definition of the Scattering Data. We consider the problem (6.0.8) and assume
q € S5(R). There are two vector-valued eigenfunctions

@ [ e~ihr gk ] as r — —o0, P [ etk gk ] as x — 00.

It follows from Abel’s formula that the Wronskian of these solutions is constant in
x and evaluating at +o0o we see the two entries form a linearly independent solution
set which spans the solution space. There is a transition matrix

C[alk) bk
T“‘”‘[B(k) A(k)]’

such that ¢(z,t; k) = ¥(x,t; k)T (k). Define p(k) = b(k)/a(k) to be the reflection
coefficient. It is known that a(k) has simple zeros in the upper-half plane, on the
imaginary axis. We denote the set of these n zeros by {nj}?zl and we assume
that p(k) can be analytically extended above these poles. In this case let C; =
Res{p(k),k = r;} and form the set {C;}_;. Define the set

{p(k‘), {’{j}?:lv {Cj}?zl}v (6'0'9)

to be the scattering data for the KdV equation.

2. The Inverse Problem.We can pose the meromorphic RHP for the solution of the KdV
equation. We seek a function ® : R — C'*2 that is meromorphic off R with simple
poles at £x; such that

dT(k) = o (k)G(k), kER,

Res{®(k), k = x;} = lim [ 0o 0 } o (k),

k—)l{j Cjee("{j) 0
—C.ef(rj)
Res{o(h), b = -} = tim | 0 ~G6 | o),
J

P(oo)=[1 1].
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The solution to the KdV equation is given by the reconstruction formula [3],
q(z,t) = 2i lim kP, (k).
k—o00

Remark 6.0.16. This meromorphic problem can be turned into an analytic problem
by introducing small circles around each pole and using the appropriate jump on this
new contour [60]. Fizx 0 < € < mingx;|r; — ki|/2, with € < minj |k;|. This € is
chosen so that the circles A;E ={k € C: |k — £kK;j| < €} do not intersect each other
or the real axis. We define P by

1 0 . ‘
(I)(k)[ —Cjee(“j)/(k‘—;{j) 1]’ if [k —kKjl <€ j=1,...,n,
1 0

q)(k)[cjee(ﬁj)/(k,’—kﬁj) 1:|’ Zf|k+/<’j|<€7]:17"'7n7

o(k), otherwise.

It is straightforward to show that & solves the RHP

o~ (k)G(k), if k € R,
o) (k) M,l . ifke AT,
7 (k) = —C;ef"a) [(k — k) 1 J

(k) [ (1) —C]ee(nji/(wmj) } ke 4,

where A7 (A;r) has (counter-)clockwise orientation.

Remark 6.0.17. Due to the fact that generically p(0) = —1 for the KdV equation, the
well-posedness of this RHP is in principle more difficult to establish. One must appeal to
Theorems 3.8.21 and 3.8.29. In the language of the vanishing lemma, Theorem 3.8.29,
(A;F)Jr = A . Furthermore, the jump matrices share the correct Schwartz invariance.
Furthermore, det G = 1 and G + G is positive definite on R\ 0. This proves the unique
solvability of the RHP.

6.0.4 Asymptotic regions

In this section we present the classical results on the long-time asymptotics of the solution
of the modified KdV equation and the KdV equation. We introduce constants, ¢;, to divide
regions. While any valid choice of these will work, the numerical method can be improved
by adjusting them on a case-by-case basis.
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Figure 6.0.3: (a) Regions for the asymptotic analysis for the modified KdV equation, (b)
Regions for the asymptotic analysis for the KdV equation.



143

The modified Korteweg—de Vries equation

The results presented here are found in [34]. In the (x,¢)-plane, the long-time evolution
of the modified KdV equation is described in three fundamentally different ways. For a
diagram of these regions see Figure 6.3(a).

1. The Soliton Region. This region is defined for = > ¢;t/3, ¢; > 0. The name “soliton

region” is a misnomer because there are no solitons present in the defocusing modified
KdV equation [1] but for the sake of uniformity with the KdV equation we retain
the name. Here the solution ¢(x,t) decays beyond all orders, i.e.,

q(z,t) = O((x +t)77), forall j > 0. (6.0.10)

. The Painlevé Region. This region is defined for |z| < c1t'/3. More general results
can be found in [34]. Along a trajectory = = —CtY/3, C > 0, the solution satisfies

q(z,t) — Uz, t) = Ot™%/3), (6.0.11)
where
Uz, t) = (3t)"Y3u(z/(3t)"/3), (6.0.12)
and v is the Ablowitz—Segur solution to Painlevé IT with Stokes’ constants {s1, so, s3} =

{—ip(0),0,ip(0)}. See Chapter 8 for a numerical method to compute this solution.

. The Dispersive Region. Historically, this region is defined for —x > cot > 0, co > 0.
For our purposes, we use —z > ¢t/ for the definition of this region. The reasoning
for this will become clear below. Along a trajectory —x = Ct, C > 0, the solution
satisfies

q(z,t) — R(z,t) = O(log(t)t™), (6.0.13)
where
R(z,t) = V;ZZO) Cos (16751{:5’ — v(ko) log(192tk3) + (ko)) »
0
and

k() =/ —a:/(12t),
(k) = —5 - log(1 — p(ko)p(ko)),

(ko) = 7 — arg(p(ko)) + arg(D(iv (ko))

1 [k 1— p(n)p(n) 1
7 /—ko fog <1 - P(’%)ﬁ(%)) n — ko .
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The Korteweg—de Vries equation

The results presented here are found in [39, 60]. See Figure 6.3(b) for a diagram of these
regions.

1. The Soliton Region. This region is defined for x > ¢1t¥/3, ¢; > 0. For > Ct, C' > 0,
the solution of the KdV equation in this region satisfies

q(z,t) = S(z,t) = O((z +1)7),

where

n
S(z,t) = Z 2/1? sech? (kjx — 4/<ag?t - pj),
j=1

1 Cj2 n <l<;l — lij>2
pj=slog [ =L S
2 ZI{j l;ly_'!z-l Ky + Kj

The constants x; and C; are defined in (6.0.9).

2. The Painlevé Region. This region is defined for |z| < ct'/3, ¢; > 0. Along a
trajectory z = +CtY/3, C' > 0, the solution to the KdV equation satisfies

q(z,t) — Uz, t) = Ot 1), (6.0.14)

vet) = g (¢ () + ()

and v is the Hastings—McLeod solution to Painlevé 1T with Stokes’ constants {s1, s, s3} =
{i,0,—i} [63] (see also Chapter 8). The error bound is not present in [39] but we
infer it from (6.0.11) through the Miura transformation, Section 6.2.4.

where

3. Transition Region. This region is, to our knowledge, not present in the literature. It
is defined by the relation 63t1/3(10g t)2/3 < -z < C4t1/3, c3,cq > 0. Asymptotics are
not known in this region.

4. The Collisionless Shock Region. This region is defined by cs5t < —x < cth/g(log t)2/3,
0 < cs <12 and ¢g > 0. This is the region in the (z,t)-plane where our de-
formations are valid. The asymptotic formula in [39] is given with the constraint
1/C < —x/(t/3(logt)?/3) < C for C > 1. With this constraint the RHP limits to a



145

RHP on (—b(s),b(s)) of the form [39]

~(k | 0 o240 12) f(p)dp " s
C ( ) _624irf0a(s) F(p)dp 0 , i (I(S) <k< (S),
_ [ 2vk? 0 .
CH(k) =1 ¢ (k) 0 (vt | if —a(s) <k <a(s),
~(k [ 0 o240 f(;a(s) f(p)dp ‘L .
C ( ) i _62472Tf0*a(s) F(p)dp 0 ,if — (S) <k< _a(s)’
((o)=[1 1],

f(p) =/ (a® — p?) (b2 — p?).
(6.0.15)

The definitions of a, b, s and 7 can be found in Section 6.4. See Section 6.2.2 for the
definition of v. Note that the only x and ¢ dependence enters through a, b and 7.
The approximation W of the solution of the KdV equation is obtained by

W (x,t) = 2iy/—x/(12t) lim 0:C(k).

We remark that no bound is present in [39]. See (6.2.6) for a numerical conjecture
of this error bound.

Remark 6.0.18. By adjusting co and cg, the collisionless shock region can be made
to overlap with the Painlevé region up to a finite time. In the absence of the transition
region, this will always leave a gap in the (x,t)-plane that is not contained in any
region. From a numerical point of view, we introduce the transition region precisely
to compute the solution of the KdV equation in this gap. This region seems to be
not needed in the asymptotic analysis because the solution in the collisionless shock
region can be asymptotically matched with the solution in the Painlevé region [5].

. The Dispersive Region. This region is defined by —x > c¢7t > 0, ¢; > 0. Along a
trajectory x = —C't, C' > 0, the solution to the KdV equation satisfies

q(z,t) — R(z,t) = O(t™1), (6.0.16)
where

R(z,t) = — % sin (16751{:5’ — v(ko) log(192tk3) + (ko)) »
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and

ko =/ —z/(121),

(ko) = — 5 log(1 — p(ko)p(ko)),

5(ko) = 7 — arg(p(ko)) + arg(D(iv(ko))) + Y arctan (%)
j=1

1 [ 1 — p(n)p(n) 1
T /—ko o <1 - P(ko)ﬁ(k‘o)> n — ko -

6.1 The modified Korteweg—de Vries equation

6.1.1 Numerical computation of the scattering data

We look for solutions of the form (6.0.6) to (6.0.5). Define

T1 0 o1
I T R I BV

and two new functions

J(k) = qb(k‘)o*geikmS -1, (6.1.1)
K(k) = ¢(k)etkeos — . o

Therefore J — 0 as © — —oo and K — 0 as © — oo. Rewriting (6.0.6),
Pz = qoip — ikogp,
and we find that K and J both solve
M, —ik[M, 03] — gqo1 M = qo.

For each k, this can be solved with a Chebyshev collocation method on (—L,0] for J and
on [0,L) for K using the appropriate boundary condition at +£L. See Appendix B for
a discussion of the method. If we use n collocation points, this gives two approximate
solutions J,, and K, for J and K, respectively. From J, and K, we obtain ¢, and ,,
approximations of ¢ and v, respectively, by inverting (6.1.1). Furthermore, ¢, and 1,
share the point = 0 in their domain of definition. Define

T (k) = 1, (0:K) ¢ (0; ).
This is an approximation of the transition matrix, from which we extract an approximation
of the reflection coefficient.
6.1.2 Numerical solution of the inverse problem

The RHPs considered here have the key feature that the jump matrices are highly oscil-
latory. Deift and Zhou adapted ideas from the asymptotic evaluation of integrals to this
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problem to obtain asymptotic formulae with rigorous error bounds [34, 33, 39]. The main
idea of this method is to deform the contours of the RHP so that it limits (in some sense)
to a simple problem that can be solved explicitly. In general, these same ideas translate
to the numerics. The exponential decay that is sought in the analytic method also enables
the fast convergence of the numerical approximation, as the smoothness of the resulting
asymptotic expansions ensure that the solution to the RHP can be well represented by
mapped Chebyshev polynomials. In what follows we deform the RHP for the modified
KdV equation. The deformations are guided by the desire to remove oscillations from the
jump contours. This is generally accomplished by factoring the jump matrix and deform-
ing the contours so that each factor is isolated near saddle points, away from which they
approach the identity exponentially fast.

To remove oscillations from the jump matrix, we need to examine the exponential that
appears in these expressions, which we represent as exp 6(k), where 0(k) = 2ikx + 8ik>t.
For x < 0, in analogy with the method of steepest descent for integrals, we deform the RHP
through the saddle points of #. We find that (k) = 2ix + 24ik*t, and solving for ¢’ (k) = 0
gives the saddle points k = £k, with kg = /—z/(12t). The directions of steepest descent,
at +ko — along which the oscillations of the jump matrix become exponential decay —
are given by

0F =3m/4+7/2,
0; =n/4d+m)/2.

The dispersive region

We present the full deformation from the initial RHP on the real line. We introduce two
factorizations of the original jump matrix G(k):

G(k) = M(k)P(k),

1 —p(—k e_e(k) 1 0
G = DT, L) = [ p(k)e"(k’/(ll—p(k)p(—k)) (1) } ’
| 1= p(k)p(—k) 0
P [ 0 1/(1 = p(k)p(—k)) ] =

= [ 3 RO A0k ]

In what follows, we often suppress = and ¢ dependence for notational simplicity. The
factorizations are suggestively defined. M (for ‘minus’) will be deformed into the lower-half
plane and P (for ‘plus’) will be deformed into the upper-half plane. L is lower triangular
and will be deformed into the lower-half plane, D is diagonal and will not be deformed.
Finally, U is upper triangular and will be deformed into the upper-half plane. Throughout
our deformations we use the notation ®, , for the solution of the deformed problem.
The number n indicates how many deformations have been performed, with n = 1 being
the original RHP. The characters « are used to denote the region (e.g. a = cs for the
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collisionless shock region).

Since ¢ € S5(R) for some § > 0, p has an analytic continuation off the real line so that
all the deformations are justified [1, 3]. These factorizations are used so that only one of
exp 0(k) or exp(—6(k)) is present in each matrix. This makes it possible to deform the
contours to new contours which have angles #F with the real axis, along which the jump
matrices approach the identity exponentially fast. The ‘ghost’ contours introduced in
Figure 6.1(a) all satisfy this desired property, and hence we define a new matrix function
®, 4 based on these regions. Notice that the new definitions still satisfy the condition
at infinity. We compute the jumps that ®,, satisfies to phrase a RHP for ®; 4, see
Figure 6.1(b). This process is referred to as lensing and is presented in more detail in
Section 3.10.3.

In order to achieve asymptotic stability (see Section 2) in the sense of Section 5.2 we
need the jump matrix to approach the identity away from +kg, i.e., we need to remove the
contour on (—kg, ko). Indeed, numerical results show that the solution on this contour is
increasingly oscillatory as |z| 4 |t| becomes large. We introduce the unique 2 x 2 matrix-
valued function A that satisfies the diagonal RHP

A+(k‘; k‘o) = A_(k‘; k‘o)D(k’), ke (—k‘o,k’o), A(OO7 k‘o) =1. (6.1.2)

See Section 3.4.1 for the exact form of A. Notice that in general A has singularities at +k.
To combat this issue we introduce circles around both +ko, see Figure 6.1(c). We define
3 4 by the definitions in Figure 6.2(a) where ®3 4 = ®3 4 when no definition is specified.
Computing the jumps we see that ®3 4 satisfies the RHP in Figure 6.2(b). We apply the
same procedure at —kq and obtain the problem shown graphically in Figure 6.3(a). Finally,
we define ®4 4 = @37dA_1 and ®,4 g satisfies the RHP shown in Figure 6.3(b). We solve
this resulting RHP numerically.

Remark 6.1.1. To obtain a RHP valid for t =0 and x < 0 one can take the limit of the
above RHP ast — 0. In this limit kg — oo and A has a jump on all of R.

The Painlevé region

For x > 0 this region intersects with the soliton region defined below, and we use that
deformation. For xz < 0, the saddle points are coalescing and this allows for a new defor-
mation. In this region we reduce the number of contours present, in order to reduce the
overall computational cost. Indeed, consider the interval between the two saddle points
[—ko, ko], where

C 2 8
k| <\ =t73 = 12kz + 8k3t] < 2043k + 8kt < —C + 32,
=y 53 | < T V12 12V/12
This implies that the oscillations are controlled between the two saddle points and the
LDU factorization is not needed. See Figure 6.4(a) for the RHP in this region.

Remark 6.1.2. The deformations for the dispersive region and the Painlevé regions are
valid in overlapping regions of the (z,t)-plane. As x — 0,2 < 0, the deformation for the
dispersive region can be used until the Painlevé region is reached. Using these deformations
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Figure 6.1.1: (a) The jump contours and matrices of the initial RHP with ‘ghost’ contours,
(b) Graphical representation of the jump contours and matrices of the RHP satisfied by
®5 4, (c) Ghost circles in preparation for the singularities of A.
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(I)ld = (I’z,dLA

Figure 6.1.2: (a) Definition of ®3 4 near kg, (b) The jump contours and matrices of the
RHP satisfied by ®3 4 near ko.

in tandem allows the method to retain accuracy in the region x < 0, t > 0 for |z| and t
large. Note that for the deformation for the dispersive region to be valid as kg — 0 it is
necessary that ||p|lec < 1 because of the form of D.

The Soliton region

Choose a function a(x,t) so that 0 < a(z,t) < v/3|kol|, then the deformation used in this
region is given in Figure 6.4(b). Note that the angle of the contours is chosen so that
Ref(k) < 0 on all contours with Imk > 0, whereas Ref(k) > 0 on all contours with
Imk <0.

Remark 6.1.3. There is a lot of freedom in choosing . For simplicity, we assume the
reflection coefficient is analytic and decays in the strip {s +ti:s € R, t € (-T,7), T >
0.5}, and therefore we use ax,t) = min{.5,/3ko}.

6.1.3 Numerical results

There are additional issues that have to be addressed before these RHPs can be efficiently
solved numerically. First, in Section 6.1.2 we opened up circles around two singularities
at +ko. This deformation is valid provided the radius of the circles is sufficiently small.
In addition, we need to shrink the radius of these circles if |z| or ¢ is large. We use
the following rule of thumb. Assume the saddle point is at zero and a parametrix has
introduced a singularity at zero. Further assume the oscillator is exp(wk”), r > 1, where
w is a parameter. We scale the radius of the circle following Assumption 5.0.1. Second, we
truncate contours when the jump matrices are to machine precision, the identity matrix.
This allows us to have only finite contours present in the problem. Furthermore, it allows
the contours to shrink as z and ¢ increase since the exponential decay is more drastic. The
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D34

D3q

(b)

Figure 6.1.3: (a) The jump contours and matrices of the RHP satisfied by ®3 4, (b) The
jump contours and matrices of the RHP satisfied by ®4 4. Note that the contours with
jumps AUA™! and ALA~! connect.
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(a) (b)

Figure 6.1.4: (a) The jump contours and matrices of the RHP for the modified KdV
equation in the Painlevé region with x < 0. (b) The jump contours and matrices of the
RHP for the modified KdV equation in the soliton region.

scaling on these contours is the same as for the circles around the saddle points. Note that
if all jump contours are decaying to the identity as = and ¢ becomes large, it is possible
that we truncate all contours and approximate the solution by zero.

Finally, we define g(n,z,t) as the approximation to the solution of the modified KdV
equation with n collocation points on each contour where the initial condition is implied
from context.

Direct scattering

For an initial condition where the reflection coefficient is not known explicitly we can
verify our direct, and in the process, inverse scattering computations by evaluating the
solution to the inverse problem at t = 0. As an example we start with the initial condition
q(z,0) = —1.3sech?(x). In Figure 6.5(a) we plot the error, |g(x,0) — ¢(80,z,0)|, while
varying the number of collocation points. Define p(m, k) to be the approximation of the
reflection coefficient obtained using m collocation points. In Figure 6.5(b) we show spectral
convergence of the computation of the reflection coefficient when k& = 1.

Inverse scattering

Throughout this section we proceed as if the reflection coefficient is obtained to machine
precision. This is often not the case since we do not have an explicit formula for the
reflection coefficient. This does limit the accuracy obtained in the plots below.

1. Convergence. To analyze the error, we introduce some notation. Define

ng(x,t) = |q(n,3:,t) - q(m,$,t)|

Using this notation, Figure 6.2.12 demonstrates the spectral (Cauchy) convergence
with each of the deformations.
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Figure 6.1.5: (a) Error in performing the full inverse scattering transformation at ¢ = 0
while varying the number of collocation points m for the direct scattering. (m = 20: dotted
line, m = 40: dashed line, m = 80: solid line.) Note that for moderate |z| we approximate
q(x,0) by zero after the truncating contours and obtain very small absolute error. (b) The
Cauchy error, [p(200,1) — p(n,1)|, plotted for n =2 to n = 100 on a log scale to show the
spectral convergence of the reflection coefficient.
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Figure 6.1.6: Demonstration of spectral convergence for the modified KdV equation with
q(z,0) = —1.3 sech?(z). All plots have Q% (z,t) plotted as a function of n as n ranges
from 2 to m. (a) Dispersive Region: m = 70 at the point (z,¢) = (—8.8,0.6), (b) Painlevé
Region: m = 50 at the point (z,t) = (—0.8,0.6), (c) Soliton/Painlevé Region: m = 140 at
the point (z,t) = (0.2,2.6). This deformation requires more collocation points because it
only has four contours, so that each contour contains more information about the solution.
Machine precision is not achieved since some errors are present in the computation of the

reflection coefficient.
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2. Asymptotic Stability. For the method to be asymptotically stable we require that,
for a given n and m, Q" (x,t) remains bounded (and small) as |z| + |t| becomes
large. In fact, what we numerically demonstrate is that Q)''(x,t) tends to zero in all
regions. See Figure 6.1.7 for the demonstration of this. Note that we expect Q)" (x, )
to approach zero only when the solution approaches zero as well.
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Figure 6.1.7: Demonstration of asymptotic stability for the modified KdV equation with

q(z,0) = —1.3 sech?(x). All plots have Q7 (x,t) plotted as a function of |t| + |z|. (a)
The Dispersive Region: m = 10, n = 5 along the trajectory x = —20t, (b) The Painlevé
Region: m = 10, n = 5 along the trajectory z = —(3t)'/3, (¢) The Painlevé Region:

m = 20, n = 10 along the trajectory z = (3t)1/3, (d) The Soliton Region: m = 10, n =5
along the trajectory x = 20t.

Comparison with asymptotic formulae

In Section 6.0.4 asymptotic formulae in various regions for the modified KdV equation
were presented. In this section we compare numerical results with these formulae. We
skip the soliton region because the asymptotic formula approximates the solution by zero,
which is uninteresting. Taking into account the verifiable convergence and the fact that
convergence of the numerical method has no long-time requirements, it seems reasonable
to assume that the computed solutions in the plots below approximate the true solution
better than the asymptotic formulae.

1. The Dispersive Region. In Figure 6.1.8 we present a numerical verification of the error
bound (6.0.13) along with a plot of both approximations in the dispersive region.

2. The Painlevé Region. In Figure 6.1.8 we present a numerical verification of the error
bound (6.0.11) along with a plot of both approximations in the Painlevé region.
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Figure 6.1.8: Comparison of numerical results with the asymptotic formulae in the dis-
persive and Painlevé regions for the modified KdV equation. (a) The Dispersive Region:
q(10,z,t) and R(z,t) plotted as a function of ¢t with x = —20¢. The computed solution is
shown by the solid line and the asymptotic formula by the dots, (b) The Dispersive Region:
lq(10, z,t) — R(z,t)| plotted as a function of ¢t with = —20t. A least-squares fit gives
(10, z,t) — R(x,t)] = O(t~1?), in agreement with the error formula, (c) The Painlevé
Region: q(10,z,t) and U(x,t) plotted as a function of ¢t with # = —t'/3. The computed
solution is shown by the solid line and the asymptotic formula by dots, (d) The Painlevé
Region: |q(10,z,t) — U(z,t)| plotted as a function of ¢ with x = —t/3. A least-squares fit
gives |¢(10,z,t) — U(x,t)| = O(t=%6%), in agreement with the error formula.
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With minimal deformations we obtain a numerical method for the defocusing modified
KdV equation that is not only asymptotically accurate but also converges spectrally fast.
The roles of x and t are reduced to that of parameters and we have no need for spatial
grids or time-stepping. The dispersive nature of the modified KdV equation is captured
exactly. The amount of effort required to solve the modified KdV equation should be
typical when considering other integrable equations with Riemann—Hilbert formulations.
Below we solve the KdV equation and in the process expand the scope of the numerical
method to deal with RHPs that have singularities. This complication is not typical but
we proceed to show that it can be dealt with.

6.2 The Korteweg—de Vries equation

We discuss numerical inverse scattering for the KdV equation. We can adjust the constants
co and c¢7 in Section 6.0.4 to make the dispersive region overlap with the Painlevé region
up to some finite £. This essentially allows one to use only the deformations needed
for the modified KdV equation for small time, eliminating the collisionless shock and
transition regions. For practical purposes this is sufficient. However, the regions never
overlap for sufficiently large time and since we are interested in the development of an
asymptotically stable method, we need to construct the deformations in the collisionless
shock and transition regions. These deformations are more complicated.

The RHP for the KdV equation is generally a meromorphic problem which alters the
deformations for z > 0. Additionally, p(0) = —1, generically, which complicates the
deformations for z < 0. The deformation for the dispersive region is only stable in its
original region of definition, —z > at, o > 0; it cannot be extended into the Painlevé
region for large ¢. For concreteness we use —zr > 12t > 0. As a consequence, the three
regions defined in the case of the modified KdV equation do not overlap for the KdV
equation. To overcome this issue Deift, Zhou and Venakides used a new deformation of the
RHP for the collisionless shock region [39] (see [5] for the first appearance of this region).
This deformation is valid into the dispersive region but does not extend to the Painlevé
region. Below we present the deformations for the RHP associated with the KAV equation
in these four classical regions. To fill the final gap we introduce a new deformation to
transition from the collisionless shock region into the Painlevé region.

6.2.1 Numerical computation of the scattering data for the KdV equa-
tion

Calculating the scattering data numerically relies on two spectral methods: a Chebyshev
collocation method for ODEs and Hill’s method [22] for computing the spectrum of a linear
operator.

e Computing p.

For k € R we are looking for solutions of fi.; + qo(2)u = —k?*u which behave like
exp(xikzx) as © — Foo. If go(z) € S,(R) the eigenfunctions limit to this asymptotic
behavior exponentially fast. For illustration purposes we concentrate on the eigen-
functions at —oo. We set u(z) = u(z)e*** —1 where the + is chosen when y «~ eT2,
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Then u(z) satisfies the ODE
Uzz F 2ikug + qo(u+1) =0, u(Eoo) = u/(Fo0) = 0.

The Chebyshev collocation method in Appendix B is used to solve this equation
on (—L,0] for each choice of +. The same ideas apply to the eigenfunctions whose
behavior is specified at +00. We solve for these on [0, L). We enforce the boundary
condition at + L. Asin the case of the modified KdV equation, matching the solutions
at the origin produces an approximation of the reflection coefficient.

e Computing {k1,...,Kn}.

Calculating these values is equivalent to calculating the L?(R) eigenvalues of the
operator 92 + qo(x) [3]. Through the transformation z = 2tan(y/2) we map the
original ODE to the interval [—, x]. This is well defined because of the decay of qp.
If m(y) = p(2tan(y/2)) and Q(y) = qo(2tan(y/2)), then m satisfies the problem

cos®(y/2) (cos2(y/2)my)y +Qy)m =xIm, \=—k* m(z)=m(z+n). (6.2.1)

Define C¥([a,b]) = {f € C*([a,b]) : f9(a) = f9(b), 0<j <k} To show the
equivalence of this problem with solving the original scattering problem we have the
following lemma.

Lemma 6.2.1. Assume qo(z) € S(R) and m € C3([—m,w]) solves (6.2.1) with A > 0
then u(z) = m(2arctan(x/2)) is an L? eigenfunction of 82 + qo(x). Furthermore, all
L? eigenfunctions for 9% + qo(z) can be found this way.

Proof. The behavior of the coefficients of (6.2.1) at =7 forces m(+m) = 0. Also, m
is Lipschitz with constant C' = sup,¢|_, - [m/(y)[. Therefore

Im(y) = m(£m)| < Cly F 7| = [m(y)| < Cly F 7.
Using the asymptotic expansion of 2 arctan(z/2) we see that
|p(x)| < min{C|2arctan(z/2) — 7|, C|2arctan(z/2) + «|} < C'/(1 + |z|),

for a new constant C’. This shows yu is an L? eigenfunction. Now assume that
is an L? eigenfunction of the operator 92 + go(z). We know that A > 0 and u «
exp(—v/A|z|) as |z| — oo [3]. Since g is smooth y must be smooth and (2 tan(y/2))
is a C2([—m,7]) solution of (6.2.1). Therefore these eigenvalues and eigenfunctions
are in direct correspondence. O

Applying the spectrum approximation techniques in [22] to (6.2.1) allows us to obtain
{Kk1,...,kn} with spectral accuracy.
e Computing {C1,...,Cp}.

As mentioned above, all poles of p(k) = b(k)/a(k) are simple. Since the above method
for calculating p(k) gives a method for computing b(k) we reduce the problem to
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computing a’(x;). We use the relationship [3]

1 2
— T k;)“dr,
T
2

where p is the eigenfunction of the operator 0, + qo(x) with eigenvalue A = K5
such that u « exp(—|A\z|) as || — oo. This is evaluated using Clenshaw—Curtis
quadrature.

a'(kj) =

6.2.2 Numerical solution of the inverse problem

The dispersive region

We proceed as in the case of the modified KdV equation. Assume we performed the
deformation in Remark 6.0.16 to introduce small circles around each pole. Examining the
exponent, exp(2z'/<;ja:+8m§?t), and further recalling that x; € iR, we see that the exponent
is unbounded in this region. Following the approach in [60] we define

1 —(k — Ky)/(CjeFo)) - .

20 | ¢t / Q. it -l <
Py a(k) = 0 —C;ef ko) /(K + k) - .

(k) [ ( + ;) (Cyef0)) { ] Q(k), if |k+kj| <e,

O(k)Q(k), otherwise,
for

[ ok = 55) /(k + K5) 0

oty = | 1 Tk + )/ (k — ;) |

Note that the matrix
1 —(k — Ky)/(Cje? ko))
[ C;e*0) [ (k — k;) 0 ] )

has a removable pole at x; and ® 4 still tends to the identity at infinity. Recall A;-t ={k e
C: [k ¥ rj| = €} where Aj* has counter-clockwise orientation, and A clockwise. Further
€ is chosen small enough so that the Ajt do not intersect any other contour. We compute
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the jumps of ®q 4:

01, (DQ (RG(RQ(R), itk e R,
—(k — k. o0(ko)
o gy = | Pra0Q ) | o ETIOT ga, ke ay,

k @id(k‘)Q_l(k?) |: —(k:—l—/-ij)}(C’jea(kO)) 1 :| Q(k‘), if k € A]_v

Pyg(o0)=[1 1].

[an}

This effectively inverts the exponent and turns exponential blowup into decay to the iden-
tity. This demonstrates that the solitons exhibit exponential decay. To simplify the nota-
tion, define

— -ee(ﬁj) K
T (k, jiw ) = [ D =) 1 ] LT (ki) = [ TG ) ] ,
— — K ,ee(lij)
Selk,gie 1) = [ (1) ’ j){(C] | ] Sk gimt) = [ —(k‘—l-/-ij);(cjee(ﬁj)) (1) ] .

As before, the ‘ghost’ contours introduced in Figure 6.1(a) pass along the directions of
steepest descent. We define a new matrix function ®; 4 based on these regions. Notice
that the new definitions still satisfy the normalization condition at infinity. We compute
the jumps that ®, 4 satisfies to phrase a RHP for ®, 4, see Figure 6.1(b). Throughout the
figures in this section, the dot inside the circles with jumps T4 or S4 represent £x;.

We decompose G into its LDU and M P factorizations and deform the jump contour
off R as we did in Section 6.1.2. However, there is a significant difference: if we examine
the matrix D, we see that there is a singularity at the origin, since generically p(0) = —1
[3]. We need to remove this singularity in order to represent the solution by Chebyshev
polynomials. Additionally, we need to remove the contour on (—kg, ko) to attain asymptotic
stability as mentioned in Section 6.1.2 using A in Section 3.4.1. We proceed in the same way
and arrive at the RHP in Figure 6.2.2, noting that the circles (corresponding to solitons)
and presence of the matrix () are the only aspects that are different.

Remark 6.2.2. We assumed that p(0) = —1. If it happens that |p(0)| < 1 then the
deformations reduce to those done for the modified KdV equation but now in the (possible)
presence of solitons. Numerical results show that this can happen when an initial condition
for the KdV equation is obtained through the Miura transformation, see Section 6.2.4.
In this case, the deformations for the dispersive, Painlevé and soliton regions cover the
(x,t)-plane.

The Painlevé region

As in the case of the modified KdV equation, for x > 0 we have an intersection with the
soliton region defined below. We use that deformation. The final deformation for the KdV
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Figure 6.2.1: (a) Jump contours and matrices for the initial RHP with ‘ghost’ contours,
(b) Jump contours and matrices for the RHP satisfied by ®g 4.
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Figure 6.2.2: A zoomed view of the jump contours and matrices for the RHP in the
dispersive region of the KdV equation. Note that the contours with jumps AQ TUQA"!

and AQ 'LQA' connect.
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Figure 6.2.3: The jump contours and matrices for the RHP in the Painlevé Region with
x < 0.

equation when x < 0 is nearly the same as in the case of the modified KdV equation, see
Figure 6.2.3.

The collisionless shock region

The singularity at k¥ = 0 in the matrix D(k) destroys the boundedness of A(k;kq) which
poses problems that do not occur for the modified KdV equation. As & — 0 the matrices
AQ™'PQA™ and AQ 'MQA™! are unbounded and we cannot link up the dispersive
region with the Painlevé region, as we did for the modified KdV equation. By choosing
C large we can make the dispersive and Painlevé regions overlap up to some finite ¢t. We
wish to obtain a method which is stable for large t. We need to introduce additional
deformations to bridge the dispersive and Painlevé regions. The first region we address is
the collisionless shock region. Ablowitz and Segur [5] introduced this region, and Deift,
Zhou and Venakides derived the needed deformations [39].

The results presented below for this region are from [39]. As z increases in the dispersive
region, the saddle points of exp 0, +ko, approach the singularity (k = 0) of the parametrix
A. To prevent this, we replace 6 by a so-called g-function [32], whose saddle points, after
scaling, do not approach a singularity. For b > a > 0, we determine constants D, Do
so that there exists a function g(k) which is bounded in the finite plane and satisfies the
following properties:

g (k) + g™ (k) = { l_)lDl i l;z E E;lz)’_a)’
g7 (k) — g~ (k) = D, k€ (-a,a),

g(k) analytlc in k off [—b,1],

g(k) has saddle points at +(a, b),

g(k) «~ 4k — 12k as k — oo.

The constants Dy and Dy depend on a and b and have desired properties to scale away
singularities. These will be determined below. Also, once all these constants are fixed, g
is uniquely determined.
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Remark 6.2.3. For the KdV equation, g can be determined explicitly (Section 6.4) but it
is more instructive to introduce it as above. It is more convenient to compute it numerically
from this formulation since the method in [88] is easily adapted to ensure spectral accuracy.

Define the function (k) = —ir[4k3 — 12k — g(k)], 7 = tk3 and construct
eV(k) 0
o(k) = [ 0 e—® ] — I as k — oc.

It is advantageous to introduce a scaling operator, ~, defined by f(-;:n,j) = f(ko;z,t)
and solve for ®(k). For k € R the jump satisfied by ®(k)¢p(k) is ¢—' (k)G (k)pt (k). This
assumes the absence of solitons, otherwise we replace G by Q~'GQ. Explicitly

gt () — | [ PR (ko) T (ke =~
¢ UC)G(IC)QS (k) - [ p(kok)eﬁ(kok)-i"ﬁ(k)-i-’\/*(k) e—'y*(k)-i-'y’(k)

Note that 0(kok) = 2ikokx + 8ik3k3t = 2iT(—12k + 4k?), and ~ satisfies

(k) =~ (k) = ir(g" (k) — g™ (k)) =0 for k &[],
yH(R)+y (k) = dir(gT (k) + g (k) — 0(kok) — 0 as k — co.
We write
([ 1= plkok)p(—kok) —p(—kok)e* o)
p(kok)e227—g(k) 1 )
if k € (—o0, —b),
[ [1— p(kok)p(—kok)]em@" B)=07 (D) _p(—fgk)e=Cr
p(kok)eCr (=gt (k) +g~ (k) |
) if k€ (—b,—a),
) [ 1= pkok)p(~kok)]eC  —p(—hok)ei™(~9" ()™ ()
o~ (k)G (k)p(k)y = plkok)erm(o" (B)+g™ (k) o—Co )
) if k € [—a,a
[ 1= plkok)p(—kok)]eims” B~ (®) (~Hnk)e
p(kok)eCr e”
) if ke ( ),
— plkok)p(—kok) —p(~kok)e>79)
p(k,ok,)e%rg(k) 1 )
L if k € [b, 00),

(6.2.2)

where Cy /it = g* (k) + g~ (k) for k € [a,b] and Cs/iT = g* (k) — g~ (k) for k € [—a,a].
This successfully removes 6 from the problem. As in the dispersive region, we proceed to



164 CHAPTER 6. THE KDV AND MKDV EQUATIONS

factor G = LDU on [—a,a]. Again, D has a singularity at the origin that we must remove.
Before we remove this singularity let us analyze the system in the limit as kg — 0 as this
will guide the choice of the parametrix and the constants C; and Cy. On the interval
[—a, a] we have

[1 = p(kok)p(—kok)]e? 0

—1 M _
o= (K)D(k)g+ (k) = 0 (11— plkok)p(—kok))eC?) ™!

Using p(0) = —1 and the analyticity of p(k) neighborhood of the origin, we obtain that
1 — p(kok)p(—kok) = 2vk*k3 + O((kko)?) near k = 0 for some constant v. We left
b > a > 0 mostly arbitrary above. It follows (Section 6.4) that the boundedness con-
dition along with the prescribed asymptotic behavior requires a? + b? = 2, leaving a single
degree of freedom. We use this degree of freedom to enforce k3 exp(C2) = 1, so that
(1 — p(kok)p(—kok)) exp(C2) « 2vk? + O(kZk*). Removing, to second order, the depen-
dence on kg. To see that there does exist an a that satisfies this condition, we refer to the
explicit construction of g in Section 6.4. As k, kg — 0 there is a constant C' > 1 so that

1 _ 1 plkok)p(—kok)

oS 2 2 < C, for k € [—a,al.

Thus, to obtain a local parametrix, we should solve the RHP
Yy (k) =Y (k)¢=" (k) D(k)¢™ (k), k € (—a,a), (o) =1.

This diagonal RHP can be solved explicitly using the method in Section 3.4.1. We conjugate
the problem by v in the same way as was done with A in Section 6.2.2.

The full deformation for this region now follows. We lens the scaled problem into the
form shown in Figure 6.4(a). Near a,b the jumps on the contours are also given there.
Define ®5 .5 = ®1 .5¢. Near a,b, ®o s satisfies the problem shown in Figure 6.2.5. We
conjugate by the local parametrix , defining ®3 ., = @27631/)_1. See Figure 6.2.5 for the
RHP near a,b for ®3.s. By symmetry, what happens at —a, —b is clear. More work is
necessary. Define the two functions 3,, and 3, via diagonal RHPs

B (k) = B, (k)(92'Do1) ™, k€ (=b,—a), B(o0) =1,
By (k) = B, (K)(@~' D) ™", k€ (a,b), B(oo) =1.

For the final deformation define

(I>37CS¢_1 inside the circle centered at —b,
®3 5B inside the circle centered at —a,

Dy =14 P3.s0p, inside the circle centered at a,
<I>37cs¢_1 inside the circle centered at b,
D3 s otherwise.

It follows that ®,4 .5 solves the RHP shown in Figure 6.2.6.

Remark 6.2.4. Note that s =0 when kg =1 or x = —12t and we switch to the dispersive
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Figure 6.2.4: (a) The initial deformation of the RHP in the collisionless shock region for a
function @1 5. (b) The initial jump contours and matrices near a, b.
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(b)

Figure 6.2.5: (a) The jump contours and matrices for the RHP for ®5 . near a,b, (b) The
jump contours and matrices for the RHP for ®3 ., near a,b.
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Figure 6.2.6: A zoomed view of the jump contours and matrices of the final deformation
of the RHP in the collisionless shock region.

region. This switch is continuous in the sense that s =0 = a =b =1 and ¢ is the identity.
The deformation automatically reduces to the deformation in the dispersive region. On the
other side of the region, the curve defined by 8%/3 = —log k3 /T lies to the right of the curve
defined by x = —(3t)'/31og(t)¥/3. In the next section we address what happens as the curve
defined by 82/3 = —log k3/t is approached.

The transition region

While the collisionless shock region has extended the values of (x,t) for which there exists
a well-behaved RHP past that of the dispersive region, it is not asymptotically reliable as
we approach the Painlevé region: as |z| decreases, a approaches the singularity of the local
parametrix at zero. To avoid this issue, we collapse the lensing. To maintain numerical
accuracy, we choose a to ensure that the oscillations are controlled on [—b, b]. For simplicity
let z = —t'/3R(t), where

. R(t .
t]ilgo W = 0, and tll>lgo R(t) = OQ.

Given a positive bounded function f(z,t), we choose a so that
ir(g" (k) + g~ (k) = if (z.t), k€ [ab], (6.2.3)
which implies

iT(g+(k) +g_(k)) = _if(xvt)v ke [_b7 —CL].
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In light of (6.4.3) this is equivalent to solving

fat)/r = 24 /O V@A) P)dp, (6.2.4)

for @ and b. By adjusting f this can be solved since the right-hand side is a monotone
function of a, under the constraint a? 4+ b?> = 2, which increases from 0 to 16 as a increases
from 0 to 1. Furthermore, 7 — oo in this region.

The RHP, after conjugation by ¢, is of the form (6.2.2) and we claim that all entries of
the matrices in (6.2.2) are bounded and the oscillations are controlled. In choosing (6.2.3)
we have that [iT(¢g" (k) +g~ (k)| < f(z,t) on [—b, b] which implies that the (1,2) and (2,1)
components of the matrix have controlled oscillations and are bounded. Next, consider
iT(g7 (k) — g~ (k)). The choice (6.2.3) implies

b
h(w, 1)/ = 24 / V= D0 = pdp, (6.2.5)

for a positive function h such that 1/C < h(z,t)/7+ f(z,t)/7 < C, C > 1. This comes from
the fact that both (6.2.5) and (6.2.4) cannot vanish simultaneously. Since f is chosen to be
bounded, h = O(7) and 7 = O(R3/?(t)). Using these facts along with k3 = O(R(t)/t*/3)
we obtain

lim e @Y =0, lim k2" - 0.

t—00 t—00
This shows that the (1,1) and (2,2) components of the matrices in (6.2.2) are bounded.
These matrices are stable asymptotically for numerics without any lensing on [—b, b]. After
lensing on (—oo, —b) U (b,00) we obtain a RHP for ®; 4, see Figure 6.7(a). Define ®;; =
® ;¢ and refer to Figure 6.2.8 for the jump contours and jump matrices of the RHP for
®,; near a,b. Finally, define

<I>2,t<;5_1 inside the circles centered at +b, *a,
O3, = .
Dy, otherwise.

Refer to Figure 6.2.9 for the jump contours and jump matrices of the final RHP in the
transition region.

The soliton region

This is the region where x > 0,2 = O(t). We present a deformation that is very similar
to that used for the modified KdV equation. We use the G = M P factorization, and the
only complication arises from dealing with the jumps on A;-—L. As |ko| increases, the line

Imk = \/g\ko\ eventually overtakes the circles, corresponding to solitons, or to the poles
in the RHP. This means that we need to invert the exponentials on some of these circles
but not on others. We illustrate this process. Define

O = i, (< vk (B + £5)/ (K — 55) 0
v 0 Hlﬁj\<\/§|ko\(k’ — r5)/(k + Kj)
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Figure 6.2.7: (a) The jump contours and matrices of the RHP for ®;;. (b) The jump
contours and matrices of the RHP for ®;; near a,b.

Figure 6.2.8: The jump contours and matrices of the RHP for ®5; near a, b.
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5P

Figure 6.2.9: A zoomed view of the jump contours and matrices of the final deformation
of the RHP in the transition region.

This matrix allows us to change the matrix 7 to Sy as we did in Section 6.2.2 for just
those of the A;E such that |k;] < v/3|ko|. Again we use a function 0 < a(z,t) < V3|kol.
The reader is referred to Figure 6.2.10 for the final deformation.

Figure 6.2.10: The final deformation of the RHP in the soliton region for the KdV equation.
The solution to this problem contains two solitons to illustrate when Ty needs to be
replaced with S4.

6.2.3 Numerical results

As in Section 6.1.3 we scale and truncate the contours appropriately and g(n, x, t) is defined
to be the solution obtained with n collocation points on each contour.
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Direct scattering
As a test case to verify the computed reflection coefficient we use an exact form given in
[42]. Tf q(x,0) = A sech?(x) then
sy = “TCNED 50 K0 L@
L(e(k) — a(k))L(e(k) — b(k)) L(e(k))l (a(k) +
a(k) =1/2 —ik 4+ (A+1/0)Y2, b(k) =1/2 —ik — (A+1/4)Y2 &(k) =1 — ik,

where I' is the Gamma function [84]. If A > 0 the set of poles is not empty. The poles are
located at

ki =i(A+1/H)Y2 — (G +1/4)), j=1,... while (A+1/4)Y%—(j+1/4)) >0

and the corresponding residues C; are computed from the expression for p. Figure 6.11(a)
shows the error between this relation and the computed reflection coefficient when A = 2.4
for a varying number of collocation points.

0.001f 0.5¢ s
i
134 [
e
_ 106+ roe ”:‘:Eﬁ -“rf_‘“‘ .. 1 0.0 E
e . .‘:4-“0 f : Al : ! \.o'~“' Q ]
u’j 10° ‘: \ L4
. g f -0.5}
1012 o~ h’“ M"‘y A Y
TATA 4
-1.0L
15 I . |
10 -10 -5 0 5 1C -4 -2 0 2 4
X k

Figure 6.2.11: Numerical computation of the reflection coefficient p(k) with ¢(x,0) =
2.4 sech?(x). (a) Absolute error between computed and actual reflection coefficient plotted
vs. k when the number of collocation points is 25 (dotted), 50 (dashed) and 100 (solid),
(b) Plot of the computed reflection coefficient with 100 collocation points. The real part
is shown as a curve and the imaginary part as a dashed graph.

Inverse scattering

As before, throughout this section we assume the reflection coefficient is obtained to ma-
chine precision.

1. Convergence. To analyze error we again use

Qzl(‘rvt) = |q(’l’L,3§‘,t) - q(m,:n,t)|

See Figure 6.2.12 for a demonstration of spectral convergence with all deformations.
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Figure 6.2.12: Demonstration of spectral convergence for the KdV equation with g(z,0)
shown in Figure 6.2(a). All plots have Q% (z,t) plotted as a function of n as n ranges
from 2 to m. (a) The Dispersive Region: m = 50 at the point (x,t) = (—=10,1/2), (b) The
Collisionless Shock Region: m = 30 at the point (—9.86,2.8), (c) The Transition Region:
m = 40 at the point (—3.12,7.), (d) The Painlevé Region: m = 50 at the point (—2.76,7),
(e) The Painlevé Region: m = 80 at the point (2.76,7), (f) The Soliton Region: m = 90
at the point (1.2,.1). The smallest errors achieved in (b) and (c) are greater than in the
other plots due to errors accumulating from the larger number of functions computed to
setup the corresponding RHP.
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2. Asymptotic Stability. As mentioned before, for the method to be stable we need that
for a given n and m, Q" (x,t) should remain bounded (and small) as |x|+ |t| becomes
large. Again, what we numerically demonstrate is that @) '(x,t) tends to zero in all
regions. See Figure 6.2.13 for the demonstration of this. As mentioned before, we
expect Q"(x,t) to approach zero only when the solution approaches zero.
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Figure 6.2.13: Demonstration of asymptotic stability for the KdV equation with g(x,0)
shown in Figure 6.2(a). All plots have Q7 (x,t) plotted as a function of |z| + [t|. (a) The
Dispersive Region: m = 16, n = 8 along the trajectory = —20t, (b) The Collisionless
Shock Region: m = 20, n = 20 along the trajectory = = —4(3t)"/3log(t)?/3. (c) The
Transition Region: m = 16, n = 8 along the trajectory = = —(3t)1/3log(t)'/%, (d) The
Painlevé Region: m = 16, n = 8 along the trajectory z = —t!/3, (e) The Painlevé Region:
m = 32, n = 16 along the trajectory z = t!/3, (f) The Soliton Region: m = 32, n = 16
along the trajectory x = 4t — 2.3, in order to track the soliton. We do not expect the error
to decay to zero when the solution does not.

Comparison with asymptotic formulae

In this section we compare our numerics with the asymptotic formulae for the KdV equa-
tion. We skip the soliton region because the numerics limit to the linear system related
to the soliton solutions exponentially fast. We also skip the transition region because, as
mentioned before, no asymptotic results are known. As before, we emphasize that in view
of the verified convergence, the numerical results are believed to be more accurate than
the asymptotic results.

1. The Dispersive Region. Numerical results are compared with the asymptotic formula
(6.0.16) in Figure 6.2.14. The difference between the numerical approximation and
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the asymptotic approximation is of the correct order.
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Figure 6.2.14: Numerical asymptotics in the dispersive and Painlevé regions for the KdV
equation. (a) The Dispersive Region: q(10,z,t) and R(z,t) plotted as a function of ¢ with
x = —20t. R(z,t) is defined in (6.0.16). Solid: Computed solution, Dots: Asymptotic
formula, (b) The Dispersive Region: |q(10,z,t) — R(x,t)| plotted as function of ¢ with
x = —20t. A least-squares fit gives |¢(10,z,t) — R(z,t)] = Ot~ 1), (c) The Painlevé
Region: q(10,z,t) and U(z,t) plotted as a function of ¢ with x = —t'/3. U(x,t) is defined
in (6.0.14). Solid: Computed solution, Dots: Asymptotic formula, (d) The Painlevé Region:
|¢(10,z,t) — U(x,t)| plotted as a function of ¢ with z = —t'/3. A least-squares fit gives
(10, z,t) — U(z,t)| = Ot~ %99) which is in agreement with the error bound.

2. The Painlevé Region. Numerical results are compared with the asymptotic formula
in (6.0.14) in Figure 6.2.14. As before, we use the Riemann-Hilbert based techniques
in Chapter 8 to compute v.

3. The Collisionless Shock Region. Numerical results are compared with the W from
(6.0.15) in Figure 6.2.15. From Figure 6.15(b) we estimate the amplitude of the
solution to be on the order of |z|/t. This allows us to estimate relative error, Fig-
ure 6.15(c). We see the relative error is on the order of (logt)~2/3 along the trajectory
x = 4(3t)'/3(log t)*/3. Numerically, in absolute error

2]

q(z,t) = W(z,t) = 0O <T(log t)_2/3> .
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Since there is not an error bound present in [39] we conjecture

q(z,t) = W(z,t) =0t %) as t — 00, x=C3t)"3(logt)??, C>0. (6.2.6)
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Figure 6.2.15: Numerical asymptotics in the collisionless shock region for the KdV equa-
tion. (a) ¢(10,x,t) and W (z,t) plotted as a function or ¢ with 2 = 4(3t)"/?(log t)?/3. Solid:
Computed solution, Dots: Computed solution to (6.0.15), (b) Confirmation that the ampli-
tude is on the order of |z|/t along the same trajectory. Dots: Computed solution, Dashed:
t— —x/(12t), (c) Confirmation that the relative error is on the order of (logt)~2/3. Solid:
t— |q(10,z,t) — W(x,t)|/(|z|/t), Dashed: t — (logt)~%/3, along the same trajectory.

Remark 6.2.5. In the collisionless shock region we compute the asymptotic expres-
ston by directly solving the limiting RHP numerically, instead of using the formula
giwen in [39]. In our numerical experiments, this formula did not agree with Fig-
ure 6.15(a). This discrepancy will be explored further in a future paper.

6.2.4 Miura transformation

Assume ¢ satisfies the defocusing version of the modified KdV equation (6.0.2) then u =
—q? — ¢, satisfies the KdV equation (6.0.1). This is the well-known Miura transformation
[80]. The numerical approach used here allows for ¢, to be computed in a straightforward
way, by essentially differentiating the linear system resulting from the collocation method
for RHPs [87]. In Figure 6.2.16 we use the Miura transformation to check the consistency of
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our numerics for g(x,0) = —1.3sech?(z). As expected, the evolution of the KdV equation
and the Miura transformation of the modified KdV equation coincide. The error in Figure
6.16(f) could be made much smaller, as the above convergence results indicate. The figure
is not meant to estimate the rate of convergence but to just demonstrate that the absolute
difference between two solutions does decrease as we increase the number of collocation
points.

6.3 Uniform approximation of solutions of the modified KdV
equation

In this section we prove asymptotic stability for the numerical solution of the modified
KdV equation (6.0.2) for x < 0. The analysis presented below demonstrates the ease at
which the ideas in Chapter 5 can be applied in certain situations.

Recall, the RHP for the modified KdV equation is

Pt (s) =d (s)G(s), s€R, ®(c0) =1,

1—p(k)p(=k) —p(—k)e ()
G(k) = Aﬁﬁﬁ% ) =l f 7

0(k) = 2ikx + Sik>3t.
In the cases we consider p is analytic in a strip that contains R. If z < —ct'/3 the
deformation is similar to the case considered in the following chapter for Painlevé IT and

asymptotic stability follows by the same arguments. We assume z = —12¢%tY/3 for some
positive constant ¢. This deformation is found in [110]. We rewrite 6:

(k) = —24ic® (kt'/?) + 8i(kt'/3)3.
We note that 6/(kg) = 0 for kg = ++/—x/(12t) = £ct~'/3. We introduce a new variable
z = kt'/3/c so that

(zct™V3) = —24ic3z 4 8ic® 23 = 8ic (2° — 32).

For a function of f(k) we use the scaling f(z) = f(zct='/3). The functions §, G and p are
identified similarly. After deformation and scaling, we obtain the following RHP for ®(z):

dF(s)=d (5)J(s),s €V =[-1,1JUT UTo UT3UTy,
G(2), if z € [~1,1],
1 ~
J(z) = p(2)e??)
5 2)e—0)
[1 p(=z)e },ﬁzeﬁuf%
0 1

0
1:|, if zeI'1 Uy,

where I';, ¢ = 1,2,3,4, shown in Figure 6.3.1, are locally deformed along the path of
steepest descent. To reconstruct the solution to the modified KdV equation we use the
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Figure 6.2.16: Numerical demonstration of the consistency of the numerical methods for
the KdV equation and the modified KdV equation through the Miura transformation.
(a) Initial condition for the modified KAV equation, q(z,0) = qo(x) = —1.3 sech?(z), (b)
Initial condition for the KdV equation, ¢(z,0) = —g3(z) — <Lgo(z), (c) Evolution using
the modified KdV equation at ¢t = .75, (d) Evolution using the KdV equation at t = .75,
(e) Solid: Evolution using the KdV equation at ¢t = .75, Dots: Miura transformation of
the evolution using the modified KdV equation at t = .75. (f) Absolute difference between
the Miura transformed the modified KdV equation and the KdV equation. We vary the
number of collocation points per contour, m. Dotted: m = 5, Dashed: m = 10, Solid:
m = 40. The jumps in the error are caused by switching deformations.
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formula
u(z,t) = 2iko lim 2®19(2). (6.3.1)

Remark 6.3.1. We assume p decays rapidly at oo and is analytic in a strip that contains
the real line. This allows us to perform the initial deformation which requires modification
of the contours at co. As t increases, the analyticity requirements on p are reduced; the
width of the strip can be taken to be smaller if needed. We only require that each T'; lies
in the domain of analyticity for p. More specifically, we assume t is large enough so that
when we truncate the contours for numerical purposes using Proposition 3.10.4, they lie
within the strip of analyticity for p.

T, Iy

Fg I‘ 4
Figure 6.3.1: Jump contours for the RHP for the modified KdV equation.

The parametrix derived in [34] is used to show that C[J,X] has an inverse that is
uniformly bounded by using (5.2.1) as was done in the previous section. We use the
analyticity and decay of p at co along with the fact that the contours pass along the paths
of steepest descent.

The contour is fixed (i.e., independent of z, ¢ and c¢), and this situation is more straight-
forward to analyze than the previous example. Repeated differentiation of J(k) proves
that this deformation yields a uniform numerical approximation. Furthermore, replacing
¢ by any smaller value yields the same conclusion. This proves the uniform approximation
of the modified KdV equation in the Painlevé region

{(z,t):t>€, x<—ex>-12273) e>0.

where € is determined by the analyticity of p.

6.3.1 Numerical results

In Figure 6.3.2 we show the solution with initial data u(z,0) = —2e~*" with ¢ = /9/4.
The reflection coefficient is obtained using the method described in [110]. We use the
notation u(n,x,t) to denote the approximate solution obtained with n collocation points
per contour. We see that the absolute error tends to zero rapidly. More importantly,
the relative error remains small. We approximate the solution uniformly on the fixed,
scaled contour. When we compute the solution using (6.3.1) we multiply by zo which is
decaying to zero along this trajectory. This is how the method maintains accuracy even
when comparing relative error.
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Figure 6.3.2: (a) Plot of the solution along # = —(3t)'/? for small time. (b) Absolute error,
lu(5,z,t) — u(10,z,t)|, for long time (c) Relative error |u(5,z,t) — (10, z,t)|/|u(10,x,t)|
for long time.

6.4 The collisionless shock g-function

We give the explicit form of ¢ from Section 6.2.2. Restricting to a? 4+ b? = 2, the expression

b
s:24/ V(2 —a®)(02 — p?)dp, T=1tk3, s=—logk?/T €[0,8%7],

defines both a(s) and b(s) since it is a monotone function of a. Define the g-function to be

a(s)

k
g(k) =12 " V(p? — a?(s))(p? — b2(s))dp + 12 V(p? — a*(s))(p* — b2(s))dp,
(6.4.1)

we choose the branch cuts for \/(p? — a2(s))(p? — b2(s)) to be the straight line segments
along [—b(s), —a(s)] and [a(s),b(s)]. In order for g to be single-valued it is necessary to
add a branch cut on [—a(s),a(s)].

Lemma 6.4.1. The g-function given by (6.4.1) satisfies:

1. g is bounded in the finite plane,

24 it /2 — ()% — B(s))dp, if k € [a(s)
) — g (F) = 24f“<5 V7= @@ = PE)dp, if k € (—a(s), as)),
24 [*, ) VP = @GN~ PE)dp, i ke [b(s), ~a(s)],

0, otherwise,
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3.

24 [ V1 V& = @)@~ PE)dp, i k€ la(s), )

g'f‘(k) + g_(k) — 24 fo \/ p - CL2(S )(p2 - b2( ))d P, Z.fk € (_a(s)7a(3))7
24 [ /T = a2(s)(p? — b2(s))dp, if k € [~b(s), —a(s)],
2¢(k), otherwise,
(6.4.3)
/.
g(k) = 4k> — 12k + O(k™") as k — o0,

.

kge”(gﬂk)wi(k)) =1, for ke (—a(s),a(s)).

Proof. (1) is clear from (6.4.1). (2) and (3) follow from contour integration and the fact
that the integrand is invariant under p — —p. To prove (4) we look at the expansion of
the integrand

12¢/(p? — a2(s))(p? — b3(s)) = 12p° /(1 — (als)/p)? — (b(s)/p)? — (als)/p)* (b(s)/p)?).

We use

to obtain (for large p)
12¢/(p? — a2(s))(p? — b2(s)) = 120°(1 — (a(s)/p)* — (b(s)/p)*) + O(p™?).

After integrating this we find

= /f) VB2 — aX(s))(p* — b(s))dp = 4k> — 6(a*(s) + b*(s))k + C + O(k™),

for some complex constant C. To find C notice that f(k) is the sum of a constant and odd
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powers of k,

f(k) + f(=k) = 2C,
k

k _
= /( ) V(P — a(s))(p? — b2(s))dp + /( ) V(2 = a2(5))(p? — 0(s))dp

k —af(s)
= /( | Vp? — aX(s)(p* — b2(s))dp + /k VB2 = a?(s))(p* — b2(s))dp

a(s)

) V(P2 — a2(s))(p? — b2(s))dp

a(s

)
=2 ; V(p? — a?(s))(p? — b2(s))dp.

Therefore g(k) « 4k3 — 12k + O(k™1Y), where we used a?(s) + b*(s) = 2. Finally, for (5)
assume k € (—a(s),a(s)),

b(s)
—log kg /T = 24 o V (p? — a?(s))(B(s) — p?)dp,

b(s)
log k§ /T = 24i " V(P> —a(s))(p? — b2(s))dp = i(g" (k) — g~ (k)),

k2 eiT(gt (k)—g= (k) _ 1.

These are all the properties mentioned in Section 6.2.2.

6.5 Comparison with existing numerical methods

We close this chapter with a comparison between the method described above and methods
that exist in the literature. The numerical aspects of dispersion are studied in great detail
in [55, 58]. In these studies the authors invoke fourth-order time-stepping and the Fast
Fourier Transform (FFT) in space. This type of method is very efficient for approximating
the solution of the Cauchy problem for small time and, when only a small time solution is
needed, the method in [58] is surely the method of choice. Approximation for larger time
is complicated by the large velocity and increasingly oscillatory nature of the dispersive
tail. If the dispersive tail reaches the boundary, errors are immediately introduced into the
approximation of the Cauchy problem.

For a quantitative analysis we consider the asymptotic formula for the dispersive tail
of KdV ([39], see also (6.0.16)), which we write as

qla,t) =712 '/3(—]]:;)) cos(—4/3koz +--- )+ O(t™1),

where v is a function depending on gy which decays to zero, at a rate depending on the
regularity of gg. To find the leading edge of the propagating tail, we choose the largest
k' such that /v(k")/(3k') > 1070, Since ko depends only on the ratio x/t, we know
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the solution will be greater than machine precision for t < 10% in the neighborhood of
the values of (x,t) such that ¥’ = ky. We estimate the number of operations required
to compute the solution accurately. Assume the spatial computational domain is [—L, L]
with N equally spaced grid points. We solve from ¢ = 0 to t = T with a time step At.
Since the solution behaves roughly like cos(—4/3k'x) with non-zero amplitude, we need to
use a sufficient number of grid points to at least resolve this frequency, i.e., TN/L > 4/3K
must be satisfied. Furthermore, using ¥’ = kg = /—x/(12t) we obtain that the point
(=12t t) should be in our computational domain if ¢ < T, requiring that L > 12Tk'2.
From these inequalities we obtain

N> By (6.5.1)
T

To ensure CFL stability of the method we require At = ¢/N, ¢ <1 [58]. Since the FFT
costs, on the order of, N log N operations, the number of operations required to evaluate the
spatial derivatives via an FFT is larger than 4N log N. The number of operations required
for the fourth order time-stepper to evolve a point up to time T is greater than 4ANTc¢ 1.
This combines to give a total number of operations larger than 16¢~! N?T log N which is
O(T3logT). For the initial condition used in Figure 6.0.2 we estimate k' = 8, which means
that to evolve the solution to 7 = 30 requires more than 10'® flops, even with ¢ = 1. This
is manageable. However, it become prohibitively expensive very quickly with increasing
T, or for less regular initial conditions so that v decays slower. The above calculation
is optimistic, since convergence considerations and the presence of the nonlinearity can
further increase the numerical effort required.

Next, we briefly discuss other computational approaches which, just like our own, rely
on the integrability of the equation being solved. Osborne and Boffetta [93, 12] compute
the scattering data using an algorithm in the spirit of the FFT for which they expect
second-order convergence. Our use of spectral methods achieves higher rates of conver-
gence. Additionally, Hald [61] used a trapezoidal method to solve the Gel'fand—Levitan—
Marchenko formulation of the inverse problem. This method lacked spectral accuracy and
the flexibility to deform contours. Bornemann has also computed the solution of the in-
verse problem through the use of Fredholm determinants [14] for ¢ = 0 but this method
suffers from ill-conditioning for ¢ > 0.



Chapter 7

The Focusing and Defocusing
Nonlinear Schrodinger Equations

We consider the initial-value problem on the whole line for the Nonlinear Schrodinger
(NLS) equations

1q: + Quo + 2)\|q|2q =0, \==£1,
q(z,0) = qo(z) € S5(R).

When A = 1 we obtain the focusing NLS equation and for A = —1, the defocusing NLS
equation. The NLS equations describe physical phenomena in optics [71], Bose—Einstein
condensates [59, 94|, as well as water waves [114]. Together with the KdV equation, these
equations are the canonical examples of (1 + 1)-dimensional integrable partial differential
equations. In this chapter we solve the NLS equation, both focusing and defocusing,
numerically via the inverse scattering transform. These results initially appeared in [109].

(7.0.1)

The presence of an oscillatory dispersive tail is seen for both the focusing and defocusing
NLS equations. Examination of the linear dispersion relationship for the PDEs indicates
that small amplitude waves will travel at a speed proportional to their wave number.
Unlike the KdV equation, solitons do no separate from dispersion asymptotically. These
factors make traditional numerics inefficient to capture the solution for large time. The
computational cost to compute the solution using time-stepping methods grows rapidly in
time. The methods in [55, 58] are well suited for solving dispersive problems for small time.
When a periodic approximation to the whole-line problem is used, one has to resolve the
dispersive oscillations and increase the domain size as time increases. A thorough discussion
of this can be found in Section 6.5 for the case of the KdV equation. In particular, it is
shown that the computational costs grows at least like t3log .

The main benefit of the method presented here is that the computational cost to com-
pute the solution at a given x and t value is seen to be independent of x and ¢. In Chapter 6
this claim is verified with numerical tests for the KdV and modified KdV equations. In
this chapter we prove this fact using results from Section 5.1.

In addition to solving the problem on the whole line, we use symmetries to solve specific
boundary-value problems on RT. To our knowledge this is the first time the solution of

183
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a boundary-value problem has been computed effectively through the inverse scattering
transform . We compute unbounded solutions to the defocusing NLS equation which
have poles. Lastly, we prove that our approximation, under a specific assumption on
the underlying numerical scheme, approximates solutions of (7.0.1) uniformly away from
possible poles in the entire (z,t) plane. It should also be noted that the scattering problem
(see Section 7.1) for the focusing NLS equation is a non-self adjoint spectral problem
and this complicates the asymptotic analysis of the problem [25]. The numerical method
outlined in Chapter 5 is not adversely affected by this additional complication.

7.1 Integrability and Riemann—Hilbert problems

The focusing and defocusing NLS equations are both completely integrable [3, p. 110]. We
look for Lax pairs of the form

pe = L(k, q)u,
pe = M(k,q)p,

through the modified Zakharov—Shabat scattering problem (see Section 6.0.3) given by
| —ik ¢
e[ 2] o
A B
e = [ c D ] L (7.1.2)
In this case, choosing

A = —4ik? + iqr, B = 2qk + iq,, C = —2rk +iry, D=—-A, (7.1.3)

and r = —\q, we obtain Lax pairs for both the focusing and defocusing NLS equations.

We briefly describe the inverse scattering transform. Some conventions used here differ
from that in Chapter 2 but the unification is easily seen. We retain these conventions for
historical comparisons. The analyticity properties in k of the solutions of (7.1.1) are stud-
ied. For simplicity, we assume ¢ € S5(R). Piecewise-smooth initial data with exponential
decay can also be treated but this is beyond the scope of this paper. We define two matrix
solutions of (7.1.1) by their corresponding asymptotic behaviour:

e—ik:c 0 e—ik:c 0
po(z k) - [ 0 _eike } as & — —00, ph(x;k) v [ 0 eike } as x — o0.

(7.1.4)

Liouville’s Formula implies that the determinants of these solutions are constant in z. Since
the determinants are non-zero at oo these matrix solutions define a linearly independent
set which spans the solution space. There must exist a transition matrix

a(k) B(R)
Tik) = [ b(k) A(K) } ’
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such that put(z;k) = p~ (x; k)T (k). Define p(k) = b(k)/a(k) to be the reflection coefficient.
Some symmetry properties of T' follow [3]:

a(k) = —A(k), b(k) = —A\B(k). (7.1.5)

For the focusing NLS equation (A = 1) there may exist values x; ¢ R and Im ; > 0 such
that

py (5 k5) = T(kj)ud (z355), a(kj) =0,

where the subscripts refer to columns. This implies that p; (z;k;) decays at both oo,
exponentially. Thus, uy (z; ;) is an L?(R) eigenfunction of (7.1.1). From the symmetries
(7.1.5) &; is also an L?(R) eigenvalue. For these values of k we define the norming constants

C; — b/(fij)
a’(5)
For the defocusing NLS equation (A = —1) it is known there are no such eigenfunctions [3].

This implies there are no smooth soliton solutions with spatial decay for the defocusing
NLS equation. We define the set

{p(k), {r;}j=1:{Ci}j=1} (7.1.6)

to be the scattering data, noting that the sets of eigenvalues and norming constants could
be empty. As in Chapter 6, the process of finding the scattering data is called direct
scattering.

Remark 7.1.1. We assume g9 € S5(R) for § > 0. This allows T'(k) to be analytically
extended to a neighbourhood of the real line. But it may happen that T(k) (in particular
b(k)) cannot be extended above k;. Thus b(k;) is really an abuse of notation and should be
replaced with a constant, b;.

The solutions p* can be grouped and transformed in such a way that they satisfy a
RHP(3].
The RHP associated with the NLS equations is
ok Mo(k)e—0%k)
1+ Ap(fz%g)( ) Ap(k)e  keR
p(k)e 1

d(oo) =1,  O(k) = 2i(zk + 2tk?),

Ot (k) = & (k)

(7.1.7)

with the residue conditions (when A = 1),
Res{®(k),k = x;} = lim ®(k)| . O Y
k=rgd = lim Sk) | o g |
0 —C'je_g(kj) :|

Res{@(k), b = w;} = lim (k) [ 0 0

Once the solution of the RHP is known the solution to the corresponding NLS equations
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is given by the expression

q(z,t) =2i lim k®(k)12,

|k|—o00

where the subscript denotes the (1,2) component of the matrix. The process of solving the
RHP and reconstructing the solution is called inverse scattering.

We follow the standard procedure (see e.g.. Chapter 6) to turn the residue conditions
into jump conditions. Fix 0 < € so that the circles Aj ={k € C: |k —Kj| = €} and

A7 ={k € C: |k — kj| = €} do not intersect each other or the real axis. We define d by

Q)(k;w’t){—Cjee(ﬁj)l/(k—/{j) (1)], if |k —kj| <€ j=1,...,n,
ks, 1) = O(k;x,t) [ Cje_e(’fj)l/(k‘ ) (1) ] , if|k—Rjl<e j=1,... ,n,(7'1'8)
O(k; z,1), otherwise.
It is straightforward to show that ® solves the RHP:
(& (k)G(K), if k € R,
. i)‘(k;){ sy 0}, if e AT, .
ot (k) = 0?59 J(k — k) 1 77, @(c0) =1,

where AJ_(A;F) has clockwise(counter-clockwise) orientation.

In addition to go € S5(R), we assume that the set {x;} is bounded away from the real
line. This is sufficient to ensure that all RHPs we address are well posed.

7.2 Numerical direct scattering

We describe a procedure to compute the scattering data (7.1.6). This follows Chapter 6.
We look for solutions of the form (7.1.4) of (7.1.1). Define

1 0 0 ¢ 01
0-3:|:O _1:|7 Q:|:)\q 0:|7 0-1:|:1 0:|7

and two functions

J(k;x,t) = p (k;a,t)o3eh@os — I, K(k;x,t) = pt (k;z, t)eheos — I (7.2.1)
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Therefore J — 0 as © — —oo and K — 0 as * — oco. Rewriting (7.1.1),

e = Qu — ikosp, (7.2.2)
we find that K and J both solve
N, — ik[N, 03] — Qo1 N = Qoy.

For each k, this can be solved with the Chebyshev collocation method in Appendix B on
(—=L,0] for J and on [0,L) for K using the appropriate boundary condition at +L. If
we use n collocation points, this gives two approximate solutions J, and K, for J and
K, respectively. From J, and K,, we obtain y, and p;, approximations of p~ and put,
respectively, by inverting the transformations in(7.2.1). Furthermore, u;; and p, share the

point = 0 in their domain of definition. Define

To(k) = (1) (05 k) (05 k).

This is an approximation of the transition matrix, from which we extract an approximation
of the reflection coefficient.

This procedure works well for k in a neighbourhood of the real line. The solutions which
decay at both oo are all that is needed to obtain b(k) when a(k) = 0. Furthermore, from
the analyticity properties of a we have [3, p. 75]

alk) — 1= L[~ Mds, a (k) = ! /00 @(s) ds.

Tomi ) o s—k T omi ) o s—k

Thus knowing a(k) on the real line and b(k) when a(k) = 0 allows us to compute C; =
b(kj)/a'(k;). In practice we use the framework [89] discussed in Section 5.3 to compute
these Cauchy integrals. Also, a/(k) can be obtained accurately using spectral differentiation
by mapping the real line to the unit circle.

The remaining problem is that of computing x;. We consider (7.2.2)

e — Qu = —ikospu, = iospy —i03Qu = k. (7.2.3)

Making the change of variables = — tan(s/2), U(s) = u(tan(s/2)), H(s) = Q(tan(s/2))
we obtain

2i cos?(s/2)o3Us(s) — iozH(s)U(s) = kU (s).

We use Hill’s method [22] to compute the eigenvalues of the operator

2i 0052(3/2)03% —i03H(s), (7.2.4)
in the space L?([—m,7]). Following the arguments in Lemma 6.2.1 and using the conver-
gence of Hill’s method, even for non-self-adjoint operators [20, 68|, the only eigenvalues we
obtain off the real line are those associated with (7.2.3). This allows us to compute the
discrete spectrum {x; };’:1 with spectral accuracy. We may test to make sure all eigenval-
ues are captured by computing the inverse scattering transform at ¢ = 0 and ensuring that
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Figure 7.2.1: (a) Plot of the known analytical formula for the reflection coefficient with
A =1 and p = 0.1 (Solid: real part, Dashed: imaginary part). (b) Demonstration of
spectral convergence for the reflection coefficient (Dotted: 40 collocation points, Dashed:
80 collocation points, Solid: 120 collocation points.).

we recover the initial condition. The method has not been developed to deal with singular
limits in which lots of eigenvalues are present. There is in principle no limit on card{x;}
but the computational cost grows with the size of this set.

7.2.1 Numerical results

In this section we present numerical results for direct scattering. First, we compare the
result of our method with a reflection coefficient that is known analytically. Next, we
present numerically computed reflection coefficients, which we use later. For the focusing
NLS equation (A = 1) the authors in [103] present an explicit reflection coefficient for
initial conditions of the form

qo(x) = —iAsech(x) exp (—ipAlog cosh(x)), wp, A>0. (7.2.5)
The components of the transition matrix take the form

_ Plw(k)P(w(k) —w_ —wy)
MNw—w)M(w—w-)

 iap- 2 TDI0 — (k) + s+ w)
= Fws ) (w-) |

w(k:)z—z'k:—A,u%+1 w+:—z’A(T+g), w_:iA(T—g), and T = %2—1.

57
Here I is the Gamma function [84]. The set {«;} is non-empty for 0 < p1 < 2. Its elements
are

kj =AT —i(j —1/2), jeNand j <1/2+ A|T)|.

In Figure 7.2.1 we plot the reflection coefficient for A = 1 and g = 0.1. These plots
demonstrate spectral convergence.
In Figure 7.2.2 we show the computed reflection coefficient for go(x) = 1.9 exp(—z%+ix)
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for both focusing and defocusing NLS. For focusing NLS we find k1 = —0.5+ 1.111514, see
Figure 7.2(c) for a plot of the spectrum of (7.2.4) found using Hill’s method.

Im k

Figure 7.2.2: (a) Plot of the computed reflection coefficient for the focusing NLS equation
(A = 1) when qo(z) = 1.9e=**+i_ (Solid: real part, Dashed: imaginary part). (b) Plot
of known reflection coefficient for the defocusing NLS equation (A = —1) when ¢o(z) =
1.9e~ " Fiz, (Solid: real part, Dashed: imaginary part). (c) The spectrum of (7.2.4) found
using Hill’s method when A = 1.

7.3 Numerical inverse scattering

As in the case of the KAV equation, numerical inverse scattering has two major components.
The first is the use of a Chebyshev collocation method (Section 5.3) for solving RHPs
and the second is the deformation of contours in the spirit of the method of nonlinear
steepest descent [33]. The use of nonlinear steepest descent is essential since the jump
for the RHP (7.1.7) is oscillatory for large values of x and ¢. An interesting and desired
consequence of using nonlinear steepest descent is that the resulting numerical method is
provably accurate for large values of x and t. More specifically, the computational cost to
compute the solution at a given point, accurate to within a given tolerance, is shown to
be independent of z and t (see Section 7.6). We use the collocation method described in
Section 5.3. Additionally, we demonstrate the deformation of a the RHP. This proceeds
in much the same way as in Section 4.2 and we include the full details so that this chapter
may be read independently of Chapter 4.
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7.3.1 Small time

When both z and t are small, the RHP needs no deformation. When ¢ is small, but z is
large, the RHP needs to be deformed. We introduce factorizations of the jump matrix.
Define

EESVD) o(k)e ) o(F)e~
at = 1 ST g = 9

1 0
P = oo 1] o
1 0 T B
L) = | sty a0 1], =" )
ORI i”&’?j‘“’“)], (k) = 1= Xp(k)p(R).

Note that G(k) = L(k)D(k)U (k) = M (k)P (k). We assume the sets {r;}7_; and {C;}]_;
are empty. Later, we make the proper modifications to incorporate the extra contours
required.

We deform contours of (7.1.7) off the real line so that oscillations are turned to expo-
nential decay. The matrix G contains the two factors exp(£6(k)) and if one decays the
other must grow. This motivates separating these factors using the process of lensing , see
Section 3.10.3.

Since go € S5(R) we know that (see Section 4.1) p is analytic in the strip S, = {k €
C:|Imk| < «} for §/2 > v > 0. This can be seen by considering the Volterra integral
equations for the eigenfunctions p*. The factors in (7.3.1) allow lensing but we need to
determine where to lens. We look for saddle points of the oscillator: 6'(k) = 0 when
k = ko = —x/(4t). We use the LDU factorization for k < ky and MP for k > ko. See
Figure 7.1(b) for this deformation and note that the contours are locally deformed along
the path of steepest descent, that is, the direction along with the jump matrix tends to
the identity matrix most rapidly. We denote the solution of this lensed RHP by ®.

U P
N
e D & /
L ko M

(a) (b)

Figure 7.3.1: (a) Jump contour for the initial RHP for ®. (b) Jump contours after lensing
for the RHP for ®;.

This RHP can be solved numerically provided ¢ is not too large. As t increases, the
solution v on the contour (—oo, kq) is increasingly oscillatory and is not well resolved using
Chebyshev polynomials.
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7.3.2 Long time

Next, we provide a deformation that leads to a numerical method that is accurate for
arbitrarily large z and t¢. In light of the results in Chapter 5, specifically Remark 5.2.13,
we need to remove the contour D from the RHP so that all jumps decay to the identity
matrix away from kg as x and ¢t become large. The matrix-valued function

o(k; ki 0
Alkk) = | PRV LT k) = exp (€ T8).

satisfies (see Section 3.4.1)

AT (ks ko) = A7 (ks ko)D(k), k € (—o0, ko), A(oos ko) = 1.

We multiply the solution of the RHP in Figure 7.1(b) by A~! to remove the jump. To
compute the solution to the new RHP we use conjugation

O =d;J & OfAI'=07JAT & OTATI=OTATIA_JAL

Indeed, we see that if J = D there is no jump. Define ®3 = ®;A~!. See Figure 7.3.2 for
a schematic overview of the new jumps. This deformation is not sufficient for a numerical
solution as A(k; ko) has a singularity at k = ky. We must perform one last deformation
in a neighbourhood of k& = k¢ to bound contours away from this singularity. We use a
piecewise definition of a function ®3, see Figure 7.3(a), and compute the jumps, Figure
7.3(b). This is the final RHP. It is used, after contour truncation and scaling, to compute
solutions of the NLS equations for arbitrarily large time. We discuss the scaling of the
RHP in more detail in Section 7.6.

ALA™L ko AMA~!

Figure 7.3.2: Removal of the jump on (—o0, ko).

We use a combination of the deformation in Figure 7.1(b) for small time and the
deformation in 7.3(b) to obtain an approximation to focusing or defocusing NLS when no
solitons are present in the solution. Lastly, we deal with the addition of solitons for the
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AUA\ APA!

oA

o A!
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O A7!

A
ALA/ AMA™!
oA

(a) (b)

Figure 7.3.3: (a) The piecewise definition of ®3. (b) Jump contours and jump matrices for
the RHP for ®s.

case of focusing NLS. There are additional jumps of the form

) | 0 . N

_C.e—9Ry) B
@‘(k)[(l) Cie 1/(k “J)}, ke A,

We assume that Re(k;) > .

For small z and t, [?(%5)| = |e=?(%i)| is close to unity and the contours and jumps need
to be added to one of the deformations discussed above. This will not be the case for all
z and t. When |C;e?(%3)| > 1 we invert this factor through a deformation. Define the set
K. ={j:|C;e’")| > 1}. Note that the x and t dependence enters through 0(x;). Next,
define the functions

k—k; v(k) 0
v(k) = — and V(k) = .
jelzl,t k=R [ 0 1/v(k) }

Define the piecewise-analytic matrix-valued function d:

—(k — K .ee(nj) .
[ Cjet‘)(nj)}(k; — Kj) (k J)é(C] ) } V(k), if |k — rj] <e

(k) = d(k 0 G0 f(k — R, | ]
o [ (k — ;) /(Cje o)) 1/( ) } V(k), if |k—&;j| <e,

V (k) otherwise.
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Computing the jumps that ® satisfies we find, for j € Ky,

V_l(k‘) |: 1 —(k—/ij)/(CjeG(Hj)) :| V (k) ke AT
. . ’ Jo
b+ (k) = (k) ’ o ;
_1 . -
This turns growth of the exponential to decay to the identity matrix. To simplify notation
we define
‘ o [ 1 0 ' . 1 —C_'je_e("%j)/(k — Rj)
1},+(k7) - I _Cjee(nj)/(k _ ’{j) 1 :| > Tj,—(k) - |: 1 ’
(7.3.2)
) o [ 1 —(k - Hj)/(Cjee(Hj)) ) . 1 0
Sialb) =1 i - W m Gty 1
(7.3.3)

In Figure 7.3.4 we present the full small-time and long-time RHPs. We use the notation
[J; X] to denote the RHP in Figure 7.4(b).
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VIAY ko

VLY ko VMY VlALA/‘

VTV VoS, v

VTIALV

VIAMA™YYV

VoV VoS, v

(a) (b)

Figure 7.3.4: (a) The jump contours and jump matrices for the final deformation for small
time. In this schematic |C;e?*5)| < 1 and |C;e?®*9)| > 1. (b) The jump contours and jump
matrices for the final deformation for large time. Again, in this schematic |Cjee(“j)| <1

and |C;ef(F4)| > 1.
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7.3.3 Numerical results

In Figure 7.3.5 we plot the solution of the focusing NLS equation with g given by (7.2.5)
with A = 1 and g = 0.1. The solution is nearly reflectionless but Figure 7.3.5(d) shows
the important dispersive aspect of the solution. Traditional numerical methods can fail
to resolve this. In Figure 7.3.7 we plot the initial condition go(x) = 1.9exp(—a? + ix).
The solutions of the focusing and defocusing NLS equations with this initial condition are
computed. See Figure 7.3.8 for focusing and Figure 7.3.9 for defocusing. We also note that
when the initial condition is less localized the corresponding reflection coefficient is more
oscillatory. This makes it more difficult to resolve the solution of the corresponding RHP.
We restrict ourselves to initial data with rapid decay for this reason, i.e. in numerical
examples we consider ¢y € S5(R) with ¢ large.
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Figure 7.3.5: The solution of the focusing NLS equation with gg given by (7.2.5) with
A =1and g = .1. (Solid: real part, Dashed: imaginary part) (a) ¢(z,0), (b) ¢(x,1),
(¢) q(x,10), (d) A scaled plot of ¢g(z,10) showing the effects of dispersion. Traditional
numerical methods can fail to resolve this.

We show numerical results that demonstrate spectral convergence. Let gy be given
by (7.2.5) with A = 1 and p = 0.1 so that we can assume the reflection coefficient is
computed to machine precision i.e., n > 80 in Figure 7.1(b). Define ¢(n,z,t) to be the
approximate solution such that the number of collocation points per contour is proportional
to n. In practice we set the number of collocation points to be n on shorter contours, like
all contours in Figure 7.4(b). For larger contours, like the horizontal contours in Figure
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7.4(a), we use Hn collocation points. To analyze the error we define
Qn(z,t) = |g(n,z,t) — g(m, z,t)]. (7.3.4)

Using this notation, see Figure 7.3.6 for a demonstration of spectral (Cauchy) convergence.
Note that we choose x and t values to demonstrate spectral convergence in both the small

time and large time regimes.
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108}
108+

Cauchy Erro

SEYN
10° 101t}

Cauchy Erro

1014} 10714}

1017,

1077
0

(a) (b)

Figure 7.3.6: The convergence of the numerical approximations of the solution of the
focusing NLS equation with gq given by (7.2.5) with A =1 and p = .1. (a) Q%(2,0.2) as
n ranges from 2 to 40. (b) Q8°(110,110) as n ranges from 2 to 40.

Figure 7.3.7: The initial condition go(x) = 1.9¢—2Fir, (Solid: real part, Dashed: imaginary
part)

7.4 Extension to homogeneous Robin boundary conditions
on the half line

Thus far, the results have been for the solution of the NLS equation posed on the whole line.
We switch our attention to boundary-value problems on the half line, z > 0. Specifically,
we extend the previous method to solve the following boundary-value problem:

iq + Qee + 2\q2¢ =0, X\ = =1,
aq(0,t) + ¢.(0,t) =0, a€R, (7.4.1)
q(x,0) = qo(x) € S5(R),6 > 0.
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Figure 7.3.8: The solution of the focusing NLS equation with gy shown in Figure 7.3.7.
(Solid: real part, Dashed: imaginary part) (a) g(z,1) (b) A zoomed plot of g(x,1) (c)
q(x,10) (d) A zoomed plot of ¢(z,10), illustrating the dispersive effects in the solution.

Here S5(R™) is the space of smooth functions f on [0, 00) such that

lim sup €| f ()| < co.
T—r00

If we take o = 0 we obtain a Neumann problem. Similarly, the limit o« — oo effectively
produces a Dirichlet problem. A method of images approach can be used to solve this
problem. The approach of Biondini and Bui [11], first introduced in [10], takes the given
initial condition on [0,00) and produces an extension to (—oo,0) using a Darboux trans-
formation. For Neumann boundary conditions this results in an even extension and for
Dirichlet boundary conditions the transformation produces an odd extension. Consider
the system of ODEs

lel = Y27

! 2 2 —
Y, = (4M|qo|” + a)Y1 — AGoY3 — qoYa, (7.4.9)
Yy = 2¢\V1, o

Y] = 2\g) Y4,



7.4. EXTENSION TO HOMOGENEOUS ROBIN BOUNDARY CONDITIONS ON THE HALF LINE197
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Figure 7.3.9: The solution of the defocusing NLS equation with gg shown in Figure 7.3.7.
(Solid: real part, Dashed: imaginary part) (a) ¢(z, 1), (b) q(z,2), (¢) q(x,10), (d) A scaled
plot of ¢(z,10) showing the dramatic effects of dispersion.

with initial conditions

Yé(o) =,
Y3(0) = 2¢0(0),
Y4(0) = 2Aq0(0),
and the function
v | ql), if z € [0, 00),
q(z) = { —qo(—x) + Y3(x)/Y1i(z), if z € (—00,0).

It was shown in [11] that the solution of the Cauchy problem for NLS equation on R with
initial data @, restricted to [0,00), is the unique solution of (7.4.1). To compute the ex-
tended initial data ¢ we first solve the system (7.4.2) numerically using a combination of
Runge-Kutta 4 and 5. This is implemented in NDSolve in Mathematica. The inverse scat-
tering transform for the extended potential can be used in the previous section’s framework
to numerically solve (7.4.1).
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Remark 7.4.1. The method of Bikbaev and Tarasov [10] was used to derive asymptotics by
Deift and Park in [31]. Another approach would be to use the method of Fokas to compute
solutions [49, 65].

7.4.1 Numerical results

In this section we show numerical results for a Robin problem and a Neumann problem.
As noted above, we could treat the Dirichlet problem by using an odd extension of our
initial condition.

¢ Robin boundary conditions Here we show results for the case of the focusing NL.S
equation (A = 1) with o = —1 and with initial condition go(z) = 1.9exp(—22 + z).
Note that the initial condition satisfies the boundary condition at t = 0. In Figure
7.1(a), we give the extended initial condition ¢ and in Figure 7.1(b) we show the
corresponding reflection coefficient. For this extended initial condition, we have four
poles on the imaginary axis in the RHP which corresponds to two stationary solitons:

k1 = 1.84725¢, Ch = —14.4092i, k9 = 1.21265i, Cy = —8.170341.

2.5¢

2.0F

150

1.0

0.5¢

0'01-.&/‘

Figure 7.4.1: (a) The extended initial condition ¢ (Solid: real part, Dotted: imaginary
part). (b) The reflection coefficient for the extended initial condition ¢. (Solid: real part,
Dotted: imaginary part)

e Neumann boundary conditions To show the reflection of a soliton off the bound-
ary at © = 0 we solve a Neumann problem (a = 0) with initial condition go(z) =
1/222 exp(—.222 —iz). The extension § of the initial condition can be seen in Figure
7.3(a). In this case it is just the even extension. The scattering data consists of

k1 = 0.497613 4 0.371208, C; = 0.110159 + 5.350991,
kg = —0.497613 + 0.371208, Cy = —0.231104 — 0.03574211.

This shows that we have a pair of poles in the RHP to the right of the imaginary axis
and two to left. This corresponds to one soliton moving to the left and one soliton
moving to the right. The reflection coefficient is shown in Figure 7.3(b).
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Figure 7.4.2: The solution of the focusing NLS equation with Robin boundary conditions
(v = 1) and with ¢p shown in Figure 7.1(a). (Solid: real part, Dashed: imaginary part)
(a) q(z,0) (b) q(z,1) (¢) g(x,10) (d) A scaled plot of g(x,10) showing the extent of the
dispersive tail.

7.5 Singular solutions

As mentioned above the defocusing NLS equation does not have soliton solutions that
decay at infinity. We can insert the contours Ajt (see (7.1.8)) into the RHP anyway. We
introduce A into (7.3.2) to obtain appropriate jump conditions for the defocusing NLS
equations. Define

‘ B 1 0 ' [ 1 =ACje R /(K — &)
le,—i—U@ - |: _Cjee(nj)/(k _ K/j) 1 :| > Tj,—(k) - |: 0 1 )
) o 1 —(k‘—/ij)/(Cjee(Hj)) ) o 1 0
Sj+ (k) = [ 0 ] v R = R Gty 1|
When A =1 (focusing) this definition agrees with (7.3.2).
When A = —1 (defocusing) we investigate how these additional contours will manifest

themselves in the solution. Consider

ui(z,t) = 27]6_4“(52_’72)_21'”£ sech(2n(4t€ + x — x9)),
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Figure 7.4.3: (a) The extended initial condition ¢ (Solid: real part, Dotted: imaginary

part). (b) The reflection coefficient for the extended initial condition ¢. (Solid: real part,
Dotted: imaginary part)

Figure 7.4.4: The solution of the focusing NLS equation with Neumann boundary (v = —1)
conditions and ¢p shown in Figure 7.3(a). The solution is shown up to ¢t = 7.

which is the one soliton solution of the focusing NLS equation [2]. A simple calculation
shows that

ug(z,t) = 2776_4it(52_772)_2im§CSCh(27’}(4t£ +x — x9)),

is a solution of defocusing NLS. We are using the term solution loosely since this function
has a pole when 4t{ +x —xg = 0. We call this a singular solution or singular soliton. These
solutions are also called positons [43]. Reference [43] contains a deeper discussion of these
solutions with applications to rogue waves.

What we obtain when adding the above contours to the RHP associated with the
defocusing NLS equation is a nonlinear combination of these singular solutions in the
presence of dispersion, as in the focusing case where the soliton was nonsingular. See
Figure 7.5.1 for plots of a solution obtained using the reflection coefficient in Figure 7.2.2



7.6. ACCURACY UNIFORM IN X AND T 201

along with
k1 =242i, C;=1000, ky=-2+2i, Cy=1/1000.

This corresponds to two of these singular solitons moving toward each other, until they
bounce off each other (the poles never cross). They interact in the presence of dispersion.
We choose large and small norming constants to have the solitons away from z = 0 when
t = 0. It is not possible to obtain these types of solutions with traditional numerical
methods. Not surprisingly, the relative accuracy of our numerical approximation breaks
down near the poles. For points bounded away from the poles we still expect uniform
convergence as discussed in the following section.

Figure 7.5.1: A singular solution of the defocusing NLS equation. Note that the vertical
lines are asymptotes. (Solid: real part, Dashed: imaginary part) (a) ¢(z,0) (b) ¢g(z,0.1)
(c) g(x,0.2), showing the interaction of the singular solutions. (d) ¢(x,1), after the two
poles have bounced off each other and a significant amount of dispersion is present.

7.6 Accuracy uniform in r and ¢

In this section we use the theory of Chapter 5 to prove the accuracy of the numerical method
for arbitrarily large time when it is applied to [J; X] in Figure 7(b). We assume the contours
of the RHP are truncated according to Proposition 3.10.4. Define 3; = j(A;r UA;) and
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Y9 =¥\ ;. Define the restrictions of J:

J1(k)
Jo(k)

QI
J (k)|

We introduce some z- and t-independent domains €27 and o:

Ql X

Sp= k-

1 \/'E 4t7
22 = QQ.

We use the change of variables

(7.6.1)

and the notation Ji(z) = Ji(z/vt—x/(4t)). Fix the trajectory in the (z,t) plane: x = c4t.
We wish to use Algorithm 5.1.11. First, we numerically solve [Ji, 1] with n collocation
points to obtain a solution ®; ,. The change of variables (7.6.1) is inverted, defining

D15 (k) = D1, (\/Z(/ﬁ - ko)) :

Define Jo (k) = (I>17n(/<;)J2(k)CI>1_;L(/<;). Then [J,,, Q] is solved numerically with n collo-
cation points (for simplicity) to obtain a function ®3,. Note that there is no change of
variables to invert for this RHP. The function ®,, = ®1,®,,, is an approximation of the
solution to the full RHP [J;X].

Since the arc length of ¥; tends to zero for large t, the conditions we check are the
hypotheses of Theorem 5.2.4 (or Proposition 5.2.11):

o C[jl; 1] exists and is uniformly bounded in ¢,
e C[Jy; Q]! exists and is uniformly bounded in ¢, and

e all derivatives of Ji(z) and Jy(z), in the z variable, are uniformly bounded in ¢ and
z.

It is easy to see that all derivatives of V_lTj,iV and V18 j,+V will be uniformly bounded.
The transformation from T} + to S;+ guarantees this.

The only possible singular behavior of J; will come from either the terms exp(+0(k))
or from A(k;ky). We proceed to show that under the chosen scaling, all derivatives of
these two functions are bounded. From the definition of 6,

O(k) = 2i(cAtk 4 2tk?) = —dic*t + 4322,

We see that all derivatives exp(f(z)) are bounded as long as z is bounded.
Now we consider A(k;kg) in a neighborhood of ky. We need to bound derivatives of
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exp(Y (k)) where

vin - [

C2mi ) o s—k

ds, f(s)=log(1— Ap(s)p(s)),

because it appears in A. We first note that exp(Y (k)) is bounded for all & since f(s) is real
valued. Now, since the Cauchy integral is invariant under a conformal change of variables
that leaves infinity fixed, we have

- 1 [0 7

2 ) s —2
f(s) = f(s/VE—a/(4t)), Y(2) =Y (2/Vt—z/(4L)).
From [78] (see also [90]) we have

o 1 0 F(j) I FG=i (o
Y(ﬂ(z):%( fs_(?ds—;ffﬁy

—00

F9(0) = fU) <_%> —i/2.

ds,

From the assumption that p is analytic and decays in a strip containing the real line we
see that all derivatives of Y are uniformly bounded in t¢.

As stated, the analysis in [90] requires that the singular integral operators on 2; have
uniformly bounded inverses as t becomes large. We describe how this follows from the
asymptotic analysis of the RHP [38, 36]. A very useful fact is that once the solution ¥
of the RHP [G;T] is known then the inverse of the operator is also known [24] (see also
Lemma 3.8.18):

ClG;T) = Cf [w(TH) T — Cp fu(TH) . (7.6.2)

If U € L°°(T') then the inverse operator is bounded on L%(I'). We show that C[J; €] is
close in operator norm (uniformly in t) to an operator with an explicit inverse that can be
bounded uniformly in ¢ using (7.6.2).

To construct the operator with an explicit inverse we follow the construction in Sec-
tion 4.2. We factor off the singular behavior of A(k;ko):
A(k; ko) = As(k; ko) Ay (ks ko),
A (ks ko) = diag((ko — k)T CT, (kg — )=/ o)/ D),
A, (k; ko) is Holder continuous at k = k.
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Define (compare with (7.3.1))

r e 0(k)

O e e N T
! 0 r

[L](k) = fEig% AR ] ; [D](k) = [ (lgo) 1 /T(zko) } : (7.6.3)
i 1 Aelko) —0(k)

[Ul(k) = 0 T(kO)l ; [A](k; ko) = As(ks ko) Ay (ko ko).

We define a RHP [[J1]; Q1] by replacing each appearance of M, P, L, D and U in .J; with
[M], [P],[L],[D] and [U], respectively. If we assume |ko| < C, C > 0, the analyticity of p
along with the Holder continuity of A, imply that ||.J; —[Ji][lec — 0 and therefore C[J;; Q] —
C[[J1]; 1] — 0 in operator norm. If we extend € using augmentation (Section 3.10) so
that the outward rays are infinite then C[[J;]; Q1]~! can be constructed explicitly out of
Parabolic Cylinder functions [38] and is uniformly bounded in ¢. After this extension
C[J1; Q] — C[[J1]; Q1] — 0 continues to hold so we may ignore extensions/truncations and
C[Jy; Q]! is uniformly bounded in ¢, for t sufficiently large.

The RHP [J3, Q2] has rational jump matrices and can be solved explicitly [3, p. 83]. The
uniform boundedness of C[J2,{2]~! can be established by studying the explicit solution.
If the set {x;} is large then an asymptotic approach like [60] to show the solitons separate
may be more appropriate. Full details of this are beyond the scope of this chapter.

While we made the restriction z = 4ct above, the bounds on derivatives and operators
can be taken to be independent of ¢ for |¢| < C. Define W to be the exact solution of the
SIE on €; and W} to be its approximation with n collocation points per contour. From
Theorem 5.2.4 we have proved the following:

Theorem 7.6.1 (Uniform approximation). Fiz T > 0 and C > 0. For every € > 0 there
exists N > 0 such that forn > N andt > T

Wi — W2 < €i= 1,2 if |ko| < C.

Since the arc length of the contours is bounded we have uniform L!(T') convergence
and (5.3.8) demonstrates that ¢(z,t) is approximated uniformly.

Remark 7.6.2. This theorem relies heavily on Assumption 5.53.11. If Assumption 5.3.11
fails to be true the numerical method may not converge.

Remark 7.6.3. The results of [36, 38, 40] only apply to the defocusing NLS equation. The
difficulty with the focusing NLS equation is the lack of information about {r;} and possible
accumulation points on the real line [25]. We are considering cases where we assume {k;}

are known (again see [25]) and the analysis proceeds in a way similar to the defocusing
NLS equation.

Remark 7.6.4. Despite the fact that the theorem restricts to |ko| < C we still obtain
uniform convergence. If qo(x) € Ss(R), for every € > 0 there exists C > 0 such that for
|ko| > C, |q(z,t)| <€ [38]. Thus we approzimate the solution with zero when |ko| > C.
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7.6.1 Numerical results

To demonstrate asymptotic accuracy we use the notation in (7.3.4) and fix n and m. We
let = and t become large along a specific trajectory. For our purposes we use x = 4t. Note
that along this trajectory g is on the order of 1/v/t [115] (see also [38, 36, 35]). This allows
us to estimate the relative error. See Figure 7.6.1 for a demonstration of the accuracy of
the method for large x and t. We see that the relative error is bounded and small using
relatively few collocation points.
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Figure 7.6.1: Asymptotic computations of solutions of the focusing NLS equation with gqg
given by (7.2.5) with A = 1 and p = .1. (Solid: real part, Dashed: imaginary part) (a)
q(8,4t,t). (b) QL5(4t,t) - t'/2 for large values of t.
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Chapter 8

The Painlevé II Transcendents

Here we focus on the (homogeneous) Painlevé IT ODE:

d?u

o2 = T + 2u3. (8.0.1)
x

(For brevity we refer to the homogeneous Painlevé II equation simply as Painlevé II.)
There are many important applications of this equation: the Tracy—Widom distribution
(see Chapter 10) from random matrix theory is written in terms of the Hastings—McLeod
solution [63] and, as we have seen, asymptotic solutions to the Korteweg—de Vries and
modified Korteweg—de Vries equations can be written in terms of Ablowitz—Segur solutions
[5]. The aim of this chapter is to demonstrate that the RH formulation can indeed be used
effectively to compute solutions to Painlevé II.

8.1 General comments

Solutions to differential equations such as (8.0.1) are typically defined by initial conditions;
at a point z we are given u(z) and v/(z). In the RH formulation, however, we do not specify
initial conditions. Rather, the solution is specified by the Stokes constants; s1, s2, s3 which
satisfy the following condition:

Assumption 8.1.1.
81— 82 + S3 + s18283 = 0. (8.1.1)

We treat the Stokes’ constants as given, as, in applications they arise naturally while
initial conditions do not. Given such constants, we denote the associated solution to (8.0.1)
by

Pr(s1, s2, s3; 7). (8.1.2)

The solution P and its derivative can be viewed as the special function which map Stokes’
constants to initial conditions.

In this chapter we develop techniques to accurately and efficiently compute the Ablowitz—
Segur and Hastings—McLeod solutions. For these solutions ss = 0, and s; = —s3 € iR.

207
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Thus we are interested in computing
Py(—ia,0,ia;x), a€R.

Note that these are the solutions that appear in the asymptotic analysis of solutions of the
KdV equation. We will see that for so = 0 and z > 0 the method extends to general s, s3
with no extra work. We break the z < 0 case into two subcases:

1. Case 1: 1 — 5183 > 0 and
2. Case 2: 1 —s1s3 =0.

For Case 1 we perform the deformation for s € C, 1 — s;s3 > 0 and Assumption 8.1.1.
Thus we obtain Case 1 with s, = 0 and s3 € iR as a special case. Case 2 is dealt with by
assuming sy = 0. Either way, the deformation and computations are more complex when
x < 0.

At first glance, computing the solutions to (8.0.1) appears trivial: given initial con-
ditions, simply use one’s favorite time-stepping algorithm, or better yet, input it into an
ODE toolbox such as MATLAB’s ode45 or MATHEMATICA’s NDSolve. Unfortunately, sev-
eral difficulties immediately become apparent. In Figure 8.1.1, we plot several solutions
to (8.0.1) (computed using the RH approach we are advocating): the Hastings—-McLeod
solution and perturbations of the Hastings—McLeod solution. Note that the computation
of the solution is inherently unstable, and small perturbations cause oscillations — which
make standard ODE solvers inefficient — and poles — which completely break such ODE
solvers (though this issue can be resolved using the methodology of [54]).

(a) (b)

Figure 8.1.1: Solutions to Painlevé II. (a) Radically different solutions for < 0. (b)
Radically different solutions for x > 0.

Remark 8.1.2. There are many other methods for computing the Tracy-Widom distribu-
tion itself as well as the Hastings—McLeod solution [13, 14], based on the Fredholm deter-
minant formulation for solving a boundary value problem. Moreover, accurate data values
have been tabulated using high precision arithmetic with a Taylor series method [95, 96].
However, we will see that there is a whole family of solutions to Painlevé II which exhibit
similar sensitivity to initial conditions, and thus a reliable, general numerical method is
needed even for this case.
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We present the RHP for the solution of Painlevé II (8.0.1). Let ' =T, U--- UT'g with
Iy = {sei“(i/3_1/6) : s € RT}, i.e., I consists of six rays emanating from the origin, see
Figure 8.1.2. The jump matrix is defined by G(\) = G;(\) for A € I';, where

[ 1 5.0 18/3X3—2izA
7

0 1 } , if i is even,

Gi(x;A) = Gi(\) =
1 0 e
5,ei8/3N0+2iax 1 | if ¢ is odd.
From the solution ® of [G;T], the Painlevé function is recovered by the formula
u(r) = lim 2®15(2),

where the subscripts denote the (1,2) entry. This RHP was solved numerically in [87] for
small |x].

{ 1 826781'/3)\3721’35)\ }

0 1
A
1 0 1 0
5388i/3>\3+2iz)\ 1} 81681‘/3A3+2m>\ 1
. 3 . -
(1) *516782;3/\ —E 1 —sqe8i/33 ~2iz)
- 0 1
v

1 0
78268i/3)\3+2m>\ 1

Figure 8.1.2: The contour and jump matrix for the Painlevé ITRHP.

For large |z|, the jump matrices G are increasingly oscillatory. We combat this issue
by deforming the contour so that these oscillations turn to exponential decay. To simplify
this procedure, and to start to mold the RHP into the abstract form in Section 5.2, we
first rescale the RHP. If we let z = \/W)\, then the jump contour I' is unchanged, and

®F(2) = @F(V]z]N) = 27 (V]2 NG(V]2[A) = 27 (2)G(2),
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where G(z) = G;(z) on I'; with

e—E0(2)
[ L sie ] , if 7 is even,

Gi(z) = 0 1
! 0 if 7 is odd
5;e80(2) 1 |7 ’
¢ = |z|*/? and
2 3 iargx
9(z)=§(4z + 2e"¥872)
Then
w(z) = lim A®ia(z; A) = Vo lim 2®q9(x; 2). (8.1.3)
A—00 A—00

8.2 Positive z, ss =0and 0 <1 —s5153<1

We deform the RHP for Painlevé II so that numerics are asymptotically stable for posi-
tive . We will see that the deformation is extremely simple under the following relaxed
assumption:

Assumption 8.2.1. x >0 and so =0

We remark that, unlike other deformations, the following deformation can be easily
extended to achieve asymptotic stability for x in the complex plane such that —% <
argzr < 3.

On the undeformed contour, eEile*?0() gre oscillatory as |z| becomes large. However,
with the right choice of curve h(t), e¥*?("(*) has no oscillations; instead, it decays exponen-
tially fast as t — oo. But h is precisely the path of steepest descent, which passes through
the saddle points of 0, i.e., the points where the derivative of # vanishes. We readily find

that
0'(z) = 2(42% + 1),

and the saddle points are precisely z = +i/2.

We note that, since Gy = I, when we deform I'; and I's through i/2 they become
completely disjoint from I'y and T'g, which we deform through —i/2. We point out that
Ggl = (1 and G6_1 = (G4; thus we can reverse the orientation of I's and I'y, resulting in
the jump G on the curve I'y and G4 on I'j, as seen in Figure 8.2.1.

Recall that
0 <i3> —+2
2 3

However, we now only have I'y emanating from /2, with jump matrix

1 0
Gl = |: Slei|m|3/29(z) 1 :| .



8.3. NEGATIVE X, Sy =0 AND1— 553> 0 211

G3 \/Gl
/KG%

Figure 8.2.1: Deforming the RHP for positive z, with Assumption 8.2.1.

This matrix is exponentially decaying to the identity along I'y, as is G4 along I'|. We employ
the approach of Section 5.2 and Algorithm 5.1.11. We first use Lemma 3.10.4 to truncate
the contours near the saddle point. What remains is to determine what “near” means.
Because 6 behaves like O (z £+ i/ 2)2 near the saddle points, Assumption 5.0.1 implies that
we should choose the shifting of 8; = i/2 and f; = —i/2, the scalings a; = ay = r|z|~3/*
and the canonical domains 1 = Qy = [—1,1]. Here r is chosen so that what is truncated
is negligible in the sense of Lemma 3.10.4. The treatment Gg is similar. The complete
proof of asymptotic stability of the numerical method proceeds in a similar way as in
Section 10.4.2.

8.3 Negative x, so =0 and 1 — s153 >0
As mentioned above we perform this deformation under the relaxed conditions:
Assumption 8.3.1. £ <0, so € C and 1 —s153 >0

We begin with the deformation of " to pass through the saddle points +1/2, resulting
in the RHP on the left of Figure 8.3.1. The function

1— 5153 316_59

G6G1G2 = 826&9 14 5159

has terms with exp(££60). It cannot decay to the identity when deformed in the complex
plane. We can resolve this issue by using lensing, see Section 3.10.3.
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G2 U GQU71
Gg Gl

GeG1Go

G4 G6

G5 G5L L71

Figure 8.3.1: Left: Initial deformation along the paths of steepest descent. Right: The
deformed contour after lensing.

Consider the LDU factorization:

1 0][1—s1s3 O 1 eS0 51
GeG1G9 = LDU = |: —0 :| [ 1 :| [ 1-s1s3 |
€ ¢ l—ssﬁ 1 0 1—s183 0 1

The matrix U decays near i00, L decays near —ioco, both approach the identity matrix
at infinity and D is constant. Moreover, the oscillators in L and U are precisely those
of the original G matrices. Therefore, we reuse the path of steepest descent, and obtain
the deformation on the right of Figure 8.3.1. The LDU decomposition is valid under the
assumption 1 — s1s3 # 0.

8.3.1 Removing the connected contour

Although the jump matrix D is non-oscillatory (it is, in fact, constant), it is still incom-
patible with the theory presented in Section 5.2: we need the jump matrix to approach
the identity matrix away from the saddle points. Therefore, it is necessary to remove this
connecting contour. Since D = diag(dy, ds) is diagonal, we can solve P = P~D with
P(o0) =1 on (—1/2,1/2) in closed form, see Section 3.4.1:

(2x+1>zlogd1/27r 0

P(z) = e . <2m+1>ilogd2/27r

2x—1

This parametrix solves the desired RHP for any choice of branch of the logarithm.
However, we must choose a branch so that the singularity is locally integrable. This is
accomplished by choosing the standard choice of branch.

We write

d=UP.

Since P satisfies the required jump on (—1/2,1/2), ¥ has no jump there. Moreover, on
each of the remaining curves we have

UVt =¢tpl=0-GgP ' =0tPGP !,
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PUP! PGU' P!

PGsLP™" PLp!

Figure 8.3.2: Left: Definition of ® in terms of ¥. Right: Jump contour for W.

and our jump matrix becomes PGP~!. Unfortunately, we have introduced singularities at
+1/2 and the theory of Section 5.2 requires smoothness of the jump matrix. This motivates
alternate definitions for ¥ in circles around the saddle points similar to what was done in
Chapters 6 and 7. In particular, we define ® in terms of ¥ by the left panel of Figure
8.3.2, where W has the jump matrix defined in the right panel of the figure. A quick check
demonstrates that this definition of ® satisfies the required jump relations.

We are ready to apply Algorithm 5.1.11. Define

Q={z:|z| =1} U{re™* :r e (1,2)} U {re¥/* . r e (1,2)}
U{re 3™/ r e (1,2 U {re ™/ . r e (1,2)}.

In accordance with Assumption 5.0.1, we have
1 1
L= +£6712Q and Ty = —5+ 12,

with the jump matrices defined according to Figure 8.3.2. Now, paths of steepest descent
are local paths of steepest descent.

8.3.2 Uniform approximation

We have isolated the RHP near the saddle points, and constructed a numerical algorithm
to solve the deformed RHP. We show that this numerical algorithm approximates the true
solution to the RHP. In order to analyze the error, we introduce the local model problem
for this RHP following [51]. The solution of the model problem is the the parametrix used
in asymptotic analysis.

Remark 8.3.2. It is important to note that knowledge of the parametriz is not needed to
solve the RHP numerically.

Let v = ilogdy/(27) and define the Wronskian matrix of parabolic cylinder functions
D,(¢) [84],

Zo(¢) =277

D_y1(i¢) D (C)C) } [ em/2H) 0 } , (8.3.1)

Dy 1(iC) =D 0 1
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along with the constant matrices

i (v o i (v o 1 0 1 h
Hyyo = e™WH1/20s p, oim(vs1/2)0s Hoz[ho 1}, H1:|:O 11}, 032{
. V27 Vaom o o,
ho = —i=———, hi = e,
F'v+1) I'(—v)

In addition, define

Z+1(C) = Zi(C) Hy..

The sectionally holomorphic function Z(() is defined as

Z (C)v if arg( € (_71-/47 0)7
Z1(0), it argC € (0,7/2),
Z(C) =4 Z2(Q), if arg( € (m/2,m),
Z3(¢), if arg¢ € (m,37/2),
Z4(C), if arg( € (3m/2,7Tm/4).

This is used to construct the local solutions

7 (2) = B(z)(—hy/s3) "o 2eitos/2gmon/2 | S LN ey g2,
1 0

Ul(2) = 090" (—2)09,

where

o= |0 3 B = (c@ZHE) T cte) — 2y

Consider the sectionally holomorphic matrix-valued function \if(z) defined by

P(z), if|z+1/2] > R,
U(z)=¢ U"(2), if|z—1/2| <R,
Ul(z), if|z+1/2| <R.

We use [G’,f] to denote the RHP solved by J. See the top panel of Figure 8.3.3 for I.
In [51], it is shown that " satisfies the RHP for @ exactly near z = 1/2 and for ! near
z = —1/2. Notice that ¥" and W' are bounded near z = 41/2. In the special case where

logd; € R, P remains bounded at +1/2. Following the analysis in [51] we write
b(z) = x(2)¥(2),

where x — I as ( — oo.

We deform the RHP for ¥ to open up a small circle of radius r near the origin as
in Figure 8.3.2. We use [Gl;f‘l] to denote this deformed RHP and solution W;. See
Figure 8.3.3 for I';. It follows that ¥ (z)P~(z) is uniformly bounded in z and £. Further,
¥, has the same properties. Since ¥y is uniformly bounded in both z and & we use (5.2.1)
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to show that C [Gl; fl]_l has uniformly bounded norm. We wish to use this to show the
uniform boundedness of the inverse C[G;T]~!. To do so we extend the jump contours and
jump matrices in the following way. Set I'; = I' U '} and define

[ G(»), ifzeT,
Gel2) = { I, otherwise,

Clz) = { Gi(z), ifzely,

1, otherwise.

The estimates in [51] show that G.—G. — 0 uniformly on I'. It follows that C[Ge; ]!
is uniformly bounded since the extended operator is the identity operator on I'\ 1. The-
orem 3.9.4 implies that C[G¢;T¢]~! is uniformly bounded for sufficiently large &, which
implies that C[G;T]~! is uniformly bounded for ¢ sufficiently large, noting that the ex-
tended operator is the identity operator on the added contours. We use this construction
to prove the uniform convergence of the numerical method using both direct and indirect
estimates.

8.3.3 Application of direct estimates

We see that the RHP for W satisfies the properties of a numerical parametrix. This requires
that the jump matrices have uniformly bounded Sobolev norms. The only singularities in
the jump matrices are of the form

s(z) = <2:g>v eR.

After transforming to a local coordinate k, z = £~ 1/2k — 1/2, we see that

f_l/2k‘ + 1>iv

S(k) = s(€ 2k~ 1/2) =€ /2 < -

The function S(k) is smooth and has uniformly bounded derivatives provided k is bounded
away from k£ = 0. The deformations applied thus far guarantee that k is bounded away
from 0. To control the behavior of the solution for large k& we look at the exponent which
appears in the jump matrix

2% 1\? 8 1\?
9(2)—3—4Z<2+§> +§<Z+§> 5

A(k) = 0(¢~12k — 1/2) = % _4ik2)e + %k3/§3/2.

and define

If we assume that the contours are deformed along the local paths of steepest descent, all
derivatives of e5?(%) are exponentially decaying, uniformly in &. After applying the same
procedure at z = 1/2 and after contour truncation, Theorem 3.10.4 implies the RHP for
U satisfies the hypotheses of Theorem 5.2.4, proving uniform convergence.
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Figure 8.3.3: Top: Jump contours for the model problem with solution ¥. Note that J,
and J; are the jumps on the outside of the circles. They tend uniformly to the identity as
¢ — oo [61]. Center: The jump contours, 'y, for the function W;. The inner circle has
radius 7 and the outer circle has radius R. Bottom: Contour on which U is non-zero. This
can be matched up with the right contour in Figure 8.3.2.

8.3.4 Application of indirect estimates

The second approach is to use the solution of the model problem to construct an numerical
parametrix. Since we have already established strong uniform convergence we proceed to
establish a theoretical link with the method of nonlinear steepest descent, demonstrating
that the success of nonlinear steepest descent implies the success of the numerical method,
even though the numerical method does not depend on the details of nonlinear steepest
descent. We start with the RHP [Gl; fl] and its solution \i/l. As before, see Figure 8.3.3
for I'y. Define @ = (¥;)* — (¥1)~ which is the solution of the associated SIE on I';. The
issue here is that we cannot scale the deformed RHP in Figure 8.3.2 so that it is posed on
the same contour as [G;T']. We need to remove the larger circle.

We define a new function U = ¢ where ¢ is a C™ function with support in (B(—1/2,R)U
B(1/2,R)) N T such that ¢ = 1 on (B(1/2,7) U B(—=1/2,7)) N Ty for r < R. Let 'y be
the support of U (see bottom contour in Figure 8.3.3). Define Uy =1+ szﬁ . From the
estimates in [51], it follows that

\i/;_ = \112_@2,

where Gy — G tends uniformly to zero as & — oco. We have to establish the required
smoothness of U. We do this explicitly from the above expression for WP~! after using
the scalings z = £ /2k + 1 /2. The final step is to let £ be sufficiently large so that we can
truncate both [G;T] and [G; 2] to the same contour. We use Proposition 5.2.11 to prove
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that this produces a numerical parametrix. Additionally, this shows how the local solution
of RHPs can be tied to stable numerical computations of solutions.

Remark 8.3.3. This analysis relies heavily on the boundedness of P. These arguments fail
if we let P have unbounded singularities. In this case one approach would be to solve the
RHP for x. The jump for this RHP tends to the identity. To prove weak uniformity for this
problem one mneeds to only consider the trivial RHP with the jump being the identity matriz
as a numerical parametriz. Another approach is to remove the growth in the parametrix
through conjugation by constant matrices; see Chapter 10, specifically Section 10.4.2, for
such an approach to rectify an unbounded global parametriz in the orthogonal polynomial
RHP.

8.3.5 Numerical results

In Figure 8.3.4 we plot the solution to Painlevé IT with (sq, s2,s3) = (1,—2,3) and demon-
strate numerically that the computation remains accurate in the asymptotic regime. We
use u(n, x) to denote the approximate solution obtained with n collocation points per con-
tour. Since we are using (8.1.3) we consider the estimated relative error by dividing the
absolute error by \/x. We see that we retain relative error as x becomes large.

Remark 8.3.4. Solutions to Painlevé II often have poles on the real line, which correspond
to the RHPs not having a solution. In other words, ||C[T', Q™Y is not uniformly bounded,
which means that the theory of this paper does not apply. However, the theorems can be
adapted to the situation where x is restricted to a subdomain of the real line such that
ICIT, Q)7L|| is uniformly bounded. This demonstrates asymptotic stability of the numerical
method for solutions with poles, provided that x is bounded away from the poles, similar to
the restriction of the asymptotic formulae in [51].

8.4 Negative z, ss =0 and s;53 =1

We develop deformations for the Hastings—McLeod Stokes constants. We realize numerical
asymptotic stability in the aforementioned sense. The imposed conditions reduce to the
following:

Assumption 8.4.1. £ <0, so =0 and s1 = —s3 = *i

We begin by deforming the RHP (Figure 8.1.2) to the one shown in Figure 8.4.1. The
horizontal contour extends from —a to « for a > 0. We determine « below. Define
0 816_i|m|3/29(z)
Go=GoG1 =1 itapr2oe) 1
Note that the assumption so = 0 simplifies the form of the RHP substantially, see Fig-
ure 8.1(b). 'We use an approach similar to that of the equilibrium measure to replace 6
with a function possessing more desirable properties. Define

ei‘x‘3/2 Q(Z);G(z) o3

O(z) = ,g(x) = (2 = a?)P
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X

Figure 8.3.4: Left: Plot of the solution, w, for small x (Solid: real part, Dashed:
imaginary part). Right: Relative error. Solid: |z|~'/2|u(12,z) — w(36, )|, Dashed:
lu(8,z) — u(36,z)|/+/]z], Dotted: |u(4,z) — u(36,2)|/+/]z|. This plot demonstrates both
uniform approximation and spectral convergence.

The branch cut for g(z) is chosen along [~a,a]. If we equate o = 1/v/2 the branch of
g can be chosen so that g(z) — 0(z) ~ ng_l). Furthermore, g4 (z) + g—(2) = 0 and
Im(g_(2) — g4(2)) >0 on (—a, a). Define G; = ©~'G;0, and note that

o 13/2 94 (2)+g_(2)
. 0 Sle_llxl‘i/Z + R ] [ 0 S1

Go(z) = (2)=9_(2)
; (2)+9_(2) ; —(2)—9_(2) i|p|3/29=#)—9-12)
Sle,upﬂ% e,upﬂ% 51 ez|m| 5

As x — —o00, G tends to the matrix
. 0 S1
J= [ oo ] .

The solution of the RHP
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GG GeG1
G(]
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Gs Gs / \\
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Figure 8.4.1: Deforming the RHP for negative x, with Assumption 8.4.1. The black dots
represent £a. (a) Initial deformation. (b) Simplification stemming from Assumption 8.4.1.

(a) (b)

is given by

out 1 B( )—’_B( ) !
VMG =5 | i (B) - B () + Ble)

Here 8 has a branch cut on [—a,«] and satisfies (z) — 1 as z — oo. It is clear that
(T + Go () =Y — T uniformly on every closed subinterval of (—a, a).
We define local parametrices near o

—is1(B(2) — B(2)71) } . Blz) = <z — a>1/4.

N 2+«

I if —% <arg(z—a)<3
am =14 Gr'oif g <arg(z—a)<m )
Gy if—7r<arg(z—a)<—§
I if%’r<arg(z+a)<7ror —r<arg(z+a) < —F
Uy =< GT'oifo< arg(z +a)<Z
Gy if =¥ <arg(z+4a) < =

We are ready to define the global parametrix. Given r > 0, define

Uiy iflz—a| <r
Uym = \I/ITH?/I if \z+a! <r
Uont if |z4al >rand |z —al >r

It follows that W\ satisfies the RHP shown in Figure 8.3(b).

Let ® be the solution of the RHP shown in Figure 8.3(a). It follows that A = ¥,
solves the RHP shown in Figure 8.3(b). The RHP for A has jump matrices that decay
to the identity away from £a. We use Assumption 5.0.1 to determine that we should use
r = |z|~. We solve the RHP for A numerically. To compute the solution of Painlevé II
used in the asymptotic analysis of the KdV equation ((6.0.14)) we use the formula

Prr(£1,0,Fi; x) = 2i/ |z Zlgglo 2A(2)12

See Figure 8.4(a) for a plot of the Hastings—McLeod solution with s; = i. To verify



220 CHAPTER 8. THE PAINLEVE II TRANSCENDENTS

WG (W)

PIRIGT (W)

Figure 8.4.2: The jump contours and jump matrices for the RHP solved by W. The
radius for the two circles is 7.

. N _ A -1
UinGs P (Tan) -G (Trm) ;! VanG1 ¥y
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<
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(a) (b)

(\I’HI\'I)—C[J(\IJHM)

Figure 8.4.3: The final deformation of the RHP for negative x, with Assumption 8.4.1.
The black dots represent +a. (a) After conjugation by ©. (b) Bounding the contours
away from the singularities of g and § using V.

our computations we may use the asymptotics [51]:

Pri(i,0,—i:2) ~ —| — 4+ O <:n—5/2) . (8.4.1)
2
We define

R
N L L

2

to be the relative error which should tend to a constant for xz large and negative. We
demonstrate this in Figure 8.4(b).
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Figure 8.4.4: Plotting and analysis of the numerical approximation of Pry(i,0,—i;x). (a)
Prr(i,0,—i; x) for positive and negative x. For small |z| we solve the undeformed RHP.
(b) A verification of the numerical approximation using the asymptotics 8.4.1 .
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Chapter 9

The Finite-Genus Solutions of the
Korteweg-de Vries Equation

The goal of this chapter is to present a new description for the so-called finite-genus or
finite-gap solutions of the KdV equation

Gt +69q: + quaz = 0, (ac,t) e R xR, (901)

and to use this description to compute them. This material originally appeared in [108]
(see [107] for a short summary). The finite-genus solutions arise in the spectral analysis
of the Schrodinger operator with periodic or quasi-periodic potential, where the spectrum
has only a finite number g of finite-length bands separated by g gaps. They are explicitly
described in terms of Riemann theta functions, parametrized by hyperelliptic compact
Riemann surface of genus g. In the context of the periodic problem for (9.0.1), these
solutions play the same role that is played by trigonometric polynomials for the linear KdV
equation ¢; + gyzz = 0 of (9.0.1): the general solution to the periodic problem in the space
of square-integrable functions is approximated arbitrarily close by a finite-genus solution
with sufficiently high g. An eloquent overview of the extensive literature on these solutions
is found in McKean’s review [73] of [74]. Of particular importance in the development of
this literature are the pioneering works of Lax [70] and Novikov [83]. Excellent reviews are
also found in Chapter 2 of [82], Dubrovin’s oft-cited review article [45], and [9], parts of
which focus specifically on the computation of these solutions.

The computation of the finite-genus solutions is a nontrivial matter. Although Lax’s
original paper [70] includes an appendix by Hyman, where solutions of genus two were
obtained through a variational principle, the now-standard approach of their computa-
tion goes through their algebro-geometric description in terms of Riemann surfaces, see
[21] or [55], for instance. Another approach is through the numerical solution of the so-
called Dubrovin equations, a set of coupled ordinary differential equations that describe
the dynamics of the zeros and poles of an auxiliary eigenfunction of the spectral problem,
the Baker-Akhiezer function [9, 44]. The finite-genus solution is easily recovered from the
solution of the Dubrovin equations [82, 93]. One advantage of all these approaches over
the variational method employed by Lax and Hyman is that periodic and quasi-periodic
solutions are constructed with equal ease. The same is true for our approach, described
below.

223
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The essence of this paper is the derivation of a Riemann—Hilbert representation of the
Baker—Akhiezer function. We construct a RHP whose solution is used to find the Baker—
Akhiezer function. From this, one extracts the associated solution of the KdV equation.
The z- and t-dependence of the solution appear in an explicit way, so that no time or
space stepping is required to obtain the value of the solution at a specific z and ¢. This
should be contrasted with, for instance, the numerical solution of the Dubrovin equations
[93]. Furthermore, just like for the method of inverse scattering (Chapters 6 and 7), the
infinite-line counterpart of the problem under investigation, this dependence of the KdV
solution on its independent variables appears linearly in an exponential function in the
RHP.

In order to solve this RHP, we employ a regularization procedure using a g-function
[32]. This simplifies the z- and t-dependence further. The resulting RHP has piecewise-
constant jumps. Straightforward modifications allow the RHP to be numerically solved
efficiently using the techniques in Section 5.3. This results in an approximation of the
Baker—Akhiezer function that is uniformly valid on its associated Riemann surface. This,
in turn, produces a uniform approximation of the associated solution of the KdV equation
in the entire (z,t) plane.

In this chapter, we begin by introducing the required fundamentals from the theory
of Riemann surfaces. Next we use the methods of Chapter 2 of [82] to describe how
hyperelliptic Riemann surfaces are used to solve the KdV equation for a restricted class
of initial conditions. The representation of the Baker—Akhiezer function in terms of a
RHP is derived in the next section. The modification of this RHP is discussed in the two
subsequent sections. The final form of the RHP is presented in Section 9.5. In the final
section the RHP is solved numerically and the numerical convergence of the method is
verified. The method is illustrated there with many numerical examples. As a notational
remark, due to the wealth of defined functions in this chapter we reserve bold-face fonts
for vectors and matrices.

9.1 Riemann surfaces

We use this section to introduce the fundamental ideas from the theory of Riemann surfaces
that are needed below. Most of these fundamental facts can be found in [9, 44]. The
unfinished lecture notes by B. A. Dubrovin [46] provide an especially readable introduction
and most results stated below can also be found there. We include additional classical
results on Riemann surfaces to give the reader some insight into the depth of the subject.

Definition 9.1.1. Let
F(\p) = = Poga(N), or F(X) = p* — Pag1 ().

The algebraic curve associated with this function is the solution set in C? of the equation
F(\w) = 0. The desingularization and compactification of this curve is a Riemann sur-
face, I'. Note that in this chapter I' is no longer a contour. For this restricted class of
polynomials the associated Riemann surface I' is said to be hyperelliptic. We only consider
hyperelliptic surfaces.

Define the a cycles {a;}{_, and the b cycles {b;}9_; on the Riemann surface as in
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Figure 9.1.1. The set {a; U b, }?Zl is a basis for the homology of the Riemann surface. It
is well known that the hyperelliptic surfaces in Definition 9.1.1 are of genus g; they can
be identified with a sphere with g handles. It is also well known that a genus g surface
has g linearly independent holomorphic differentials, denoted wi,...wy. We choose the
normalization

% WE = 27Ti(5jk, j,k = 1,...,g.
a;
The matrix
B = (Bjk)1<jp<gr Bik :?é e
j

is known as a Riemann matrix. Although this matrix has important properties and is
necessary for computing the theta function representation of the finite-genus solutions we
do not need it directly.

Figure 9.1.1: A cartoon of a hyperelliptic Riemann surfaces with a choice for the a and b
cycles.

Lemma 9.1.2 ([45]). Let w be a holomorphic differential on a Riemann surfaces of genus

g- If
7{ w=0,757=1,...,9,
o

J
then w = 0.

Lemma 9.1.3 ([45]). Every holomorphic differential f on a genus g hyperelliptic Riemann
surface > — Prg1(A) =0 can be expressed locally as

f= 1,
L

where q is a polynomial of degree at most g — 1.

A divisor is a formal sum

k
D = Z’I’Lj@j, n; € Z,

J=1
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of points (); on the Riemann surface. Given a meromorphic function f on the Riemann
surface with poles at @; of multiplicity n; and zeros at R; with multiplicity m; we define
the associated divisor

l k
(f) =Y _miR; =Y n;Q;.
j=1 J=1

The degree of a divisor

k

k l
deg D = an so that deg(f) = an - Zml
j=1 j=1

=1

A divisor is said to be positive if each n; is positive and D > D’ holds if D — D’ is positive.
We use [(D) to denote the dimension of the space of meromorphic functions f such that

(f) =z D.
Lemma 9.1.4 (Riemann inequality [45]). For a genus g surface, if deg D > g then
I(D)>1+degD —g.

A divisor D is said to be nonspecial if the Riemann inequality is an equality. Define
the Abel mapping for points on the Riemann surface by

AQ) = [ JEwr e[S wg ] (9.1.1)

where the path of integration is taken to be the same for all integrals. Note that this is
well-defined for the appropriately normalized differentials. We extend this map to divisors

D =Y} n;Q; by
k
AD) = njA(Q)).
j=1

Theorem 9.1.5 ([45]). The Abel map A maps points on the symmetrized Riemann surface
to the associated Jacobi variety J(I') = C9/{2nrM + BN} for M, N € Z9. Furthermore, if
the divisor D = Q1 + --- + Qg4 is nonspecial then A has a single-valued inverse from the
Jacobi variety to the symmetrized Riemann surface in a neighborhood of A(D).

We do not make use of this theorem directly but include it for completeness. Next, we
describe properties of Abelian differentials of the second kind that are needed below.

Definition 9.1.6. Given a point Q on the Riemann surface and a positive integer n, an
Abelian differential of the second kind is a meromorphic differential that has a single pole
of order n 4+ 1, so that its local representation is

VG = (z7" 1+ 0(1)) de,

with respect to a local parameter z, z(Q) = 0.
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When @ is the point at infinity we construct these differentials explicitly. As a local
parameter we take 22 = 1/ since @ is a branch point. If n is even we set

1
Y= N2
2

o0

When n is odd, there is more to be done. First, compute

Aj —25-3
M= 22" g,
w P(272)
Then
g
P(Z—z) = 4972 (1- 22 ag+1 H 1— 22 aj )(1— Zzﬂ])
7=1
Thus
—1/2
N 2j—242 ’
A= 2z THmE 1—Zag+1H1_Z% )(1—2%B)) dz
7=1

= (—227%72%2 4 O(1))dz.
We choose j = g + (n — 1)/2 so that

1 \9t(n—1)/2
v = ——Aid)\.
2 w

Let p2 be the differential obtained from v by adding holomorphic differentials so that it
has zero a cycles. We state a lemma concerning the b-periods of these differentials.

Lemma 9.1.7 ([46]). Define yj(2) through the equality wy = yp(2)dz and 2> = 1/X\. Then

1 dn—l

(R L k=1,....9.
j{kuoo 5 dzn_lyk(Z) L g

9.2 The finite-genus solutions of the KdV equation

We begin by considering the scattering problem associated with the KdV equation. The
time-independent Schrodinger equation

V. — qo(z)¥ = AU, (9.2.1)

is solved for eigenfunctions ¥(x, A\) bounded for all x. We define the Bloch spectrum

S(q) = {)\ € C: there exists a solution such that sgg U (z,\)] < oo} .
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It is well known that for go(z) smooth and periodic the Bloch spectrum consists of a
countable collection of real intervals

U [, B

a5 < ,Bj <ojy1 < 5]'4_1.

If there are only n+ 1 intervals then 5,11 = co. We refer to the intervals [, §;] as bands
and the intervals [3;, a;j41] as gaps.

Assumption 9.2.1. S(qy) consists of a finite number of intervals. In this case we say
that qo s a finite-gap potential.

Define I' to be the hyperelliptic Riemann surface associated with the function
g
F(\p) = p> = P(A), P(A) = (A—ag1) H —a;)(A = 5j)-

See Figure 9.2.1 for a cartoon. We divide this surface into two sheets. Choose the
branch cuts for the function y/P(\) along S(qp). We fix the branch by the requirement

P(A) ~ (=1)%i|A\|9t1/2 as A\ — —o0. Define \/P()\)+ to be the value lim,_,g+ \/P(\ + i€).
This allows us to define

I ={(\+/P(\) ' ):\eC)

When considering a function f defined on I' we use the notation fi so that fi(f_) denotes
the function restricted to I'y (I'_). In this way we can consider fi as a function of only
A. We need an explicit description of the a cycles since we take a computational approach
below:

az—{)‘ \/ tAE ﬁz;az-i-l}u{)‘ \/ )\E ﬁz;az—i-l)}

The a; component on I' (I'_) is oriented in the direction of decreasing (increasing) A. This
description is also useful since we will consider poles and zeros lying on the a cycles.

Remark 9.2.2. There is some inconsistency in the notation fi which is also present in
the literature [46]. In what follows, it will be clear from context whether we are referring
to a function defined on the Riemann surface or to fi and f_ separately.

We introduce further notation that will be of use later. Given a point @ = (\,w) € T,
we follow [51] and define the involution * by Q* = (A, —w). This is an isomorphism from
one sheet of the Riemann surface to the other. It is clear the first sheet is isomorphic to
the cut plane

g
(C:(C\ O‘g+1’ UU aj)ﬂj ’
7j=1
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through the mapping "~ : 'y, — C defined by Q = X and its inverse ~: C — 'y defined by

A=\ VPOO).

Figure 9.2.1: A cartoon of the Riemann surface associated with the finite-gap potential qq.

Lemma 9.2.3. [82] For every xg € R there exist two solutions ¥y of (9.2.1) such that
e U, (x,\) is meromorphic on I'\ {oo} with g poles at

g
D=>"Qi Qica,

i=1

and g zeros at
g
D = ZR“ R; € a;.
i=1

e Define v; = R; then {1 satisfies

V5(0) € [B5, ), (9.2.2)
3 = -2V P0) (9.2.3)

_Hk;ﬁj(’Yj - )

o Uy(x,\)= eﬂﬁ(w—mo)(l +O\"12)) as A — oo.

For simplicity we take zg = 0 below. We will always take the branch cut for A/2 to
be along [0,00) and fix the branch by A'/2 ~ i|\|'/2 as A\ — —oo. If the potential qo(z)
is taken as an initial condition for the KdV equation then these zeros have both time and
space dependence v; = 7;(z,t). This dependence is given by [44]

o 8i(y +90/2)V P(v))
L Hk;ﬁj(%‘ - 024

and the solution to the KdV equation can be reconstructed through

9

g
gz, t) = =2 (@, t) + agp + (o + B)).

J=1 J=1
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The (now time-dependent) function W4 (z,t, A) is known as a Baker—Akhiezer (BA) func-
tion. From the general theory of Baker—Akhiezer functions [82] it is known that it is
uniquely determined by a nonspecial divisor

g
D = Z Qi,
=1

for the poles and the asymptotic behavior [82]. The following lemma shows that all divisors
we consider are nonspecial.

Lemma 9.2.4. On the hyperelliptic surface p?> = P(\) the divisor D = >S9 | R;, where
R; € a; is nonspecial.

Proof. Assume f is meromorphic with D < (f). The differential w = df has double poles
with zero residues at the points R;. We have the following representation

g
w:ZyH—??-
i=1

Here y; are Abelian differentials of the second kind normalized so that they have zero
periods along the a cycles and second-order poles at the points R;. Since f is single valued

on the Riemann surface
]éw:O, jéw:0, k=1,...,9.
ay b

Since the a periods vanish we conclude that 7 must be zero. From the b period condition
we obtain

g
o= cuE0) -0 (9.2.5)
k j=1

where z; is a local parameter near R; = z;(0) and ; is determined from the equality
w = Ygj(2j)dz; near R;. We know that wj can be expressed uniquely as the sum of
differentials of the form

/\l—l
Ul:Td)H forl=1,....9,

with coefficients dy;. If R; = (z;, £41/P(2;)) is not a branch point we obtain

l_
“j

g 1
Vpj(z) = dy—e—.
w7 ; P
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If it is a branch point R; = (zj,0) we use the local parameter s = /A — z; so that

g 2,2;-_1
¢k,j(zj) = ; dklﬁ-

Since the matrix d = (dki)1<k <4 is invertible the condition (9.2.5) is reduced to the study
of the matrix

Z = (25 i<ji<or

after multiplying rows by suitable constants. This is a Vandermonde matrix, and thus
invertible. This shows that ¢; = 0 and thus w = 0 and f = C € C. This proves the result.
O

Remark 9.2.5. We have shown that the Abel map is invertible from the Jacobi variety to
the symmeterized Riemann surface in a neighborhood of A(D) for every divisor we consider.

Being precise, we obtain the following unique characterization of the function Uy (x,¢, \)
[82]:

Definition 9.2.6. The BA function for the solution of the KdV with initial condition qo(x)
is the unique function that satisfies

e U, solves (9.2.1).

e Uy is meromorphic on T'\ {oco} with poles at

g
D= ZQi, Qi € ai, Qi =(0,0). (9.2.6)

i=1
o Uy(x,t,\) = BN ZexdiN2 (] L O(A=1/2)) g5 A — oo,

o qo(x) = =237 1 7 (@,0) + agy1 + 27 (a5 + 5j).

Remark 9.2.7. Instead of computing the zeros of the BA function we derive a Riemann—
Hilbert formulation of the BA function to compute the function itself. The main benefit
of this approach is that the roles of x and t in the problem are reduced to that of param-
eters. This gives an approzimation to the solution of the KdV equation that is uniformly
convergent in the (z,t) plane. In this sense our method is comparable to the theta func-
tion approach which can also achieve uniform convergence [55]. On the other hand, no
time stepping is required, as for the direct numerical solution of the PDE or the numerical
solution of 9.2.2 and 9.2.4.

In what follows we assume without loss of generality that oy = 0. If oy # 0 we define
T = A — a1 and consider a modified scattering problem

_\I’mm - QO(x)\Ij = (T + ()41)\1/,
_\I/:c:c — q~0($)\1’ = T\I’, q~0($) = qo(x) + 7.
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Let g(z,t) and ¢(x,t) be the solutions of the KAV equation with go(z) and go(z) respec-
tively, as initial conditions. If G(x,t) satisfies the KdV equation then so does ¢(x—6¢t,t)+c.
Therefore, by uniqueness, q(z,t) = ¢(x + 6aqt,t) — .

9.3 From a Riemann surface of genus g to the cut plane

Consider the hyperelliptic Riemann surface I' from Section 9.2. We represent a function
f+ defined on I' by a vector-valued function f on C by

FO) = [+ f-((N)) .

Assume the function fy is continuous on all of I'. Let A € («j, §;) and define A = A tie.
It follows that lim, o+ Aye = lim. o+ (Age)*. From the continuity of fi

lim f,(Aie) = lim f_((Axc)).
fare.s! (Ate) fare.s! ((A+e)")
Let f£()\) = lim._,+ f(A £ie). Then

o=,

We form a planar representation of the BA function
TN =[f+(N) f-(V)) ]
The function ¥ satisfies

g
W*(x,t,M:\IJ‘(x,t,A)[f (1)] A€ (np1,00 U (07, 5),

W (z,t,\) = [ N Pat i 2 N 2p—4iN3/? } (I+ O(}\—l/z))'

The next step is to remove the oscillatory nature of ¥ for large A\. This procedure will
affect the jumps, thus some care is in order. Define

o—C(@tN)/2 0
R(z,t,A) = [ 0 (@t )2 } ;

Cx,t, \) = 2iaX? + 8it\3/2.
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The function ®(x,t, \) = VU(z,t,\)R(x,t, \) satisfies

g
&t (z,t,\) = @ (,t,)\) [ (1) (1) } , A€ (apy1,00) U U aj, B),
7=1

e_c(xvtv)‘)

N B g (9.3.1)
St (x,t,\) = D (x,t,\) 0 eC(””“‘ ,xe Ui ain),
7=1

Bz, t,\)=[1 1]IT+0N?).

This is a RHP for ® when the poles at +;(0,0) coincide with a; or 8;. The boundary
values of the solution to the RHP should be at least locally integrable. A pole at a band
end (o  or f3;) corresponds to a square-root singularity. In general, we have poles in the
intervals (0}, a;j41) where there are smooth jumps. In Section 9.4.1 we treat the case where
7;(0,0) = B;, 7 = 1,..., ¢ while enforcing that ® remains bounded at {ozj}gzl. No such
enforcement is made at {8;}7 The general case of poles on the a cycles is treated in
Section 9.4.2.

j=1

9.4 Regularization

We show how the jump conditions in (9.3.1) can be reduced to piecewise constant jumps.
As mentioned above, we first perform the calculations in the simpler case when the poles
are located at (3;,0) on I'. In the general case, we use an additional BA function as a
parametrix to move the poles to the band ends thus reducing the problem to the first case.

9.4.1 All poles at the band ends
We assume v;(0,0) = ;. Define the g-function

(at.3) = LAy [ _C(x’t’sl)g;i? 0 & (9.4.1)
where Q;(x,t) is constant in A. It is determined below.
Lemma 9.4.1. The g-function satisfies
o G (z, t,\)+ G (z,t,\) =0 for X € (o, 535),
o GT(z, t,\) — G (z,t,\) = —C(x,t, ) +iQ;(z,t) for X € (Bj, j41),
o G(x,t,\)//PN) =3 0_ mu(z, ) A% + O(A\971) as A — oo where

1 [t (b, s) + 09, t
_Z /J C(:Ev 78)+Z J(gj7 )sk_lds.

mk(:nvt) = - .
2mi <~ Jg, P(s)"

Proof: The first two properties follow from the branching properties of \/P(\) and prop-
erties of Cauchy integrals. The last property follows from Lemma 3.2.2.
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Define the matrix function

e_g(xvth) 0

G(x,t,\) = 0 Gt |

and consider the function
Y(x,t,\) = ®(x,t, \)G(x,t, \).

Using Lemma 9.4.1 we compute the jumps of 3:

g
St A) = 2 (2,4, \) [ ; é ] N e (ager,00) U (s, 8), (9.4.2)
7j=1
_ ein(.’E,t) O 9
Szt ) = B (a0, A)[ 0 e ] U Bjajs1). (9.4.3)

Since \/P(\) = O(|A\|9t1/2), G has growth in \ at co unless my(z,t) =0 for k=1,...,g
We wish to determine {Qj}gzl so that 3 has the same asymptotic behavior as ® as
A — 00, see (9.3.1). Thus, we must solve the following problem, which we put in slightly
more abstract terms since we make use of it again below.

Problem 9.4.2. Given continuous functions
fj()\) : [Bj)aj—l-l] — (C7 J = 17 » 9,
we seek constants (2; satisfying the moment conditions

Qjt1 _ f.
QZ/J M}J 1d)\ j=1,.
j P

Theorem 9.4.3. Problem 9.4.2 has a unique solution. Further, if each f; takes purely
imaginary values then each §; is real valued.

Proof. The second claim follows from the fact that /P()\)+ takes purely imaginary values
in the gaps, [8;, a;t1]. To establish the first claim, notice that Problem 9.4.2 is equivalent
to the linear system

MQ=V,
Qg1 )\k 1

1 5 \/_
g
(@), =95, (V)i =

(M) =

Gt fi(N) \E-1
P(X)

J
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Assume the rows of M are linearly dependent. Then there exist constants dj, such that

g
> dpMy; =0, for j=1,....,g
k=1

Explicitly, this implies

g Q1 dk k—l ( ) d\ )
A ,forj=1,...,¢.
;/j POV /J 2 ) ey ?

We show this implies that the holomorphic differential

d/\ g d)\
d )\k 1 — Ak 1%4
-3 v

has zero a periods. Compute

Bi+1 yYk—1 Bi+1 Yk—1 «@ k-1 k—1
[ A_dA;(/f A_dH/w_dA> }p_dA
Py w 2 Py w B —

J J J+1

Indeed, f integrates to zero around every a cycle implying that f is the zero differential,
see Lemma 9.1.2. But since each of A* 1w ~1d\ is linearly independent we conclude that
dp=0,k=1,...,9 and the rows of M are linearly independent. ]

If we select €1; to make all my, vanish we use the condition

lim 3 (z,t, A 11

jim Bt =[1 1],

in conjunction with (9.4.2) to obtain a RHP for ¥. It is important that € in Problem
9.4.2 is real valued. This implies the piecewise-constant jump matrix in (9.4.2) is bounded
for all = and t.

9.4.2 Poles in the gaps

In this section we show how to use an additional BA function to, in effect, reduce the case
where 7;(0,0) € (8;,j41) to that of v;(0,0) = ;. We assume that not all poles of W
lie on the band ends {5; }?Zl. Consider the planar representation of a BA function (V)
which satisfies

_ 0 1 7
Wt =y ) | g | A oo u e ),
7j=1

‘I’p((L',t, )\) = [ ei(N)/2 o—r(N)/2 ] ([+O()\_1/2))7
g
KA = it NVt e R,

J=1
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with poles at 3;. The goal is to choose {tj}i-':l so that (V,)+ has zeros precisely at the
poles of Wy. Define (¥,)r = ¥4 (¥,)+. The planar representation ¥, = ¥W¥, with
entry-wise multiplication now has poles at 3; and zeros at the zeros of ¥. We find V4 by
first finding two functions (¥,)+ and (¥, )+ both of which have poles at {(O,Bj)}gzl and
dividing. Thus, the general case of poles in gaps is reduced to poles at band ends provided
we find the required {tj}gzl.

Remark 9.4.4. We are using the term poles loosely. On @, W, has unbounded square-root
singularities while on I', (V,)+ has poles.

We show that we can choose {t; }gzl so that the zeros of (¥,)+ will be at an arbitrary
divisor

g
D' = ZR]', Rj € aj.
j=1

First, we state a lemma about the location of the zeros and poles of a BA function.

Lemma 9.4.5. [9] Let D’ be the divisor of the zeros of the BA function and D be that of
the poles. Assume

T\ =1+ 0k™)), k— oo, k= (9.4.4)
On the Jacobi variety J(I")
AD")=A(D) -V, (9.4.5)

where V' is the vector of the b-periods of a normalized Abelian differential v of the second
kind that satisfies

v(Q) = dq(k) + O(k™*)dk, k= k(Q) — oo, (9.4.6)
%Vzo, Vl:?él/,lzl,...,g. (9.4.7)
a; b

Conversely, if two divisors satisfy (9.4.5) then they are the divisors of the poles and zeros
of some BA function which satisfies (9.4.4).

To determine ¥, we have D and D’. We need to show we can choose v = drk+O(k™2)dk
so that (9.4.5) holds. The following lemma provides this result.

Lemma 9.4.6. Assume

g g
D:ZQ]', DIZZR]', Qj,Rj € a;.

Jj=1 J=1

Then there exists real constants {tj}§:1 so that the differential

g
V= E th/j
j=1
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satisfies the properties in (9.4.6) with q(k) = x(k), and v can be constructed explicitly.

Proof: Define 7; to be the Abelian differential of the second kind with principal part (see
Section 9.1)

m=02j-1) (¥ +0(k™?)dk, k— oo,

where 1/k is a parameter in the neighborhood of oo. For j > 1, we choose a path of
integration that lies on one sheet. We have

A
/ 7= +M V21 4+ ONT2)) as A — 0.
A

0

Define

g
v =y itj(r; + 1),
j=1

where n; is a holomorphic differential chosen so that T; +n; has vanishing a periods. We
define vj = i(1; + ;). Consider the system of equations

% I/:(V)k, k::l,...,g.
bk

It follows that (see Lemma 9.1.7)

d2i—2
%V_Zut) j_2|d22]2k()2207 k=1,...,9.
Here z is a local parameter in the neighborhood of co: z(oco) = 0 and wy = ri(z)dz.

To compute these derivatives we again use a convenient basis, not normalized, for the
holomorphic differentials:

P
uj:—d)\ ji=1,.

Set A = 1/2% and compute

g ~1/2
Uj:—222( )<1_04]+1Z Hl_az 1_52 )) dz
=1
= 5;(2)dz.

It is clear that the matrix

d2k—2
(A)r; = d22k—2 sj(2),

1s triangular with non-vanishing diagonal entries. There exists an invertible linear trans-
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formation from {uj}é-':l to {wi}]_,, and since A is invertible, it follows that the system

7{ v=V fork=1,...,g9, (9.4.8)

b

is uniquely solvable for {t; }?:1. This proves the existence of a BA function with asymptotic
behavior (9.4.4) and one arbitrary zero on each a cycle.

In summary, the BA function (¥,)+ = (¥,)+ ¥ has poles located at (5;,0) and one
zero on each a-cycle corresponding to the zeros of ¥,. We show below how to compute
such a BA function. We use the approach of Section 9.3 to formulate a RHP for (¥,,):

_ 0 1 g
S (0,6, 0) = 55 (2,1, ) [ 0 } A€ (anin o) U (o B),  (949)
7j=1
n B ein O
Syt ) =8, (@A) | 0wy | A€ U(ﬂj,aj+1), (9.4.10)

j=1

where each of the W; € R is chosen so that the g-function

PA) & [t —k(s) +iW; ds

satisfies G,(\) = O(A™1/2) as A — oo. Theorem 9.4.3 provides a well-defined map from
{tj}é-':l to {Wj}?zl. Furthermore each W; can be taken modulo 2w. The RHP for (¥, )+

is similar but #()\) must be replaced with () 4 2iz A2 4 8itA3/? to account for the z and
t dependence in . In this case we write Wj(x,t). This is elaborated below.

gp()‘) =

(9.4.11)

9.5 A Riemann—Hilbert problem with smooth solutions

The numerical method described in [89] requires solutions of the RHP to be smooth. We
need to deform the RHP to take into account the singularities explicitly if we wish to solve
it numerically. In this section, we assume the divisor for the poles of the BA function is

= Z(ﬁ]? 0),
i=1

and that the Q;(z,t) are chosen so that the moment conditions for G are satisfied. We
replace Q;(x,t) with W; and W;(z,t) in the case of (¥))+ and (¥, )4, respectively. In light
of the previous section, all other cases can be reduced to this. Define

[ d@tN 0 D (A= agyr) B0/
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The branch cut for 0 to be along the intervals [}, aj41] and we assume Q;(x,t) € [0, 2).
Note that A satisfies

N 3 ein(m,t) 0
A (LU,t, )\) =A (iU,t, )\) |: 0 e_in(xvt) :| 5 A S (53,0134_1)

Define

H(A)_l 1 1—|—\/A—Oén+1
N I 1—X—ans |’

2
where the function /A — ay, 41 has its branch cut on [a,11,00), and satisfies \/\ — ap41 ~

i|A|*/? as A — —oo to fix the branch. The last function we need is the g-function matrix

e—g(x,t,)\) 0
G(‘Tat7 )‘) = |: 0 eg(m,t,)\) :|

Note that if we were solving for (¥,)+ or (¥, )+ we would replace G with (9.4.11).

We introduce a local parametrix for what follows. Consider the RHP

0 ¢

v -y | )

] , A€ (a,b), (9.5.1)
where we do not specify the asymptotic behavior since we wish to obtain multiple solutions.
From Example 3.4.3 we find

—iA—a)*(A=b)8/c i(A—a)*(A—Db)P

1
1/C 1 ) Oé,ﬂ—j:a,

Y (N a,b,a,B,¢) = [

is a solution of (9.5.1). We choose the branch cut of (A — a)*(\ — b)? to be along the
interval [a,b] with (A — a)®(A — b)? ~ AX*# as A — oco. To simplify notation we define

@ b a2 B2 ag 0
>
>

Jo Ji Jo Ja Jo
Figure 9.5.1: The contours and jump matrices of the RHP for 3.

Jj(x,t) = diag(e—in(m,t)7 eiQ(:c,t)) and

01
=01
We need a local parametrix at each point a; or 8;. This motivates the definition
Al(:pa t7 )‘) = Y(Av ar, 517 1/27 _1/27 1)7

Aj($7t7 )‘) = Y()Hajvﬁ]v 1/27 —1/2,6Xp(—in_1(ZE,t))), ] = 27 - g + 17
Bj(z,t,\) =Y (X5, 05,1/2,—1/2,exp(—iQ(z, 1)), j=1,...,9.
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This allows us to enforce boundedness at each a; with a possibly unbounded singularity
at 3;. The matrices A; are used locally at o;j and B; at f3;.
Consider the following example. The general case can be inferred from this.

Example 9.5.1 (Genus two). Our initial RHP is (9.4.2) with the condition

)\h_)HOlOE(x,t,)\) = [ 11 ],
see Figure 9.5.1. First, we introduce a circle around oz = agy1. In addition we place
a large circle around all the gaps, see Figure 9.5.2. Now, we redefine our function 3 in
various regions. Define X1 by the piecewise definition in Figure 9.3(a). We compute the
Jumps satisfied by X1, see Figure 9.3(b). An important calculation is that if 3q(x,t,\) =
[1 1]+0\1) then

(1 1]+onh) | Pya—me

1
21(1’, t, )‘)H()‘) = 5
=[1 1]+00\2).

This allows us to obtain functions with the correct asymptotic behavior.

We present the deformation in the interior of the large circle in Figure 9.3(a). See
Figure 9.4(a) for the piecewise definition of 3o and Figure 9.4(b) for the jumps and jump
contours for 3ao. While this RHP can be solved numerically, we make a final deformation
to reduce the number of contours present. Define D to be the region inside the large outer
circle but outside each of the smaller circles around o, Bj. Define

_ | So(z,t,N), A7 (z,t,A) if Ae D,
33w, t,\) = { o(z,t, ), otherwise.

See Figure 9.5.5 for the jumps and jump contours of the RHP for X3. We refer to this as
the deformed and regularized RHP associated with Wy .

Figure 9.5.2: Introducing a large circle around «; and f;.
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(a) (b)

Figure 9.5.3: (a) The piecewise definition of 3. (b) The jump contours and jump matrices
for the RHP for 3.

This resulting RHP has smooth solutions by the theory of Chapter 3: the RHP is k-
reqular for all k. Furthermore, the uniqueness of the BA function gives us existence and
uniqueness of the solution of this RHP. See Appendix 9.7 for a more detailed discussion of
the solvability of the RHP. This justifies solving for 33 numerically.

9.5.1 Reconstruction of the solution to the KdV equation

Once the function X3 above is known (at least numerically) we want to extract from it
the solution of the KdV equation. We use that X3 is analytic at infinity and that each
component of ¥ satisfies (9.2.1). For large A we write

Ya(x,t, ) = W(z, t, \)R(z,t, \)G(x,t, \) H (). (9.5.2)
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DI}
AT 211?; A 1By
ay - B g Q2 - B2
(a)
AT B! At By*
JO Jl JO J2
S Byt J1AG! JoB;y*

(b)

Figure 9.5.4: (a) The piecewise definition of 39 inside the outer circle. (b) The jump
contours and jump matrices for the RHP for 3.

We find a differential equation for 33. Differentiating (9.5.2) we find

0:23(x,t, ) = 0,V (z,t, \)R(z,t, \)G(z,t, \) H (\)+
W(z,t,\)0, R(x,t, \)G(x,t, \)H (\)+

W (z,t, \)R(z,t,\)0:G(x,t, \)H(N).

Ora23(x,t, \) = 03 O (2,6, \)R(x,t, \)G (2, t, \)H (X)
W (z,t, \)Op R(x,t, \)G (2, t, \) H (\)

W (z,t, \)R(z,t, N0y G(z,t, \) H (N)

(z,t, \)H (X)

JH(N)

+

_l’_

_l’_

2W (2, t, \) Oy R(z,t, \) 0, G(x, t, \) H (\)+
20, (2, t, \) Oy R(z,t, \)G (x,t, \) H (N\)+
20, (z,t, \)R(z,t, \)0,G(z,t, \) H (X).

We seek to simplify this formula. Define r(\) = diag(2iA'/2, —2iA/2) then

Oz R(z,t,\) = r(A\)R(x,t,\),
DpeR(z,t,\) = P2\ R(z, 1, \).
It follows that each Q;(z,t) depends linearly on x. Define g(\) = diag(—0,g(x,t, X), 0zg(x,t, X)),
therefore
0. G(z,t,\) = g(N\)G(z,t, \),
022 G(x,t,)) = g2 (V)G (z,t, \).
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Figure 9.5.5: The final RHP for ¥3. The same deformation works for RHPs which arise
from arbitrary genus BA functions by adding additional contours.

Also, R,G,r and g are diagonal and mutually commute. We write

0 X3(x,t,\) = 0,0 (x,t, \)R(x,t, \)G(z,t, \) H (X\)
+ W (z, t, Rz, t, NG (z, t, NV HNH (M) [r(\) + g\ H(N),
Ora 23(x,t, N) = Opa O (2,6, \) R (2, t, \)G (2, t, \)H (X)
+ 20, (z,t, \)R(z,t, )G (z,t, ) H(N) H Y (\)[r(\) + g\ H(N)
+ W(z, t, Rz, t, )G (x,t, NV H (N H 1N [g2(\) +2g(\)r(\) + 72N H ().

We proceed to eliminate ¥. Since 0,, ¥ = —AW — ¢(z,t)¥, we obtain

— S3(x, t, VH (V) [g(\) + 7P H(N).
(9.5.3)

Set Bg(x,t,A) =[ 1 1]+ ei(a,t)/A+ O(A~?) and substitute, assuming each derivative
of 33 has an induced asymptotic expansion,

Onser(@, )N+ ON2) = [-A—qla. ([ 1 1] +eile,)/A+ON?)

+([1 1]+ 0cr(@,t)/A+OND)HT(N)[g\) + r(\)]H(N)
+([ 1 1] +e(@t)/A+O0N2)H T (N)[gA) +r(N)]PH(N).
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It can be shown that the O(\) terms on each side of this equation cancel. Equating the
O(1) terms we obtain

qle,) [ 1 1] = lim duei(e,)/AH (Vg(V) + r(N)]H ()
—dim ([ =X “A]+([1 1]+e(@t)/r+002)

A—00

xH ' (N)[gN) +r(NPH(N)) -
Equating 0ycq(z,t) = [ si(x,t)  so(x,t) ] and working this out explicitly, we find
q(z,t) = 2i(sa(x,t) — s1(x,t)) + 20F, (9.5.4)

1 9 Qn+1 an t) — 2 1/2
E:——E:/ Oufln(w:1) = 2XT7 3,
27 = Jpn P

VPR

9.5.2 Regularization of the RHP with poles in the gaps

In this section we deal with the case where the divisor for the poles of the BA function is
of the form

g
D=>"Qi Qi€a.

1=1

We have proved existence of a BA function with one arbitrary zero on each a-cycle. We
consider the BA function (V,)+ = (V¥,)+ V4 which has poles located at {(0,@)}?:1 and
one zero on each a-cycle. In this section we assume we know t1, to,... which are required
to find (¥,)+. In the next section we discuss computing {tj}?:l' It follows that

(U,)4 ~ eEA@EN/2, (9.5.5)

where

g

Z(x,t,A) = K(A) + 20eX? + 8itAY? = 2i(w + t1)AV? 4 2i(4t + 1) X2 4+ 20 Y " @D/,
j=3

Using the techniques in Section 9.5.1 we see this is all the information that is needed to

set up a solvable RHP for (¥,)+ with smooth solutions. We have to extract the solution

to the KdV equation from (V). We solve for a function X3, the deformation of ¥, that
satisfies

B3(x,t,A) = W(z,t, \)R(z, 1, )G (x,t, \) ¥, (A H(N),

, _ (9.5.6)
U, (\) = diag ©,(N),
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for large A. If we perform the same calculations which results in (9.5.3). We obtain
Opa2s(z,t, N) = [- X — q(z, )] B3(x,t,\)
+20, (2, t, \VH () (T, () T Hg(A) +r(NZL,VHQ)  (9.5.7)
— Bz, t, VH ) (V) T g(A) + (VP TN H(A).
But \Il;, is diagonal and commutes with g and h. Therefore, all \Il;, dependence cancels
out. We see that (9.5.4) is invariant under multiplication by (¥,)+. Thus, the solution

q(x,t) to the KAV equation is extracted from X3 by (9.5.4). We summarize our results in
the following theorem.

Theorem 9.5.2. If X3(x,t, \) is the solution of the deformed and regularized RHP asso-
ciated with (V,.)+ and

23($7t7 )‘) = [ 11 ] + Cl(x7t))‘_1 + O(/\_2)7 Cl($7t) = [ 81($7t) 32(3:7t) ] ’
then the corresponding solution of the KdV equation is found through

Q(:Evt) = Qi(Sg(ﬂj‘,t) - 81($7t) + 2E,
_ng:/aj“ 0aWi(,t) = 22112 o
=t P’ |
Jg=17"r

where {W;(x,t)}32, are defined by the moment conditions for (9.4.11) with x(X\) replaced
with Z(xz,t,\).

This theorem states that despite the theoretical use of the function (¥,)4+, the compu-
tation of the solution to the KdV equation does not require the computation of (V).

9.6 Numerical computation

In this section we discuss the computation of all the components of the theory. These
components are:

1. Evaluating contour integrals used in the Abel map and Problem 9.4.2.
2. Computing the singular integrals used in the representation of the g-function.
3. Solving the deformed and regularized RHP for the Baker—Akhiezer function.

4. Extracting the solution to the KdV equation from the Baker—Akhiezer function.

9.6.1 Computing contour integrals

The developments above require the computation of integrals of the form

Gt f(A)
5 VPO

Ii(f) = d, (9.6.1)
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to determine the g-function and compute ©;/W;. Note that in the cases we consider f
is analytic near the contour of integration. Also, we compute the Abel map of divisors
whose points lie in gaps. We always choose Q¢ = (a1,0) in (9.1.1) and integrate along I";
across the bands and gaps. Thus computing the Abel map of a point in a gap requires
computation of integrals of the form (9.6.1) along with integrals of the form

W
R SV evid 052)
= [ 22

————ds.
Bi \/ P(S)+

While numerical integration packages can handle such integrals, it is beneficial to use
Chebyshev polynomials. For example, define
2 B Bj + oy

Bi—a;  Bj—aj

We change (9.6.1) to

The function

Vi H
Pn1(s))’

is analytic in a neighborhood of the interval [—1,1]. We write

Li(f) = /1 L(S))er(s)im_l(s) L
A \VPI ) ds V=
The Chebyshev series approximation of the function in parenthesis converges exponentially
since it is analytic in a neighborhood of [—1,1]. A discrete cosine transform is used to
approximate the series and the first coefficient in the series gives a very good approximation

to I;(f). Similar ideas work for K;(f) but we must modify our approach for I;(f,\).
Consider the integral

A
dz
F,(\) = T, (r)——, Ae(1,1).

W= [ T A
Here T, denotes the nth-order Chebyshev polynomial of the first kind. Using the standard
change of variables x = cos 0,

arccos A

arccos A
E.(\) = —/ T, (cos0)do = —/ cos(n#)db.

™



9.6. NUMERICAL COMPUTATION 247

Therefore

__sin(narccos\) .
FMMz{ smnaees ) ifn >0,

m —arccos A ifn=0.

Using the change of variables m(\) and the discrete cosine transform we can compute each
I;(f, A) with this formula.

We need to compute b periods. The b cycles have a more complicated relationship.
Consider the cycles b; in Figure 9.6.1. We compute

(éw:2L?ﬂMﬁ.

From Figure 9.6.1, we see that by = 51 and b; = BZ + b;_1. This gives a recurrance
relationship for b periods of a differential.

Figure 9.6.1: The cycles Bj on a schematic of the Riemann surface.

We must know wj, before computing the Abel map. We describe how to compute the
normalized differentials. Let w = f(A\)d\ be a holomorphic differential, we showed in the
proof of Theorem 9.4.3 that

J

w:—2/%Hfumx
B

J

Given the branch point «j,8;, j = 1,...,9 + 1 where 3441 = oo we use the basis of
unnormalized differentials

An—l

U d\, n=1,...,g9,

and compute their a and b periods. This allows us to construct the basis wy of normalized
differentials and gives us access to the Abel map.

Assume @Q = ()\,a\/P()\)Jr) € aj for 0 = £1. Then the kth component of the Abel
map is computed by

j—1

(A@)k =D _(Li(fe) + Ki( ) + Ki(fi) + oL (fr, A),

=1
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where fi(\)/w is the principal part of wy, the kth normalized holomorphic differential.

9.6.2 Computing the g-function

The g-function is defined by

G(z,t,\)

Wt —((x,t,5) +iQj(x,t) ds
Z / 2O — (9.6.3)

see (9.4.1). After mapping each interval of integration in (9.6.3) using a linear change of
variables z = m;(s) (m; : [8j, a;4+1] = [—1,1]) we have the expression

G 1) S omi Z/ H;( z —mj()\)

2m

where

—C(:E,t,mj_l(z)) + in(az,t)'

Note that Fj(z) = Hj(2)V1 — 22 is analytic in a neighborhood of [-1,1]. We use

dz
t,
G(@,t,A) 271 Z/lz— A) V1= 22

This reduces the problem of computing the g-function to that of computing integrals of
the form

1 S
C(A):%/_l (Sff )A) 11_32ds, Ag[=1,1],

where f is a smooth function on [—1,1]. We use the known expansion of the function
1/(s — A) in a Chebyshev series [100]

- — o if j =0,
=D eNTi(s), (V) = -
§=0 —2%, otherwise.

Here T} is the jth Chebyshev polynomial of the first kind [100]. This formula is technically
valid for A > 1 but can be extended to C\ [—1,1] by analytic continuation. We use a
discrete cosine transformation of order n to approximate the Chebyshev series of f:

)~y ¢Ty(s)
5=0
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Orthogonality gives

1 T
C(/\) ~ 2—7” 7TC(]€0(/\) + § ]Z:;)Cjej'()\)

Exponential convergence is guaranteed since in our case f is analytic.
Although it is not important for our purposes, one may wish to compute the limiting

values GT as )\ approaches a gap from above or below. We use the formula [84]

1 [t Ty(s) ds 1 T;(\) 1
1. b J ::l:—]i — . )\ )\ _1 1
e—1>I(I)le 21 _18—()\:|:i6) /1 — g2 2 /1_)\2+21‘U] 1( )7 E( ) )7

where Uy is the Chebyshev polynomial of the second kind [100].

9.6.3 Computing the Baker-Akhiezer function

This section is concerned with computing (¥,.)+. Let D’ be the divisor for the desired
zeros of the BA function and D be the divisor for the poles. We compute the vector (see
(9.4.5))

V = A(D' - D),

using the method for computing integrals described above. Next, consider the differentials

which satisfy

A
/ vj = O\ Y24) as A — .
A

0

We accurately compute the a periods of v;. We construct {7; }?zl which each have vanish-
ing a periods by adding an appropriate linear combination holomorphic differentials. We

compute the matrix
S < # a]) .
by, kj

The system SX =V is solved for the real-valued vector X, giving a differential

g
1= X;iy,
j=1
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that has b periods equal to the vector V. The final step is to compute the coefficients
{t;}7=, in the expansion

A 9
/ 1= it "2 L O TH2) = k(M) /2 + O(AV2).
Ao

n=1

The BA function with asymptotic behavior (¥,)4+ ~ e®M/2 as X — oo has zeros at
the points of D’. Theorem 9.5.2 tells us to seek (¥,)s ~ eF2@LN/2 a5 X — co. We
construct the deformed and regularized RHP for (¥,)1, see Section 9.5. This RHP is
solved numerically.

To test the method we use a3 = 0,81 = 25,0 = 1,8, = 1.5 and a3 = 2. Thus
we have a genus two surface. We choose zeros to be at the points (.5, \/P(.5)+) and

(1.75, \/P(1.75)+). To approximate the BA function we use n collocation points per con-
tour. See Appendix 9.8 for a discussion of the numerical method for RHPs that is used
and its convergence properties. The roots of the approximate BA function are found using
standard Chebyshev root-finding techniques [15]. In Figure 9.6.2 we plot the absolute error
of the roots as n increases. Spectral convergence of the roots is observed. See Figure 9.6.3
for a surface plot showing both the zeros and the poles of the BA function on a single sheet.
See Figures 9.6.4 and 9.6.5 for contour plots of the real part, imaginary part, and modulus
of the BA function on each sheet. Note that producing this plot requires the computation
of the g-function. These plots are all produced in the genus two case but higher genus BA
functions can also be plotted.

Error

Figure 9.6.2: A demonstration of the spectral convergence of the zeros of the BA function.

9.6.4 Numerical solutions of the KdV equation

Before we move to numerical results for the KdV equation, let us review the solution
process. The constants a; (j =1,...,9+1) and §; (j =1,...,g) are chosen, all positive.
This determines the polynomial P(A) and the unnormalized differentials uy. The a periods
of these differentials are computed using Chebyshev polynomials and the normalized basis
wy, 1s constructed. Next, one point in each a-cycle is chosen to be a pole of the BA function.
These points make up the divisor for the poles of the BA function. The Abel map of this
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Figure 9.6.3: A three-dimensional plot of the modulus of the BA function on one sheet of
the Riemann surface. We see two poles and two zeros are clearly present.

e

\
Im A of

-1

Figure 9.6.4: A genus two Baker—Akhiezer function. Darker shades indicate smaller values.
Two poles and two zeros are clearly present. (a) The real part of .. (b) The imaginary
part of ¥,. (¢) The modulus of ¥ .

divisor is computed, along with the Abel map of the divisor

g
D= (8;,0).

j=1

Through the process just outlined the constants ¢;, j = 1,...,g are computed. The
Riemann—Hilbert formulation is used to compute the function (¥,)1 by noting that its
asymptotic behavior is (9.5.5). The function X3 is found and wu(x,t) is computed using
Theorem 9.5.2.

In this section we plot numerical solutions of the KdV equation. In the genus two case
we use numerical tests to demonstrate uniform spectral convergence.

Genus one

For a genus one solution we set a; = 0,81 = .25 and as = 1 with the zero of the BA
function at (.5, \/P(.5)+) at t = 0. See Figure 9.6.6 for plots of the corresponding solution
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TIm A o

Tm A © L & ) Tm A o

Figure 9.6.5: A genus two Baker—Akhiezer function. Darker shades indicate smaller values.
(a) The real part of ¥_. (b) The imaginary part of ¥_. (¢) The modulus of ¥_.

of the KdV equation. This solution is an elliptic function. Explicitly, [23],
q(z,t) = —az — B1 +2en’(z — K(1— 1) + 1.0768 — (8(1 — 8)* —4 — ag — B1)t, 1 — B),

where K (k) is the complete elliptic integral and cn is the Jacobi cn function [84]. The shift
inside the c¢n function is computed numerically. See Figure 9.6.6 for another solution.

Genus two

For a genus two solution we set a; = 0,581 = .25, = 1,82 = 1.5 and a3 = 2 with the
zeros of the BA function at (.5, \/P(.5)+) and (1.75, \/P(1.75)+) at t = 0. See Figure 9.6.8
for plots of the corresponding solution of the KdV equation.

For this solution we numerically discuss convergence. We use ¢,(x,t) to denote the

approximate solution of the KdV equation obtained with n collocation points per contour
of the RHP. We define the Cauchy error

Enm(z,t) = |gn(z,t) — gm(z,t)].

We fix m = 80 and let n vary: n = 10,20,40. See Figure 9.6.7 for plots of E,, ,,(z,t) for
various values of x and ¢. This figure demonstrates uniform spectral Cauchy convergence
of the function ¢, (z,t) to ¢(x,t), the solution of the KdV equation.

We plot another genus two solution in Figure 9.6.8. If we shrink the widths of the
bands we can obtain solutions which are closer to the soliton limit. See Figure 9.6.9 for a
solution demonstrating a soliton-like interaction.

Genus three

For a genus three solution we set a1 = 0,81 = 25,90 = 1,62 = 2,a3 = 2.5,03 = 3
and ay = 3.5 with the zeros of the BA function at (.5, \/P(.5)+), (1.75, \/P(1.75)+) and

(2.75, \/P(2.75)+) at t = 0. In Figure 9.6.10 we show the jump contours for the RHP
which are used in practice to compute the BA function. See Figure 9.6.12 for plots of
the corresponding solution of the KdV equation and Figure 9.6.11 and Figure 9.6.12 for
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Figure 9.6.6: (a) A contour plot of the genus one solution with a3 = 0,57 = .64 and
ag = 1 with the zero of the BA function at (.75, \/P(.75)+) at t = 0. Darker shades
represent troughs. (b) A contour plot of the genus one solution with oy = 0, 81 = .64 and
ag = 1 with the zero of the BA function at (.75, 1/ P(.75)+) at t = 0. Again, darker shades
represent troughs. (c) A three-dimensional plot of the solution in (a) showing the time
evolution. (d) A three-dimensional plot of the solution in (b) showing the time evolution.
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Cauchy Error
Cauchy Error

Figure 9.6.7: (a) A logarithmically scaled plot of Ej, go(z,0) for n = 10 (dotted), n = 20
(dashed) and n = 40 (solid). (b) A logarithmically scaled plot of E, go(x,25) for n = 10
(dotted), n = 20 (dashed) and n = 40 (solid). This figure demonstrates uniform spectral
convergence.

another genus three solution. We show the dynamics of the zeros of the BA function in
Figure 9.6.11.

Genus five

Just to demonstrate the breadth of the method we compute a genus five solution. We
set 1 = 0,01 = .25,a0 = 1,082 = 2,a3 = 2.5,03 = 3,a4 = 3.3,64 = 3.5,a5 = 4,05 =
5.1 and ag = 6 with the zeros of the BA function at (.5, \/P(.5)+), (2.2, P(2,2)+),
(3.2,/P(32)"), (3.6,,/P3.6) ) and (5.3,\/P(5.3) ) at t = 0. See Figure 9.6.13 for
a plot of the corresponding solution of the KdV equation. This figure shows the time
evolution.

9.7 Analysis of the deformed and regularized RHP

In general we consider a RHP of the form
T\ =& (VNG(\), ANe A, ®(0) =1, (9.7.1)

where A is bounded and G depends on {Qj(aj,t)}?zl, or alternatively {W;(z,t) ?:1. We
use many of the results in Chapter 3. It is straightforward to check that G satisfies the first-
order product condition. Analyticity may be used to see that G satisfies the (k—1)th-order
product condition for all & > 0.

We apply Theorem 3.8.21 to the RHP derived in Section 9.5. We use G to denote the
jump matrix. We note that when we augment the contour, G = I on all added pieces and
these do not contribute to the integral. Also, det A = 1 away from «;, 3; and det Jy = —1.
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Figure 9.6.8: (a) A contour plot of the genus two solution with oy = 0,81 = .25, a0 =
1,2 = 1.5 and a3 = 2 with the zeros of the BA function at (.5, \/WJF) and
(1.75, \/WJF) at ¢ = 0. Darker shades represent troughs. (b) A contour plot of
the genus two solution with a; = 0,51 = .25,a9 = 1, 82 = 2 and ag = 2.25 with the zeros

of the BA function at (.5, \/P(.5)+) and (2.2, P(2.2)+) at t = 0. Again, darker shades
represent toughs. (c) A three-dimensional plot of the solution in (a) showing the time
evolution. (d) A three-dimensional plot of the solution in (b) showing the time evolution.
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Figure 9.6.9: A genus two solution with a; = 0,81 =0.1,a5 = 1,82 = 1.05 and a3 = 1.75

with the zeros of the BA function at (.5, \/P(.5)+) and (1.2, P(1.2)+) at t = 0. This
solution demonstrates a soliton-like interaction.

Both of these do not influence the index. We are left with

1Y
indC[G;A] = - Z ( dlog det A;(\) +/ dlog det Bl()\)>
1=1 \’Ca By
—i, dlog det H(\) — i / dlogdet Agi1(N).
™ JoD T Cag+1

Here Cy;, Cp; are the circles around aj, 3;, and D is again the region inside the large outer
circle but outside each of the smaller circles, as before. Straightforward contour integration
produces

dlogdet A;(\) = mi,
Ca,

/ dlog det By(\) = —mi,
Cg,
dlogdet H(\) = —mi.
oD
This proves that ind C[G; A] = 0. Every element in the kernel of ind C[G; A] corresponds
to a solution of the RHP that vanishes at infinity [117]. Given a matrix-valued solution
®, we sum the rows to get the vector representation of the BA function. If we have a
vanishing solution we zero out the second row and assume the first is non zero. Call the
new function W. This is still a vanishing solution. Then ® + ¢W is a solution of the RHP
for any c¢. Summing the rows of ® + ¢¥ we obtain a function different from ® for every c.
This contradicts the uniqueness of the BA function. This shows that ind C[G; A] must be
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Im A

Figure 9.6.10: The jump contours for the RHP which are used in practice to compute the
BA function. Here oy = 0,61 = .25,a0 = 1,82 =2, a3 = 2.5, 3 = 3 and ay = 3.5.

boundedly invertible by the open mapping theorem. This shows that all RHPs considered
here are uniquely solvable with smooth solutions. This is the justification needed to use
the numerical method for RHPs in [89].

9.8 Uniform approximation

We consider the RHP (9.7.1). We use C' to denote a generic constant. In this section
we explain how our approximation of the BA function changes with z and t. We use the
results from Section 5.1. As before, we consider the operator C[G; A] defined by

CIG; AU = U — (CyU)(G — 1) (9.8.1)
The operator equation
C[G;AlU=[1 1](G-1),

is discretized using the method in Section 5.3. We use C,[G; A] to denote this discretization.
Once an approximation U, to U is known, an approximate solution ®,,(\) = CAU,(\) +
[ 11 ] of ® is obtained. The method is a collocation method and ®,, will satisfy the
RHP exactly at each collocation point. The residue of a function at co is computed through

lim A(@(A\)—[1 1])= !

A—00 211 A

U(s)ds.

This is what is used to compute s; and sz in (9.5.4). We make the fundamental assumption,
Assumption 5.3.11.
We establish two claims:

o [CIG5 Al (2 (ay) < € and
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Figure 9.6.11: A genus three solution with a; = 0,61 = .25,a0 = 1,62 = 2,3 = 2.5, 83 = 3
and a4 = 3.5 with the zeros of the BA function at (.5, \/P(.5)+),(2.2, P(2.2)+) and

(3.2, \/P(3.2)+) at t = 0. These plots show the dynamics of the zeros of the BA function.
The top plot in each panel gives a schematic of the Riemann surface with the a cycles
labeled. Dots of the same shade across the panels are in correspondence. The + on the
plots represents where the pole of the BA function is located on the Riemann surface.
These points are also the locations of the zeros at ¢ = 0. (a) The solution at ¢ = 0. We
vary x from x = 0 up to = 0.25 and plot how the zeros {1 (z,0),v2(x,0),v3(z,0)} move
on the Riemann surface. (b) The evolution of the same solution up to ¢ = 0.125. We fix
xz = 0 and plot how the zeros {v1(0,t),7v2(0,t),73(0,¢)} move on the Riemann surface.
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® |G — Illyykoo(pn) < Di for each k > 0 for constants Dy.

The operator C[G; A]~! depends on g constants Q; € [0,27], j =1,...,g, in an analytic
way. We add 27 to the interval so that we may appeal to compactness. In the notation of
Section 9.7. It follows that the mapping

Q= (Ql, ce ,Qj) — 1ndC[G, A],

is continuous from [0,27)9 to £L(L*(T')). Since the operator is always invertible the same
statement holds for the inverse operator. This implies

sup [|C[G; A7 22y < C.

Q
The second claim can be established by differentiating the jump matrix G. It is clear
that all derivatives of G are bounded and this bound can be made independent of £2. This

leads to the following theorem which shows we expect uniform spectral convergence of all
needed functions.

Theorem 9.8.1. If Assumption 5.5.11 holds then ®,, = I + CrU,,, the numerical approz-
imation of ® = I 4+ CrU, satisfies

sup [®,(\) — @(\)| < Cae n™%,  for every a > 0, lI€1£ IA—s| > e,
Q S

sup |[Un — Ul r2(a) < Lan™,  for every a > 0.
Q

As a consequence, (see (5.3.8)) the approzimate solution q,(x,t) of the KdV equation
satisfies

sup |gn(z,t) — q(x,t)] < San™,  for every a > 0.
Q
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Chapter 10

Orthogonal Polynomials and
Random Matrix Theory

Random matrix theory made a prominent appearance in nuclear physics by Wigner [112].
Random matrices were used to model the spectral lines of a heavy atom. Indeed, the
eigenvalue statistics of the matrices under consideration closely predict the spectral lines
as the size of the matrices become large [75]. Importantly, the statistics of the eigenvalues in
the large-matrix limit are seen to be dependent only on symmetry properties of the matrices
under consideration, not the exact distribution of the entries of the matrix [24, 75]. This
behavior is known as universality.

The Riemann—Hilbert approach to random matrix theory was developed by Deift and
his collaborators. See [24] for a thorough exposition of the results. In this chapter, many of
the results of this manuscript are made computational. Generically, the statistics of random
matrices are known explicitly only in the large-matrix limit. Here we compute random
matrix statistics for a particular classes of finite-dimensional matrices. This demonstrates
both the breadth and ubiquity of RHPs and the wide applicability of the methods developed
in previous chapters. The results from this chapter can also be found in [91].

10.1 Introduction

We consider the problem of calculating random matrix eigenvalue statistics for unitary
random matrix ensembles; i.e., n X n random matrices of the form

My, ME +iMi, e ME +iMi
ME — iMl, Moo e MR +iML
M = . , .
MII}L - 1NIIln e M(I;{L—l)n B iN[{n—l)n M,

when Mif;’l are real valued and distributed according to the probability distribution

1
Z_ne—nTr V(M) dAM

)

263



264 CHAPTER 10. ORTHOGONAL POLYNOMIALS AND RMT

where Z,, is the normalization constant. Furthermore,
n
dM =[] adsy; [ J(dMfidMg).
i=1 i<j

Importantly, the eigenvalue statistics of invariant ensembles are expressible in terms of
the kernel

,Yn_le—n/2(V(m)+V(y)) 7'f'n(f/U)T"n—l(y) - 7Tn—l(*%)7"'n(y)
2mi r—y

’Cn(:nvy) == ’ [24]

where 7, is the orthonormal polynomial with respect to the weight

e—nV(w) dz,

and
-1

Yn—1 = 271 [/1 Tn—1(x)w(x)dx

-1

is a normalization constant. Particular statistics of interest include the spectral density
Ay, = Kp(z, x)dx,

describing the global distribution of eigenvalues, and the gap statistic
det(I — KylL2q))s

where det denotes a Fredholm determinant, describing the local distribution of eigenvalues:
the probability that no eigenvalue is inside the set €.
Gap statistics for unitary ensembles follow two principles of universality.

1. For z in the bulk — i.e., inside the support of the equilibrium measure — the gap
statistic of a properly scaled neighborhood of x approaches the sine kernel distribu-
tion:

sin(z — y)

x—y

This was proved rigorously in [24] by expressing the orthogonal polynomials in terms

of a RHP, so that asymptotics of 7, were determinable via nonlinear steepest descent.

Our approach follows this treatment.

det(I — S[r2(—s5)) for S(z,y) =

2. Moreover, the edge statistic — i.e., a properly scaled neighborhood of oo — generi-
cally approaches the Tracy—Widom distribution:
Ai(x)Ai' (y) — A (z) Ai(y)

det(I — Alp2(5,00)) for A(z,y) = P ,

where Ai is the classical Airy function [84].

Underlying these two universality laws are Painlevé transcendents; in the case of the
Tracy-Widom distribution it is the Hastings—McLeod solution to Painlevé II [63], whereas



10.2. FINITE-DIMENSIONAL INVARIANT ENSEMBLE STATISTICS 265

the sine kernel distribution is expressible in terms of a solution to Painlevé V [75]. See
Chapter 8 for a discussion of a numerical Riemann—Hilbert approach for computing the
Hastings—McLeod solution of Painlevé II.

The eigenvalue statistics of unitary ensembles differ from universality laws for finite n
and are no longer known to be expressible in terms of Painlevé transcendents. This is in
direct relation with the asymptotic formulae given in Chapters 6 and 7 for the solutions
of the KdV and NLS equations. Our goal is to calculate the finite-dimensional statistics
to explore the manner in which the onset of universality depends on the potential V' (z)
present in the probability measure on matrices. To accomplish this, we calculate the as-
sociated orthogonal polynomials numerically, using their Riemann—Hilbert representation,
via the framework presented in Section 5.3. By deforming the RHP, we achieve a numerical
method that is uniformly accurate for large and small n, using and extending the theory
in Section 5.2.

In our numerical experiments, we see that the onset of universality depends strongly
on the magnitude of the equilibrium measure: where eigenvalue density is small, finite n
statistics differ greatly from universality behavior.

This is related to what is observed with the KdV and NLS equation. The equilibrium
measure is calculated from the probability distribution for the matrix entries. This is
analogous to the reflection coefficient in Chapters 6 and 7. In those cases, the magnitude
of the initial condition for the KdV and NLS equations is related to the magnitude of
the reflection coefficient. A smaller amplitude reflection coefficient indicates a quicker
transition into the asymptotic regime, as Section 2.7 indicates.

In this chapter, we start with a demonstration of the numerical results, plotting the
finite-dimensional random matrix statistics (Section 10.2). Importantly, because we do not
require the knowledge of local parametrices, our numerical approach continues to work for
degenerate potentials, such as those that arise in the study of higher-order Tracy—Widom
distributions [16]. We describe the manner in which orthogonal polynomials can be reduced
to solutions of a Riemann-Hilbert problem that is suitable for numerics (Section 10.3).
This RHP is suitable for small n. Through a regularization procedure in Section 10.4.2 we
obtain a method that is provably accurate for all n.

Remark 10.1.1. An alternative to the approach we use in this paper is to calculate the
orthogonal polynomials directly for each n via Gram—Schmidt and numerical quadrature.
For small n, this is likely more efficient, similar to how an FFT time-stepping method is
more efficient for the KdV and NLS equations for small time, see Section 6.5. However, it
is well known to be prone to instability [57]; moreover, the calculation must be restarted for
each n as the weight eV changes. On the other hand, the RH approach has computational
cost independent of n, making it more practical for investigating large n behavior.

10.2 Finite-dimensional invariant ensemble statistics

In this section, we compute the finite n statistics of unitary invariant ensembles by using
the numerical method for calculating 7, and ~,_17,_1 that we develop in later sections.
It is apparent in the numerical results that the behavior of local statistics is tied strongly
to the global density of eigenvalues; i.e., the magnitude of the density of the equilibrium
measure.
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Figure 10.2.1: Calculated spectral densities for the GUE (V(z) = 2?) for n = 3,10 and
100, compared to Monte Carlo simulation.
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For unitary invariant ensembles, the spectral density is the distribution of the counting
measure. In Figure 10.2.1, we compare the GUE (i.e., V(x) = 2?) spectral density (numer-
ically calculated using our approach) for n = 3,10 and 100 to a histogram, demonstrating
the accuracy of the approximation. (Because the polynomials involved are Hermite poly-
nomials, we verify the accuracy directly as well.) This shows a phenomenon where the
distribution exhibits n “bumps” of increased density, likely corresponding to the posi-
tions of the finite-charge energy minimization equilibrium; i.e., the Fekete points (see [101,
Chapter 3| for definition).

-3

Figure 10.2.2: Calculated spectral density for V(x) = % - %x?’ + 920—; + %x for n = 3,10
and 100. The dashed line denotes the density of the equilibrium measure (n = o).

In Figure 10.2.2, we plot the finite n spectral densities for the potential

22 42 ot 8z

Vo) =5 -5+t 5
which is an example of a potential whose equilibrium measure vanishes at an endpoint,
and hence the edge statistics follow a higher-order Tracy-Widom distribution [16]. Inter-
estingly, this change in edge statistic behavior is not just present in the local statistics, but
clearly visible in the decay of the tail of the global statistics.

We turn our attention to local gap statistics, which are described by the Fredholm

determinant
det([ - ICn‘LQ[Q})
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Figure 10.2.3: The calculated probability that there are no eigenvalues in (—s, s) for the
GUE (plain) versus Monte Carlo simulation (dashed), for n = 50 (left) and n = 100 (right).

Using the method of Bornemann [14], we calculate the determinant, provided that the
kernel itself can be evaluated. Thus, we successfully compute finite-gap statistics by cal-
culating orthogonal polynomials using the RH approach. In Figure 10.2.3, we plot the gap
statistics versus a histogram for the GUE! in the interval (—s, s).
To see universality in the bulk, we scale the interval with n; in particular, we need to
look at the gap probability for
(—8 ) S )

Kn(z,z)
Alternatively, K,,(z, z) can be replaced by its asymptotic distribution to get

Q=x+

—~

—5,58)

nip(x)

where dy = ¢ (x)dx is the equilibrium measure of V. For z inside the support of p, this
statistic approaches the sine kernel distribution?. We demonstrate this in Figure 10.2.4 for
the degenerate potential, showing that the rate in which the statistics approach universality
depends on the magnitude of the density of the equilibrium measure: convergence is more
rapid when v (z) has larger amplitude.

Q=x+

Next, we consider edge statistics. In the generic position (i.e., when the equilibrium
measure has precisely square root decay at its right endpoint b), the gap probability for

S

tends to the Tracy-Widom distribution®; here ¢y is a constant associated with the equilib-
rium measure, see Section 10.3.2 for its precise definition and the numerical method for its

"We are not imposing the bulk scaling introduced below, to demonstrate that the numerical approach
does not depend on choosing the scalings correctly.

2This was demonstrated in [24, Chapter 8] for an equivalent, rescaled kernel acting on (—s, s). Here, we
leave the kernel unmodified, and scale only €.

$We found this particular form by specializing [16, (1.15)], though it is equivalent to the rescaled kernel
found in [26, (1.23)].
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1.0 12

Figure 10.2.4: The calculated probability that there are no eigenvalues in the scaled neigh-

borhood z + ,C(;(st;) for n = 50,100,200 and 250 for x =1 (left, 1)(1) ~ .055) and x = 1.5

(right, 1(1.5) &~ .0105), for the potential V (z) = 22/5 — 423 /15 + 2*/20 + 82 /5.

Figure 10.2.5: The equilibrium measure for V(z) = e* — = (left) and the scaled gap
statistic for n = 10, 20, 40 and 80 (right). The dashed line is the Tracy—Widom distribution
(n = 00).
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calculation. In Figure 10.2.5, we plot the computed equilibrium measure for V(z) = ¢* —x
(computed as described in Section 10.3.2), and its scaled edge statistic for increasing values
of n. While the finite statistics are converging to the Tracy—Widom distribution, the rate
of convergence is much slower than the convergence of bulk statistics where the density of
the equilibrium measure is large.

Remark 10.2.1. There are several methods for calculating universality laws —i.e., n = 0o
statistics — including using their Painlevé transcendent representations, see [13] for an
overview. An additional approach based on RHPs is to represent, say,

85 log det([ - S|L2(—s,s))v

as a RH problem. This can be solved numerically for multiple choices of s, and the re-
sults are then integrated numerically, see [17] for examples in the degenerate case. This
approach is accurate in the tails, whereas the Fredholm determinant representation that we
use achieves absolute accuracy only. We are not aware of similar RHPs for finite n.

10.3 Orthogonal polynomials

To calculate the kernel KC,,, we need to calculate the polynomials 7, (x) and ~,—17m,-1(z),
where mg(z),71(x),... are monic polynomials orthogonal to the weight e~V (@) dz, sup-
ported on the real line. These polynomials can be expressed in terms of the solution to a
RHP:

Problem 10.3.1. [52] The function

Y (z) = [ mn(2) Crlmne™"](2) ] ,

— 2V 1Tn_1(2) =27y, 1Cr[mn_1e”™"V](2)
where 1
Tn-1= [/ 73_1(33)6_”‘/(@6533] ,

solves the RHP on the real line

—nV(z) n
Y+:Y_[(1) ¢ 1 ], YN[ZO zg)"]’ Z — 00.

We apply the numerical method described in Section 5.3. This is discussed in detail in
the following sections.

10.3.1 Equilibrium measures

Our first task is to remove the growth in Y at co. To accomplish this, we must compute the

g-function, which has logarithmic growth at infinity so that e*9(2) ~ 2% hut has special

jump properties so that its incorporation into the RHP allows for uniform approximation.
The g function is associated with the equilibrium measure of V:
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Definition 10.3.2. The equilibrium measure i is the minimizer of

J [ o8 (@it + [ Viwduta).

We review the numerical approach to calculating equilibrium measures in [88], but in
the context of calculating the g-function. For simplicity, we assume that the equilibrium
measure of V' is supported on a single interval (a,b); a sufficient condition is that V is
convex [24] 4.

With the correct choice of (a,b), there exists g satisfying the following scalar RHP:

1. g is analytic off (—o0,b) and ¢’ is bounded at a and b,
2. g4(x) + g—(x) =V (z) — £ for a < z < b and some constant ,
3. g(2) ~logz+O() as 2z — oo, and
4. g4(x) — g—(z) =271 for —oco0 < x < a.
To calculate g, first we calculate its derivative ¢ = ¢/, which satisfies:
1. ¢ is analytic off (a,b) and is bounded at a and b,
2. ¢p(x)+ ¢p_(x) =V'(z) for a < z < b,
3. ¢(z) ~ L as z— o0

Differentiating the asymptotics at infinity is justified because g — logz has an isolated
singular point at infinity at which it is bounded; therefore it is analytic at infinity. In
typical analysis, ¢ is defined as a Cauchy integral. For computational purposes, it is
preferable to use the following representation in terms of the Chebyshev expansion of V.

Given a candidate (a,b), we describe all functions that have the correct jump on (a, b),
decay at infinity and have weaker than pole singularities at a and b.

Definition 10.3.3. Let x € C and
fl@) =" filk(x),
k=0

where T}, is the kth-order Chebyshev polynomial of the first kind. Define

o= x
2Vz—1Vz+1 Vz—1yz+1

Pof(2) =D fud i (2)F
k=0

for the inverse Joukowski transform

JN2) =2 —Vz—1Vz+ L

4We remark that the below procedure was adapted to the multiple interval case in [88], and adapting
our numerical procedure for computing orthogonal polynomials, and thence invariant ensemble statistics,
to such cases is straightforward.
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Denote the affine map from (a,b) to (—1,1) as

a+b+b—a
—z
2 2 7

M(a,b) (Z) =

and define
Plapy (2) = Pulf © Miap)) (M3 (2))-

Theorem 10.3.4 ([86, 88]). Suppose the Chebyshev expansion of f(Mp () converges
absolutely. Then, for all x € C, P f(2) is a solution to

¢1(z) +¢-(x) = f(z), for x € (a,b) and ¢(c0) = 0.

Furthermore, every solution to this scalar RHP that has weaker singularities than poles at
a and b is equal to Py f(2) for some x.

Proof. We sketch the proof for (a,b) = (—1,1). Using « = cos6)

J @)k T (@) F
2 )

Tk(l’) =

where

Jfl(az) =2 —ivV1—xV1+x=limJ ' (x +ie).
€l0

This implies that P, f satisfies the correct jumps, using absolute convergence of the series
to interchange limits.
Suppose ¢ also satisfies

O+ (z) + ¢—(x) = f(x) for z € (-1,1) and ¢(o0) =0,
with weaker than pole singularities at +1. Then k = Pf — ¢ satisfies
ky(x)+k_(z) =0, for z e (-1,1).

If we let 6(2) = k(2)v/z — 1v/z + 1, we have 64 = J_, i.e., § is continuous and thus analytic
on (—1,1). Because k has weaker than pole singularities at £1, we have that § also has
weaker than pole singularities at +1. Since these singularities are isolated, it follows that
¢ is analytic at £1, and hence analytic everywhere: § is constant. This shows that « is a
constant multiple of 1/(v/z — 14/z + 1), completing the proof. O

Based on the preceding theorem we want to choose (a, b) and x so that ¢ = Pq ), [V'].
To see that ¢ has the correct properties, we need to investigate the Chebyshev coeflicients
of

V! (Mg p) () = > ViTh(2).
k=0
To achieve the desired properties, we want ¢ to be bounded:

Vo=0 and x =0.
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We also want ¢(z) ~ 1/z:

These two conditions give a function

Fed = oavios )

of which we want to find a root. We calculate Vj and Vi to high accuracy using the
composite trapezoidal rule applied to

Ly’ Ma Ty s
/_1 ( \(/f)i—xi)z k(x)d:E =2 /_7r V/(M(a,b)(cosﬁ))cos k0do.

This calculation is trivially differentiable with respect to a and b, hence we easily apply
Newton iteration to find a root of F. Convexity ensures that this root is unique [88].

Once (a,b) is computed, we calculate ¢(z) by using the discrete cosine transform to
calculate the Chebyshev coefficients of V’. We have the equilibrium measure [88]

th——
= [67 (@) — o (@)] do = wal b (@)da

where U}, are the Chebyshev polynomials of the second kind. This expression comes from
the Plemelj formulae (Lemma 3.1.9) and the fact that ¢ is the Cauchy transform of du:

WFLJW@

27 Tr—z

v (J+‘1<M<zz><z>>2

To calculate g, we compute an indefinite integral of ¢ that has the correct decay at
) —1/ar—1
5 —log J. (M(avb)(z)))

infinity [88]:
— [ ots)as -
_ 1 (Z))k+1 J—ltl(M(;lb)(Z))k_l>]

Mia) - |
+Zv< ktl k-1

This formula was derived by mapping JII(M(; lb)(z)) back to the unit circle, where it

became a trivially integrable Laurent series. Choosing (arbitrarily) = € (a,b), we calculate

t=V(z) - g+(z) — g ().

The numerically calculated ¢ consists of approximating V; using the discrete Cosine
transform and truncating the sum. Due to the analyticity of V', the errors in these com-
puted coefficients are negligible, and the approximation of g is uniformly accurate in the
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complex plane.

10.3.2 Scaling constant for edge statistics

Associated with the equilibrium measure are the Mhaskar—Rakhmanov-Saff numbers [77,
99] ¢y — along with the analytically unneeded dy = b — ¢y — which we need to know
to determine the correct scaling so that the edge statistics tend to the Tracy—Widom
distribution. We re-express the constant cy as stated in [26] in terms of constants that
we have already calculated: the support of the equilibrium measure and its Chebyshev
coefficients. The equilibrium measure for the scaled potential V (M, (2)) has support
(—1,1). Its equilibrium measure is

, b— VI-—22 &
Mo (@ (M) (2))d = == (M) ())da = (b — a) F——— > Wil ()i
= 17_gn2h(ac)alac,
27

as in [26, (3.3)]. We define the constant

h(1)2\"? 1[ >
o= =—|(b—a) kV,
(55) =3|e-oxm

as in [26, (3.10)]. The scaling constant is then

2/3

2/3

k=1

=(b—a)" '/

Remark 10.3.5. For the degenerate potential of Figure 10.2.4, cv = 0 and hence the
scaling breaks down. This coincides with the fact that the edge statistics for the associated
ensemble does not follow the standard Tracy—Widom distribution.

10.3.3 Lensing the RHP

We rewrite Y to normalize the behavior at infinity:

e 0 e2 0
T[ 0 engH . M] (10.3.1)

ne
e?2 0
nt

0 e 2

Yy —
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so that T'~ I and T has a jump along the real line, on which it satisfies

eg-—9+)  enlg++g—+L=V)
=1 |: 0 en(9+—97) :|
1 enrlgrt+g-—+L=V) } "
ifr<a
0 1 ’
[ on(g——9g+)
=T € 0 en(ngl—g,) if a <xr < b,
r n(2g+£—V)
(1) © 1 ] if b <,
\ L
1 0

n(V —0—2g) 1

( 1 en(?g+—V+1’) 1 ( en(29— V+[)

/

Figure 10.3.1: The jumps of S.

n(V [ 2g) 1

We appeal to properties of equilibrium measures [24, (7.57)] to assert that

g+(x) +g-(2) + L=V <0,

275

for z < a and x > b, thus those contributions of the jump matrix are isolated around a
and b. On the other hand, g — g_ is imaginary between a and b [24, pp. 195], hence
eF9+=9-) hecomes increasingly oscillatory on (a,b). We wish to deform the RH problem
into the complex plane to convert oscillations into exponential decay. To accomplish this,

we introduce the lensing as in Figure 10.3.1, where we rewrite T as

1 0 .
|: en(V—€—2g) 1 :| , ifz € 2-‘1-7

T(z)=5(z 1 0 .
(=) = 5(2) [en(v—e—zm 1}, ifzex,

1, otherwise.

By substituting

(10.3.2)
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we see that the oscillations have been removed completely from the support of u:

r 1 0 1 0
Sy =T, _en(V—t=291) ] =Ty [ —eMlg-—9+) 1 ]

7 [ enlg——g+) 1 1 0
i 0 e(9+—9-) —eMg-—9+) 1

[0 1 1 0 0 1
=T —1 e™Mg+—9-) ] =5_ [ _en(V—t=2g-) 1 ] [ _1 en(V—t-2g_)

0 1
=5 0]

However, we have introduced new jumps on I'y and I'}, on which

1 0
S+ =T, =T_= S_ |: en(V—Z—Qg) 1 :| ’

10.3.4 Removing the connecting jump

We have successfully converted oscillations to exponential decay. However, to maintain
accuracy of the numerical algorithm for large n, we must isolate the jumps to neighborhoods
of the endpoints a and b. To achieve this, we remove the jump along (a,b). We introduce a
parametriz that solves the RHP exactly on this single contour. In other words, we require
a function which satisfies the following RHP:

N+(x):N_(x)[_01 (1)}, for a <z <b and N(oc0) =1.

¥ g [ 1 ][] = (220)

i.e., v(z) is a solution to
vi(z) =ir_(x) for a<x<b and r(oo) = 1.

An issue with using N(z) as a parametrix is that it introduces singularities at a and b,
hence we also introduce local parametrices to avoid these singularities. In the event that
the equilibrium measure 1 (x) has exactly square-root decay at the edges, asymptotically
accurate local parametrices are known (see Section 10.4.1). However, if the equilibrium
measure has higher-order decay (e.g. the higher-order Tracy—Widom distributions [16]),
the asymptotically accurate local parametrices are only known in terms of a RH problem.

For numerical purposes, however, we do not need the parametrix to be asymptotically
accurate: we achieve asymptotic accuracy by scaling the contours. Thus we introduce the
trivially constructed local parametrices which satisfy the jumps of S in neighborhoods of a
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and b:
1 (1)} if § <arg(z—a)<m
1 -1 ] if —7m<arg(z—a)<-—% en(V—£=29) 0
Pu(2) = I (1) 01 3 0 e—n(V—t-29) |
1 _0 ] if —% <arg(z—a)<0
I otherwise
and
([ 1 0] ..o
11 if 28 <arg(z—b) <
[0 1] if —7<arg(z—0)< -2 e(V—t=29) 0
Py(z) = i 11 ] s [ 0 o—n(V—-2g)
0 _1 if — 2 <arg(z—15) <0
L I ~ otherwise
V[ cn(\/—lf—2g) (1) ]Nﬂ N [ en
N (]) en(2g+l,‘/+g) ]N—l Cn(?y]fwrf) ]Nﬁl

1 0

- : 1 0] -1
N[cvl(v—[—Qy) 1}]\‘ ! N en(V—t=29) 1 N

Figure 10.3.2: The jumps of ®. We use a counter-clockwise orientation on the circles about
a and b.

We write

N(z) if |z—a|>rand |z—0] >,
S(z) =®(2)¢ Bp(z) if |z—0b] <, (10.3.3)
P,(z) if |[z—a|l <.

The final RHP for ® satisfies the jumps depicted in Figure 10.3.2. Note that in general r
depends on n. We discuss this in more detail in the next section.

In practice, we do not use infinite contours. We truncate contours when the jump matrix
is to machine precision the identity matrix (see Lemma 3.10.4). In all cases we consider
here, after proper deformations the jump matrices are C'*° smooth and are exponentially
decaying to the identity matrix for large z. We deform the remaining contours to be line
segments connecting their endpoints. The resulting jump contour consists only of affine
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transformations of the unit interval.

10.3.5 Contour scalings

Figure 10.3.3: The pre-scaled Q° used for non-degenerate endpoints and the pre-scaled Q!
used for first-order degenerate endpoints. These are the contours that are used in practice.

In the case of a non-degenerate equilibrium measure, V(2) — £ — 2g(2) ~ cu(z — a)3/?
as z — a and V(z) — € — 2g ~ ¢,(z — b)*/? as z — b. In accordance with Assumption 5.0.1,
we scale the contours like n=2/3:

QL = —n728Q% 4 ¢ and dO2 = n"23Q0 + o,

where the Q0 that is used in practice is depicted in the left graph of Figure 10.3.3, and the
angle of the contours are chosen to match the direction of steepest descent. This implies
that 7 ~ n=2/3. In the first-order degenerate case (e.g., V(z) = /5 — 423 /15 + 2*/20 +
8x/5), V(2) —£—2g(2) ~ cp(2—b)"/? as z — b and we scale like n~7/2 (implying r ~ n~7/2)
at the degenerate endpoint:

QL =n7280% + 4 and Q2 =n72Q! 40,

where Q! is depicted in the right graph of Figure 10.3.3 (the angle is sharper to attach
to the new direction of steepest descent). Higher-order degenerate equilibrium measures
require higher-order scalings, but this can be determined systematically by investigating
the number of vanishing derivatives of the equilibrium measure. This is the final form
of the RHP that is used in the numerical calculations of Section 10.2. A discussion the
accuracy of the numerical solution of this scaled and shifted RHP for large n is presented
below.
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10.4 Achieving uniform approximation

Having described the form of the RHP which we solve numerically, we want to show that the
resulting approximation remains accurate as n becomes large by satisfying the conditions
of Theorem 5.2.4. While we do not use the local parametrix in the numerical algorithm,
we do need it to show that the deformed contour satisfies the uniform approximation
properties. Thus we introduce the local parametrix in Section 10.4.1, noting that it can
also be used in the numerical scheme to achieve uniform approximation (though not for
degenerate potentials). We use this parametrix to show uniform approximation properties
in Section 10.4.2. To achieve this, we must adapt the jump matrix to cancel the effects of
singularities resulting from the parametrix N(z).

10.4.1 The classical Airy parametrix

In this section we present the deformation and asymptotic solution of the RHP, needed for
the asymptotic analysis of orthogonal polynomials, as in [24, Section 7.6]. For brevity of
presentation in this section we only consider potentials of the form V(x) = 2?™. For the
asymptotic analysis and deformations in the more polynomial case of V(x) see [27, 28, 29,
30].

The goal of the section is to construct a parametrix ® that is a sectionally analytic,
matrix-valued function so that S®~1 — I as n — oo where S is the solution of the deformed
and lensed RHP in Figure 10.3.1. The RHP for the error E = S®~! has smooth solutions
and is a near-identity RHP in the sense that the associated singular integral operator is
expressed in the form I — K, with || K| zz2) — 0 as n — co. Thus E can be computed
via a Neumann series for sufficiently large n.

The deformation proceeds much in the same way as in Section 10.3.4, except we have
a= —c, b= cfor ¢ >0 [24]. We replace P, and P, with new functions ¥ _. and 1. that are
constructed out of the Airy function. It is important to note that due to the near-identity
nature of the problem we do not scale the jump contour (i.e., r ~ 1). Now we construct
the functions ¥_. and 1).. As an intermediate step, define

( Ai(s) Ai(w28) —iTog Zr
( Ai'(s) w2Ai(w?s) )¢ ° sy
Ai(s)  Ai(w?s) —iZ I Zargs <
W(s) = Ai'(s) w?Ai'(w?s) 3
Ai(s)  Ai(w?s) e—i%03 10 T <args < X 7
A (s) w?Ai'(W?s) -1 ’
Ai(s)  —w?Ai(ws) \ _jzgy (10 dm
(G s )i (i) Femcn

27

with w =e™3".
The relations
Ai(s) + wAi(ws) + w2Ai(w2$) =0,
Al (5) + W Ai (ws) + wAd (w?s) = 0,
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can be used to show that U(s) satisfies the following jump conditions

1 1
<0 1) seEMm
1 0
. ~ 1 1) 5€72
T = e ()4
<_1 0) 5€73
1 0
<1 1) S €Y

—_ =
| I

Figure 10.4.1: The jump contours for ¥ with jump matrices. We use § = 27/3.

Since we only consider V() even in this section, the equilibrium measure is supported
on a symmetric interval [—¢, ¢] for ¢ > 0. Define

A2) = Sp(2)(z — Y2, A(2) = (2 — O)(A(2))",

2
olz) = 5 (V(2) = 0) ~ g(2).
It follows from the branching properties of ¢ that A and A are analytic in a neighborhood
of ¢. Furthermore, since A(c) = 0 and N(c) = (A(¢))?/® # 0 we use it as a conformal
change of variables mapping a neighborhood of z = ¢ into a neighborhood of the origin.
More precisely, fix an € > 0 and define O, = A"} ({|z| < €}).
Define

Ve(2) = L(2)U(n*PA(2))e"?2)73,

L(z) = < b )ﬁeizn%/ﬁ((z+c)A2/3(z))03/4.

-1 —1
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Figure 10.4.2: The local parametrices near z = +c. As above, # > 0 is included for
concreteness but its exact value is not needed. (a) The jump contours for ¢_. with jump
matrices. (b) The jump contours for 1), with jump matrices.

. solves the local RHP shown in Figure 10.2(b). The symmetry of V(z) implies that
V_c(z) = o319.(—2)os satisfies the jumps shown in Figure 10.2(a). We define the full
parametrix

Ye(2) z €O,
D(2) =14 Y o(z) z2€-0, . (10.4.1)
N(z)  otherwise

We need a result concerning the asymptotics of the Airy function:

. 1 g4 _2g8/02 1
AZ(S) = ﬁs 1/46 3 (1 + O (@)) s

. 1 _243/2 1
Ai'(s) = _—2ﬁ83/4e 3 (1 +0 <—s3/2>> ;

as s — oo and |args| < w. These asymptotics, along with the definition of \(z), can be
used to show

Ye(2)N7H(2) = I+ 0(n™"), z€ a0, (10.4.2)
V_o(2) NH2)=T+0n™"Y, z€d0_,, (10.4.3)

as n — oo uniformly in z provided O, U O_. is contained in a sufficiently narrow strip
containing the real line. See [24, Section 7.6] for the details.

We take the RHP for S in Figure 10.3.1 and label 0O, and dO_.. Note that without
loss of generality we take O. and O_. to be open balls around ¢ and —¢, respectively.
(Analyticity allows us to deform any open, simply connected set containing ¢ or —c to a

ball.)

Singe 1. and 1_. solve the RHP locally in O, and O_., respectively, the function
E = S¥~! is analytic in O, and O_,. See Figure 10.4.3 for the jump contour  and jump
matrix J for the RHP for E. It is shown in [24, Section 7.6] using (10.4.2) that the jump
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matrix for this RHP tends uniformly to the identity matrix as n — 0o, again provided that
all contours are in sufficiently small neighborhood of the real line. Thus

11— C ]l g2 = O(n™h),

and a Neumann series produces the unique solution u of C [J;Q]u = J — I. S is found via
the expression

S(z) = (I + Cou(2))¥(z).

10.4.2 Obtaining the bounds in Theorem 5.2.4

To prove the uniform approximation of the numerical method we apply Theorem 5.2.4.
First, one has to identify the correct scalings for the contours and second, establish bounds
on the relevant operator norms and function derivatives. We follow this procedure in two
cases below.

The RHP for F

In this case, we consider numerically solving the RHP for E, rather than scaling and shifting
the contours as we do in practice. This simplifies the proof of uniform approximation
considerably though the exact form of the Airy parametrix is needed explicitly in the
numerics. Unfortunately, this local parametrix does not apply to degenerate potentials.
We contrast this with the analysis in the following section where the Airy parametrix is
needed to prove asymptotic accuracy but is in no way needed to perform calculations.
Take I'* = Q in Theorem 5.2.4 with ¢ = n; that is, we do not scale the contour. The
near-identity nature of the RHP allows us to avoid any scaling of the problem. Using the
asymptotic expansions for the derivatives of Airy functions one can show that

[ = Illwroo (nmk (@) = O(n™").
Furthermore, the fact that ||C[J;€]7"| c2@) < C follows easily from the Neumann

series argument already given. Therefore Theorem 5.2.4 shows that the numerical method
uniformly approximates solutions of this RHP for small and arbitrarily large n.

1 0 -1
N

Figure 10.4.3: The jump contours €2 for the error E. The jump matrix J for E which is
taken as the piecewise definition as shown. We use a counter-clockwise orientation for the
circles about +c. These circles have radius r ~ 1.
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To demonstrate the convergence properties of the solution for large n we use the fol-
lowing procedure. Let U, denote the approximation of u obtained using the numerical
method for RHPs discussed above with m collocation points per contour. When we break
up € into both its non-self-intersecting components and into its components that can be
represented by affine transformations of the unit interval, we end up with 14 contours.
Thus, we use a total of 14m collocation points. We solve the RHP with m = 10 and
then again with m = 20. We sample Uyg at each collocation point for Uy and measure
the maximum difference at these collocations points. We define this difference to be the
Cauchy error. Figure 10.4.4 demonstrates that the error decreases as n — oco.

0.1
—
2
~  0.001
63
2107
O
2
.
O 0

1 10 100 1000 10* 10° 10°
n

Figure 10.4.4: The Cauchy error between Ujg and Usg as n — oco. This plot indicates that
it takes fewer collocation points to approximate E as n increases.

The RHP for @&

While for non-degenerate potentials we can solve the RHP associated with £ numerically,
the RHP for ® that we use in practice is of a fundamentally simpler form. No additional
special functions (e.g Airy functions) are needed and yet the contours are located away
from the stationary points a and b (we return, for now, to allowing general potentials).
All deformations are performed by a reordering and analytic continuation of previously
defined functions. Thus we want to show that our strategy of scaling contours does indeed
satisfy the criterion of uniform approximation of Theorem 5.2.4.

To achieve uniform approximation, we must first alter the jump matrix so that it
remains bounded as n — oco. This will be achievable using only properties of N(z) near a
and b, and we prove that the resulting jump matrix is bounded in Lemma 10.4.3. We also
need to show that the inverse of the operator is bounded. Using the local parametrix, we
accomplish this in Lemmas 10.4.1 and 10.4.2.

In this section we assume the non-degenerate case. (While uniform approximation is
indeed achievable for degenerate potentials, proving this is more challenging due to the
lack of explicit local parametrices.) Therefore, we consider the following jump contour (see
Figure 10.4.5 and compare with Algorithm 5.1.11)

¢=1"=0}uQ?,
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for
QL =n"280% + 4 and Q2 =n"23Q0 +b.

Furthermore, define G to be the jump matrix for @, see Figure 10.3.2.

First, we rectify the issue with the jumps on these scaled contours: as n — oo, they
approach the unbounded singularities of N(z), violating the condition of Theorem 5.2.4
that the jump matrix must be bounded. However, we expand

/6 /b _a\Ni[1 —i] ~1/6 /p_ag\a[ 1 T
—2/3 _n_ a 1 n Qa 1 _1
N(a+zn™7) = = ( 2 > i1 _+2(b—a)< 2 ) 1 | TO0),
V6 NS [ 1 i1 M6 fb—a\i[1 —i]
—2/3 _1_n_ a n a 1 _1
N(a+zn=°)"" = 5 < z> il +2(b—a)< 2) i1 +0(n"2),
V6 b—a\i[ 1 1] n M fb—a\i[1 —i] |
N(b+ zn~2/%) = n < > + < ) +0(n"2)
2 z | -1 1] 20b—a) z |11 ’
PR VL b—a\T[1 —i] nV6 b a\T[ 1 ] _1
N+ 2n") 127( z > i1 Jr2(b—a)< z ) R e G
Define )
Nan_n_l/ﬁ[ _1:|+n1/6|: 1:|
s 1 —1 ’
and .
v . —1/6 1 1/6 —1
Nb n |:_1 1:|+7’L |: 1 :|7
so that

N(a+zn_2/3)Na7m N;%N(a—l—zn_w?’)_l’ N(b—l—zn_2/3)Nb7n and Nb_r}N(b—l-zn_z/s)_l

are uniformly bounded for z restricted to an annulus around zero as n — oco. These
matrices are used to remove the growth of the jump matrix as n — oo. We demonstrate
this procedure, which is a modification of the algorithm in Lemma 5.1.11. We truncate the
contours of the RHP for ® by removing the dashed contours in Figure 10.3.2. For ¢ > 0
and small, this gives us an approximation @, of ® with jump matrix G. so that G, — I is
supported on Q) U Q2. Additionally, G, satisfies

[INT'G.N — N7'GN||p2nze = O(e) and Ge(z) = G(z) for |z —a| =r or |z — b| =7
(10.4.4)

Our method of scaling contours ensures that € is independent of n. We separate the RHP
for ®, into two problems [G1; QL] and [Ga; Q2] with solutions @1 and @5, respectively. See
Figure 10.4.5 for the piecewise definition of G; and G2. Formally, our solution procedure
is as follows:

1. Scale G1: Define Hy(z) = Gy(b+ zn=2/3).
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2. Remove the growth of Hi(z): If &; = [H;; Qo] define

_ { Npn®1N,,(2) if 2> rn®/?, (10.4.5)

[0)) =
1(2) Ny ®1 if z < rn2/3.

A straightforward calculation shows that ®1 (z) = ®~(2)H;(z) where

70(2) = ]\_fbmHli(z)]\_fl;i if |2| > rn?/3,
! Hi(2)N; 1, if |2| = rn?/3.

Recall that in this case the contour is scaled according to r ~ n~=2/3.

3. Solve for ®; = [Hy;€]. Therefore

) = [G1;9}] = N; &, (n2/3(z - b)) Ny

4. Modify Go: If ®. = [G,;T,,] then <I>E(I>1_1 has the jump Gy = (I>1G2<I>1_1 on Q2 and is
analytic elsewhere.

5. Scale Giy: Define Hy(z) = Gola + zn=2/3).
6. Remove the growth of Hy(z): As in (10.4.5), define

= Na,nichz}L(z), if z > rn?/3,
]\_fa,n@g, if z < rn2/3.

where ®y = [Hy; Qq]. Then &5 (2) = ®; () Ha(2), where

~ NonHy(2)N L, if |2 > rn?/3
i _ Ya, 2 a,n’ s
2(2) { Hy(2)Ng L, if |2| = rn?/3.

)

7. Solve for ®5 = [Hy; Q] and therefore

a,n

d, = [ég,Qm = N_lci)g (77,2/3(2 — CL)) Na,n-

8. &= [G, Fn] = <I>1(I)2.

We solve two RHPs in this procedure. It is seen that the RHPs have jump matrices
that are uniformly bounded in n. This is a necessary (but not sufficient!) condition for
the numerical method to be asymptotically accurate. To analyse the asymptotic behavior
of these RHPs we must bound the inverse of the operators by comparing the solutions
with the Airy parametrix. Again, we assume that V(z) = 2™ so that we have a = —c
and b = ¢, ¢ > 0. We use this restriction for convenience: we have already defined the
parametrix associated with this choice of V (x) above.

We must alter our local parametrices to investigate their behavior both on the fixed
outer contour 9O, and the scaled contour of the RHP on which we solve numerically.
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1 07 oy
N |: 8n(V7172_q) 1 :| N n(2g—V+¢)

1

1 e
N[O

1 cn(2g—V+l) } 1

n(2g4—V+4L)
1 N[l e ]N’l

0 1

1 1 en(2g—V+l) 1
N |: L)n(V—E—Zg) 1 :|N N|: 0 1 N

Figure 10.4.5: The separate RHPs for ®; and ®5. All circles have counter-clockwise
orientation. (a) The jump contour Q! and jump matrices for ®;. (b) The jump contour
Q2 and jump matrices for ®,.

Therefore, we alter the local parametrices by defining (compare with (10.3.3))

¢—C(z)Pa_=1—c(Z)7 lf |Z + C| < T,

U_o(2) =X Y_o(2)N7, if |z4+ ¢/ >rand z € O_g,
1, otherwise,
wc(z)Pb;lc(z), if |z—¢| <,
Ue(z) = ¢ Ye(2)N7E, if [z—¢| >rand z € O,
1, otherwise.

The jump contours 2F and €2, ¢ for the RHPs for ¥, and ¥_, with jump matrices J. and
J_¢ are shown in Figure 10.4.6.

The following lemmas present a step toward our final result that proves asymptotic
accuracy: they demonstrate that the local parametrices ¥, and ¥_. can be used to bound
operator inverses. For the analysis, we extend G (G2) to QS (92,,¢) by defining G; = I on
05\ QL (Go = T on ;7\ 02).

Lemma 10.4.1. There exists a constant C' > 0 and functions Ay, By such that

G J; =T+ N[A (Y +Bi(e)INY for |z—¢| >, (10.4.6)
GlJc_l =1, for |z—c|=r and,
ICTH ;0] | 222 (00)) < C

where [|[A1(n)]|L2npe = O(n) and |[Bi(e)|[2n10 = O(e).

Proof. For (10.4.6) it follows from scaling and truncation that for sufficiently large n, G1—1
is supported inside O.. Furthermore, on Q' \ 00,, J. = G by construction so that (10.4.4)
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Figure 10.4.6: The separate RHPs for ¥, and W_.. The contours give a representation for
Q¢ and Q€. All circles have counter-clockwise orientation with 7 ~ n=%/3. (a) The jump
contours and jump matrices for ®.. (b) The jump contours and jump matrices for ®_..

implies

N7'G.G7IN = I+ By (e),
GeJ,; ' =1+ NBj(e)N'.

The analysis in [24, p. 227] implies on 90,
Jc_l = I—I—Al(n_l),

Since G1 = I on 90, we obtain (10.4.6). To prove the remainder of the lemma, we use
unscaled jumps

Hi(z) = Hi(n*3(z - ¢)),

~ . Nb:c,nJC(Z)Nb_zlcn if |Z — C| >,
Jolz) = { Jo(2)N 2 if |z—¢|=r.

b=c,n
From (10.4.6) we have

HHljc_1 - IHLZHLOO(Qg) = O(n_l) + O(e).
It follows that ||J,|| e (Qc) is uniformly bounded in n so that

1H: — Jell 2nzee(ag) = O(n™") + O(e).

This implies that ||C[f{1, el — C[jc; Q1C’LH|£(L2(QO)) = O(n_l) + O(e) since ||C§_2%||£(L2(Qg))
is uniformly bounded in n. Therefore it suffices to show that [|C[J.; Q%] L(L2(Qe)) 18
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uniformly bounded in n. This is clear since the inverse operator can be written in terms of

¥,(2) = a—en(z) if 2>,

I Na cn‘If NL
{ Na cn\I’c if z < r. (10.4.7)

and CQc as was shown in Lemma 3.8.18. Both of these are uniformly bounded in n on
Q¢. It remains to rescale the contours. We use a simple affine scaling and this leaves the
Cauchy operators invariant: it does not affect the norm. In other words:

ICLH; Q0] ™ 22200y = C < ICLH1; ¢ 4+ n72Q0) Ml £(12(cn-2r204)) = C-

The final step is to notice that C[H;; Q¢]~" is the identity operator on Q¢ \n?/3(Qp—c). O

We now bound the inverse operator on the second solved RHP.

Lemma 10.4.2. There exists a constant C > 0 and functions Ao, By such that

GoJ = =T+ N[As(n™Y) + By(e)]N7L, for |z+¢| >, (10.4.8)
GoJ =} =T+ [As(n™Y) + Bo(e)]N7Y, for |z+c| =7, and,
IC[Ha; Q0] | 222(020)) < C,

where ||Az(n)|r2npe= = O(n) and || By(€)| 12np= = O(e).

Proof. First, for &1 we have the representation

Q1(2) =1+ Nb_zlc,n (CarU(2)) No=cin, U(z) = u(n®3(z —¢)), u=C[Hy; Q| (H1 — I).

Lemma 10.4.1 implies that u has uniformly bounded L? norm on Qg so that a change of
variables shows [U||r2q1) = O(n~Y3) . In addition, ||1/(- — Z)kHLZ(Q}L) = O(n~/3) for z
bounded away from Q!. Therefore ICo1U(2)| = O(n~2/3). This estimate can be improved.
Define

U=ClJe, Q] Y (J. —I).

It can be shown that ||[U — ﬁHLQ(QgL) = O(e) - O(n~Y3) + O(n=*3) where we use the
convention that U = 0 on Q \ Q. Furthermore, Cac U = 0 on the compliment of O, so
that

CQ%U = CQ%U — CQgLﬁ on Q. °.
We find that HCQ}LUHLQOLOO(Q;C) = O(e) - O(n=2/3) + O(n=5/3). We write
O, = I+ NN ()N, (CarU(2)) Np—en N~ (2),

and using that N‘l(z)Nb;lc’n = O(n'/3) for z € Q¢ we find

) =TI+ N[A3(n~%) + Bs(e)]N 1,
Ot =T+ N[Ay(n™Y) + By(e)]N L.
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where Az, A, satisfy the property stated above for A, and Bs, By satisfy the property
stated for By. Expand

GoJ=L = GoJ=} + GyN|[A3(n) + Bs(e)] N~1 =}
+ N[Ao(n™Y) 4 By (e)]N~1GyJ )
+ N[Aa(n™1) + Bo(e)]N " GoN[A3(n) + Bs(e)]N L1

Note that N~'GoN and N~'J~!N are uniformly bounded on Q" and Go.J~! satisfies an
estimate analogous to that of G1J; ! in Lemma 10.4.1. We write

N
N

GoJ =l =T+ N[A;(n™Y) 4+ Bi(e)]N !
+ NN7'GyN[A3(n™1) + Bs(e)]N LI NN!
+ N[Ag(n™Y) + By(e)]N1GoJ ) NN1
+ N[Aa(n™) + Bo(€)]N " GoN[As(n™1) + Bs(e)]N LI INN~L
This proves (10.4.8). The proof of the second statement proceeds in precisely the same

way as in Lemma 10.4.1. This proves the lemma.
O

We can now bound the jump matrices.

Lemma 10.4.3. There exists constants Cy > 0, independent of n, such that for sufficiently
large n we have

”ﬁi”kawﬂHk(Qo) < Ck, 1= 1,2

Proof. We consider ¢ = 1 first. The only terms that may cause growth in the derivatives
are

H(Z) _ e—2ns0(c+n’2/3z) and N(C + n—2/32)]\_[bzc7n_

From the analysis of [24, p. 197] it follows that ¢(z) = do(z — ¢)%/? + dy(z — ¢)%/2 +
O ((z— )7/ ). This asymptotic series can be differentiated as /z — cp(z) is analytic.
Therefore,

H(Z) = exp <—2d023/2 . 2d0n_2/325/3 +.. > )

and hence differentiating x(z) or 1/k(z) with respect to z never causes growth in n. A
similar argument applies to N(c + n=2/ 32)Nb:c7n. From the expansion of N(c+ n=2/ 32)
we have a series of the form

N(e+n P2 Ny—om = fo(2) + > M_2j_1)/3(n) f;(2),
j=1

where M_(9;41)/3(n) = O(n~2+1/3) Again, differentiation of N (c+n~2/3z) with respect
to z never causes growth in n. This proves the claim for ¢ = 1. For i = 2, we must bound
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derivatives of ®;(—c 4+ n~2/32) and Hy(z). The boundedness of the derivatives of Hy(z)
follows from the arguments for ¢ = 1. Recall, for ®; we have the representation

d (Z) =1+N b em (CQl U(Z)) Nb:c,m
U(z) = u(n®3(z —¢)), u(z) = C[Hy; Q)" (H, — ).
Since u has uniformly bounded L? norm on Qq, ||U]| LZ(Ql =
that Ny—, = O(n'/®) and N_1 = O(n'/%) we have that 9¥(N; (CQ%U(z)) Ny—en) =
O(n

O(n~3) on 02 where we used that 11/(- — 2)* 201y = ) for z bounded away
from Q!. This proves the lemma for i = 2. U

O(n~/3) . From the fact
-1

1

In practice, we approximate ®; and we never solve the exact RHP [Ha; Q). Recall that
this approximation is found by first numerically approximating the solution ®; of [Hy; Q]
by @1, (with m collocation points on each smooth component of Q). Theorem 5.2.4
shows that the approximation ®;,, converges uniformly in n with z away from Qg as
m — 00, subject to Assumption 5.3.11. The size of the difference @1 ,, — ®; can be traced
back to an L? error on €. In other words,

®1 m(2) = I+ Coyum(z) and @1(z) = I + Coyu(z),

where [|u — wpm|f2(q,) — 0 is satisfied as m — oo. It follows from the Cauchy—Schwarz
Inequality that

|1 (0?2 =€) = B1(n* (2 — )| < |[1/(- = n*(z = )| 2 (o) & — tml| 22020y~

Therefore from Ny—., = O(n'/%) and Nb_zlcn = O(n'/%), we bound

[®1,m — P12y < Cllu = tmll 200 n >,
Similar arguments show that

1273, = 7 Iz 02) < Cllu— w2000 + O(n™7?).
Define Hgm to be Hy with ®; replaced by ®1 ,,. The final lemma we need for the funda-
mental result of this section follows.
Lemma 10.4.4.
| Hom — ﬁ2|’L2mLm(QO) — 0 as m — o0,

uniformly in n.

Proof. The case |z + ¢| > r is treated first. We use the unscaled jump matrices to show
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L convergence. Consider

Hyn(n?3(2 + ¢)) — Hay(n?3(z + ¢))

~—

= No——cn®1(2 Gg(z)fbl_l(z)]vt;l_c’n - Na:_c,néLm(z)Gg(z)@iin(z)]v;:l_c,n
= Na:—cm(q)l(z) - q)Lm(Z))Na_zl—c,anlz—C,nGQ(Z)Na_:l—c,nNa:—Cvan_l(Z)Na_zl—c,n
+ N, :—c,nq>1,m(z)Na_zl_cmNa:—c,nG2(Z)Na_zl_c,n]va:—c,n(q)l_l(z) - (I)l_}n)Na_zl—c,n
We have seen that
Na:—cm@l,m('z)]\_]a_:l—c,n = 0(1),
Na:—cm@l('z)]\_]a_:l—c,n = 0(1),
Na:—C,nG2(z)Na_:l—c,n = 0(1),

and finally,

[ Na——en (@1 — 1) No ol zeo 2y < Cllu — uml r200)
1Naz—en (@7 = @7 )NeZ e o (z) < Cllw = wmllz2(0g) + O™ %) - O(lu = w2 (0))-
for a new constant C. This demonstrates that ||[Hzm — Hall2q10(0q) — 0 uniformly in n

since € is bounded. The case of |z + ¢| < r follows from this analysis since fewer Ny—_c 5,
terms are present in that case. ]

As before, let u = C [ﬁl; O NH, - 1) with u,, being its numerical approximation.
Define v = C[Ha; Qo] Y(Hy — I) and v™ = C[Hg,m;Qg]_l(Hg,m — I). Let v, denote the
numerical approximation of v™ and define

Doy = N1 I+ Cgovm(nz/g(z +¢))Na=—cn,

a=—c,n

which is an approximation of ®s.
We are ready to prove the main extension of the uniform approximation theory of
Chapter 5.

Theorem 10.4.5. The following limits hold, uniformly with respect to n:

v = umllL2(0p) — 0 as m — oo,

[v = vmllz2(0p) = 0 as m — oo.
Furthermore,

lim_ sup |9 (2) — By (2)Pam(2)] = O(e)

m—o0 2€S

for S bounded away from I',,. Here € is the error associated with contour truncation, see
(10.4.4).

Proof. The first limit was proved above. Lemma 10.4.4 implies [[v™ — v|[z2(q,) — 0 uni-
formly in n. The triangle inequality produces the second limit. Finally, the Cauchy—
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Schwarz Inequality applied to the Cauchy integral implies

lim sup [®(2) — 1 m(2)Pom(2)] =0,

m—o0 2€S

uniformly in n. Combining this with (10.4.4) proves the theorem. O

Remark 10.4.6. We obtain convergence that is more rapid than Theorem 5.1.14 predicts.
Since ®1 — I decays rapidly enough with respect to n we avoid the complications that arise
from the use of Lemma 5.1.12 in the general case.



Appendix A

Rational Approximation

We discuss the rational approximation of functions in appropriate LP-based spaces. The
results in this section are proved for 1 < p < oo and we assume 1 < p < oo throughout.
It is instructive to see the generality of the methods of proof. We have defined the spaces
HE(T) and HF(T). The spaces Wi’p (') and WP (T') are defined in an analogous way,
with the LP norm. Note that these spaces coincide when I' is a piecewise-smooth Lipschitz
graph.

Theorem A.0.7 ([47]). If D is a bounded region such that 0D is a piecewise differentiable,
rectifiable Jordan curve then polynomials in z are dense in EP(D).

We show that for f € Wk (0D) we can approximate it with a rational functions. First,
for f € wkep (0D) N EP(D) we approximate D¥ f by polynomials p,. We have

p
< D*F(t) — pal®)y oy - 1ODIP'®, 1/p+1/g =1,

[ @ 50—l

where |0D| is the arclength of 0D. Integrating both sides over I' with respect to |ds|
produces

/ (DFF(8) — put))t]

a

< ||D*f(t) = pa(®)ll ooy - 10D
Lr(8D)

Since fas DF f(t)dt = D=1 f + ¢ for some ¢ and fas pn(t)dt — c is a polynomial that con-
verges to D*~1f in L?(0D). This argument can be used again to construct an polynomial
that converges to D*~2f in L?(0D).

Since f = C;’D f —Cypf we see that we may approximate C;’D f with polynomials. We
must deal with the approximation of Cj,, f. We bootstrap from Theorem A.0.7. Without
loss of generality, assume 0 € D. Note that F(z) = Cypf(2) € EF(D™') where D! =
{z:1/z € D}. If f € WFP then the kth derivative G(z) = F®)(1/2) € €2(D~') may be
approximated in LP(9D~!) by polynomials p,(z). It follows that G must have a (k+ 1)th-
order zero at z = 0. Thus

[, <

n -G g ]
/ ]Mds SCjHG_anLl’(aD*l)a J :172"“7k+1‘
aD-1 81

293
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Thus the first (k 4 1) coefficients in p, have magnitudes that are on the order of |G —
Pnll LP(@D-1)- Define p,, to be the polynomial obtained by dropping these terms. Since
0D~ has finite arc length we find that ||, — puller@ap-1) < C|G = pallLr(ap-1y for some
C > 0, depending only on D and k. Therefore p, converges to G in LP(OD~1). A simple
change of variables shows that p,(1/z) converges to F' in LP(OD). Integrating p,(1/2)
k-times in the same way as for CgD f we obtain a rational approximation of C;, f in W
We conclude the following;:

Theorem A.0.8. If D is a bounded region such that D is a piecewise differentiable Jordan
curve then, rational functions of z are dense in W (0D) = Wf’p(aD).

We turn to the density of rational functions in WP (T') when T is a piecewise smooth
Lipschitz graph. It will be clear that the piecewise smooth assumption can be removed in
the & = 0 or LP(T") case. We follow the ideas presented in [8] and complete their proof.
We begin with some technical developments. Define the maximal function

M(f)(t) = sup —— £(3)]\dsl.

12650 [T N B(t,0)] Jras,s)

Lemma A.0.9 ([102]). For f € LP(I")

1M (H)le@y < cpll fllzery)-

Lemma A.0.10. Let P.(s,t) = P.(t,s) : I' x I' = C satisfy

1.
1-— / P.(s,")ds — 0 as e — 0T,
r
2.
/ |P.(s,t)||ds| < C, uniformly in t,and
r
3. For 6 >0,

H/p ws (s, )| | Pe(s, )] |ds]

— 0,
o0

[0, dfft—s| <o,
ws(s,t) = { 1, otherwise.

If T is a piecewise-differentiable Lipschitz graph, then for f € W}r’p(l“),

Af@ﬂ&ﬁﬁ%f@

in LP(T).
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Proof. Consider
/PE(37t)[f(t)_f(3)]dt=/Pe(s,t)wg(s,t)f(t)dt—/Pg(s,t)w(;(s,t)f(s)dt
I T r
+/(1 —ws(s,t))P(s,t)(f(t) — f(s))dt.
r

We show this function tends to zero in LP(T'). Define A(t) = {s € ' : |s — t| < 0} and

I — /
I

It follows that [53, Theorem 6.18]

s/ = / ' [ (st )P (s 0110y " sl

/ P.(s,t)f(t)dt
A(t)

1
L7 < K| fly K= 3161113/F |ws (s, t)[| Pe(s, t)]|ds| — 0

as € — 0 for any 6 > 0 by Hypothesis 3. Now consider

- [
r

Again, we obtain 121/p < K||fllp(ry- We are left estimating the LP(I') norm of

/A(t) P(s, £)f(s)dt| |ds| :/F\f(s)yp /Fw(;(s,t))Pe(s,t)dt ds|.

Iy(s) = /F (1~ ws(s, 1)) (s, )(f(t) — F(s))dt.

A simple estimate gives

[ = st )P, 070) - f(S))dt‘ < sup (1~ ws(s )0~ )] | [ Pe<s,t>dt1 ,
T sel T
<C sup |f(t) — F(s)]
seA(t)
We estimate
sup [£(t) — f(s)) < IO B Df(x)]|de]

seA(t) TN B(t,6)| Jras)
<|T'N B(t,6)|M(Df).

From the Lipschitz nature of T, [I'N B(t,0)| < C§ thus

H3llp < COIM(Df)llp < cpCOIDf |,
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by Lemma A.0.9. We use all these facts to find

I= <

p

/F P.(s,t) f(£)dt — (5)

/F P.(s, )L (t) — f(s)]dt

n Hf(s) _ f(s)/FPE(s,t)dt

The second term tends to zero as ¢ — 0 by Hypothesis 1, 2, and the Dominated Convergence
Theorem. Fix 6 > 0. We find

p

P

I <¢c,Co|Dfllp, + H(e,d), H(e,d) = 0ase— 0.
Letting € — 0 followed by § — 0 proves the lemma. O

Remark A.0.11. Similar arguments show that if f € WY then convergence in
Lemma A.0.10 takes place in L>(T").

Lemma A.0.12. If ' is a piecewise smooth Lipschitz graph then Wzl’p(F) s dense in
Lr(T).

Proof. Let € > 0. On each Smooth component of I'; C I" we approximate f with a smooth
function f so that fF |f(2) = fi(2)[P|dz| — 0 as n — co. We multiply f; by C* functions

¢; that take values in [0, 1] and vanish in a neighborhood of each non-smooth point of I
to enforce the zero-sum condition. The functions ¢; are not equal to one only on a set E;
of small measure 6/27. We find
If = &ifilleoryy < N = Filloay) + 15— ¢ifllery)
We estimate the last term
1= 6350y = [ 151G) ~ sR@PNe < [ IR,
Ej E;

Therefore,

17 =63l < [ P

J

Define f, = (bjf% on I'; and

1= flllaey < [ ISP

i
Since fuj E; |dz| — 0 as § — 0, density is proved. O

Theorem A.0.13. Let I' be a piecewise differentiable Lipschitz graph. Then

’ >07
/f (t—s)? (t— )2+ €2 ¢
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converges to f in LP(I") as e — 0 provided f € LP(T).

Proof. First, we show this for f € WHP(I'). We must check the three hypotheses in
Lemma A.0.10. First note that

, , € 1 1 1 1
P(x+iv(x),y +iv(y)) = T(t—s)2+e ~ o <t_(3—|—ie) B t—(s—z’e)>.

Hypothesis 1 follows by a straightforward residue calculation. As will be seen below,
Hypotheses 2 and 3 follow in a straightforward way when I' = R. It suffices to show that

IP.(x + iv(2),y + iv(y)||lL + it/ (2)| < C|Pu(,y)], .y € R. (A.0.1)

Recall ' = {x + iv(x) : © € R}. The sufficiency is clear for Hypothesis 2 after a change of
variables. For Hypothesis 3, consider

= / (s, )| P (s, ) ds| = / (Pu(s, )]s,
r I\A(t)

The set I' N A(t) contains the set A'(t) = {x +iv(z) : z € (t1 + t,t2 +t)} where t; +t +
iv(ty +1t),ta +t + iv(te + t) are the two points on I' \ A(t) closest to ¢ with respect to arc
length. Thus

I< / P, (s, )| ds| = / P+ iv(@),y + iv(y)||L + i/ (2)|de
\A/(¢) R\ (t1+t,t2+t)
< / Py + iv(@),y + i) + i/ (@)|de < C / \P.(2,y)de,
R\ (t—t*,t+1*) R

where t* = min{—t;,t2}. Thus if Hypothesis 3 holds for P.(x,y) if I' = R then the
right-hand side tends to zero uniformly.

Now we prove Hypothesis 2 and 3 for P.(x,y) if ' = R. Since P.(z,y) is positive on
for z,y € R, the L' norm can be found to be unity by contour integration. For Hypothesis
3 note that Cauchy’s Theorem implies

/ P.(z,y)dx +/ P.(z,y)dx =0,
R\ (t—6,t-+0) Cs

where Cj is a half-circle in the upper-half plane connecting ¢t — ¢ and ¢ + §. We find that

e [T idedp
L= [ Pyde=S [ 209
2 /C(s (‘T y) x - /ﬂ— 52627’6 +€2

We estimate, for e < §, § > 0,

‘[QISE/ 52&%—)0&86%0.
L —— — €

This establishes Hypothesis 3 in this case.
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Finally, we establish (A.0.1). We consider the ratio

. €+ (z—y)?
e+ (z —y)? = (v(z) —v(Y)? + 2i(z — y)(v(z) — v(y)

We rewrite r in terms of X = ¢2/(z —y)? and Y = |(v(z) — v(y))/(z — y)|. Note that
0<Y < M for a constant M > 0 and 0 < X < oco. Thus, we are lead to

(X 4+ 1)
(X +1-Y2)2+4Y%

R(X,Y)=|r]* = (X,Y) €[0,00] x [0, M].

For X +1 > 2M? we find
4M4
R(X,Y) < e < 4.

Since R(X,Y) is continuous in [0,2M?] x [0, M], and bounded on [2M?, 0] x [0, M] we
obtain (A.0.1), establishing LP convergence when f € W}r’p (T).

To prove the theorem we use the density of W}r’p (') in LP(T") and the fact that K. is a
bounded operator on LP(T"), 1 < p < oo, with norm that is independent of € [76]. We have

proved this fact in the case p = 2, see Lemma 3.5.12. Approximating f with a sequence
In € WJlr’p(F), we obtain

1f = Kefllp <11 = fallp + [1fn = Kefallp + 1K(f = Fu)llp
<A+ OO0 = fallp + 1o = Kefallp (A.0.2)

For 6 > 0 find N so that for n > N, (1 + C)||f — fullp < 6. For such an n let ¢ — 0 in
(A.0.2)

ané|]f—K5f\\p<5, n > N.

This proves the lemma. O

Corollary A.0.14. Define the integral operator

. (-1 C N
w216 = [ 10 (=i~ i)

whose kernel is the kth derivative of the Poisson kernel. IfT' is a piecewise smooth Lipschitz
graph and f € Wf’p(f‘) then |KFf — DEf|l, — 0 as e — 0.

Proof. Integration by parts and the zero-sum condition imply that K¥f = K.DFf. The
conclusion follows from Theorem A.0.13. O

Theorem A.0.15. IfT" is a piecewise smooth Lipschitz graph then LP(T') rational functions
are dense in WEP(T).

Proof. Our proof is constructive. We assume k > 1. For f € WEP we approximate K*f
with a Riemann sum. This is clearly a rational approximation of D* f, for € small. First, we
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show this Riemann sum approximation converges to K¥ f in LP(I"). Define T'r = TNB(0, R)
where R is undetermined for now. It suffices to show the convergence of the Riemann sums
on each smooth component of I'g, so we assume I'g is smooth.

Let P, be a partition of I' N B(0, R) with P,1 being a refinement of P,. To simplify
matters, we assume that for z; € P,, Ax; = 1/2" is a constant. Define the rational
function,

F(s;Pp) = Z P (s, ;) f(x;)27",

(EiG’Pn

which is a Riemann sum approximation of K*f. Here P, is the kernel of K*. We consider
the difference of Riemann sums associated with P,, and P, with m > n. With z; € P,
define z} € P, to be the next element of P, (using the orientation of I'). Notice that

F(S7Pn) = Z 2m_nPE(s7xi)f($i)2_m = Z PE(S,JZ‘;)f(QZ‘;)Q_m,

x;EPn T;EPm
because 2" elements of P, map to z} for each i. We obtain
|F(s3Pn) = F(s;Pm)| <277 Z | Pe(s, @) f(27) — Pe(s, 2q) f (). (A.0.3)
T, EPm

It follows that P, is the union of 2™~" refinements of P,, and we may bound (A.0.3) using
the total variation. Explicitly,

[F(83Pp) — F(s;Pm)| < 27"TV(P(s,) ().
We use the well-known fact that for absolutely continuous functions
b
V() < [ 1F(a)ds
along with the smooth parametrization of I'g to find

F(5:Pp) — F(s:Py)| < 02" /F 0P (s, 1) £ (1))t

<o ( / P OO+ / R \atpxs,tmf'(t)mdtr) |

For k > 1, we find that there exists positive constants C4(e) and Cs(€) depending only on
e such that

/|Pe(s,t)||dt| < y(e), /|6tP€(s,t)||dt| < Oh(e).
I I
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This implies that (see [53, Theorem 6.18])

/ (Pu(s,8)|1 /() 1]
I'r

This proves that our rational approximation is a Cauchy sequence. By standard Riemann

integration results, our rational approximation must converge pointwise to K. k f where K k

has integral kernel P.(s,t)xry(t). This is the required L” convergence for k > 1.
Continuing, we find for f € W*P(T), f # 0,

< @F I H [ aps.olsenli

< Ca()Iflp-
p

p

Thus

’at(Pe('7 t)f(t))Hdt‘

< CEONfllwremy-
Ts

p

IF G, Pn) = KEfllp UG, Pa) — KEfllp + [|(KF = KF) £, (A.0.4)
1E(Pa) = D*fllp < IKES = D fllp + IKES = F (-, Po)llp,
<|\KEF =D fllp+ I1F(,Po) = KEFllp + [(KE = KE) Fllp-
For § > 0, fix e > 0 such that ||K*f — DF¥f||, < 6/3. It follows that for R sufficiently large

)
sup/ |Pc(s,t) — Pe(s,t)xrg (0)||dt] < 7.
sel Jr 3£y

This implies that |KFf — KFf||, < 6/3 [53, Theorem 6.18]. For such an R, we let N be
large enough so that |[F(-,P,) — KFf|l, < 6/3 for n > N. We find

|F(-,Pn) — D*fll, <8, n>N

Note that F(s,P,) is a finite sum of rational functions of the form «a/(s — B)F*1.
Therefore we may integrate it to obtain another rational function. Since integration is a
bounded operation we find that

This proves the density of rational functions for £ > 1. To obtain the claim for LP(T") we
use Lemma A.0.12. O

Corollary A.0.16. W'P(T') is dense in WP (T) for | > k.

We arrive at our main rational approximation theorem. See Definition 3.8.6 for the
definition of R4.

Theorem A.0.17. If T is admissible then Ry (T) N L%(T) is dense in HY(T) and L?(T') N
Ry(T) @ C™ ™ is dense in HE(T).



Appendix B

Spectral Collocation Methods

In this appendix we discuss the numerical solution of linear differential equations using a
Chebyshev collocation method. Specifically, we consider the boundary-value problems

py + Ly =F, p(—o0) =0, (B.0.1)
py + Lp=F, p(co) =0, (B.0.2)

where L is a linear operator. We assume F' is smooth and rapidly decaying as |z| — *oo.
Most of the developments presented below can be found in a variety of texts. See [104] for
a introduction to spectral methods including the Chebyshev method discussed below. A
good reference for the rigorous treatment of such methods is [7]. The main contribution
of this appendix is the analysis of the domain truncation error for problems posed on an
infinite domain.

B.1 Numerical implementation

For numerical purposes, we replace (B.0.1) with differential equations posed on a finite
domain

fo + Lpp=F,
fo + Lpp=F,

(—L) =0, (B.1.1)
(L) = (B.1.2)

=

=
o

For now, we ignore the error introduced in this truncation and we drop the tilde. This is
justified later. The naive way to solve this equation is to use the Chebyshev differentiation
matrix. We approximate p with a series of mapped Chebyshev polynomials of the first
kind:

p() ~ > anTo(M_p(x)), M_p(x)=2(x+L/2)/L. (B.1.3)
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We use the notation M_j, because M_r(]—L,0]) = [—1,1]. Formally differentiating we
find

2) ~ 3 an T (Mg (@) M. 1 ().

Let 2V = (zg,1,...,2n5)T, 2; = cos(jm/N) be the Chebyshev points. Note that in this
definition the first element of "V is 1 and the last is —1. Let =5 = M~} (). When
f is a scalar-valued function, we overload it so that f(x'V) is a vector consisting of the
elements f(r), z € V. Thus

_L N Z anT/ (ZB_LJV)
We have not decided how (B.1.3) approximates u. If we choose «,, so that
N
_L N Zan L —L,N)) — ZanTn(wn)a
n=0
then it follows that
N
S anTh(@V) = Dyp(@N),

where Dy is the Chebyshev differentiation matrix. As mentioned above, reference [104]
provides an extremely readable introduction to Dy. In particular, it is given by

2N? +1 2N? +1
(Dn)oo = , (DN)NnN = ,
6 6
s
(Dn)jj = Lo, j=1,...N—1,
21— ad)
¢ (=1) .
(D )Zj:_'(' ) } 2#37 Z7j:07 7N7
Cj T — X

where
{ 2, ifi=0or N,
C; =

1, otherwise.

Thus if we can compute Ly, p1 = Zg:o anTn(M_p (7)) exactly at 25" we form a finite-
dimensional approximation of (B.1.1). We assume this computation exists as a black box.
We obtain

(diag(M" ; (= 5N)) - D, + L(x™¥N)) - p(a™BN) = F(x=BN). (B.1.4)
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To enforce the boundary condition u(—L) = 0 we replace the last equation in the linear
system with

0,...,0, Du(z=N) =0.

Often, this system is reliably solved for an approximation of p at the collocation points
=N p(xz=5N). The same approach works for (B.1.2) with M_p(x) replaced with
My (z). Note that the boundary condition is still imposed with the last row since this
transformation reverses the collocation points.

Sometimes, in practice, the matrix in (B.1.4) is ill-conditioned. This depends on £ and
F'. In these cases, as a preconditioning step, we convert (B.1.1) and (B.1.2) to equivalent
integral equations. Operate on (B.1.1) with I_;, = [*, and on (B.1.2) with Ir:

,LNL—I—I_LE[L:I_LF, (B.1.5)
i+ ILph=I.F (B.1.6)

Before we proceed, we must consider what the black box for Lu will output. If p is a
finite mapped Chebyshev series p(z) = 22;0 anT,(M_p(x)) we assume we obtain L£(x, 1)
exactly at ~%". Therefore, to obtain a finite-dimensional version of (B.1.5) and (B.1.6)
we must find how to apply I+ to a function when we know the values at &V,

We consider the —L case first. Assume f is defined on =", For reasons that will
become clear, we interpolate (f - M’ ;) o M__i with Chebyshev polynomials:

N
F@) M ()~ anTo(M_(x)). (B.1.7)
n=0

It is well known that

1

2
/Tl(x)dx = T2(w),
/T(](l‘)dl‘ == Tl(:E).

Thus using the change of variables s = M_r(t) in the integral [*, f(t)dt, we find

x M_r(2)
/ F(t)dt = / FOM=E()dM L (s).
L

-1
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It is clear that dM ~;(s) = 1/M’ (M~} (s)) and therefore

T M_p(z) N
/_Lf(t)dt N/ nzz:oanTn(s)ds,

-1

To(M_r(x
. i 1 Tyyi1(M_ () i 1T (M) |
Oz ———————= — Oy ————————= !
"2 n+1 "2 n—1
n=1 n=1
The constant C' is chosen so that the integral vanishes when x = —L:
N N
B 1Th+1(-1) 1T,-1(—1)
O==2 o=yt T 25 g
n=1 n=
To(—1
—OéoTl(—l) — a7 2( )

4

This expression simplifies using 7,,(—1) = (—1)".

Next, we construct a matrix representation of I_j. Let Fy be the matrix that maps
values at 2V to the coefficients of the unique interpolating polynomial, the discrete cosine
transform matrix. It can be constructed by applying the discrete cosine transform to the
identity matrix, column by column. F, ! is found in a similarly way using the inverse
discrete cosine transform. Define

0 0
1 0 0
0 1/4 0 —1/4 0 0

0

0 0 1/6 0 —1/6 0
In . .

2AN—1) 0  —1/2(N—1)
1/2N 0

Thus
I f(@ BNy~ FyM Ty + C)Fy diag(Mp (2= N) f(N) = I N f(F-1,n).

Note that in this approximation we have neglected the contribution from 711 which
appears after integration of the right-hand side of (B.1.7). We obtain a finite-dimensional
approximation of (B.1.5):

(I + I_LJVﬁ(:I}_L’N))/L(:I}_L’N) = I_LJVF(:I}_L’N).

This linear system is often better conditioned than (B.1.4). Replacing M_j, with M|, we
obtain a method for (B.1.6).

Remark B.1.1. We may appeal to the ideas of Theorem 5.1.6 to prove convergence as-



B.2. JUSTIFICATION OF (B.1.1) AND (B.1.2) 305

suming the norm of the linear system does not grow exponentially in N. This is, of course,
assuming that the solution i is C°°.

B.2 Justification of (B.1.1) and (B.1.2)

We consider (B.1.1) only. Fix M > 0. First, we assume that the support supp ' C (—L, M)
and that if f € L?(—o0o, M), supp f C (=L, M) then supp L(z)f C (=L, M). In this case
we say L preserves support in (—L, M). We deal with the general case by approximation.
We consider (B.1.5). Under our assumptions, we see that if we extend [ to be identically
zero on (—oo, —L] we have

i+ 1 Lii=1_1F on(—L,M), (B.2.1)
4 1_ooLit=1_oF on (—oo, M). (B.2.2)

Any solution of this equation must be a solution of p, + Ly = F. The truncation is justified
in this case.

In the general case, we assume L can be approximated, as an operator from
Co((—o0, M)) to L*(R), by operators L,, that preserve support in (—L,, M). We assume
F € L'Y((—oo,M) and assume the operator (I 4+ I_,.£) is invertible on C°((—o0, M)).
Then for sufficiently large n, (I + IooL,,) is invertible. Note that I is bounded from
L'((—o00, M)) to Co((—o0, M)) with an operator norm of unity.

We approximate F in L!'((—oo, M)) with smooth functions F,,, each with compact
support and consider the equation

(I + I—ooﬁn),un,m = Fy,.

If pn,m solves this equation then so does fiy, m- X -5, —0 < —Ly, such that supp F;,, C 4. By
uniqueness, [y, = 0 on (—oo, —d) for every such ¢ and we expect the numerical method
above to converge to fiy y,, provided i, ,,, is smooth.

It remains to show that we may choose m,n so that a solution of this equation is close
in Cy((—o0, M)) to the solution of (B.2.2). By Theorem 1.5.7

H/Ln,m - ,UHCo((—oo,M)) <
11+ T o Lol (o ((—o0, ) =00 (£ = L)l £(Co (=00, 11l o ((—00,00)))
+ sup (T + 1= Ls) "l 2o ((—00m)) oo (F = Fin) |l o ((—00,01)) -

For sufficiently large n, sup;s,, (1 +I—coLn) || £(co((—o0,0)) < 00 S0 we may choose 1, m
such that ||pn,m — pllcy((—oo,m)) < € for any € > 0. The resulting equation for the chosen
n,m is solved numerically. A similar calculation follows for (B.1.2).

Remark B.2.1. As is seen above, the operator L is often that of multiplication by a smooth
function ¢ that limits rapidly to a constant and F is smooth and rapidly decaying. In this
case it is straightforward to set up such sequences {L,} and {F,,}. In practice, we choose
L so that |F(x)| is less than machine precision for x < —L, as is |p(—o0) — ¢(z)].
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